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FORWARD BY PROF. M CHAEL J. S. DEWAR

"MOPAC is the present culmnation of a
continuing project that started twenty years ago,
directed to the devel opment of quantum mechanica
procedures sinple enough, and accurate enough, to
be useful to chemists as an aid in their own
research. A historical account of this
devel opnent, with references, has appeared [1].
The first really effective treatment was M NDO 3
[2], which is still useful in various areas of
hydrocarbon chemistry but ran into problems with
het eroatons. This was succeeded by MNDO [3] and
more recently by AML [4] which seens to have
overcome nost of t he deficiencies of its
predecessors at no cost in conputing tine.

Qur computer prograns steadily evolved wth
the devel opnent of new algorithns. |In addition to
the basic prograns for the SCF calculations and
geonetry optimn zation, programs were devel oped for

cal cul ating vi bration frequenci es [5],
t her nodynani c parameters [6], kinetic isotope
effects [7], linear polyners [8], polarizabilities
and hyper pol ari zabilities [9,10], and SCF-C
cal cul ati ons [11]. Vil e this di sj oi nted
collection of prograns served its purpose, it was
i nconveni ent and tinme consuming to use. A nmmj or

step was the integration [12] of npbst of these
into a single unified program [MOPAC] with a
greatly sinplified input. The individual progranms
were also rewitten in a nore efficient form so
t hat t he conputi ng time reported for nost

cal cul ati ons has now been halved. In its present
form MOPAC is inpressively easy to use and it
contains options for nearly all the applications

where our procedures have been found useful."

M chael J.S. Dewar, January 1987
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2 PREFACE TO SI XTH EDI TI ON, VERSI ON 6. 00

As indicated at the tine of release of MOPAC 5.00, there has
been a gap of two years' duration. It is likely that a second gap
of two years' duration will follow this release

The main change froma user's point of view (who else matters?)
in MOPAC 6.00 has been that MOPAC now runs faster than before. In
addition, the range of PM3 and AML el enents is increased. Fi nal |y,
some bells and whistles have been added, such as Gaussian Z-matrix
i nput and out put, polymer electronic and phonon band structures and
densities of states. Experienced users should refer to the 'update
rel ease notes' for a concise description of all nodifications.

3 UPDATES FROM VERSI ON 5. 00

Except for MOPAC 5.00, MOPAC has been wupdated once a year.
This is the best comprom se between staying current and aski ng users
to continuously change their software. Updates may be obtained from
QCPE at the sanme cost as the original, or fromsites that have a
current copy. All VAX versions of MOPAC have the same QCPE nunber -
455; t hey are distinguished by version nunbers. Users are
recommended to update their prograns at |east once every two years,
and preferably every year.

New Features of Version 6.0

1. PM has been extended to include Be, My, Zn, Ga, Ge, As, Se, Cd,
In, Sn, Sb, Te, Hg, TI, Pb, and Bi.

2. Changes to the | RC/DRC

1. The anount of output has been reduced. The 'm ssing' output
can be printed by using appropriate keywords.

2. Half-lives are now accurately generated. Earlier versions
had a snmall error due to calculation start-up. Bot h
positive and negative half-lives are now accurate.

3. The energy partition output has been rewitten so that all terms
having to do wth each diatomc pair are now printed on one
l'ine.

4, A LOGfile will normally be generated. This is intended to be
read while the calculation is running. The LOG file can be
suppressed by the user.

5. Elenents can be |abeled with up to six al phanumeric characters.



6. Gaussian Z-matrices can be input and printed (in the ARC file).
7. Miltiple data-sets can be run in one job.
8. Up to three lines of keywords can be specifi ed.
9. The DEBUG 1SCF, and C.|. keywords have been re-defined.
10. An Eigenvector Follow ng option has been added.
11. Polynmer electronic band structure and density of states added.
12. Pol yner phonon band structure and density of states added.
13. The GRID option has been rewritten.
14. The PATH option has been extended.
KEYWORDS ADDED | N VERSI ON 6. 00
In going to Version 6.00, many keywords were added. These are
defined fully Jlater on. The conplete set of new or nodified
keywords fol | ows:
& + Al DER Al G N Al GOUT
Dl POLE DI PX Dl PZ Dl PZ DMAX=n. n
EF El G NV ESP ESPRST HESS=n
| UPD=n K=(n.nn, n) MODE=n MS=n NOANC
NODI | S NOLOG NONR NOTHI EL NSURF
OLDGEO ORI DE PO NT PO NT1=n PO NT2=n
POTVWRT RECALC=n SCALE SCFCRT= SCI NCR
SETUP SETUP=name SLOPE STEP SYMAVG
STO3G TS W LLI AMS
KEYWORDS DROPPED FROM VERSI ON 5. 00
FULSCF Reason: Line searches now always i nvol ve full SCF
cal cul ati ons. The frozen density matrix option is no |onger
supported.
CYCLES=n Reason: The nmaxi nrum nunber of cycles is now not defined.

Users shoul d control jobs via

t=n.nn".

ERRORS CORRECTED IN VERSI ON 5.0

1. Force constants and frequencies
optim zed wavefunctions were faulty.

2. A full
character was not a space.

cal cul at ed

using non-variationally

keyword line (no extra spaces) would be corrupted if the first



3. PRECI SE FORCE cal cul ations on triatom cs had spuriously large trivial
vi brati ons.

4. FORCE calculations with many nore hydrogen atons than MAXLIT would
fail to generate force constants or nornal coordinates.

5. The EXTERNAL option was linmted to AML.
6. Vibrational transition dipoles were in error by about 30%

7. The reformation of the density matrix when a non-variationally
optim zed wavefuncti on was used was i nconpl ete.

Hel p wi th MOPAC

Tel ephone and nmil support is given by the
Frank J. Seiler Research Laboratory on a tine
permtting basis. If you need help, cal

the Seil er MOPAC Consul tant at

(719) 472-2655
Simlarly, mail should be addressed to
MOPAC Consul t ant

FISRL/ NC
U.S. Air Force Acadeny CO 80840-6528
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CHAPTER 1

DESCRI PTI ON OF MOPAC

MOPAC i s a general - purpose seni-enpirical nolecular orbital package
for the study of chemical structures and reactions. The sem -enpirica
Hami | t oni ans MNDO, M NDO/ 3, AML, and PMB are used in the electronic part
of the <calculation to obtain molecular orbitals, the heat of formation

and its derivative with respect to nmpolecular geonetry. Usi ng these
results MOPAC cal cul ates t he vi brational spectra, thernodynamc
quantities, isotopic substitution effects and force constants for
nol ecul es, radi cal s, i ons, and pol yners. For studying chem ca

reactions, a transition-state location routine and two transition state
optim zing routines are available. For users to get the npst out of the
program they nmust understand how t he program works, how to enter data,
how to interpret the results, and what to do when things go wong.

VWhile MOPAC calls wupon nany concepts in quantum theory and
t hernrodynami cs and uses some fairly advanced mathematics, the user need
not be famliar with these specialized topics. MOPAC is witten with the
non-theoretician in mnd. The input data are kept as sinple as possible
SO users can give their attention to the chenmistry involved and not
concern thensel ves with quantum and thernodynam c exotica.

The sinplest description of how MOPAC works is that the user creates
a data-file which describes a nol ecul ar system and specifies what kind of
cal cul ati ons and output are desired. The user then commands MOPAC to
carry out the calculation wusing that data-file. Finally the user
extracts the desired output on the systemfromthe output files created
by MOPAC.

NOTES (1) This is the "sixth edition". MOPAC has undergone a steady
expansion since its first release, and users of the earlier editions are
recormended to familiarize thenselves wth the changes which are
described in this manual. If any errors are found, or if MOPAC does not
perform as descri bed, pl ease cont act Dr . Janmes J. P. Stewart,
Frank J. Seiler Research Laboratory, U S. Air Force Acadeny, Col orado
Springs, CO 80840-6528. (2) MOPAC runs successfully on normal CDC, Data
CGeneral, Gould, and Digital conputers, and also on the CDC 205 and
CRAY- XMP "superconmputers". The CRAY version has been partly optimzed to
take advantage of the CRAY architecture. Several versions exist for
m croconputers such as the | BM PC- AT and XT, Zenith, etc.

1-1
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1.1 SUMMARY OF MOPAC CAPABI LI TI ES

1. MNDO, M NDOY 3, AML, and PMB Hami |l toni ans

2. Restricted Hartree-Fock (RHF) and Unrestricted Hartree-Fock
(UHF) rmet hods.

3. Extensive Configuration Interaction
1. 100 configurations

2. Singlets, Doublets, Triplets, Quartets, Qui ntets, and
Sextets

3. Excited states

4, Geonetry optimzations, etc., on specified states

4. Single SCF cal cul ation

5. Ceonetry optim zation

6. Gadient minimzation

7. Transition state |location

8. Reaction path coordinate cal cul ation

9. Force constant cal cul ation

10. Normal coordinate anal ysis

11. Transition dipole calculation

12. Thernodynanic properties cal culation
13. Localized orbitals

14. Coval ent bond orders

15. Bond analysis into sigma and pi contributions
16. One di nensional polynmer calculation

17. Dynanmic Reaction Coordi nate cal cul ation

18. Intrinsic Reaction Coordinate cal cul ati on
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1.2 COPYRI GHT STATUS OF MOPAC

At the request of the Air Force Acadeny Law Departnent the follow ng
noti ce has been placed i n MOPAC.

Noti ce of Public Domain nature of MOPAC

"This conmputer programis a work of the United States
CGovernment and as such is not subject to protection by
copyright (17 U.S.C. # 105.) Any person who fraudulently
pl aces a copyright notice or does any other act contrary
to the provisions of 17 U S. Code 506(c) shall be subject
to the penalties provided therein. This notice shall not
be altered or removed fromthis software and is to be on
all reproductions.'

I recommend that a user obtain a copy by either copying it from an
existing site or ordering an 'official' copy fromthe Quantum Chem stry
Program Exchange, (QCPE), Department of Chemistry, Indiana University,
Bl ooni ngt on, Indiana, 47405. The cost covers handling only. Contact the
Editor, Richard Counts, at (812) 855-4784 for further details.

1.3 PORTI NG MOPAC TO OTHER MACHI NES

MOPAC is witten for the DIG TAL VAX conputer. However, the program
has been witten with the idea that it will be ported to other machines.
After such a port has been done, the new program should be given the
version number 6.10, or, if two or nore versions are generated, 6.20,
6.30, etc. To validate the new copy, QCPE has a test-suite of
cal cul ations. If all tests are passed, within the tol erances given in
the tests, then the new program can be called a valid version of MOPAC 6.
Insofar as is practical, the node of subm ssion of a MOPAC job should be
preserved, e.qg.

(pronmpt) MOPAC <dat a-set > [ <queue-options>...]

Any changes which do not violate the FORTRAN-77 conventions, and
which users believe would be generally desirable, can be sent to the
aut hor.

1.4 RELATIONSH P OF AMPAC AND MOPAC

In 1985 MOPAC 3.0 and AMPAC 1.0 were submitted to QCPE for
di stribution. At that tine, AMPAC differed from MOPAC in that it had the
AML al gorithm Additionally, changes in some MNDO paranmeters in AMPAC
made AMPAC results inconpatable wth MOPAC Versions 1-3. Subsequent
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versions of MOPAC, in addition to being nore highly debugged than Version
3.0, also had the AML nethod. Such versions were conpatable with AMPAC
and with versions 1-3 of MOPAC.

In order to avoid confusion, all versions of MOPAC after 3.0 include
journal references so that the user knows unanbi guously which paraneter
sets were used in any given job.

Si nce 1985 AMPAC and MOPAC have evol ved along different |ines. In
MOPAC | have endeavoured to provide a highly robust program one wth
only a few new features, but which is easily portable and which can be
relied upon to give precise, if not very exciting, answers. At Austin,
the functionality of AMPAC has been enhanced by the research work of
Prof. Dewar's group. The new AMPAC 2.1 thus has functionalities not
present in MOPAC. In publications, wusers should cite not only the
program nane but also the version nunber.

Commer ci al concerns have optim zed both MOPAC and AMPAC for wuse on
super conput ers. The quality of optimzation and the degree to which the
parent al gorithm has been preserved differs between MOPAC and AMPAC and
al so between sone machi ne specific versions. Different users may prefer
one programto the other, based on considerations such as speed. Somre
nodi fications of AMPAC run faster than some nodifications of MOPAC, and
vice versa, but if these are nodified versions of MOPAC 3.0 or AMPAC 1.0,
they represent the programming prowess of the conpanies doing the
conversion, and not any intrinsic difference between the two prograns.

Testing of these large algorithnms is difficult, and several tines
users have reported bugs in MOPAC or AMPAC which were introduced after
they were supplied by QCPE.

Cooperative Devel opnment of MOPAC

MOPAC has devel oped, and hopefully will continue to develop, by the
addition of ~contributed code. As a policy, any supplied code which is
i ncorporated into MOPAC will be described in the next release of the
Manual , and the author or supplier acknow edged. In the foll ow ng
rel ease only journal references will be retained. The objective is to
produce a good program This is obviously not a one-person undertaking;
if it was, then the product would be poor indeed. Instead, as we are in
a time of rapid change in conputational chenistry, a time characterized
by a very free exchange of ideas and code, MOPAC has been evolving by

accretion. The unstinting and generous donation of intellectual effort
speaks highly of the donors. However, with the rapid comrercialization
of computational chemstry software in the past few years, it is

unfortunate but it seems unlikely that this idyllic state will continue.
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1.5 PROGRAMS RECOMVENDED FOR USE W TH MOPAC

MOPAC is the core programof a series of prograns for the theoretica
study of chem cal phenonena. This version is the sixth in an on-going
devel opnent, and efforts are being made to continue its further

evolution. In order to nake using MOPAC easier, five other prograns have
al so been witten. Users of MOPAC are recommended to wuse all four
prograns. Efforts wll be made to continue the devel opment of these
prograns.

HELP

HELP is a stand-al one programwhich mmcs the VAX HELP function.
It is intended for users on UNI X conmputers. HELP comes with the basic
MOPAC 6. 00, and is recomended for general use.

DRAW

DRAW written by Maj. Donn Storch, USAF, and avail abl e through QCPE
is a powerful editing program specifically witten to interface with
MOPAC. Ampong the various facilities it offers are:

1. The on-line editing and analysis of a data file, starting from
scratch or froman existing data file, an archive file, or from
aresults file.

2. The option of continuous graphical representation of the system
bei ng studi ed. Several types of termnals are supported,
i ncluding DI G TAL, TEKTRONI X, and TERAK term nal s.

3. The drawing of electron density contour naps generated by
DENSI TY on graphi cal devi ces.

4. The draw ng of solid-state band structures generated by MOSCL.

5. The sketching of nolecular vibrations, generated by a normal
coordi nate anal ysi s.

DENSI TY

DENSITY, witten by Dr. Janes J. P. Stewart, and available through
QCPE, is an electron-density plotting program |t accepts data-files
directly from MOPAC, and is intended to be wused for the graphica
representation of electron density distribution, individual MO 's, and
di fference maps.

MOHELP
MOHELP, al so avail able through QCPE, is an on-line help facility,

written by Maj. Donn Storch and Dr. Janes J. P. Stewart, to all ow non-VAX
users access to the VAX HELP libraries for MOPAC, DRAW and DENSI TY.
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MOSCOL

MOSOL (Distributed by QCPE) is a full solid-state NMNDO program
witten by Dr. James J. P. Stewart. In conparison with MOPAC, MOSOL is
extrenely sl ow. As a result, while geonetry optinization, force

constants, and other functions can be carried out by MOSOL, these sl ow
cal cul ations are best done using the solid-state facility wthin MOPAC.
MOSOL should be wused for two or three dinmensional solids only, a task
t hat MOPAC cannot perform

1.6 THE DATA-FI LE

This section is ained at the conplete novice -- someone who knows
not hing at all about the structure of a MOPAC data-file.

First of all, there are at nost four possible types of data-files
for MOPAC, but the sinplest data-file is the nost comonly used. Rather
than define it, two exanples are shown bel ow. An explanation of the

geonetry definitions shown in the exanples is given in the chapter
" GEOVETRY SPECI FI CATI ON"

1.6.1 Exanple O Data For Ethylene

Li ne 1: UHF PULAY M NDO3 VECTORS DENSI TY LOCAL T=300
Li ne 2 EXAMPLE OF DATA FOR MOPAC
Li ne 3: M NDOY 3 UHF CLOSED- SHELL D2D ETHYLENE
Li ne 4a: (3
Li ne 4Db: C 1.400118 1
Li ne 4c: H 1.098326 1 123.572063 1
Li ne 4d: H 1.098326 1 123.572063 1 180.000000 O 2 1 3
Li ne 4e: H 1.098326 1 123.572063 1 90. 000000 O 1 2 3
Li ne Af H 1.098326 1 123.572063 1 270.000000 O 1 2 3
Li ne 5
As can be seen, the first three lines are textual. The first |Iline

consists of keywords (here seven keywords are shown). These control the
calculation. The next two lines are coments or titles. The user night
want to put the name of the nolecule and why it is being run on these two
l'ines.

These three lines are obligatory. If no name or comment is wanted,
|l eave blank lines. |If no keywords are specified, |eave a blank Iine. A
comon error is to have a blank Iine before the keyword line: this error
is quite tricky to find, so be careful not to have four |ines before the
start of the geonetric data (lines 4a-4f in the exanple). What ever is
decided, the three lines, blank or otherw se, are obligatory.
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are s
keywo

Li ne

Keys
Keys
Keys
Keys
Keys
Keys
Keys
Keys

In the exanple given, one |line of keywords and two of docunentation
hown. By use of keywords, these defaults can be changed. Mbdifying

rds are +, & and SETUP. These are defined in the KEYWORDS chapt er
The following table illustrates the all owed combi nati ons:

1 Line 2 Line 3 Line 4 Line 5 Setup used

Text Text Z-matrix Z-matrix not used

+ Keys Text Text Z-matrix not used

+ Keys + Keys Text Text not used

& Keys Text Z-matrix Z-matrix not used

& Keys & Keys Z-matrix Z-matrix not used

SETUP Text Text Z-matrix Z-matrix 1 or 2 lines used
+ Keys SETUP Text Text Z-matrix 1 line used

& Keys SETUP Text Z-matrix Z-matrix 1 Iine used

No ot her conbi nati ons are al |l owed.

The proposed use of the SETUP option is to allow a frequently
used set of keywords to be defined by a single keyword. For
exanple, if the default criteria are not suitable, SETUP night
contain

" SCFCRT=1.D-8 SHI FT=30 | TRY=600 GNORM=0. 02 ANALYT "
The order of usage of a keyword is Line 1 > Line 2 > Line 3. Line 1l
> SETUP. Line 2 > SETUP. SETUP > built in default val ues.

The next set of |ines defines the geonetry. In the exanple,
the nunbers 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 term nates both the geonetry and
the data-file. Any additional data, for exanple symetry data,
woul d follow |ine 5.

Summari zi ng, then, the structure for a MOPAC data-file is:

Line 1: Keywords. (See chapter 2 on definitions of keywords)
Line 2: Title of the calculation, e.g. the name of the
nol ecul e or ion.
Line 3: O her information describing the cal cul ation.
Li nes 4: Internal or cartesian coordinates (See chapter on
speci fication of geonetry)
Line b5: Blank Iine to term nate the geonetry definition

O her layouts for data-files involve additions to the sinple
| ayout . These additions occur at the end of the data-file, after
line 5. The three npst common additions are:

(a) Symmetry data: This follows the geonetric data, and is
ended by a bl ank line.
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(b) Reaction path: After all geonetry and symetry data (if
any) are read in, points on the reaction coordinate are defined.

(c) Saddle data: A conplete second geonetry is input. The
second geonetry follows the first geonetry and synmetry data (if

any).

1.6.2 Exanple O Data For Pol ytetrahydrofuran

The followi ng example illustrates the data file for a four hour
pol yt etrahydrofuran cal cul ati on. As you can see the layout of the
data is alnmost the same as that for a nolecule, the main difference
is in the presence of the translation vector atom "Tv".

Line 1 : T=4H

Line 2 : POLY- TETRAHYDROFURAN (C4 H8 O) 2
Line 3 :
Li ne 4a: C 0.000000 O 0.000000 O 0.000000 O 0O 0 O
Li ne 4b: C 1.551261 1 0. 000000 O 0. 000000 O 1 0 O
Li ne 4c: (@) 1.401861 1 108.919034 1 0. 000000 O 2 1 0
Li ne 4d: C 1.401958 1 119.302489 1 -179.392581 1 3 2 1
Li ne 4e: C 1.551074 1 108.956238 1 179.014664 1 4 3 2
Li ne 4f: C 1.541928 1 113.074843 1 179.724877 1 5 4 3
Li ne 4g: C 1.551502 1 113.039652 1 179.525806 1 6 5 4
Li ne 4h: o] 1.402677 1 108.663575 1 179.855864 1 7 6 5
Li ne 4i: C 1.402671 1 119.250433 1 -179.637345 1 8 7 6
Li ne 4j: C 1.552020 1 108.665746 1 -179.161900 1 9 8 7
Li ne 4k: XX 1.552507 1 112.659354 1 -178.914985 1 10 9 8
Line 41: XX 1.547723 1 113.375266 1 -179.924995 1 11 10 9
Li ne 4m H 1.114250 1 89.824605 1 126.911018 1 1 3 2
Li ne 4n: H 1.114708 1 89.909148 1 -126.650667 1 1 3 2
Li ne 4o: H 1.123297 1 93.602831 1 127.182594 1 2 4 3
Li ne 4p: H 1.123640 1 93.853406 1 -126.320187 1 2 4 3
Li ne 4q: H 1.123549 1 90.682924 1 126.763659 1 4 6 5
Li ne 4r: H 1.123417 1 90.679889 1 -127.033695 1 4 6 5
Li ne 4s: H 1.114352 1 90. 239157 1 126.447043 1 5 7 6
Li ne 4t: H 1.114462 1 89.842852 1 -127.140168 1 5 7 6
Li ne 4u: H 1.114340 1 89.831790 1 126.653999 1 6 8 7
Li ne 4v: H 1.114433 1 89. 753913 1 -126.926618 1 6 8 7
Li ne 4w H 1.123126 1 93.644744 1 127.030541 1 7 9 8
Li ne 4x: H 1.123225 1 93.880969 1 -126.380511 1 7 9 8
Li ne 4y: H 1.123328 1 90.261019 1 127.815464 1 9 11 10
Li ne 4z: H 1.123227 1 91. 051403 1 -125.914234 1 9 11 10
Li ne 4A H 1.113970 1 90.374545 1 126.799259 1 10 12 11
Li ne 4B: H 1.114347 1 90. 255788 1 -126.709810 1 10 12 11
Line 4C. Tv 12.299490 1 0. 000000 O 0. 000000 O 1 11 10
Line 5 0 0. 000000 O 0. 000000 O 0. 000000 O 0 0 O
Pol yt et rahydrofuran has a repeat unit of (C4 H8 0O2; i.e.
twice the nonomer unit. This is necessary in order to allow the
lattice to repeat after a translation through 12.3 Angstrons. See

the section on Solid State Capability for further details.

- 8 -
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Note the two dummy atoms on lines 4k and 4l. These are useful,
but not essential, for defining the geonetry. The atons on lines 4y
to 4B use these dunmy atons, as does the translation vector on Iline
4C. The translation vector has only the Ilength narked for
optim zation. The reason for this is also explained in the
Background chapter.



CHAPTER 2

KEYWORDS

2.1 SPECI FI CATI ON OF KEYWORDS

Al'l control data are entered in the form of keywords, which formthe
first line of a data-file. A description of what each keyword does is
given in Section 2-3. The order in which keywords appear is not
i mportant although they nust be separated by a space. Sone keywords can
be abbrevi ated, allowed abbreviations are noted in Section 2-3 (for
exanpl e 1ELECTRON can be entered as 1ELECT). However the full keyword is
preferred in order to more clearly docunent the calculation and to
obviate the possibility that an abbreviated keyword might not be
recogni zed. If there is insufficient space in the first Iine for all the
keywords needed, then consider abbreviating the | onger words. One type
of keyword, those with an equal sign, such as, BAR=0.05, may not be
abbreviated, and the full word needs to be supplied.

Most keywords which involve an equal sign, such as SCFCRT=1.D 12
can, at the wuser's discretion, be witten with spaces before and after
the equal sign. Thus all pernutations of SCFCRT=1.D- 12, such as

SCFCRT =1.D- 12, SCFCRT = 1.D 12, SCFCRT= 1.D- 12, SCFCRT = 1.D 12, etc

are all owed. Exceptions to this are T=, T-PRIORITY=, H PR ORITY=,
X-PRI ORI TY=, | RC=, DRC= and TRANS=. ' T=' cannot be abbreviated to ' T
as many keywords start or end with a 'T'; for the other keywords the

associ at ed abbrevi ated keywords have specific nmeani ngs.

If two keywords which are inconpatible, like UHF and C 1., are
supplied, or a keyword which is inconpatible with the species supplied,
for instance TRIPLET and a nmethyl radical, then error trapping wll

normal Iy occur, and an error nmessage will be printed. This usually takes
an insignificant time, so data are quickly checked for obvious errors.
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2.2 FULL LIST OF KEYWORDS USED | N MOPAC

& - TURN NEXT LI NE | NTO KEYWORDS

+ - ADD ANOTHER LI NE OF KEYWORDS

0SCF - READ I N DATA, THEN STOP

1ELECTRON- PRI NT FI NAL ONE- ELECTRON MATRI X

1SCF - DO ONE SCF AND THEN STOP

Al DER - READ IN AB I NI TI O DERI VATI VES

Al G N - GEOVETRY MUST BE | N GAUSSI AN FORNMVAT

Al GOUT - I N ARC FILE, I NCLUDE AB-1 NI TI O GEOVETRY

ANALYT - USE ANALYTI CAL DERI VATI VES OF ENERGY WR. T. GEQOVETRY
AML - USE THE AML HAM LTONI AN

BAR=n.n - REDUCE BAR LENGTH BY A MAXI MUM OF n.n
Bl RADI CAL- SYSTEM HAS TWO UNPAI RED ELECTRONS

BONDS - PRINT FI NAL BOND- OCRDER MATRI X
Cl. - A MULTI - ELECTRON CONFI GURATI ON | NTERACTI ON SPECI FI ED
CHARGE=n - CHARGE ON SYSTEM = n (e.g. NH4 => CHARCE=1)
COWPFG - PRINT HEAT OF FORMATI ON CALCULATED I N COVPFG
CONNOLLY - USE CONNOLLY SURFACE
DEBUG - DEBUG OPTI ON TURNED ON
DENOUT - DENSITY MATRI X OQUTPUT ( CHANNEL 10)
DENSITY - PRINT FINAL DENSITY MATRI X
DEP - GENERATE FORTRAN CODE FOR PARAMETERS FOR NEW ELEMENTS
DEPVAR=Nn - TRANSLATION VECTOR | S A MJULTI PLE OF BOND- LENGTH
DERI V - PRI NT PART OF WORKI NG I N DERI V
DFORCE - FORCE CALCULATI ON SPECI FI ED, ALSO PRI NT FORCE MATRI X.
DFP - USE DAVI DON- FLETCHER- PONELL METHOD TO OPTI M ZE GEOVETRI ES
DIPOLE - FIT THE ESP TO THE CALCULATED DI POLE
Dl PX - X COVPONENT OF DI POLE TO BE FI TTED
DI PY - Y COVMPONENT OF DI POLE TO BE FI TTED
Dl PZ - Z COVWPONENT OF DI POLE TO BE FI TTED
DMVAX - MAXI MUM STEPSI ZE | N El GENVECTOR FOLLOW NG
DOUBLET - DOUBLET STATE REQUI RED
DRC - DYNAM C REACTI ON COCRDI NATE CALCULATI ON
DUMP=N - WRI TE RESTART FI LES EVERY n SECONDS
ECHO - DATA ARE ECHOED BACK BEFORE CALCULATI ON STARTS
EF - USE EF ROUTI NE FOR M NI MUM SEARCH
EITGA NV -
El GS - PRINT ALL ElI GENVALUES IN I TER
ENPART - PARTI TI ON ENERGY | NTO COVPONENTS
ESP - ELECTROSTATI C POTENTI AL CALCULATI ON
ESPRST - RESTART OF ELECTROSTATI C POTENTI AL
ESR - CALCULATE RHF UNPAI RED SPI N DENSI TY
EXCI TED - OPTIM ZE FI RST EXCI TED SI NGLET STATE
EXTERNAL - READ PARAMETERS OFF DI SK
FI LL=n - I N RHF OPEN AND CLOSED SHELL, FORCE M O. n
TO BE FI LLED
FLEPO - PRI NT DETAILS OF GEOVETRY OPTI M ZATI ON
FMAT - PRINT DETAILS OF WORKI NG | N FVAT
FOCK - PRINT LAST FOCK MATRI X
FORCE - FORCE CALCULATI ON SPECI FI ED
GEO-OK - OVERRI DE | NTERATOM C DI STANCE CHECK

- 11 -
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GNORMEN. n-
GRADI ENTS-
GRAPH -
HCORE -
HESS=N -
H PRI O -
HYPERFI NE-
| RC -
| SOTOPE -
| TER -
| TRY=N
| UPD -
K=(N, N -
KINETIC -
LINM N -
LARGE -
LET -
LOCALI ZE -
MAX -
VECI -
M CROS -
M NDOY 3 -
MVIOK -
MODE=N -
MOLDAT -
MS=N -
MULLI K -
NLLSQ -
NOANCI -
NODI | S -
NO NTER -
NOLOG -
NOVM -
NONR -
NOTHI EL -
NSURF=N -
NOXYZ -
NSURF -
OLDENS -
OLDGEO -
OPEN -
ORI DE -
PARASOK -
PI -
PL -
PMVB -
PO NT=N -
PO NT1=N -
PO NT2=N -
POLAR -
POTVRT -
POWSQ -
PRECI SE
PULAY -
QUARTET

Page 2-3

EXI'T WHEN GRADI ENT NORM DROPS BELOW n. n

PRI NT ALL GRADI ENTS

GENERATE FI LE FOR GRAPHI CS

PRI NT DETAILS OF WORKI NG | N HCORE

OPTI ONS FOR CALCULATI NG HESSI AN MATRI CES I N EF
HEAT OF FORMATI ON TAKES PRIORITY I N DRC
HYPERFI NE COUPLI NG CONSTANTS TO BE CALCULATED
I NTRI NSI C REACTI ON COORDI NATE CALCULATI ON
FORCE MATRI X WRI TTEN TO DI SK ( CHANNEL 9 )

PRI NT DETAILS OF WORKING I N | TER

SET LIMT OF NUMBER OF SCF | TERATIONS TO N
MODE OF HESSI AN UPDATE | N El GENVECTOR FOLLOW NG
BRI LLOUI N ZONE STRUCTURE TO BE CALCULATED
EXCESS KI NETI C ENERGY ADDED TO DRC CALCULATI ON
PRI NT DETAILS OF LINE M NI M ZATI ON

PRI NT EXPANDED QOUTPUT

OVERRI DE CERTAI N SAFETY CHECKS

PRI NT LOCALI ZED ORBI TALS

PRI NTS MAXI MUM GRI D SI ZE (23*23)

PRI NT DETAI LS OF MECI CALCULATI ON

USE SPECI FI C M CROSTATES IN THE C. 1.

USE THE M NDO' 3 HAM LTONI AN

USE MOLECULAR MECHANI CS CORRECTI ON TO CONH BONDS
IN EF, FOLLOW HESSI AN MODE NO. N

PRI NT DETAI LS OF WORKI NG | N MOLDAT

IN MECI, MAGNETI C COMPONENT OF SPIN

PRI NT THE MJLLI KEN POPULATI ON ANALYSI S

M NI M ZE GRADI ENTS USI NG NLLSQ

DO NOT USE ANALYTI CAL C. 1. DERI VATI VES

DO NOT USE DI I S GEOVETRY OPTI M ZER

DO NOT PRI NT | NTERATOM C DI STANCES

SUPPRESS LOG FI LE TRAIL, WHERE PCOSSI BLE

DO NOT USE MOLECULAR MECHANI CS CORRECTI ON TO CONH BONDS

DO NOT USE THI EL'S FSTM N TECHNI QUE

NUMBER OF SURFACES I N AN ESP CALCULATI ON

DO NOT PRI NT CARTESI AN COORDI NATES

NUMBER OF LAYERS USED | N ELECTROSTATI C POTENTI AL
READ | NI TI AL DENSI TY MATRI X OFF DI SK

PREVI QUS GEOVETRY TO BE USED

OPEN- SHELL RHF CALCULATI ON REQUESTED

IN AML CALCULATI ONS SOVE MNDO PARAMETERS ARE TO BE USED

RESCLVE DENSI TY MATRI X | NTO SI GVA AND Pl BONDS

MONI TOR CONVERGENCE OF DENSITY MATRI X I N I TER

USE THE MNDO- PM3 HAM LTONI AN

NUMBER OF PO NTS I N REACTI ON PATH

NUMBER OF PO NTS I N FI RST DI RECTI ON I N GRI D CALCULATI ON

NUMBER OF PO NTS I N SECOND DI RECTI ON I N GRI D CALCULATI ON
CALCULATE FI RST, SECOND AND THI RD ORDER POLARI ZABI LI TI ES
IN ESP, WRITE OUT ELECTROSTATI C POTENTI AL TO UNIT 21

PRI NT DETAI LS OF WORKI NG I N POASQ

CRI TERI A TO BE | NCREASED BY 100 TI MES

USE PULAY' S CONVERGER TO OBTAIN A SCF

QUARTET STATE REQUI RED

- 12 -



KEYWORDS Page 2-4

QUI NTET - QUI NTET STATE REQUI RED

RECALC=N - I N EF, RECALCULATE HESSI AN EVERY N STEPS

RESTART - CALCULATI ON RESTARTED

ROOT=n - ROOT n TO BE OPTIMZED IN A C. 1. CALCULATI ON

ROT=n - THE SYMVETRY NUMBER OF THE SYSTEM I S n.

SADDLE - OPTIM ZE TRANSI TI ON STATE

SCALE - SCALI NG FACTOR FOR VAN DER WAALS DI STANCE | N ESP
SCFCRT=n - DEFAULT SCF CRI TERI ON REPLACED BY THE VALUE SUPPLI ED
SCINCR - | NCREMENT BETWEEN LAYERS | N ESP

SETUP - EXTRA KEYWORDS TO BE READ OF SETUP FI LE

SEXTET - SEXTET STATE REQUI RED

SHI FT=n - A DAMPI NG FACTOR OF n DEFI NED TO START SCF
SI GVA - M N M ZE GRADI ENTS USI NG SI GVA

SINGLET - SINGLET STATE REQUI RED

SLOPE - MULTI PLI ER USED TO SCALE MNDO CHARGES

SPI'N - PRINT FINAL UHF SPI N MATRI X

STEP - STEP SI ZE | N PATH

STEP1=n - STEP SIZE n FOR FI RST COCRDI NATE I N GRI D CALCULATI ON
STEP2=n - STEP SIZE n FOR SECOND COORDI NATE I N GRI D CALCULATI ON

STO-3G - DEORTHOGONALI ZE ORBI TALS I N STO- 3G BASI S
SYMAVG - AVERAGE SYMVETRY EQUI VALENT ESP CHARGES
SYMMETRY - | MPOSE SYMMVETRY CONDI TI ONS

T=n - A TIME OF n SECONDS REQUESTED

THERMO - PERFORM A THERMODYNAM CS CALCULATI ON

TI MES - PRINT TI MES OF VARI QUS STAGES

T-PRIO - TIME TAKES PRIORITY I N DRC

TRANS - THE SYSTEM I S A TRANSI TI ON STATE

(USED I N THERMODYNAM CS CALCULATI ON)
TRI PLET - TRI PLET STATE REQUI RED
TS - USI NG EF ROUTI NE FOR TS SEARCH
UHF - UNRESTRI CTED HARTREE- FOCK CALCULATI ON
VECTORS - PRI NT FI NAL ElI GENVECTORS
VELOCI TY - SUPPLY THE I NI TIAL VELOCI TY VECTOR I N A DRC CALCULATI ON
WLLIAMS - USE W LLI AMS SURFACE
X-PRIO - GEOVETRY CHANGES TAKE PRIORITY I N DRC
XYz - DO ALL GEOVETRI C OPERATI ONS I N CARTESI AN COORDI NATES.
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2.3 DEFINTIONS OF KEYWORDS

The definitions below are given wth some technical expressions
which are not further defined. Interested users are referred to Appendi x
E of this manual to |locate appropriate references which wll provide
further clarification

There are three classes of keywords: (1) those which CONTROL

substantial aspects of the calculation, i.e., those which affect the
final heat of formation, (2) those which determ ne which OUTPUT wll be
calculated and printed, and (3) those which dictate the WORKI NG of the
cal culation, but which do not affect the heat of formation. The

assignment to one of these classes is designated by a (C, (O or (W,
respectively, follow ng each keyword in the Iist bel ow

& (O

An ' & nmeans 'turn the next line into keywords'. Note the space

before the '' sign. Since '' is a keyword, it nust be preceeded by a
space. A' & on line 1 wuld nmean that a second |line of keywords should
be read in. |If that second line contained a' &, then a third line of
keywords would be read in. |If the first line has a' & then the first
description line is onitted, if the second line has a' &, then both

description lines are omtted.
Exanpl es
Use of one '&

VECTORS DENSI TY RESTART & NLLSQ T=1H SCFCRT=1. D-8 DUMP=30M | TRY=300
PMB FOCK OPEN(2,2) ROOT=3 SINGLET SHI FT=30
Test on a totally weird system

Use of two '&' s

LARGE=-10 & DRC=4.0 T=1H SCFCRT=1. D-8 DUMP=30M | TRY=300 SHI FT=30
PMB OPEN(2,2) ROOT=3 SI NGLET NOANCI ANALYT T-PRIORITY=0.5 &
LET GEO OK VELOCI TY KI NETI C=5.0

+ (0

A ' +' sign neans 'read another line of keywords'. Note the space
before the '+ sign. Since '+ is a keyword, it nust be preceeded by a
space. A ' +' on line 1 would nmean that a second |line of keywords should
be read in. If that second line contains a ' +', then a third Iine of
keywords will be read in. Regardless of whether a second or a third line
of keywords is read in, the next two |ines would be description |ines.
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Exanmple of ' +' option

RESTART T=4D FORCE OPEN(2, 2) SHI FT=20 PMB +

SCFCRT=1. D- 8 DEBUG + | SOTOPE FMAT ECHO si ngl et ROOT=3

THERMO( 300, 400, 1) ROT=3

Exanpl e of data set with three Iines of keywords. NOTE: There
are two lines of description, this and the previous line.

0SCF (O)

The data can be read in and output, but no actual calculation is
performed when this keyword is used. This is useful as a check on the

i nput dat a. All obvious errors are trapped, and warning nessages
pri nted.

A second use is to convert fromone fornat to another. The i nput
geonetry is printed in various formats at the end of a OSCF cal cul ati on
| f NO NTER is absent, cartesian coordi nat es are printed.

Unconditionally, MOPAC Z-matrix internal coordinates are printed, and if
Al GOUT is present, Gaussian Z-matrix internal coordinates are printed.
OSCF shoul d now be used in place of DDUM

1ELECTRON (O

The final one-electron matrix is printed out. This matrix is
conposed of atomic orbitals; the array el ement between orbitals i and j
on different atons is given by

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

The matrix el enents between orbitals i and j on the sanme atom are
calculated fromthe el ectron-nuclear attraction energy, and also fromthe
U(i) value if i=j.

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

1SCF (C)

When users want to exanmine the results of a single SCF calculation
of a geonetry, 1SCF should be used. 1SCF can be used in conjunction with
RESTART, in which case a single SCF calculation will be done, and the
results printed.

When 1SCF is used on its own (that is, RESTART is not also wused)
then derivatives will only be calculated if GRAD is al so specified.

1SCF is helpful in a learning situation. MOPAC normally perforns
many SCF cal cul ations, and in order to mnimze output when follow ng the
wor ki ng of the SCF cal culation, 1SCF is very useful
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Al DER (O
Al DER al | ows MOPAC to optimize an ab-initio geonetry. To wuse it,
calculate the ab-initio gradients using, e.g., Gaussian. Supply MOPAC
with these gradients, after converting theminto kcal/ml. The geonetry
resulting from a MOPAC run wll be nearer to the optim zed ab-initio

geonetry than if the geonetry optimnizer in Gaussian had been used.

AIG N (C)

If the geonmetry (Z-matrix) is specified using the Gaussi an-8X, then
normally this wll be read in without difficulty. |In the event that it
is mstaken for a normal MOPAC-type Z-matrix, the keyword AIGAN is
provi ded. AIG@Nw Il force the data-set to be read in assum ng Gaussi an
format. This is necessary if nore than one systemis being studied in
one run.

Al GOUT (0O)

The ARCHI VE file contains a data-set suitable for submission to
MOPAC. If, in addition to this data-set, the Z-matrix for Gaussi an i nput
is wanted, then AIGOUT (ab initio geonmetry output), should be used.

The Z-matrix is in full Gaussian form Symmetry, where present,
will be correctly defined. Nanes of synmbolics will be those used if the
original geonetry was in Gaussian format, otherwi se 'logical' nanes wll
be wused. Logical nanmes are of form <t><a><b>[<c>][<d>] where <t>is 'r
for bond length, "a' for angle, or 'd" for dihedral, <a> is the atom
nunber, <b> is the atomto which <a> is related, <c> if present, is the
at om nunber to which <a> makes an angle, and <d>, if present, is the atom
nunber to which <a> makes a di hedral

ANALYT (W
By default, finite difference derivatives of energy with respect to
geonetry are wused. |If ANALYT is specified, then analytical derivatives
are used instead. Since the analytical derivatives are over Gaussian
functions -- a STO6G basis set is used -- the overlaps are also over
Gaussi an functions. This will result ina very small (less than 0.1

Kcal /mol e) change in heat of formation. Use analytical derivatives (a)
when the mantissa used is less than about 51-53 bits, or (b) when
compari son Wi th finite difference is desired. Finite difference
derivatives are still used when non-variationally optimn zed wavefunctions
are present.

AML (C)

The AML nethod is to be used. By default MNDO is run
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BAR=n.nn (W

In the SADDLE cal cul ation the distance between the two geonetries is
steadily reduced wuntil the transition state is |located. Sonetinmes,
however, the user may want to alter the maximum rate at which the
di stance between the two geonetries reduces. BARis a ratio, nornally
0.15, or 15 percent. This represents a maxi numrate of reduction of the
bar of 15 percent per step. Alternative values that m ght be considered
are BAR=0.05 or BAR=0.10, although other values may be used. See also
SADDLE.

If CPUtime is not a major consideration, use BAR=0.03.

Bl RADI CAL (C)

NOTE: BIRADI CAL is a redundant keyword, and represents a particul ar
configuration interaction calculation. Experienced users of MECI ((q.vVv.)
can duplicate the effect of the keyword BIRADI CAL by wusing the MEeCI
keywords OPEN( 2, 2) and SI NGET.

For ol ecul es which are believed to have biradical oid character the
option exists to optimze the | owest singlet energy state which results
fromthe mxing of three states. These states are, in order, (1) the
(mcro)state arising froma one electron excitation fromthe HOMO to the
LUMO, which is conbined with the mcrostate resulting from the
time-reversal operator acting on the parent microstate, the result being
a full singlet state; (2) the state resulting fromde-excitation fromthe
formml LUMO to the HOMO and (3) the state resulting fromthe single
electron in the formal HOMO being excited into the LUMO

Mcrostate 1 M crostate 2 M crostate 3
Al pha Beta Al pha Beta Al pha Beta Al pha Beta
L U'VD * * * *
+
HOVD * * * *
A configuration interaction calculation is involved here. A biradica
calculation done wthout C. 1. at the RHF level would be neaningl ess.

Either rotational invariance would be lost, as in the D2d form of
ethylene, or very artificial barriers to rotations would be found, such
as in a nmethane nolecule "orbiting”" a D2d ethylene. 1In both cases the
inclusion of |limted configuration interaction corrects the error

Bl RADI CAL shoul d not be used if either the HOMO or LUMO i s degenerate; in
this case, the full manifold of HOMO x LUMO should be included in the

- 17 -
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C. 1., using MECI options. The user should be aware of this situation.
VWen the biradical calculation is performed correctly, the result is
normally a net stabilization. However, if the first singlet excited

state is much higher in energy than the closed-shell ground state,
Bl RADI CAL can lead to a destabilization. Abbreviation: BIRAD. See also
MECI, C.I., OPEN, SINGLET.

BONDS (O

The rotationally invariant bond order between all pairs of atons is
pri nted. In this context a bond is defined as the sum of the squares of
the density matrix elenments connecting any two atons. For et hane,
ethylene, and acetylene the carbon-carbon bond orders are roughly 1.00,
2.00, and 3.00 respectively. The diagonal terns are the valencies
calculated from the atomic ternms only and are defined as the sum of the
bonds the atom nakes with other atons. In UHF and non-variationally

optim zed wavefunctions the calculated valency will be incorrect, the
degree of error being proportional to the non-duodenpotency of the
density matrix. For an RHF wavefunction the square of the density matrix
is equal to twice the density nmatri x.

The bonding contributions of all MO 's in the system are printed

i medi ately before the bonds nmatrix. The idea of nolecular orbita
val ency was devel oped by Gopi nathan, Siddarth, and Ravi nohan. Just as an
atomc orbital has a 'valency', so has a nolecular orbital. This |eads

to the following relations: The sum of the bonding contributions of al
occupied MO.'s is the same as the sumof all valencies which, in turn is
equal to two times the sum of all bonds. The sum of the bonding
contributions of all MO 's is zero.

C.l1.=n (C

Normal Iy configuration interaction is invoked if any of the keywords
which imply a C/I. calculation are used, such as BI RADI CAL, TRIPLET or
QUARTET. Note that ROOT= does not inmply a C.1. calculation: ROOT= is

only used when a C.I. calculation is done. However, as these inplied
C.1."s involve the mni mum number of configurations practical, the user
may want to define a larger than mininumC. 1., in which case the keyword
C.l.=n can be used. Wen Cl.=n is specified, the n MO's which
"bracket" the occupied- virtual energy levels will be used. Thus, C|.=2
will include both the HOMO and the LUMO, while C1.=1 (inmplied for
odd-el ectron systems) wll only include the HOMO (This will do nothing

for a closed-shell system and |eads to Dewar's half-electron correction
for odd-electron systems). Users should be aware of the rapid increase
in the size of the C.1. with increasing nunbers of MOQO's being used

Nunbers of mcrostates inplied by the use of the keyword C.l1.=n on its
own are as follows:
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Keywor d Even-el ectron systens Odd- el ectron systens
No. of electrons, configs No. of electrons, configs
Al pha Bet a Al pha Beta
Cl.= 1 1 1 1 0 1
Cl.= 1 1 4 1 0 2
Cl.= 2 2 9 2 1 9
C.l.=4 2 2 36 2 1 24
Cl.= 3 3 100 3 2 100
Cl.= 3 3 400 3 2 300
Cl.= 4 4 1225 4 3 1225
Cl.= (Do not use unless other keywords al so used, see bel ow)

If a change of spin is defined, then | arger nunbers of MO 's can be
used up to a maxinmumof 10. The C.I. matrix is of size 100 x 100. For
calculations involving up to 100 configurations, the spin-states are
exact eigenstates of the spin operators. For systems with nore than 100
configurations, the 100 configurations of |owest energy are used. See
al so M CRCS and the keywords defining spin-states.

Note that for any system use of C. 1.=5 or higher normally inplies
the diagonalization of a 100 by 100 matrix. As a geonetry optim zation
using a C.l1. requires the derivatives to be calculated using derivatives
of the C.I. matrix, geonetry optimization with large C.I.'s will require
nore tinme than smaller C1."'s.

Associ ated keywords: MECI, ROOT=, M CROS, SINGLET, DOUBLET, etc.

Cl.=(n,m
In addition to specifying the number of MO 's in the active space,
the nunmber of electrons can also be defined. In Cl.=(n,mMm, nis the

nunber of MO s in the active space, and mis the nunber of doubly filled
| evel s to be used.

EXAMPLES
Keywor ds Nunber of MO's No. Electrons
Cl.=2 2 2 (1)
Cl.=(2,1) 2 2 (3)
C.1.=(3,1) 3 2 (3)
C.1.=(3,2) 3 4 (5)
C.1.=(3,0) OPEN(Z2,3) 3 2 (NA
C.1.=(3,1) OPEN(Z2,2) 3 4 (N A
C.1.=(3,1) OPEN(1, 2) 3 N A (3)
Qdd el ectron systens given in parentheses.
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CHARGE=n (0O

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

EXAMPLES

| ON KEYWORD | ON KEYWORD

NHA( +) CHARGE=1 CH3COO( -) CHARGE=- 1

C2H5( +) CHARGE=1 (COO) (=) CHARGE=- 2

SO4( =) CHARGE=- 2 PO4( 3-) CHARGE=- 3

HSO4( - ) CHARGE=- 1 H2POA( - ) CHARGE=- 1
DCART (O

The cartesian derivatives which are calculated in DCART for
variationally optimzed systenms are printed if the keyword DCART is
present. The derivatives are in wunits of kcals/Angstrom and the
coordi nates are displacenents in x, y, and z.

DEBUG ( O)

Certain keywords have specific output control neanings, 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 al so increase the
anount of output produced when certain output keywords are wused, e.g.
COWPFG,

DENOUT (O)

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 dunp due to
the tinme being exceeded occurs during the current run then DENOUT is
i nvoked automatically. (see RESTART)

DENSI TY (O

At the end of a job, when the results are being printed, the density
matrix is also printed. For RHF the normal density matrix is printed.
For UHF the sum of the al pha and beta density matrices is printed.

If density is not requested, then the diagonal of the density
matrix, i.e., the welectron density on the atomic orbitals, will be
pri nted.
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DEP (O
For use only with EXTERNAL=. When new paraneters are published,
they can be entered at run-time by using EXTERNAL=, but as this is
somewhat clumsy, a pernanent change can be nmade by use of DEP.

If DEP is invoked, a conplete block of FORTRAN code wll be
generated, and this can be inserted directly into the BLOCK DATA file.

Note that the output is designed for use with PMB. By nodifying the
names, the output can be used with MNDO or AML..

DEPVAR=N. nn (C)

In polymers the translation vector is frequently a multiple of some

i nternal distance. For exanple, in polythene it is the Cl-C3 distance.
If a cluster unit cell of C6HL2 is used, then synmetry can be used to tie
together all the carbon atom coordinates and the translation vector

distance. 1In this exanple DEPVAR=3.0 woul d be suitable.

DFP (W
By default the Broyden-Fl etcher- Gol df ar b- Shanno nethod will be used
to optimze geonetries. The ol der Davidon-Fletcher-Powell method can be
i nvoked by specifying DFP. This is intended to be used for conparison of
the two net hods.
DI POLE (O
Used in the ESP calculation, DIPOLE will constrain the calcul ated
charges to reproduce the cartesian dipole monment conponents cal cul ated
fromthe density matrix and nucl ear charges.

DI PX (C)

Simlar to DIPOLE, except the fit will be for the X-component only.

DI PY (C)

Simlar to DI POLE, except the fit will be for the Y-conponent only.

DI PZ (C)

Simlar to DIPOLE, except the fit will be for the Z-component only.



KEYWORDS Page 2-13

DMAX=n. nn (W

In the EF routine, the naxinum step-size is 0.2 (Angstronms or
radi ans), by default. This can be changed by specifyi ng DMAX=n. nn.
I ncreasing DMAX can lead to faster convergence but can also make the
optim zation go bad very fast. Furthernore, the Hessian updating nay
deteriorate when using |large stepsizes. Reducing the stepsize to 0.10 or
0.05 is reconmended when encountering convergence probl emns.

DOUBLET ( C)

When a configuration interaction calculation is done, all spin
states are cal cul ated sinultaneously, either for conponent of spin = 0 or
1/2. When only doublet states are of interest, then DOUBLET can be
specified, and all other spin states, while calculated, are ignored in
t he choice of root to be used.

Note that while al nost every odd-el ectron systemw || have a doubl et
ground state, DOUBLET should still be specified if the desired state nust
be a doubl et.

DOUBLET has no neaning in a UHF cal cul ati on.

DRC (C)

A Dynam c Reaction Coordinate calculation is to be run. By default,
total energy is conserved, so that as the "reaction" proceeds in tineg,
energy is transferred between kinetic and potential forns.

DRC=n. nnn (C)

In a DRC calculation, the "half-life" for loss of kinetic energy is
defined as n.nnn femoseconds. If n.nnn is set to zero, infinite danping
simul ating a very condensed phase is obtained.

This keyword cannot be witten with spaces around the si gn.

DUMP (W

Restart files are witten automatically at one hour cpu tinme
intervals to allow a long job to be restarted if the job is term nated
catastrophically. To change the frequency of dunp, set DUWMP=nn to
request a dunp every nn seconds. Alternative fornms, DUMP=nnM DUMP=nnH
DUMP=nnD for a dunp every nn ninutes, hours, or days, respectively. DUMP
only works wth geonetry optim zation, gradient mnimzation, path, and
FORCE cal culations. It does not (yet) work with a SADDLE cal cul ati on
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ECHO (O
Data are echoed back if ECHO is specified. Only useful if data are
suspected to be corrupt.
EF (O
The Eigenvector Following routine is an alternative to the BFGS, and

appears to be nuch faster. To invoke the Ei genvector Follow ng routine,
specify EF. EF is particularly good in the end-game, when the gradient

is small. See also HESS, DMAX, EI G NV.
EIG N (W
Not recomrended for nornmal use. Used wth the EF routine. See

source code for nore details.

ENPART (O)

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
el ectronic and nuclear terns, is partitioned into nopno- and bi-centric
contributions, and these contributions in turn are divided into nuclear
and one- and two-el ectron ternmns.

ESP (O
This is the ElectroStatic Potential calculation of K M Mrz and
B. H Besler. ESP calculates the expectation values of the electrostatic
potential of a molecule on a wuniform distribution of points. The
resultant ESP surface is then fitted to atom centered charges that best
reproduce the distribution, in a | east squares sense.

ESPRST (W

ESPRST restarts a stopped ESP cal cul ation. Do not use with RESTART.
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ESR (O)

The unpaired spin density arising froman odd-el ectron system can be
calculated both RHF and UHF. 1In a UHF cal culation the al pha and beta
MO 's have different spatial forms, so wunpaired spin density can
naturally be present on in-plane hydrogen atons such as in the phenoxy
radi cal

In the RHF formalism a MECI calculation is performed. If the
keywords OPEN and C .= are both absent then only a single state is
calculated. The unpaired spin density is then calculated fromthe state
function. In order to have unpaired spin density on the hydrogens in,

for exanple, the phenoxy radical, several states should be m xed.

EXCI TED (C)
The state to be calculated is the first excited open-shell singlet
state. If the ground state is a singlet, then the state calculated wll

be S(1); if the ground state is a triplet, then S(2). This state would
normally be the state resulting froma one-electron excitation fromthe
HOMO to the LUMO. Exceptions would be if the |owest singlet state were a
biradical, in which case the EXCI TED state could be a cl osed shell.

The EXCI TED state will be calculated froma BIRADI CAL cal culation in
which the second root of the C.I. matrix is selected. Note that the
ei genvector of the C.1. matrix is not wused in the current formalism
Abbr evi ati on: EXCI

NOTE: EXCITED is a redundant keyword, and represents a particular
configuration interaction calculation. Experienced wusers of MECI can
duplicate the effect of the keyword EXCI TED by using the MECI keywords
OPEN( 2, 2), SINGLET, and ROOT=2.

EXTERNAL=name (C)

Norrmal |y, PMB, AML and MNDO paraneters are taken fromthe BLOCK DATA
files within MOPAC. \When the supplied paranmeters are not suitable, as in
an element recently paraneterized, and the paraneters have not yet
installed in the wuser's copy of MOPAC, then the new paraneters can be
inserted at run time by use of EXTERNAL=<fil ename>, where <filename> is
the nane of the file which contains the new paraneters.

<fil ename> consists of a series of paraneter definitions in the
f or mat

<Par anet er > <El enent > <Val ue of paraneter>

where the possible paraneters are USS, UPP, UDD, ZS, ZP, ZD, BETAS,
BETAP, BETAD, GSS, GSP, GPP, GP2, HSP, ALP, FNnm n=1,2, or 3, and nmrl to
10, and the elenents are defined by their chem cal synbols, such as Si or
SI.



KEYWORDS Page 2-16

When new paranmeters for elenents are published, they can be typed in
as shown. This file is ended by a blank line, the word END or not hing,
i.e., no end-of-file delimter. An exanple of a paraneter data file
woul d be:

Start of line| (Put at least 2 spaces before and after paraneter nane)

Line 1: USS Si -34.08201495

Line 2: UPP Si -28.03211675

Line 3: BETAS Si -5.01104521

Li ne 4: BETAP Si -2.23153969

Line b5: ZS Si 1.28184511

Li ne 6: ZP Si 1.84073175

Line 7: ALP Si 2.18688712

Li ne 8: GSS Si 9.82

Line 9: GPP Si 7.31

Li ne 10: GSP Si 8. 36

Li ne 11: GP2 Si 6. 54

Li ne 12: HSP Si 1.32

Derived paranmeters do no need to be entered; they will be calcul ated
from the optim zed parameters. All "constants" such as the experinental

heat of atomization are already inserted for all el enments.

NOTE: EXTERNAL can only be used to input paraneters for M\DO, AML,
or PM. It is unlikely, however, that any more M NDO 3 parameters wl |l
be publi shed.

See also DEP to nmake a pernmanent change.

FILL=n (C)

The n'th MO in an RHF calculation is 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 iteration within
the first SCF calculation) the nnth MO, is stored, and, if occupied, no
further action is taken at that time. |If unoccupied, then the HOMO and
the nnth MO.'s are swapped around, so that the nnth MO is now filled
On all subsequent iterations the MO nearest in character to the stored
M O is forced to be filled, and the stored MO replaced by that MO
This is necessitated by the fact that in a reaction a particular MO
may change its character considerably. A useful procedure is to run 1SCF
and DENOUT first, in order to identify the MO 's; the conplete job is
then run wth OLDENS and FILL=nn, so that the eigenvectors at the first
iteration are fully known. As FILL is known to give difficulty at tinmes,
consider also using C.1.=n and ROOT=m

FLEPO (O)

The predicted and actual changes in the geometry, the derivatives,
and search direction for each geonmetry optim zation cycle are printed.
This is useful if there is any question regarding the efficiency of the
geonetry optim zer
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FMAT

Details of the construction of the Hessian matrix for the force
calculation are to be printed.

FORCE ( Q)

A force-calculation is to be run. The Hessian, that is the matrix
(in mllidynes per Angstrom of second derivatives of the energy with
respect to displacenents of all pairs of atonms in x, y, and z directions,
is calculated. On diagonalization this gives the force constants for the
mol ecul e. The force matrix, weighted for isotopic masses, is then used
for cal cul ating the wvibrational 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 small (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 cal cul ati on.

Before a FORCE cal culation is started, a check is mde to ensure
that a stationary point is being used. This check involves cal cul ating
the gradient norm (GNORM and if it is significant, the GNORM wll be
reduced wusing BFGS. Al'l  internal coordinates are optinized, and any
symmetry constraints are ignored at this point. An inplication of this
is that if the specification of the geonetry relies on any angl es being
exactly 180 or zero degrees, the calculation my fail.

The geonetric definition supplied to FORCE should not rely on angles
or dihedrals assuming exact values. (The test of exact linearity is
sufficiently slack that nost nmolecules that are linear, such as acetyl ene
and but-2-yne, should not be stopped.) See also THERMO, LET, TRANS
| SOTOPE.

In a FORCE cal cul ation, PRECISE will elimnate quartic contam nation
(part of the anharnonicity). This is normally not inportant, therefore
PRECI SE shoul d not routinely be used. In a FORCE calculation, the SCF
criterion is automatically made nore stringent; this is the main cause of
the SCF failing in a FORCE cal cul ati on.

GEO OK (W

Normal Iy the programw |l stop with a warning nessage if two atons
are within 0.8 Angstrons of each other, or, nore rarely, the BFGS routine
has difficulty optimzing the geonetry. GEO-OK will over-ride the job
term nati on sequence, and allow the calculation to proceed. |In practice,
nost jobs that termnate due to these checks contain errors in data, so
caution should be exercised if GEOOK is used. An inmportant exception to
this warning is when the systemcontains, or may give rise to, a Hydrogen
mol ecule. GEO-OK will override other geonetric safety checks such as the
unstable gradient in a geonetry optimzation preventing reliable
optim zati on.
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See al so the message "GRADI ENTS OF OLD GEOMETRY, GNORM= nn. nnnn®

GNORMEN. nn (W

The geonetry optim zation termnation criteria in both gradient
mnimzation and energy minimzation can be over-ridden by specifying a
gradient norm requiremnent. For exanple, GNORM=20 would allow the
geonetry optimzation to exit as soon as the gradi ent norm dropped bel ow
20.0, the default being 1.0.

For high-precision work, GNORM=0.0 is recomended. Unl ess LET is
also used, the GNORM wi Il be set to the larger of 0.01 and the specified
GNORM Results from GNORME0.01 are easily good enough for al
hi gh- preci si on work.

GRADI ENTS (O)

In a 1SCF cal cul ation gradients are not calculated by default: in
non-variationally optimzed systens this would take an excessive tine.
GRADI ENTS al l ows the gradients to be calcul ated. Norrmal |y, gradients
will not be printed if the gradient normis less than 2.0. However, if
CGRADI ENTS is present, then the gradient norm and the gradients wll
unconditionally be printed. Abbreviation: GRAD

GRAPH (O

I nformati on needed to generate el ectron density contour naps can be
witten to a file by calling GRAPH.  GRAPH first calls MIULLIK in order to
generate the inverse-square-root of the overlap matrix, which is required
for the re-normalization of the eigenvectors. All data essential for the
graphi cs package DENSI TY are then output.

HESS=n (W
When the Eigenvector Following routine is wused for geonetry
optim zation, it frequently works faster if the Hessian is constructed
first. |If HESS=1 is specified, the Hessian matrix wll be constructed

before the geonmetry is optinized. There are other, |ess conmon, options,
e.g. HESS=2. See comments in subroutine EF for details.

H-PRIORITY (O
In a DRC calculation, results wll be printed whenever t he

calculated heat of formation changes by 0.1 Kcal/nole. Abbreviation
H- PRI O



KEYWORDS Page 2-19

H PRI ORI TY=n. nn (O

In a DRC calculation, results wll be printed whenever t he
cal cul at ed heat of formation changes by n.nn Kcal/nole.

I RC (O
An Intrinsic Reaction Coordinate calculation is to be run. Al
ki netic energy is shed at every point in the calculation. See
Backgr ound.
| RC=n (O
An Intrinsic Reaction Coordinate calculation to be run; an initial
perturbation in the direction of normal coordinate n to be applied. If n
is negative, then perturbation is reversed, i.e., initial notion is in

the opposite direction to the normal coordinate. This keyword cannot be
witten with spaces around the ' si gn.

| SOTOPE (O

Generation of the FORCE matrix is very tinme-consuning, and in
isotopic substitution studies several vibrational calculations my be
needed. To allow the frequencies to be calculated from the (constant)
force matrix, |SOTOPE is used. When a FORCE cal cul ation is conpleted,
| SOTOPE will cause the force matrix to be stored, regardless of whether
or not any intervening restarts have been nade. To re-calculate the
frequencies, etc. starting at the end of the force matrix calculation
speci fy RESTART.

The two keywords RESTART and | SOTOPE can be wused together. For
exanple, if a normal FORCE cal culation runs for a long time, the user may
want to divide it up into stages and save the final force matrix. Once

| SOTOPE has been used, it does not need to be used on subsequent RESTART
runs.

| SOTOPE can al so be used with FORCE to set up a RESTART file for an
| RC=n cal cul ati on.

| TRY=NN (W
The default maxi mum nunber of SCF iterations is 200. VWen this
limt presents difficulty, ITRY=nn can be used to re-define it. For
exanple, if ITRY=400 is used, the maxi mum nunber of iterations wll be
set to 400. |ITRY should normally not be changed until all other nmeans of

obtai ning a SCF have been exhausted, e.g. PULAY CAMP-KI NG etc.
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| UPD=n (W

IUPD is used only in the EF routine. [1UPD should very rarely be
t ouched. IUPD=1 can be wused in nmininumsearches if the the message
"HEREDI TARY PCSI TI VE DEFI NI TENESS ENDANGERED. UPDATE SKI PPED THI S CYCLE"
occurs every cycle for 10-20 iterations. Never use IUPD=2 for a TS
search! For more information, read the comments in subroutine EF.

K=(n.nn,n) (O

Used in band-structure calculations, K=(n.nn,n) specifies t he
step-size in the Brillouin zone, and the nunber of atoms in the nononeric
unit. Two band-structure calculations are supported: el ectronic and
phonon. Both require a polymer to be used. |If FORCE is used, a phonon
spectrumis assuned, otherwi se an electronic band structure is assumed.
For both <calculations, a density of states is also done. The band
structure calculation is very fast, so a small step-size wll not use
much tine.

The output is designed to be fed into a graphics package, and is not
"elegant'. For polyethylene, a suitable keyword would be K=(0.01, 6).

KI NETI C=n. nnn (C)

In a DRC cal cul ati on n.nnn Kcal s/ ol e 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, wthout
change of direction.

LARGE (O
Most of the time the output invoked by keywords is sufficient.
LARGE will ~cause less-commonly wanted, but still useful, output to be
printed.
1. To save space, DRC and IRC outputs will, by default, only print the

line with the percent sign. Oher output can be obtained by use of the
keyword LARGE, according to the follow ng rules:

Keywor d Ef f ect

LARGE Print all internal and cartesian coordi nates
and cartesian velocities.

LARGE=1 Print all internal coordinates.

LARGE=-1 Print all internal and cartesi an coordi nates
and cartesian velocities.

LARGE=N Print every n'th set of internal coordinates.

LARGE=-n Print every n'th set of internal and cartesian

coordi nates and cartesian velocities.
If LARGE=1 is used, the output will be the same as that of Version
5.0, when LARGE was not used. |If LARGE is used, the output will be the
same as that of Version 5.0, when LARGE was used. To save di sk space, do

- 29 -
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not use LARGE

LINMN (O
There are two line-minimzation routines in MOPAC, an energy
mnimzation and a gradient norm mninzation. LINMN wll output

details of the Iine mninmization used in a given job.

LET (W
As MOPAC evol ves, the nmeaning of LET is changi ng.
Now LET neans essentially "I know what |I'm doing, override safety
checks".

Currently, LET has the follow ng nmeani ngs

1. In a FORCE calculation, it nmeans that the supplied geonetry is
to be used, even if the gradients are |arge.

2. In a geonetry optimization, the specified GNORMis to be used,
even if it is less than 0.01

3. In a POLAR cal culation, the nolecule is to be orientated along
its principal noments of inertia before the calculation starts.
LET will prevent this step being done.

LOCALI ZE (O

The occupi ed eigenvectors are transformed into a localized set of
MO's by a series of 2 by 2 rotations which maxim ze <psi**4>. The
val ue of 1/<psi**4> is a direct measure of the number of centers invol ved
in the MO. Thus the value of 1/<psi**4>is 2.0 for H2, 3.0 for a
three-center bond and 1.0 for a |one pair. Hi gher degeneracies than
al l owed by point group theory are readily obtained. For exanple, benzene
woul d give rise to a 6-fold degenerate C-H bond, a 6-fold degenerate C-C
signa bond and a three-fold degenerate C-C pi bond. In principle, there
is no single step method to unanbi guously obtain the nost |ocalized set
of MO's in systems where several canonical structures are possible,
just as no sinple nmethod exists for finding the nmost stable conformer of

some |arge compound. However, the |localized bonds generated wll
normal |y be quite acceptable for routine applications. Abbrevi ati on
LOCAL.

MAX

In agrid calculation, the maximm nunber of points (23) in each
direction is to be wused. The default is 11. The nunber of points in
each direction can be set with PO NTS1 and PO NTS2.
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MECI (O)

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

M CROS=n ( C)

The mcrostates used by MECI are normally generated by use of a
permutati on operator. When individually defined mcrostates are desired,
then M CROS=n can be used, where n defines the nunber of mcrostates to
be read in.

Format for M crostates

After the geonetry data plus any symetry data are read in, data
defining each mcrostate is read in, using format 2011, one mcrostate
per line. The nmicrostate data is preceded by the word "M CROS" on a line
by itself. There is at present no nmechanismfor using MCROS with a
reaction path.

For a systemwith n MO 's in the C.I. (use OPEN=(n1,n) or C.l.=nto
do this), the populations of the n alpha MO 's are defined, followed by
the n beta MO 's. Allowed occupancies are zero and one. For n=6 the
cl osed-shell ground state would be defined as 111000111000, neani ng one
el ectron in each of the first three alpha MQO.'s, and one electron in
each of the first three beta MO 's.

Users are warned that they are responsible for conpleting any spin
mani f ol ds. Thus while the state 111100110000 is a triplet state with
conponent of spin = 1, the state 111000110100, while having a conponent
of spin =0 is neither a singlet nor a triplet. 1In order to conplete the
spin manifold the mcrostate 110100111000 nust al so be i ncl uded.

If a manifold of spin states is not conplete, then the eigenstates
of the spin operator will not be quantized. When and only when 100 or
fewer mcrostates are supplied, can spin quantization be conserved.

There are two other limtations on possible mcrostates. First, the

nunber of electrons in every mcrostate should be the same. |If they
differ, a warning nmessage will be printed, and the cal culation continued
(but the results wll alnpst certainly be nonsense). Second, the

conmponent of spin for every mcrostate nust be the same, except for
teaching purposes. Two mcrostates of different conponents of spin wll
have a zero matri x el ement connecting them No warning will be given as
this is a reasonable operation in a teaching situation. For exanple, if
all states arising fromtwo electrons in two levels are to be cal cul ated,
say for teaching Russel - Saunders coupling, then the follow ng m crostates
woul d be used:



KEYWORDS Page 2-23

M crostate No. of al pha, beta electrons M State
1100 2 0 1 Tripl et
1010 1 1 0 Si ngl et
1001 1 1 0 M xed
0110 1 1 0 M xed
0101 1 1 0 Si ngl et
0011 0 2 -1 Tripl et
Constraints on the space manifold are just as rigorous, but nuch
easier to satisfy. If the energy levels are degenerate, then al
conmponents of a manifold of degenerate M QO.'s should be either included
or excluded. If only some, but not all, conponents are used, the
requi red degeneracy of the states will be nissing.
As an exanple, for the tetrahedral nethane cation, if the user

supplies the mcrostates corresponding to a conponent of spin = 3/2,
negl ecti ng Jahn-Teller distortion, the mnimum nunber of states that can
be supplied is 90 = (6!/(11*51))*(6!/(41*21)).

While the total number of electrons should be the same for al
m crostates, this nunber does not need to be the same as the nunmber of
el ectrons supplied to the C.1.; thus in the exanple above, a cationic
state could be 110000111000.

The format is defined as 2011 so that spaces can be used for enpty
MO "s.

M NDO' 3 (O)

The default Hanmiltonian within MOPAC is MNDO, with the alternatives
of AML and M NDO 3. To use the M NDO 3 Hamiltonian the keyword M NDJO 3
shoul d be used. Acceptable alternatives to the keyword M NDO' 3 are M NDO
and M NDG3.

MVIOK ( C)

If the systemcontains a peptide |inkage, then MMOK wll allow a
mol ecul ar  nechanics correction to be applied so that the barrier to
rotation is increased (to 14.00 Kcal/nmole in N-methyl acetani de).

MODE ( )

MODE is used in the EF routine. Normally the default MODE=1 is used
to locate a transition state, but if this is incorrect, explicitly define
the vector to be followed by using MODE=n. (MODE is not a recomended
keywor d) . If you use the FORCE option when deciding which node to
follow, set all isotopic masses to 1.0. The nornmal npdes from FORCE are
normal ly mass-weighted; this can nmislead. Alternatively, use LARGE with
FORCE: this gives the force constants and vectors in addition to the
mass-wei ghted normal nodes. Only the mass-wei ghted nodes can be drawn
wi t h DRAW
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M5=n
Useful for checking the MECI calculation and for teaching. MS=n
overrides the normal choice of magnetic conponent of spin. Normally, if
atriplet is requested, an MS of 1 wll be wused; this excludes al
si ngl et s. If MS=0 is also given, then singlets will also be cal cul ated.

The use of MS should not affect the values of the results at all

MULLI K (O

A full Milliken Population analysis is to be done on the final RHF
wavefunction. This involves the follow ng steps:
(1) The eigenvector matrix is divided by the square root
of the overlap matrix, S.
(2) The Coul son-type density matrix, P, is forned.
(3) The overlap population is formed fromP(i,j)*S(i,j).
(4) Half the off-diagonals are added onto the diagonals.

NLLSQ (O

The gradient normis to be mnimzed by Bartel's method. This is a
Non- Li near Least Squares gradient mnimzation routine. Gr adi ent
mnimzation will [ocate one of three possible points:

(a) Amninmumin the energy surface. The gradient normwll go to
zero, and the lowest five or six eigenvalues resulting froma FORCE
calculation will be approximtely zero.

(b) Atransition state. The gradient normwll vanish, as in (a),

but in this case the system is characterized by one, and only one,
negati ve force constant.

(c) Alocal minimumin the gradient normspace. In this (normally
unwanted) case the gradient normis mnimzed, but does not go to zero.
A FORCE cal culation will not give the five or six zero eigenvalues
characteristic of a stationary point. VWile normally undesirable, this
is sonetinmes the only way to obtain a geonetry. For instance, if a
systemis formed which cannot be characterized as an internediate, and at
the sane tine is not a transition state, but nonetheless has sone
chenical significance, then that state can be refined using NLLSQ

NOANCI (W

RHF open-shell derivatives are normally calculated wusing Liotard's
analytical C. 1. nethod. |If this method is NOT to be used, specify NOANC
(NO ANal ytical Configuration Interaction derivatives).
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NODI IS (W
In the event that the GDIIS option is not wanted, NODIIS can be
used. The GDIIS nornmally accelerates the geometry optim zation, but
there is no guarantee that it will do so. |If the heat of formation rises

unexpectedly (i.e., rises during a geormetry optim zation while the GNORM
is larger than about 0.3), then try NODIIS.

NO NTER (O
The interatonic distances are printed by default. If you do not

want themto be printed, specify NONTER  For big jobs this reduces the
output file considerably.

NOLOG (O
Normal Iy a copy of the archive file will be directed to the LOG
file, along with a synopsis of the job. If this is not wanted, it can be
suppressed conpl etely by NOLOG
NOW ( ©)
Al four sem-enpirical nethods wunderestimate the Dbarrier to

rotation of a peptide bond. A Mdlecular Mechanics correction has been
added which increases the barrier in Nmethyl acetam de to 14 Kcal/nole.
| f you do not want this correction, specify NOW (NO Mdlecular
Mechani cs) .

NONR (W
Not recommended for normal use. Used wth the EF routine. See
source code for nore details.
NOTHI EL (W
In a normal geonetry optinmization using the BFGS routine, Thiel's
FSTM N technique is wused. |If normal |ine-searches are wanted, specify
NOTHI EL.
NOXYZ (O
The cartesian coordinates are printed by default. If you do not

want them to be printed, specify NOXYZ. For big jobs this reduces the
output file considerably.
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NSURF ( )

In an ESP cal cul ation, NSURF=n specifies the nunber of surface
|l ayers for the Connolly surface.

OLDENS (W

A density matrix produced by an earlier run of MOPACis to be used
to start the current calculation. This can be used in attenpts to obtain
an SCF when a previous calculation ended successfully but a subsequent
run failed to go SCF.

OLDGEO ( C)

If nmultiple geonetries are to be run, and the final geonetry from
one calculation is to be wused to start the next cal cul ation, OLDGEO
shoul d be specified. Exanple: |If a MNDO, AML, and PM3 cal cul ation were
to be done on one system for which only a rough geonetry was avail abl e,
then after the MNDO cal cul ati on, the AML cal cul ati on could be done wusing
the optimzed MDO geonetry as the starting geonetry, by specifying
OLDGEO.

OPEN(n1, n2) (C)

The M O. occupancy during the SCF calculation can be defined in
terms of doubly occupied, empty, and fractionally occupied MQO.'s. The
fractionally occupied MO.'s are defined by OPEN(nl,n2), where nl =
nunber of electrons in the open-shell manifold, and n2 = number of
open-shell MO.'s; nl/n2 nmust be in the range O to 2. OPEN(1,1) will be
assumed for odd-electron systems unless an OPEN keyword is used. Errors
i ntroduced by use of fractional occupancy are automatically corrected in
a MECI cal cul ati on when OPEN(nl, n2) is used.

ORI DE (W

Do not use this keyword until you have read Sinobns' article. ORI DE
is part of the EF routine, and neans "Use what ever Landas are produced
even if they would nornmally be 'unacceptable'."

J. Simons, P. Jorgensen, H Taylor, J. OGznent, J. Phys. Chem 87,
2745 (1983).

PARASOK (W

USE THI S KEYWORD W TH EXTREME CAUTION!'!  The AML nethod has been
paranmeterized for only a few elenments, less than the nunmber available to
MNDO or PM3. If any elenments which are not paraneterized at the AM
|l evel are specified, the M\DO paraneters, if available, wll be used.
The resulting m xture of methods, AML with MNDO, has not been studied to
see how good the results are, and users are strictly on their own as far
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as accuracy and conpatibility wth other nethods is concerned. In
particular, while all paranmeter sets are referenced in the output, other
prograns may not cite the paraneter sets used and thus conpatibility with
ot her MNDO prograns is not guaranteed.

Pl (O

The normal density matrix is conposed of atomic orbitals, that is s,
px, py and pz. Pl allows the user to see how each atomatominteraction

is split into signa and pi bonds. The resulting "density matrix" is
conposed of the following basis-functions:- s-sigma, p-sigm, p-pi
d-sigma, d-pi, d-dell. The on-diagonal terns give the hybridization

state, so that an sp2 hybridi zed system woul d be represented as s-sigma
1.0, p-sigma 2.0, p-pi 1.0
PMB (C)

The PM3 nethod is to be used.

PO NT=n (C)

The nunber of points to be calculated on a reaction path is
speci fied by PO NT=n. Used only with STEP in a path cal cul ati on.

POl NT1=n (C)

In a grid calculation, the nunber of points to be calculated in the
first direction is given by PO NT1=n. 'n'"  should be | ess than 24;
default: 11.

PO NT2=n (C)

In a grid calculation, the nunber of points to be calculated in the
second direction is given by PO NT2=n. 'n'" should be | ess than 24,
defaul t: 11;

POTWRT (W
In an ESP calculation, wite out surface points and electrostatic
potential values to UNIT 21

POLAR (O
The polarizability and first and second hyperpol arizabilities are to

be cal cul at ed. At present this cal culation does not work for polyners,
but should work for all other systenmns.
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By default, an electric field gradient of 0.001 is used. This can
be nodified by specifying POLAR=N. nnnnn, where n.nnnnn is the new field.

POLAR cal cul ates the polarizabilities fromthe heat of formation and
from the dipole. The degree to which they agree is a nmeasure of the
precision (not the accuracy) of the calculation. The results from the
heat of formation calculation are nmore trustworthy than those fromthe
di pol e.

Users should note that the hyperpolarizabilities obtained have to be
divided by 2.0 for beta and 6.0 for ganma to conformwi th experinental
conventi on.

Two sets of results are printed: a set (labeled E4) derived from
the effect of the applied electric field on the heat of formation, and a
set (labeled DIP) derived from the value of the dipole in various
electric fields.

POWSQ (O
Details of the working of POMSQ are printed out. This is only
useful in debugging.
PRECI SE (W
The criteria for termnating all optimzations, electronic and
geonetric, are to be increased by a factor, normally, 100. This can be
used where nore precise results are wanted. |f the results are going to

be used in a FORCE calculation, where the geonmetry needs to be known
quite precisely, then PRECI SE is recomended; for snmall systens the extra

cost in CPUtime is mnimal. PRECISE is not recommended for experienced
users, instead GNORM=n. nn and SCFCRT=n.nn are suggested. PRECISE should
only very rarely be necessary in a FORCE calculation: all it does is

renove quartic contam nation, which only affects the ¢trivial nopdes
significantly, and is very expensive in CPU tine.

PULAY (W

The default converger in the SCF calculation is to be replaced by
Pul ay's procedure as soon as the density matrix is sufficiently stable.
A consi derabl e i nprovenent in speed can be achieved by the use of PULAY.
If a large number of SCF cal cul ati ons are envi saged, a sanple cal cul ation
usi ng 1SCF and PULAY shoul d be conmpared with using 1SCF on its own, and
if a saving in time results, then PULAY should be used in the ful
cal cul ation. PULAY should be used with care in that its use will prevent
the conbined package of convergers (SH FT, PULAY and the CAMP-KI NG
convergers) fromautomatically being used in the event that the system
fails to go SCF in (I TRY-10) iterations.

The conbi ned set of convergers very seldomfails.
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QUARTET (©)

RHF interpretation: The desired spin-state is a quartet, i.e., the
state wth conponent of spin = 1/2 and spin = 3/2. Wen a configuration
interaction calculation is done, all spin states of spin equal to, or
greater than 1/2 are calcul ated simultaneously, for conponent of spin =
1/2. Fromthese states the quartet states are selected when QUARTET s
specified, and all other spin states, while calculated, are ignored in
the choice of root to be used. |If QUARTET is used on its own, then a
single state, corresponding to an al pha electron in each of three MO 's
i s calcul at ed.

UHF i nterpretation: The systemw |l have three nore al pha el ectrons
than beta el ectrons.

QUI NTET (©)

RHF interpretation: The desired spin-state is a quintet, that is,
the state with conponent of spin = 0 and spin = 2. Wen a configuration
interaction calculation is done, all spin states of spin equal to, or
greater than 0 are cal cul ated simultaneously, for conponent of spin = 0.
From these states the quintet states are selected when QU NTET is
specified, and the septet states, while calculated, will be ignored in
the choice of root to be used. |If QU NTET is used on its own, then a
single state, <corresponding to an alpha electron in each of four MO "'s
i s calcul at ed.

UHF interpretation: The systemw |l have three nore al pha el ectrons
than beta el ectrons.

RECALC=n

RECALC=n calculates the Hessian every n st eps in t he EF
optim zation. For small n this is costly but is also very effective in
terms of convergence. RECALC=10 and DMAX=0.10 can be useful for
difficult cases. In extreme cases RECALC=1 and DVMAX=0.05 will al ways
find a stationary point, if it exists.

RESTART (W

When a job has been stopped, for whatever reason, and internediate
results have been stored, then the calculation can be restarted at the
poi nt where it stopped by specifying RESTART. The npbst common cause of a
job stopping before completion is its exceeding the tine allocated. A
saddl e-point cal culation has no restart, but the output file contains
information which can easily be wused to start the calculation froma
poi nt near to where it stopped.

It is not necessary to change the geonmetric data to reflect the new
geonetry. As a result, the geonetry printed at the start of a restarted
job will be that of the original data, not that of the restarted file.

Fi | es <name>. DEN and <nane>. RES nmust be present in the default
directory (only valid for the PC s rel ease).

- 38 -
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A convenient way to monitor a long run is to specify 1SCF and
RESTART; this will give a normal output file at very little cost.

NOTE 1: In the FORCE calculation two restarts are possible. These
are (a) a restart in FLEPO if the geonetry was not optimnized fully before
FORCE was called, and (b) the normal restart in the construction of the
force matrix. If the restart is in FLEPO within FORCE then the keyword
FORCE shoul d be deleted, and the keyword RESTART wused on its own.
Forgetting this point is a frequent cause of failed jobs.

NOTE 2: Two restarts also exist in the IRC calculation. If an IRC
calculation stops while in the FORCE cal culation, then a normal restart
can be done. |If the job stops while doing the IRC calculation itself
then the keyword I RC=n should be changed to IRC, or it can be onmitted if
DRC is also specified. The absence of the string "IRC=" 1is wused to
indicate that the FORCE calculation was conpleted before the restart
files were witten.

ROOT=n (C)
The n'th root of a CI. calculation is to be wused in t he
cal cul ation. If a keyword specifying the spin-state is also present,
e.g. SINGLET or TRIPLET, then the n'th root of that state wll be

sel ect ed. Thus ROOT=3 and SINGLET will select the third singlet root.
If ROOT=3 is used on its own, then the third root will be used, which may
be a triplet, the third singlet, or the second singlet (the second root
m ght be a triplet). In normal use, this keyword would not be used. It
is retained for educational and research purposes. Unusual care should
be exerci sed when ROOT= is specified.

ROT=n (C)

In the calculation of the rotational contri butions to t he
t hernmodynami ¢ quantities the symetry nunber of the nolecule nust be
supplied. The symmetry nunmber of a point group is the nunber of
equi val ent positions attainable by pure rotations. No reflections or
i mproper rotations are allowed. This nunber cannot be assumed by
default, and may be affected by subtle nodifications to the nolecule,
such as isotopic substitution. A list of the npbst inportant symetry
nunbers foll ows:

---- TABLE OF SYMVETRY NUMBERS ----

CclL C Cs 1 D2 D2D D2H 4 C(INF)V 1
2 2V C2H 2 D3 D3D D3H 6 DINF)H 2
C3 C3V C3H 3 D4 D4D D4H 8 T D 12
C4 CAV CAH 4 D6 D6D D6H 12 oH 24
C6 C6V C6H 6 S6 3
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SADDLE (©)

The transition state in a sinple chenmical reaction is to be
optim zed. Extra data are required. After the first geonetry,
speci fying the reactants, and any symmetry functions have been defined,
the second geonetry, specifying the products, is defined, using the sane
format as that of the first geonetry.

SADDLE often fails to work successfully. Frequently this is due to
equi val ent di hedral angles in the reactant and product differing by about
360 degrees rather than zero degrees. As the choice of dihedral can be
difficult, wusers should consider running this <calculation wth the
keyword XYZ. There is normally no anbiguity in the definition of
cartesian coordinates. See also BAR=.

Many of the bugs in SADDLE have been rempved in this version. Use
of the XYZ option is strongly recomrended.
SCALE (C)
SCALE=n.n specifies the scaling factor for Van der Waals' radii for
the initial layer of the Connolly surface in the ESP cal cul ation
SCFCRT=n. nn (W

The default SCF criterion is to be replaced by that defined by
SCFCRT=.

The SCF criterionis the <change in energy in kcal/nmol on two
successive iterations. O her mnor criteria nay nake the requirenents
for an SCF slightly nore stringent. The SCF criterion can be varied from
about 0.001 to 1.D- 25, although nunmbers in the range 0.0001 to 1.D-9 will
suffice for nost applications.

An overly tight criterion can lead to failure to achieve a SCF, and
consequent failure of the run.

SClI NCR=n. nn

In an ESP cal cul ati on, SCINCR=n.nn specifies the increment between
| ayers of the surface in the Connolly surface. (default: 0.20)

SETUP (C)

If, on the keyword line, the word ' SETUP' is specified, then one or
two lines of keywords wll be read froma file with the |ogical nane
SETUP. The logical file SETUP nmust exist, and nust contain at |east one
line. |If the second Iine is defined by the first line as a keyword line,
and the second line contains the word SETUP, then one 1line of keywords

will be read froma file with the |ogical name SETUP.
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SETUP=nanme (C)

Same as SETUP, only the logical or actual name of the SETUP file is

nane .

SEXTET (©)

RHF interpretation: The desired spin-state is a sextet: the state
with component of spin = 1/2 and spin = 5/2.

The sextet states are the highest spin states nornmally calcul able
using MOPAC in its unnodified form |f SEXTET is used on its own, then a
single state, corresponding to one al pha electron in each of five MO 's
is calculated. If several sextets are to be cal cul ated, say the second
or third, then OPEN(nl1,n2) should be used.

UHF interpretation: The systemw |l have five nore al pha electrons
than beta el ectrons.

SHI FT=n.nn (W

In an attenpt to obtain an SCF by danping oscillations which slow
down the convergence or prevent an SCF bei ng achieved, the virtual MO
energy levels are shifted up or down in energy by a shift technique. The
principle is that if the virtual MO 's are changed in energy relative to
t he occupied set, then the polarizability of the occupied MO's wll
change pro rata. Norrmal Iy, oscillations are due to autoregenerative
charge fluctuations.

The SHI FT nmethod has been re-witten so that the value of SHFT
changes automatically to give a critically-danped system This can
result in a positive or negative shift of the virtual MO ener gy
| evel s. If a non-zero SHIFT is specified, it will be used to start the
SHI FT techni que, rather than the default 15eV. [If SH FT=0 is specified,
the SHI FT technique will not be used unless normal convergence techni ques
fail and the automatic "ALL CONVERGERS..." nessage i s produced.

SIGVA (C)

The Ml ver - Konor ni cki gradi ent norm mini m zation routines, POASQ and
SEARCH are to be used. These are very rapid routines, but do not work
for all species. |If the gradient normis low, i.e., less than about 5
units, t hen SIGVA will probably work; in npst cases, NLLSQ is
recommended. SIGVA first calculates a quite accurate Hessian matrix, a
slow step, then works out the direction of fastest decent, and searches

al ong that direction until the gradient normis mnimzed. The Hessian
is then partially wupdated in |ight of the new gradients, and a fresh
search direction found. Clearly, if the Hessian changes markedly as a
result of the Iine-search, the update done will be inaccurate, and the

new search direction will be faulty.
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SI GVA shoul d be avoided if at all possible when non-variationally
optim zed cal cul ati ons are bei ng done.

If the Hessian is suspected to be corrupt within SIGVA it wll be
automatically recalculated. This frequently speeds up the rate at which
the transition state is located. |If you do not want the Hessian to be
reinitialized -- it is costly in CPUtime -- specify LET on the keyword
l'ine.

SINGLET (C)
When a configuration interaction calculation is done, all spin

states are cal cul ated sinultaneously, either for conponent of spin = 0 or
1/2. When only singlet states are of interest, then SINGLET can be
specified, and all other spin states, while calculated, are ignored in
t he choice of root to be used.

Note that while alnobst every even-electron system wll have a
singlet ground state, SINGLET should still be specified if the desired
state nmust be a singlet.

SINGLET has no neaning in a UHF cal cul ati on, but see also TRI PLET.

SLOPE ( Q)

In an ESP cal cul ati on, SLOPE=n.nn specifies the scale factor for
MNDO charges. (default=1.422)

SPIN (O

The spin matrix, defined as the difference between the alpha and
bet a density matrices, is to be printed. If the system has a
cl osed-shell ground state, e.g. nmethane run UHF, the spin matrix will be
nul |

If SPINis not requested in a UHF cal cul ation, then the diagonal of
the spin matrix, that is the spin density on the atonmic orbitals, will be
pri nted.

STEP (O

In a reaction path, if the path step is constant, STEP can be used
instead of explicitly specifying each point. The nunber of steps is
given by PONT. |If the reaction coordinate is an interatonmc distance,
only positive STEPs are all owed.
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STEP1=n.nnn (C)

In a grid calculation the step size in degrees or Angstroms for the
first of the two paraneters is given by n.nnn. By default, an 11 by 11
grid is generated. See PO NT1l and PO NT2 on how to adjust this nunber.
The first point calculated is the supplied geonetry, and is in the upper
| eft hand corner. This is a change from Version 5.00, where the supplied
geonetry was the central point.

STEP2=n. nnn (C)

In a grid calculation the step size in degrees or Angstroms for the
second of the two paraneters is given by n.nnn.

STGBG (W

In an ESP cal cul ati on STO3G neans "Use the STO- 3G basis set to
de-orthogonal i ze the sem enpirical orbitals".

SYMAVG (W

Used by the ESP, SYMAVG wi || average charges which should have the
sanme val ue by symetry.

SYMVETRY (C)

Symmetry data defining related bond I engths, angles and dihedrals
can be included by supplying additional data after the geometry has been
entered. |If there are any other data, such as values for the reaction
coordi nates, or a second geonetry, as required by SADDLE, then it would
follow the symmetry data. Synmmetry data are terminated by one blank
l'ine. For non-variationally optimzed systens symmetry constraints can
save a lot of tinme because many derivatives do not need to be cal cul at ed.
At the sane time, there is a risk that the geonetry may be wongly
specified, e.g. if methane radical cation is defined as bei ng
tetrahedral, no indication that this is faulty will be given until a
FORCE cal culation is run. (This system undergoes spontaneous Jahn-Tell er
distortion.)

Usually a | ower heat of formation can be obtained when SYMVETRY is

speci fied. To see why, consider the geometry of benzene. If no
assunptions are made regarding the geometry, then all the C-C bond
lengths will be very slightly different, and the angles will be al nost,

but not quite 120 degrees. Fixing all angles at 120 degrees, dihedrals
at 180 or O degrees, and only optim zing one C-C and one C-H bond-1length
will result in a 2-D optimzation, and exact D6h symetry. Any
deformation from this symetry nmust involve error, so by inposing
symmetry sone error is renoved.
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The | ayout of the symmetry data is:

<defining atonm> <symmetry relation> <defined atom> <defined atonp, ..
where the nunerical code for <symmetry relation> is given in the table of
SYMVETRY FUNCTI ONS bel ow.

For exanple, ethane, wth three independent variables, can be
defined as

SYMVETRY
ETHANE, D3D NA NB NC
C
C 1.528853 1 1
H 1.105161 1 110.240079 1 2 1
H 1.105161 0 110.240079 O 120.000000 O 2 1 3
H 1.105161 0 110.240079 O 240.000000 O 2 1 3
H 1.105161 0 110.240079 O 60. 000000 O 1 2 3
H 1.105161 0 110.240079 O 180.000000 O 1 2 3
H 1.105161 0 110.240079 0O 300.000000 O 1 2 3
0 0. 000000 O 0. 000000 O 0. 000000 O 0 0 O
3, 1, 4, 5, 6, 7, 8,
3, 2, 4, 5, 6, 7, 8,
Here atom 3, a hydrogen, is wused to define the bond |engths
(symretry relation 1) of atons 4,5,6,7 and 8 with the atons they are
specified to bond with in the NA colum of the data file; simlarly, its

angle (symretry relation 2) is used to define the bond-angle of atons
4,5,6,7 and 8 with the two atons specified in the NA and NB colums of
the data file. The other angles are point-group symetry defined as a
mul ti ple of 60 degrees.

Spaces, tabs or commas can be used to separate data. Note that only
three paranmeters are marked to be optinmized. The symmetry data can be
the last line of the data file unless nore data follows, in which case a
bl ank line nust be inserted after the synretry data.
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The full Iist of available symetry relations is as follows:

SYMMETRY FUNCTI ONS

<Symmetry
relation>
1 BOND LENGTH I'S SET EQUAL TO THE REFERENCE BOND LENGTH
2 BOND ANGLE I S SET EQUAL TO THE REFERENCE BOND ANGLE
3 DI HEDRAL ANGLE | S SET EQUAL TO THE REFERENCE DI HEDRAL ANGLE
4 Dl HEDRAL ANGLE VARIES AS 90 DEGREES - REFERENCE DI HEDRAL
5 DI HEDRAL ANGLE VARI ES AS 90 DEGREES + REFERENCE DI HEDRAL
6 Dl HEDRAL ANGLE VARI ES AS 120 DEGREES - REFERENCE DI HEDRAL
7 DI HEDRAL ANGLE VARI ES AS 120 DEGREES + REFERENCE DI HEDRAL
8 DI HEDRAL ANGLE VARI ES AS 180 DEGREES - REFERENCE DI HEDRAL
9 DI HEDRAL ANGLE VARI ES AS 180 DEGREES + REFERENCE DI HEDRAL
10 DI HEDRAL ANGLE VARI ES AS 240 DEGREES - REFERENCE DI HEDRAL
11 DI HEDRAL ANGLE VARI ES AS 240 DEGREES + REFERENCE DI HEDRAL
12 DI HEDRAL ANGLE VARI ES AS 270 DEGREES - REFERENCE DI HEDRAL
13 Dl HEDRAL ANGLE VARI ES AS 270 DEGREES + REFERENCE DI HEDRAL
14 Dl HEDRAL ANGLE VARI ES AS THE NEGATI VE OF THE REFERENCE
Dl HEDRAL
15 BOND LENGTH VARI ES AS HALF THE REFERENCE BOND LENGTH
16 BOND ANGLE VARI ES AS HALF THE REFERENCE BOND ANGLE
17 BOND ANGLE VARI ES AS 180 DEGREES - REFERENCE BOND ANGLE
18 BOND LENGTH I S A MJLTI PLE OF REFERENCE BOND- LENGTH
Function 18 1is intended for wuse in polyners, in which t he

translation vector my be a multiple of some bond-length. 1,2,3 and 14
are nmost commonly used. Abbreviation: SYM

SYMMVETRY is not available for use with cartesi an coordi nates.

T= (W
This is a facility to allow the programto shut down in an orderly
manner on conputers with execution time C.P.U limts.
The total C.P.U time allowed for the current job is limted to
nn.nn seconds; by default this is one hour, i.e., 3600 seconds. |If the

next cycle of the calculation cannot be conpleted w thout running a risk
of exceeding the assigned tinme the calculation will wite a restart file
and then stop. The safety margin is 100 percent; that is, to do another
cycle, enough tinme to do at least two full cycles nust remain

Al ternative specifications of the time are T=nn.nnM this defines
the time in mnutes, T=nn.nnH, in hours, and T=nn.nnD, in days, for very

long jobs. This keyword cannot be witten with spaces around the =
si gn.
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THERMO ( O)

The thernodynamic quantities, internal energy, heat capacity,
partition function, and entropy can be calculated for translation
rotation and vi brational degrees of freedomfor a single tenperature, or
a range of tenmperatures. Special situations such as |linear systens and
transition states are acconmodated. The approximations wused in the
THERMO calculation are invalid below 100K, and checking of the | ower
bound of the tenperature range is done to prevent tenperatures of |[|ess
than 100K bei ng used.

Another limtation, for which no checking is done, is that there
should be no internal rotations. If any exist, they wll not be
recogni zed as such, and the calculated quantities will be too low as a
result.

In order to use THERMO t he keyword FORCE must al so be specified, as
well as the value for the symetry nunber; this is given by ROI=n

If THERMO is specified on its own, then the default values of the
tenperature range are assuned. This starts at 200K and increases in
steps of 10 degrees to 400K. Three options exist for overriding the
default tenperature range. These are:

THERMOX(nnn) (O

The thernodynam ¢ quantities for a 200 degree range of tenperatures,
starting at nnnK and with an interval of 10 degrees are to be cal cul ated.

THERMO( nnn, mm) (O

The thernodynanmic quantities for the tenperature range limted by a
| ower bound of nnn Kelvin and an upper bound of mm Kelvin, the step size
being calculated in order to give approximately 20 points, and a
reasonable value for the step. The size of the step in Kelvin degrees
will be 1, 2, or 5, or a power of 10 tines these nunbers.

THERMO( nnn, mm 1 I1) (O

Same as for THERMO(nnn, mm), only now the user can explicitly define
the step size. The step size cannot be less than 1K
T-PRIOCRITY (O

In a DRC calculation, results wll be printed whenever t he
calculated time changes by 0.1 fentoseconds. Abbreviation, T-PRIO
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T-PRI ORI TY=n.nn (O

In a DRC calculation, results wll be printed whenever t he

calculated time changes by n.nn fentoseconds.
TRANS (O

The imagi nary frequency due to the reaction vector in a transition
state cal cul ati on nmust not be included in the thernocheni cal cal cul ation.
The nunber of genuine vibrations considered can be:

3N-5 for a linear ground state system

3N-6 for a non-linear ground state system or

3N-6 for a linear transition-state conpl ex,

3N-7 for a non-linear transition-state conpl ex.

This keyword nust be used in conjunction with THERMO if a transition
state is being cal cul at ed.

TRANS=n (C)

The facility exists to allow the THERMO calculation to handle
systenms with internal rotations. TRANS=n will renmove the n | owest
vibrations. Note that TRANS=1 is equivalent to TRANS on its own. For
xyl ene, for exanple, TRANS=2 woul d be suitable.

This keyword cannot be witten with spaces around the '=" sign.

TRI PLET (C)

The triplet state is defined. |If the systemhas an odd nunber of

el ectrons, an error nessage will be printed.

UHF i nterpretation.

The nunber of al pha el ectrons exceeds that of the beta electrons by

2. If TRIPLET is not specified, then the nunbers of al pha and beta
el ectrons are set equal. This does not necessarily correspond to a
si ngl et .

RHF interpretation.

An RHF MECI calculation is perforned to calculate the triplet state.
If no other C I. keywords are used, then only one state is cal cul ated by
default. The occupancy of the MO 's in the SCF calculation is defined
as (...2,1,1,0,..), that 1is, one electron is put in each of the two
hi ghest occupied MO.'s.
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See keywords C.1.=n and OPEN(nl, n2).

TS (O
Wthin the Eigenvector Following routine, the option exists to
optim ze a transition state. To do this, wuse TS Prelimnary
i ndi cations are that the TS nethod is much faster and nore reliable than
either SIGVA or NLLSQ
TS appears to work well with cartesian coordi nates.
In the event that TS does not converge on a stationary point, try
addi ng RECALC=5 to the keyword |i ne.
UHF (C)

The unrestricted Hartree-Fock Hamltonian is to be used.

VECTORS (O)

The eigenvectors are to be printed. In UHF calcul ations both al pha
and beta eigenvectors are printed; in all cases the full set, occupied
and virtual, are output. The eigenvectors are normalized to unity, that

is the sumof the squares of the coefficients is exactly one. |f DEBUG
is specified, then ALL eigenvectors on wevery iteration of every SCF
calculation wll be printed. This is useful in a learning context, but

woul d nornmal |y be very undesirable.

VELOCI TY (C)

The user can supply the initial velocity vector to start a DRC
calculation. Limtations have to be inposed on the geonmetry in order for
this keyword to work. These are (a) the input geometry nust be in
cartesian coordinates, (b) the first three atons nust not be coaxial, (c)
triatom c systenms are not allowed (See geometry specification - triatomc
systens are in internal coordinates, by definition.)

Put the velocity vector after the geonmetry as three data per Iline,
representing the x, y, and z conponents of velocity for each atom The
units of velocity are centinmeters per second.

The velocity vector wll be rotated so as to suit the fina
cartesi an coordi nate orientation of the nol ecul e.

If KINETIC=n.n is also specified, the velocity vector will be scal ed
to equal the velocity corresponding to n.n kcal/nmole. This allows the
user to define the direction of the velocity vector; the nmagnitude is
gi ven by KI NETI C=n. n.
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W LLI AVS (C)

Wthin the ESP cal cul ation, the Connolly surface is wused as the
defaul t. If the surface generation procedure of Donald Wllianms is
want ed, the keyword W LLI AMS shoul d be used.

X- PRI ORI TY (O)

In a DRC calculation, results wll be printed whenever t he
calcul ated geonetry changes by 0.05 Angstrons. The geonetry change is
defined as the Iinear sumof the translation vectors of nmotion for al
atons in the system Abbreviation, X-PRI O

X-PRI ORI TY=n.nn (O

In a DRC calculation, results wll be printed whenever t he
cal cul ated geonetry changes by n.nn Angstromns.

XYZ (W

The SADDLE cal culation quite often fails due to faulty definition of
the second geonetry because the dihedrals give a lot of difficulty. To
make this option easier to use, XYZ was developed. A calculation using
XYZ runs entirely in cartesian coordinates, thus elimnating the problens
associ ated with dihedrals. The connectivity of the two systens can be
different, but the nunbering nust be the sanme. Dunmy atons can be used,;
these will be renpved at the start of the run. A new nunbering system
will be generated by the program when necessary.

XYZ is also wuseful for renoving dummy atonms from an interna
coordinate file; use XYZ and OSCF.

If alarge ring systemis being optimzed, sometinmes the closure is
difficult, in which case XYZ will normally work.

Except for SADDLE, do not use XYZ by default: use it only when
sonet hi ng goes wrong!

In order for XYZ to be used, the supplied geonmetry nmust either be in
cartesian coordinates or, if internal coordinates are used, symretry mnust
not be used, and all coordinates nmust be flagged for optinzation. | f
dummy atoms are present, only 3N-6 coordinates need to be flagged for
optim zati on.

If at all possible, the first 3 atonms should be real. Except in
SADDLE, XYZ will still work if one or nore dunmy atoms occur before the
fourth real atom in which case mre than 3N-6 coordinates wll be
flagged for optinization. This could cause difficulties with the EF

met hod, which is why dummy atons at the start of the geonetry
specification should be avoided. The coordinates to be optim zed depend
on the internal coordinate definition of real atons 1, 2, and 3. |If the
position of any of +these atons depends on dummy atons, then the

- 49 -
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optim zation flags will be different fromthe case where the first three
atons defined are all real. The geonmetry is first converted to cartesian
coordi nates and dunmy atons excluded. The cartesian coordinates to be
optim zed are:

Atomts RRR RRX RXR XRR RXX XRX XXR XXX

XYZ XYZ XYZ XYZ XYZ XYZ XYZ XYZ

Atom 1
2 + + + + + + + + + 4+ + + + + + + +
3 + + + + 4+ ++ 4+ ++ 4+ ++ 4+ ++ 4+ ++ 4+ + + 4+

40n +++ +++ +++ +++ +++ +++ +++ + + +

Were R and X apply to real and dummy atons in the internal coordinate
Z-matrix, and atons 1, 2, 3, and 4 are the real atons in cartesian
coordinates. A '+ neans that the relevant coordinate is flagged for

optim zation. Note that the number of flagged coordinates varies from
3N-6 to 3N-3, atom 1l is never optim zed.

2.4 KEYWORDS THAT GO TOGETHER

Norrmal Iy only a subset of keywords are used in any given piece of
research. Keywords which are related to each other in this way are:

1. In getting an SCF: SHI FT, PULAY, |ITRY, CAMP, SCFCRT, 1SCF, PL.

2. In C1l. work: SINGLET, DOUBLET, etc., OPEN(n,m, C.1.=(n,m,
LARGE, MECI, Ms=n, VECTORS, ESR, ROOT=n, M CROS.

3. In excited states: UHF with (TRI PLET, QUARTET, etc.), C.|.=n,
Cl.=(n,m.

4. In geonetry optimzation:
1. Using BFGS: GNORME=n.n, XYZ, PRECI SE
2. Using EF: GNORMENn. n, XYZ, PRECISE
3. Using NLLSQ GNORMENn.n, XYZ, PRECISE

4. Using SIGVA: GNORM-n.n, XYZ, PRECI SE

5. In Gaussi an work: AIG N, Al GOUT, AlDER

6. In SADDLE: XYZ, BAR=Nn.n



CHAPTER 3

GEOVETRY SPECI FI CATI ON

FORMAT: The geonetry is read in using essentially "Free-Format" of

FORTRAN- 77. In fact, a character input is used in order to acconmodate
the chemical synmbols, but the nuneric data can be r egar ded as
"free-format". This nmeans that integers and real numbers can be
i nterspersed, numbers can be separated by one or npbre spaces, a tab
and/or by one conmma. If a number is not specified, its value is set to
zero.

The geometry can be defined in ternms of either internal or cartesian
coor di nat es.

3.1 | NTERNAL COORDI NATE DEFI NI TI ON

For any one atom (i) this consists of an interatomic distance in
Angstroms from an already-defined atom (j), an interatomc angle in
degrees between atoms i and j and an already defined k, (k and j must be
different atons), and finally a torsional angle in degrees between atomns
i, j, k, and an already defined atom | (I cannot be the same as k or j).
See al so di hedral angl e coherency.

Excepti ons:
1. Atom 1l has no coordinates at all: this is the origin.

2. Atom 2 must be connected to atom 1l by an interatomc distance
only.

3. Atom 3 can be connected to atom 1l or 2, and nust nmake an angle
with atom 2 or 1 (thus - 3-2-1 or 3-1-2); no dihedral is
possible for atom 3. By default, atom 3 is connected to atom 2
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3.1.1 Constraints

1. Interatomc distances nust be greater than zero. Zero Angstrons
is acceptable only if the paranmeter is symmetry-related to
anot her atom and is the dependent function.

2. Angles nmust be in the range 0.0 to 180.0, inclusive. Thi s
constraint is for the benefit of the user only; negative angles
are the result of errors in the construction of the geonetry,
and angles greater than 180 degrees are fruitful sources of
errors in the dihedrals.

3. Dihedrals angles nust be definable. If atomi nakes a dihedra
with atonms j, k, and |, and the three atons j, k, and | are in a
straight line, then the dihedral has no definable angle. During
the calculation this constraint is checked continuously, and if
atoms j, k, and | lie within 0.02 Angstrons of a straight [ine,
the calculation will output an error nessage and then stop. Two
exceptions to this constraint are:

(a) if the angle is zero or 180 degrees, in which case the
di hedral is not used.

(b) if atoms j, k, and | lie in an exactly straight |ine
(usually the result of a symretry constraint), as in acetyl ene,
acetonitrile, but-2-yne, etc.

If the exceptions are used, care nust be taken to ensure that the
program does not violate these constraints during any optimnm zations or
during any cal cul ati ons of derivatives - see al so FORCE.

Conversion to Cartesian Coordi nates
By definition, atom1 is at the origin of cartesian coordi nate space
-- be careful, however, if atom1l is a dummy atom Atom 2 is defined as
lying on the positive X axis -- for atom2, Y=0 and Z=0. Atom 3 is in

the X-Y plane unless the angle 3-2-1 is exactly 0 or 180 degrees. Atom
4, 5, 6, etc. can lie anywhere in 3-D space.

3.2 GAUSSI AN Z- MATRI CES

Wth certain limtations, geonetries can now be specified wthin
MOPAC using the Gaussian Z-matrix format.

Exceptions to the full Gaussian standard

1. The option of defining an atom s position by one distance and

two angles is not allowed. In other words, the N4 variable
described in the Gaussian manual must either be zero or not
speci fied. MOPAC requires the geonetry of atonms to be defined
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in terms of, at nost, one distance, one angle, and one dihedral
2. (Gaussian cartesian coordi nates are not supported.

3. Chenical synbols nmust not be followed by an integer identifying
the atom Nunbers after a synbol are used by MOPAC to indicate
isotopic mass. |If labels are desired, they should be enclosed
i n parentheses, thus "Cl (on C5)34.96885"

4. The connectivity (N1, N2, N3) nust be integers. Labels are not
al | owed.

Specification of Gaussian Z-nmatrices.

The information contained in the Gaussian Z-matrix is identical to
that in a MOPAC Z-matrix. The order of presentation is different. Atom
N, (real or dummy) is specified in the format:

El enent N1 Length N2 Al pha N3 Beta
where El enent is the same as for the MOPAC Z-matrix. N1, N2, and N3 are
the connectivity, the sane as the MOPAC Z-matrix NA, NB, and NC. bond
| engths are between N and N1, angles are between N, Nl and N2, and
di hedrals are between N, N1, N2, and N3. The same rules apply to N1, N2,
and N3 as to NA, NB, and NC.

Length, Alpha, and Beta are the bond I|engths, the angle, and
di hedral . They <can be 'real', e.g. 1.45, 109.4, 180.0, or 'synbolic'.
A synbolic is an al phanunmeric string of up to 8 characters, e.g. R51,
A512, D5213, CH, CHO CHOC, etc. Two or more synbolics can be the sane.
Di hedral symbolics can optionally be preceeded by a minus sign, in which
case the value of the dihedral is the negative of the value of the
synmbolic. This is the equivalent of the normal MOPAC SYMVETRY operations
1, 2, 3, and 14.

If an internal coordinate is real, it will not be optimzed. Thi s
is the -equivalent of the MOPAC optim zation flag "0". |If an interna
coordinate is synbolic, it can be optimn zed.

The Z-matrix is termnated by a blank line, after which cones the
starting values of the synbolics, one per line. |If there is a blank line
in this set, then all synbolics after the blank Iine are considered
fixed; that 1is, they wll not be optimzed. The set before the blank
line will be optimnm zed.
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Exanpl e of Gaussian Z-matrix geonetry specification

Line 1 AML

Li ne 2 Ethane

Line 3

Line 4 C

Line 5 C 1 r21

Line 6 H 2 r32 1 a321

Line 7 H 2 r32 1 a321 3 d4213
Li ne 8 H 2 r32 1 a321 3 -d4213
Line 9 H 1 r32 2 a321 3 60.
Li ne 10 H 1 r32 2 a321 3 180.
Li ne 11 H 1 r32 2 a321 3 d300
Li ne 12

Li ne 13 r21 1.5

Line 14 r32 1.1

Li ne 15 a321 109.5

Li ne 16 d4313 120.0

Li ne 17

Li ne 18 d300 300.0

Li ne 19

3.3 CARTESI AN COORDI NATE DEFI NI TI ON

A definition of geonetry in cartesian coordinates consists of the
chem cal symbol or atomic nunber, followed by the cartesian coordinates
and optim zation flags but no connectivity.

MOPAC uses the lack of connectivity to indicate that cartesian
coordinates are to be used. A unique case is the triatonmcs for which
only internal coordinates are allowed. This is to avoid conflict of

definitions: the wuser does not need to define the connectivity of atom
2, and can elect to use the default connectivity for atom 3. As a
result, a triatomc may have no explicit connectivity defined, the user
thus taking advantage of the default connectivity. Since interna

coordinates are nore comonly used than cartesian, the above choi ce was
made.

If the keyword XYZ is absent every coordinate nust be marked for

optim zation. If any coordinates are not to be optinized, the keyword
XYZ must be present. The coordinates of all atoms, including atonms 1, 2
and 3 can be optimzed. Dummy atoms shoul d not be used, for obvious
reasons.

3.4 CONVERSI ON BETVEEN VARI QUS FORMATS

MOPAC can accept any of the following formats: cartesian, MOPAC
i nternal coordinates, and Gaussi an internal coordinates. Both MOPAC and
Gaussian Z-matrices can also contain dummy atons. Internally, MOPAC
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works with either a cartesian coordinate set (if XYZ is specified) or
internal coordinates (the default). |If the OSCF option is requested, the
geonetry defined on input will be printed in MOPAC Z-matrix format, along
with other optional formats.

The type(s) of geonetry printed at the end of a OSCF calculation
depend only on the keywords XYZ, Al GOUT, and NOXYZ. The geonetry printed
i s independent of the type of input geonmetry, and therefore makes a
conveni ent conversi on nechani sm

If XYZ is present, all dummy atoms are renmoved and the interna
coordinate definition remade. All symetry relations are lost if XYZ is
used.

If NOXYZ is present, cartesian coordinates will not be printed.

If AIGOUT is present, a data set using Gaussian Z-matrix format s
printed.

Note: (1) Only if the keyword XYZ is absent and the keyword
SYMVETRY present in a MOPAC internal coordinate geometry, or two or nore
internal coordinates in a Gaussian Z-matrix have the sane synbolic wll
symmetry be present in the MOPAC or Gaussi an geonetries output. (2) This
expanded use of OSCF replaces the program DDUM supplied wth earlier
copi es of MOPAC.

3.5 DEFIN TION OF ELEMENTS AND | SOTOPES

El enents are defined in terms of their atomic nunbers or their
chemical synbols, case insensitive. Thus, chlorine could be specified as
17, or . In Version 6, only main-group elements and transition netals
for which the 'd" shell is full are avail able.

Accept abl e synbols for MNDO are:
El ement s Dunmy atom sparkl es and
Transl ati on Vector

H
Li = B C N O F
Na' * Alsi P SO + o]
K * Zn * G * * Br XX Cb ++ + -- - Tv
Rb' * * *6&n * * | 99 102 103 104 105 106 107
* * Hg * Pb *

These synbols refer to el ements which lack a basis set.

This is the dunmy atom for assisting with geonetry specification
* El enent not paraneterized.

0o This is the translation vector for use with polyners.

A d paraneters for some elenments are avail able. These are provided
to allow compatibility with earlier copies of MOPAC. To use these ol der
paraneters, use a keyword conposed of the chem cal synbol followed by the

- B -
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year of publication of the paraneters. Keywords currently avail able:
Si 1978 S1978.

For AML, acceptable synbols are:
El ement s Dunmy atom sparkl es and
Transl ati on Vect or

H

* B C N OF
Na' * Al si P s + 0

K * Zn * Ge * * Br XX Cb ++ 4+ - - Tv
Rb' * * oxosnoxox | 99 102 103 104 105 106 107
* * Hg * * *

If users need to use other elements, such as berylliumor |ead, they
can be specified, in which case MNDO-type atons will be used. As the
behavi or of such systenms is not well investigated, users are cautioned to
exerci se unusual care. To alert users to this situation, the keyword
PARASCK i s defined.

For PM3, acceptable synbols are:
El ement s Dunmry atom sparkl es and
Transl ati on Vect or

H
*  Be * C N O F
Na' My Al Si P sd + o]
K * Zn Ga Ge As Se Br XX Chb ++ +  -- - Tv
Rb' * Cd In Sn Sb Te | 99 102 103 104 105 106 107
* * Hg Tl Pb Bi
Di atom cs Parameterized within the M NDO 3 Fornmalism
H B C N O F s P S d A star (*) indicates
————————————————————————————————————————— that the atompair is
H * * * * * * * * * * paranmeterized within
B * * * * * * M Nw 3
C * * * * * * * * * *
N * * * * * * *
O * * * * * * * *
F * * * * * *
S| * * *
P * * * * * *
S * * * * *
G * * * * * *

Note: MNDO'3 should now be regarded as being of historical
interest only. MOPAC contains the original parameters. These do not
reproduce the original reported results in the case of P, Si, or S The
original work was faulty, see G Frenking, H Goetz, and F. Marschner,
J.A.CS., 100, 5295 (1978). Re-optim zed paraneters for P-C and P-C
were derived | ater which gave better results. These are:
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Al pha(P-C): 0.8700 G Frenking, H Goetz, F. Marschner
Beta(P-CO): 0.5000 J.A.C. S., 100, 5295-5296 (1978).

Al pha(P-Cl): 1.5400 G Frenking, F. Marschner, H Goetz,
Beta(P-Cl): 0.2800 Phosphorus and Sul fur, 8, 337-342 (1980).

Al t hough better than the original paranmeters, these have not been
adopted w thin MOPAC because to do so at this tinme would prevent earlier
cal cul ations from being duplicated. Paraneters for P-O and P-F have been
added: t hese wer e abstract ed from Frenking's 1980 paper. No
i nconsistency is involved as MNDO' 3 historically did not have P-O or P-F
par amet ers.

Extra entities available to MNDO, M NDO' 3, AML and PM3
+ A 100% ionic alkali netal.

++ A 100% i onic al kaline earth netal

- A 100% i oni ¢ hal ogen-1ike atom

-- A 100% ionic group VI-like atom

Cb A speci al type of npbnoval ent atom

El emrents 103, 104, 105, and 106 are the sparkles; elenents 11 and 19
are sparkles tailored to look like the alkaline nmetal ions; Tv is the
transl ation vector for polyner calculations. See "Full description of
spar kl es".

El ement 102, synbol Cb, is designed to satisfy valency requirenents
of atoms for which some bonds are not completed. Thus in "solid" dianond
the usual way to conplete the nornmal valency in a cluster nodel is to use
hydrogen atons. This approach has the defect that the el ectronegativity
of hydrogen is different fromthat of carbon. The "Capped bond" atom
Ch, is designed to satisfy these val ency requirenents wi thout acquiring a
net charge.

Cb behaves like a nonovalent atom with the exception that it can
alter its electronegativity to achieve an exactly zero charge in whatever
environment it finds itself. It is thus all things to all atons. On
bondi ng to hydrogen it behaves simlar to a hydrogen atom On bonding to
fluorine it behaves like a very electronegative atom |If several capped
bond atons are wused, each will behave independently. Thus if the two
hydrogen atons in formc acid were replaced by Cb's then each Cb would
i ndependently beconme el ectroneutral

Capped bonds internal coordinates should not be optimzed. A fixed
bond-length of 1.7 Angstrons is recomended, if two Cb are on one atom a
contai ned angle of 109.471221 degrees is suggested, and if three Cb are
on one atom a contained dihedral of -120 degrees (note sign) should be
used.

El emrent 99, X, or XX is known as a dunmy atom and is wused in the
definition of the geonetry; it is deleted automatically from any
cartesian coordi nate geonetry files. Dummy atons are pure nmathenmatic
points, and are wuseful in defining geonetries; for exanple, in amonia
the definition of C3v symmetry is facilitated by using one dumry atom and
symmetry relating the three hydrogens to it.
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Qutput normally only gives chem cal synbols.

| sotopes are used in conjunction wth chemcal synbols. If no
i sotope is specified, the average isotopic mass is used, thus chlorine is
35.453. This is different fromsonme earlier versions of MOPAC, in which
the nost abundant isotope was used by default. This change was justified
by the renoval of any ambiguity in the choice of isotope. Al so, the
experimental vibrational spectra involve a mxture of isotopes. |If a
user wishes to specify any specific isotope it should inmediately follow
the chemical synmbol (no space), e.g., H2, H2.0140, C(neta)l3, or
C13. 00335.

The sparkles ++, +, --, and - have no mass; if they are to be used
in a force calculation, then appropriate masses shoul d be used.

Each internal coordinate is followed by an integer, to indicate the
action to be taken.

I nt eger Action
1 Optim ze the internal coordinate.
0 Do not optim ze the internal coordinate.
-1 Reaction coordinate, or grid index.
Remar ks:

Only one reaction coordinate is allowed, but this can be mde nore

versatile by the use of SYMMETRY. |If a reaction coordinate is used, the
val ues of the reaction coordinate should follow inmmediately after the
geonetry and any symmetry data. No termnator is required, and

free-format-type input is acceptable.

If two "reaction coordi nates" are used, then MOPAC assunes that the
two-di nensional space in the region of the supplied geonmetry is to be
mapped. The two di nensions to be nmapped are in the plane defined by the
"-1" | abel s. Step sizes in the two directions nmust be supplied using
STEP1 and STEP2 on the keyword Iine.

Using internal coordinates, the first atomhas three unoptimnm zable
coordi nates, the second atomtwo, (the bond-length can be optin zed) and

the third atom has one wunoptin zable coordinate. None of these six
unoptim zable coordinates at the start of the geonetry should be nmarked
for optimization. |If any are so narked, a warning is given, but the
calculation will continue.

In cartesian coordinates all parameters can be optim zed.

3.6 EXAMPLES OF COORDI NATE DEFI NI TI ONS.

Two exanmples will be given. The first is formc acid, HCOOH, and is
presented in the normal style wth internal coordinates. This is
foll owed by formal dehyde, presented in such a manner as to denpnstrate as
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many different features of the geonetry definition as possible.

M NDOY 3
Formic acid
Exanpl e of normal geonetry definition

(@] Atom 1 needs no coordi nates.
C 1.20 1 Atom 2 bonds to atom 1.
(@] 1.32 1 116.8 1 2 1 Atom 3 bonds to atom 2 and

makes an angle with atom 1.
H 0.98 1 123.9 1 0.00 3 2 1 Atom4 has a dihedral of 0.0
with atoms 3, 2 and 1.
H 1.11 1 12 18
0

7.3 1 0.00 2 1 3

0.00 O 0.00 0.00 0 0 O
Atom 2, a carbon, is bonded to oxygen by a bond-length of 1.20
Angstroms, and to atom 3, an oxygen, by a bond-length of 1.32 Angstrons.
The O C-O angle is 116.8 degrees. The first hydrogen is bonded to the
hydroxyl oxygen and the second hydrogen is bonded to the carbon atom

The H-C-O O di hedral angle is 180 degrees.

MOPAC can generate data-files, both in the Archive files, and at
the end of the normal output file, when a job ends prematurely due to
time restrictions. Note that the data are all neatly lined up. Thi s
is, of ~course, characteristic of machi ne-generated data, but is useful
when checking for errors.
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Format of internal coordinates in ARCHI VE file

o] 0. 000000 O 0. 000000 O 0. 000000 O 0 0 0
C 1.209615 1 0. 000000 O 0. 000000 O 1 0 0
o] 1.313679 1 116.886168 1 0. 000000 O 2 1 0
H 0.964468 1 115.553316 1 0. 000000 O 3 2 1
H 1.108040 1 128.726078 1 180.000000 O 2 1 3
0 0. 000000 O 0. 000000 O 0. 000000 O 0 0 0
Pol ymers are defined by the presence of a translation vector. In

the follow ng exanple, polyethylene, the translation vector spans three
mononeric units, and is 7.7 Angstrons long. Note in this exanple the
presence of two dummy atons. These not only nmke the geonetry
definition easier but also allow the translation vector to be specified
in ternms of distance only, rather than both di stance and angl es.

Exanpl e of pol ymer coordinates from ARCHI VE file

T=20000
POLYETHYLENE, CLUSTER UNIT : C6H12

C 0.000000 O 0.000000 O 0.000000 O 0 0 0
C 1.540714 1 0.000000 O 0.000000 O 1 0 0
C 1.542585 1 113.532306 1 0.000000 O 2 1 0
C 1.542988 1 113.373490 1 179.823613 1 3 2 1
C 1.545151 1 113.447508 1 179.811764 1 4 3 2
C 1.541777 1 113.859804 1 -179.862648 1 5 4 3
XX 1.542344 1 108.897076 1 -179.732346 1 6 5 4
XX 1.540749 1 108.360151 1 -178.950271 1 7 6 5
H 1.114786 1 90. 070026 1 126.747447 1 1 3 2
H 1.114512 1 90. 053136 1 -127.134856 1 1 3 2
H 1.114687 1 90. 032722 1 126.717889 1 2 4 3
H 1.114748 1 89.975504 1 -127.034513 1 2 4 3
H 1.114474 1 90. 063308 1 126.681098 1 3 5 4
H 1.114433 1 89.915262 1 -126.931090 1 3 5 4
H 1.114308 1 90.028131 1 127.007845 1 4 6 5
H 1.114434 1 90. 189506 1 -126.759550 1 4 6 5
H 1.114534 1 88.522263 1 127.041363 1 5 7 6
H 1.114557 1 88.707407 1 -126.716355 1 5 7 6
H 1.114734 1 90.638631 1 127.793055 1 6 8 7
H 1.115150 1 91. 747016 1 -126.187496 1 6 8 7
Tv 7.746928 1 0.000000 O 0.000000 O 1 7 8
0 0.000000 O 0.000000 O 0.000000 O 0 0 0



CHAPTER 4

EXAMPLES

In this chapter various exanples of data-files are described. Wth
MOPAC comes two sets of data for running cal culations. One of these is
call ed MNRSD1. DAT, and this will now be descri bed.

4.1 MRSD1 TEST DATA FILE FOR FORMALDEHYDE

The following file is suitable for generating the results descri bed
in the next section, and would be suitable for debuggi ng data.

SYMVETRY
For mal dehyde, for Denpbnstration Purposes

Li ne
Li ne
Li ne
Li ne
Li ne
Li ne
Li ne
Li ne
Li ne
Li ne 10:
Li ne 11:

20 1
20 0 180 0 2 1 3

ITOO

1.2 1
1.1 11
1.1 01

ook wh R

w w

14
2 4



EXAVPLES Page 4-2

These data could be nore neatly witten as

Li ne 1: SYMVETRY
Line 2: Fornmal dehyde, for Denmpnstration Purposes
Line 3:
Li ne 4: (@)
Line 5;: C 1.20 1 1
Li ne 6: H 1.10 1 120.00 1 2 1
Line 7: H 1.10 0 120.00 0 180.00 O 2 1 3
Line 8:
Line O: 3, 1, 4,
Li ne 10: 3, 2, 4,
Li ne 11:
These two data-files will produce identical results files.

In all geonmetric specifications, care nust be taken in defining the
internal coordinates to ensure that no three atonms being used to define

a fourth atomls dihedral angle ever fall into a straight Iine. This can
happen in the course of a geonetry optim zation, in a SADDLE cal cul ati on
or in following a reaction coordinate. If such a condition should
devel op, t hen the position of the dependent atom would becone
ill-defined.

4.2 MOPAC OUTPUT FOR TEST- DATA FI LE MNRSD1

EIE R IR IR I I I R R R R R I R R R R R R I I R R R R R R R I R R R R I I A

** FRANK J. SEILER RES. LAB., U.S. AR FORCE ACADEMY, COLO. SPGS., CO. 80840

EIE R IR IR I I I R R R R R I R R R R R R I I R R R R R R R I R R R R I I A

MNDO CALCULATI ON RESULTS Note 1
EIE R Ik I S O O O O R R I R O
* MOPAC: VERSION 6. 00 CALC' D. 4-CCT-90 Note 2
*  SYMMETRY - SYMMETRY CONDI TI ONS TO BE | MPOSED
* T= - A TIME OF 3600.0 SECONDS REQUESTED
*  DUMP=N - RESTART FILE WRI TTEN EVERY 3600. 0 SECONDS

********************************************************************043BY043

PARAMETER DEPENDENCE DATA

REFERENCE ATOM FUNCTI ON NO. DEPENDENT ATOM S)
3 1 4
3 2 4
- 62 -
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DESCRI PTI ONS OF THE FUNCTI ONS USED

1 BOND LENGTH I'S SET EQUAL TO THE REFERENCE BOND LENGTH
2 BOND ANGLE I'S SET EQUAL TO THE REFERENCE BOND ANGLE
SYMVETRY Note 3
For mal dehyde, for Denobnstration Purposes
ATOM  CHEM CAL BOND LENGTH BOND ANGLE TW ST ANGLE
NUMBER SYMBOL ( ANGSTROMS) ( DEGREES) ( DEGREES)
() NA: | NB: NA: | NC: NB: NA: | NA NB NC
1 (0] Note 4
2 C 1.20000 * 1
3 H 1.10000 * 120. 00000 * 2 1
4 H 1.10000 120. 00000 180. 00000 2 1 3
CARTESI AN COORDI NATES
NO. ATOM X Y z
1 (e} 0. 0000 0. 0000 0. 0000
2 C 1.2000 0. 0000 0. 0000 Note 5
3 H 1.7500 0. 9526 0. 0000
4 H 1.7500 -0.9526 0. 0000

EWAR, W THIEL, J.

MJ.S. D
(MNDO): M J.S. DEWAR, W THIEL, J
: MJ.S. D

Q0
E
8

RHF CALCULATI ON, NO. OF DOUBLY

| NTERATOM C DI STANCES

0. 000000

1.200000 0. 000000
1.992486 1.100000
1.992486 1.100000

CYCLE: 1 TIME: 0.75 TI ME LEFT:
CYCLE: 2 TI ME: 0.37 TIME LEFT:

HEAT OF FORMATI ON TEST SATI SFI ED
PETERS TEST SATI SFI ED

EWAR, W THIEL, J.

AM CHEM SOC. ,
AM CHEM SOC.,
AM CHEM SOC. ,

OCCUPI ED LEVELS

0. 000000
1.905256 0. 000000

3598. 2 GRAD.:
3597. 8 GRAD. :

6.
2.

99, 4899, (1977)
99, 4899, (1977)
99, 4899, (1977)

1
[¢]

Note 6

349 HEAT: - 32. 840147
541 HEAT: -32.880103
Note 7
Note 8

SYMMETRY

For mal dehyde, for Denobnstrati on Purposes

PETERS TEST WAS SATI SFI ED I N
SCF FI ELD WAS ACHI EVED

BFGS

63 -

Note 9
Note 10

OPTI M ZATI ON Note 11

Note 12
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MNDO CALCULATI ON Note 13
VERSI ON 6. 00
4- OCT- 90
FI NAL HEAT OF FORMATI ON = -32. 88176 KCAL Note 14

TOTAL ENERGY
ELECTRONI C ENERGY
CORE- CORE REPULSI ON

-478.11917 EV
-870. 69649 EV
392. 57733 EV

| ONI ZATI ON POTENTI AL = 11.04198
NO. OF FILLED LEVELS = 6
MOLECULAR WEI GHT = 30.026
SCF CALCULATIONS = 15
COMPUTATION TIME =  2.740 SECONDS Note 15
ATOM CHEM CAL BOND LENGTH BOND ANGLE TW ST ANGLE
NUMBER SYMBOL ( ANGSTROMS) ( DEGREES) ( DEGREES)
(1) NA: | NB: NA: | NC: NB: NA: | NA NB NC
1 o)
2 C 1.21678 * 1 Note 16
3 H 1.10590 * 123. 50259 * 2 1
4 H 1. 10590 123. 50259 180. 00000 2 1 3
| NTERATOM C DI STANCES
o1 c 2 H 3 H 4
O 1 0.000000
C 2 1.216777 0.000000
H 3 2.046722 1.105900  0.000000
H 4 2.046722 1.105900 1.844333  0.000000
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El GENVALUES

-42.98352 -25.12201 -16.95327 -16.29819 -14.17549 -11.04198 0.85804 3.6768
3. 84990 7.12408 Note 17

NET ATOM C CHARGES AND DI POLE CONTRI BUTI ONS

ATOM NO. TYPE CHARGE ATOM ELECTRON DENSI TY
1 (0] -0.2903 6.2903
2 Cc 0.2921 3.7079 Note 18
3 H -0. 0009 1. 0009
4 H -0. 0009 1.0009
DI POLE X Y 4 TOTAL
POl NT- CHG. 1.692 0. 000 0. 000 1.692
HYBRI D 0.475 0. 000 0. 000 0. 475 Note 19
SUM 2.166 0. 000 0. 000 2.166
CARTESI AN COORDI NATES
NO. ATOM X Y 4
1 (0] 0. 0000 0. 0000 0. 0000
2 C 1.2168 0. 0000 0. 0000
3 H 1.8272 0.9222 0. 0000
4 H 1.8272 -0.9222 0. 0000

ATOM C ORBI TAL ELECTRON POPULATI ONS

1.88270 1.21586 1.89126 1.30050 1.25532 0.86217 0.89095 0.69950
1.00087 1.00087 Note 20

TOTAL CPU TI ME: 3.11 SECONDS

== MOPAC DONE ==
NOTES ON RESULTS FI LE

NOTE 1: The banner indicates whether the cal cul ati on uses a M\DQ,
MNDOY3, AML or PMB Hamiltonian; here, the default MNDO Hanmiltonian is
used.

NOTE 2: The Version nunber is a constant for any rel ease of MOPAC,
and refers to the program not to the Ham |tonians used. The version
nunber should be cited in any correspondence regarding MOPAC. Users
own in-house nodified versions of MOPAC wll have a final digit
different fromzero, e.g. 6.01.

Al'l the keywords used, along with a brief explanation, should be
printed at this tine. If a keyword is not printed, it has not been
recogni zed by the program Keywords can be in wupper or |ower case
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letters, or any mxture. The cryptic nessage at the right end of the
| oner line of asterisks indicates the nunber of heavy and 1light atons
this version of MOPAC is configured for.

NOTE 3: Symretry information is output to allow the user to verify
that the requested symretry functions have in fact been recogni zed and
used.

NOTE 4: The data for this exanple used a m xture of atom c nunbers
and chem cal synbols, but the internal coordinate output is consistently
in chem cal synbols.

The atons in the systemare, in order

Atom 1, an oxygen atom this is defined as being at the
origin.

Atom 2, the carbon atom Defined as being 1.2 Angstrons
from the oxygen atom it is located in the +x direction. This
distance is marked for optim zation.

Atom 3, a hydrogen atom It is defined as being 1.1
Angstronms from the carbon atom and making an angle of 120
degrees with the oxygen atom The asterisks indicate that the
bond | ength and angle are both to be optim zed.

Atom 4, a hydrogen atom The bond | ength supplied has been
overwritten with the symretry-defined C-H bond length. Atom4 is
defined as being 1.1 Angstrons fromatom 2, nmaking a bond-angle
of 120 degrees with atom 1, and a di hedral angle of 180 degrees
with atom 3.

None of +the <coordinates of atom 4 are mar ked for
optim zation. The bond-1ength and angle are symetry-defined by
atom 3, and the dihedral 1is group-theory synmetry-defined as
bei ng 180 degrees. (The molecule is flat.)

NOTE 5: The cartesian coordi nates are cal cul ated as foll ows:

Stage 1: The coordinate of the first atom is defined as
being at the origin of cartesian space, while the coordi nate of
the second atomis defined as being displaced by its defined bond
length along the positive x-axis. The coordinate of the third
atomis defined as being displaced by its bond Iength in the x-y
plane, from either atom1 or 2 as defined in the data, or from
atom 2 if no nunbering is given. The angle it makes with atonms 1
and 2 is that given by its bond angle.

The di hedral, which first appears in the fourth atom s
defined according to the I.U P.A C. convention. NOTE: This is
different from previous versions of MNDO and M NDQO' 3, where the
di hedral had the opposite chirality to that defined by the
.U P.AC convention.
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Stage 2: Any dumry atons are renpoved. As this particular
system contai ns no dummy atons, nothing is done.

NOTE 6: The interatomic distances are output for the wuser's
advice, and a sinple check nmade to insure that the smallest interatomc
di stance is greater than 0.8 Angstrons.

NOTE 7: The geonetry is optimzed in a series of cycles, each
cycle consisting of a |line search and cal cul ation of the gradients. The
time given is the CP.U time for the cycle; tine left is the total
time requested (here 100 seconds) less the CP.U tine since the start
of the calculation (which is wearlier than the start of the first
cycle!). These tinmes can vary slightly fromcycle to cycle due to
different options being used, for exanple whether or not two or nore SCF
calculations need to be done to ensure that the heat of formation is
| owered. The gradient is the scalar length in kcal/nol e/ Angstrom of the
gradi ent vector.

NOTE 8: At the end of the BFGS geonetry optim zation a nessage is
gi ven which indicates how the optimzation ended. Al  "normal"
term nati on nessages contain the word "satisfied"; other termnations
may give acceptable results, but nore care should be taken, particularly
regardi ng the gradi ent vector.

NOTE 9 and 10: The keywords wused, titles and conments are
reproduced here to remind the user of the name of the cal cul ation

NOTES 11 and 12: Two nessages are given here. The first is a
rem nder of how the geonetry was obtained, whether from the
Br oyden- Fl et cher - Gol df ar b- Shanno, Ei genvector Followi ng, Bartel's or the
Mcl ver - Komorni cki net hods. For any further results to be printed the
second nessage must be as shown; when no SCF is obtained no results wil
be printed.

NOTE 13: Again, the results are headed with either MNDO or M NDO 3
banners, and the version nunber. The date has been noved to bel ow t he
ver si on nunber for conveni ence.

NOTE 14: The total energy of the systemis the addition of the
el ectronic and nuclear terms. The heat of formation is relative to the
elenents in their standard state. The I.P. is the negative of the
energy level of the highest occupied, or highest partially occupied
nol ecul ar orbital (in accordance with Koopmans' theorem

NOTE 15: Advice on time required for the calculation. This is
obviously useful in estimating the tinmes required for other systens.

NOTE 16: The fully optim zed geometry is printed here. If a
paranmeter is not marked for optimzation, it will not be changed unl ess
it is a symetry-related paraneter.

NOTE 17: The roots are the eigenvalues or energy levels in
electron volts of the nolecular orbitals. There are six filled |evels,
therefore the HOMO has an energy of -11.041eV; analysis of the
corresponding eigenvector (not given here) shows that it is mainly
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| one-pair on oxygen. The eigenvectors forman orthonormal set.

NOTE 18: The charge on an atomis the sum of the positive core
charge; for hydrogen, carbon, and oxygen these nunbers are 1.0, 4.0, and
6.0, respectively, and the negative of the nunber of val ence electrons,
or atom electron density on the atom here 1.0010, 3.7079, and 6.2902
respectively.

NOTE 19: The dipole is the scalar of the dipole vector in
cartesian coordi nates. The components of the vector coefficients are
the point-charge dipole and the hybridi zation dipole. In formal dehyde
there is no z-dipole since the nolecule is flat.

NOTE 20: MNDO AML, PM3, and M NDO' 3 all use the Coulson density
matri Xx. Only the diagonal elenents of the matrix, representing the
val ence orbital electron populations, wll be printed, unless the
keyword DENSITY is specified.

Two extra lines are added as a result of user requests:

(1) The total CPU time for the job, excluding loading of the
executable, is printed.

(2) In order to know that MOPAC has ended, t he nmessage
== MOPAC DONE == is printed.



CHAPTER 5

TESTDATA

TESTDATA. DAT, supplied with MOPAC 6.00, is a single large job
consisting of several small systens, which are run one after the other

In order,

1

the cal culations run are

A FORCE cal cul ati on on formal dehyde. The extra keywords at the
start are to be used |ater when TESTDATA. DAT acts as a SETUP
file. This unusual usage of a data set was made necessary by
the need to ensure that a SETUP file existed. |If the first two
lines are renoved, the data set used in the exanple given bel ow
i S generated.

The vibrational frequencies of a highly excited dication of
met hane are cal cul ated. A non-degenerate state was selected in
order to preserve tetrahedral symetry (to avoi d t he
Jahn-Tel l er effects).

Illustration of the use of the '& in the keyword line, and of
t he new optional definition of atoms 2 and 3

Illustration of Gaussian Z-matrix input.

An exanpl e of Eigenvector Following, to locate a transition
st at e.

Use of SETUP. Normally, SETUP would point to a special file
which would contain keywords only. Here, the only file we can
guarantee exists, is the file being run, so that is the one
used.

Exanpl e of |abelling atons.

This part of the test wites the density matrix to disk, for
| ater use.

A sinple cal culation on water



TESTDATA Page 5-2

10. The previous, optim zed, geonetry is to be used to start this
cal cul ati on.

11. The density matrix witten out earlier is now used as input to
start an SCF.

This exanple is taken fromthe first data-file in TESTDATA. DAT, and
illustrates the working of a FORCE cal cul ati on

5.1 DATA FILE FOR A FORCE CALCULATI ON

Line 1 noi nter noxyz + mmdo dunp=8

Line 2 t=2000 + therno(298,298) force isotope

Line 3 ROT=2

Line 4 DEMONSTRATI ON OF MOPAC - FORCE AND THERMODYNAM CS CALCULATI ON
Line 5 FORMALDEHYDE, MNDO ENERGY = -32.8819 See Manual

Line 6 (@)

Line 7 C 1.216487 1 1 0 O

Line 8 H 1.106109 1 123.513310 1 2 1 0

Line 9 H 1.106109 1 123.513310 1 180.000000 1 2 1 3

Li ne 10 0 0.000000 O 0.000000 O 0.000000 O 0 0 O

5.2 RESULTS FILE FOR THE FORCE CALCULATI ON

R R EEEEE RS S S S S SRR EEEEE R R RS EEEEEREEEEEEEEEEEEEEEEREREREREEEEEEEEEEEEREEREREEEEE

** FRANK J. SEILER RES. LAB., U. S. AR FORCE ACADEMY, COLO. SPGS., CO. 80840

R R EEEEEE RS S S E S SRR EEEEE R R RS EEEEEREEEEEEEEEEEEEEEEREREREREEEEEEEEEEEEEEREREEE S

MNDO CALCULATI ON RESULTS

EIE R I I I S R I R R I R R I

* MOPAC: VERSION 6. 00 CALC' D. 12-CCT-90
* T= - A TIME OF 2000.0 SECONDS REQUESTED

*  DUMP=N - RESTART FILE WRI TTEN EVERY 8. 0 SECONDS

*  FORCE - FORCE CALCULATI ON SPECI FI ED

* PRECISE - CRITERIA TO BE | NCREASED BY 100 TI MES

* NOINTER - | NTERATOM C DI STANCES NOT TO BE PRI NTED Note 1
* | SOTOPE - FORCE MATRI X WRI TTEN TO DI SK (CHAN. 9 )

*  NOXYZ - CARTESI AN COORDI NATES NOT TO BE PRI NTED

*  THERMO - THERMODYNAM C QUANTI TI ES TO BE CALCULATED

* ROT - SYMMETRY NUMBER OF 2 SPECI FI ED

*

******************************************************************O4OBYO4O
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NO NTER NOXYZ + MNDO DUMP=8
T=2000 + THERMO( 298, 298) FORCE | SOTOPE

ROT=2 PRECI SE
DEMONSTRATI ON OF MOPAC - FORCE AND THERMODYNAM CS CALCULATI ON
FORMALDEHYDE, MNDO ENERGY = -32.8819 See Manual .

ATOM CHEM CAL BOND LENGTH BOND ANGLE TW ST ANGLE
NUMBER SYMBOL ( ANGSTROMS) ( DEGREES) ( DEGREES)
(1) NA: | NB: NA: | NC: NB: NA: | NA NB NC
ATOM CHEM CAL BOND LENGTH BOND ANGLE TW ST ANGLE

1 o)

2 C 1.21649 * 1

3 H 1.10611 * 123.51331 * 2 1

4 H 1.10611 * 123.51331 * 180.00000 * 2 1 3
H. (M\DO): MJ.S. DEWAR, W THIEL, J. AM CHEM SOC., 99, 4899, (1977)
C (M\DO): MJ.S. DEMMR, W THIEL, J. AM CHEM SOC., 99, 4899, (1977)
O (M\DO): MJ.S. DEWAR, W THIEL, J. AM CHEM SOC., 99, 4899, (1977)

RHF CALCULATI ON, NO. OF DOUBLY OCCUPI ED LEVELS = 6

HEAT OF FORMATION = -32.881900 KCALS/ MOLE

| NTERNAL COORDI NATE DERI VATI VES

ATOM AT. NO. BOND ANGLE DI HEDRAL

1 O

2 C 0. 000604

3 H 0.000110 -0. 000054

4 H 0. 000110 -0. 000054 0. 000000
GRADI ENT NORM = 0. 00063 Note 2
TI ME FOR SCF CALCULATION = 0. 45
TI ME FOR DERI VATI VES = 0.32 Note 3

MOLECULAR WEI GHT = 30. 03
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PRI NCI PAL MOMENTS OF | NERTIA IN CM -1)

A= 9.832732 B = 1.261998 C = 1.118449

PRI NCI PAL MOMENTS OF | NERTIA I N UNI TS OF 10**(-40)* GRAM CM*2

A= 2.846883 B = 22.181200 C = 25. 028083

ORI ENTATI ON OF MOLECULE I N FORCE CALCULATI ON

NO. ATOM X Y Z

1 8 -0.6093 0. 0000 0. 0000
2 6 0.6072 0. 0000 0. 0000
3 1 1.2179 0.9222 0. 0000
4 1 1.2179 -0.9222 0. 0000

FI RST DERI VATI VES WLL BE USED I N THE CALCULATI ON OF SECOND DERI VATI VES

ESTI MATED TI ME TO COVPLETE CALCULATI ON 36. 96 SECONDS

STEP: 1 TIME = 2.15 SECS, |NTEGRAL = 2.15 TI ME LEFT: 1997.08
STEP: 2 TIME = 2.49 SECS, |NTEGRAL = 4.64 TIME LEFT: 1994. 59
STEP: 3 TIME = 2.53 SECS, |NTEGRAL = 7.17 TIME LEFT: 1992. 06
STEP: 4 TIME = 2.31 SECS, |NTEGRAL = 9.48 TI ME LEFT: 1989. 75
STEP: 5 RESTART FILE WRI TTEN, | NTEGRAL = 11.97 TIME LEFT: 1987. 26
STEP: 6 TIME = 2.43 SECS, |NTEGRAL = 14.40 TI ME LEFT: 1984. 83
STEP: 7 TIME = 2.32 SECS, |NTEGRAL = 16. 72 TIME LEFT: 1982. 51
STEP: 8 TIME = 2.30 SECS, |NTEGRAL = 19.02 TI ME LEFT: 1980. 21
STEP: 9 RESTART FILE WRI TTEN, | NTEGRAL = 22.17 TIME LEFT: 1977. 06
STEP: 10 TIME = 2.52 SECS, |NTEGRAL = 24.69 Tl ME LEFT: 1974.54
STEP: 11 TIME = 2.25 SECS, |NTEGRAL = 26.94 TIME LEFT: 1972. 29
STEP: 12 TIME = 3.15 SECS, | NTEGRAL = 30.09 TIME LEFT: 1969. 14
FORCE MATRI X I N M LLI DYNES/ ANGSTROM
0
o 1 c 2 H 3 H 4
O 1 9. 557495
C 2 8.682982 11.426823
H 3 0. 598857 2. 553336 3.034881
H 4 0.598862 2.553344 0. 304463 3. 034886
HEAT OF FORMATION = -32.881900 KCALS/ MOLE
ZERO POl NT ENERGY 18. 002 KI LOCALORI ES PER MOLE Note 4
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THE LAST 6 VI BRATI ONS ARE THE TRANSLATI ON AND ROTATI ON MODES

Page 5-5

THE FI RST THREE OF THESE BEI NG TRANSLATIONS IN X, Y, AND Z, RESPECTI VELY

ROOT NO.

12009.

O©CoO~NOURAWNE

ROOT NO.

O©CO~NOUORAWN K

[eNeoloNeololoNoloNoNoNoNe)

[eNolololololololoNoloNe) o

NORMAL COORDI NATE ANALYSI S

90331

. 00000

06810
00000
00000
13631
00002
53308
27166
00007
53307

. 27165

00007

. 00019

25401
00000
00000
25401
00000
00000
25401
00000
00000
25401

. 00000

00000

1214.

' ' ' ' '
[eNeoloNeoNolooloNooNoNe)

[eNeololololololololoNoNe) o

2

67040

. 00000
. 00001
. 03807
. 00000
. 00002
. 15172
. 00005
. 00003
. 60187
. 00006
. 00003
. 60187

. 00044

. 00000
. 25401
. 00000
. 00000
. 25401
. 00000
. 00000
. 25401
. 00000
. 00000
. 25401
. 00000

1490.

o o

[eNeoloNoNoloNoNoNoNe)

[eNolololololololoNoloNe) o

3

52685

. 04158
. 00000
. 00000

03819
00000
00000
55756
38524
00001
55757

. 38524

00001

. 00016

00000
00000
25401
00000
00000
25401
00000
00000
25401
00000

. 00000

25401

73 -

2114.

o o

[eNeoloNeoNoloNoloNoNe)

[eNeololololololololoNoNe) w

4

53841

. 25182
. 00000
. 00000
. 32052
. 00000
. 00000
. 08893
. 15510
. 00000
. 08893
. 15509
. 00000

10

. 38368

. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 70572
. 00000
. 00000
. 70572

3255.

N

[eNeoloNololoNoloNoNoNoNe)

[eNolololololololololoNe)

93651

. 00000

00409
00000
00000
08457
00000
39806
53641
00000
39803

. 53637

00000

11

. 03661
. 00000

00000
19832
00000
00000
19764
00000
00000
39642
00000

. 00000

39642

Note 5

3302.

[eNeoloNeoNolooloNoloNoNe)

[eNeolololololoololoNoNe) o

6

12319

. 00067
. 00000
. 00000
. 06298
. 00000
. 00000
. 36994
. 57206
. 00000
. 36997
. 57209
. 00000

12

. 76725

. 00000
. 17792
. 00000
. 00000
17731
. 00000
. 26930
. 35565
. 00000
. 26930
. 35565
. 00000
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ROOT NO.

12009.

O©CO~NOURAWN PP

ROOT NO.

OCoO~NOUDhWNE

[eNeololoNolololoNoloNoNe)

[eNolololololoNoloNoNoNe) o

MASS- VEI GHTED COORDI NATE ANALYSI S

90331

. 00000

26985
00002
00000
46798
00006
53018
27018
00007
53018

. 27018

00007

. 00025

72996
00000
00000
63247
00000
00000
18321
00000
00000
18321

. 00000

00000

1214.

' ' ' ' '
[eNeolololololoNoNooNoNe)

[eNeolololololoNololoNoNe) o

2

67040

. 00000
. 00003
. 15005
. 00000
. 00005
. 51814
. 00005
. 00003
. 59541
. 00006
. 00003
. 59541

. 00022

. 00000
. 72996
. 00000
. 00000
. 63247
. 00000
. 00000
. 18321
. 00000
. 00000
. 18321
. 00000

1490.

[eNeololoNolololoNoloNoNe)

[eNolololololoNoloNoNoNe) o

3

52685

. 16877

00000
00000
13432
00000
00000
56805
39249
00001
56806

. 39249

00001

. 00047

00000
00000
72996
00000
00000
63247
00000
00000
18321
00000

. 00000

18321

74 -

2114.

[eNeololololoooNooNoNe)

[eNeolololololoNololoNoNe) w

4

53841

. 66231
. 00000
. 00000
. 73040
. 00000
. 00000
. 05871
. 10238
. 00000
. 05871
. 10238
. 00000

10

. 38368

. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 00000
. 70711
. 00000
. 00000
. 70711

3255.

N

'
[eNeololoNolololoNoloNoNe)

[eNolololololoNoloNoNoNe)

93651

. 00000

01649
00000
00001
29524
00000
40255
54246
00000
40252

. 54242

00000

11

. 03661
. 00000

00000
66681
00000
00000
57578
00000
00000
33455
00000

. 00000

33455

Page 5
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Note 6

3302.

[eNeolololololoNoNooNoNe)

12319

. 00271
. 00000
. 00000
. 22013
. 00001
. 00000
. 37455
. 57918
. 00000
. 37457
. 57922
. 00000

Note 7

[eNeolololololoNololoNoNe) o

12

. 76725

. 00000
. 62774
. 00000
. 00000
. 54204
. 00000
. 23848
. 31495
. 00000
. 23848
. 31495
. 00000
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VI BRATI ON
FREQ.

T- DI POLE
TRAVEL
RED. MASS

VI BRATI ON
FREQ.

T- DI POLE
TRAVEL
RED. MASS

VI BRATI ON
FREQ.

T- DI POLE
TRAVEL
RED. MASS

VI BRATI ON
FREQ.

T- DI POLE
TRAVEL
RED. MASS

VI BRATI ON
FREQ.

T- DI POLE
TRAVEL
RED. MASS

VI BRATI ON
FREQ.

T- DI POLE
TRAVEL
RED. MASS

DESCRI PTI ON OF VI BRATI ONS

1
1209. 90
0. 8545
0.1199
1.9377

2
1214. 67
0.1275
0. 1360
1.5004

3
1490. 53
0. 3445
0. 1846
0.6639

4
2114.54
3.3662
0. 0484
6. 7922

5
3255. 94
0.7829
0.1174
0. 7508

6
3302. 12
0. 3478
0. 1240
0. 6644

ATOM PAI R
c2-- HS3
cC2-- HA4
oO1-- C2

ATOM PAI R
c2-- HS3
cC2-- HA4
oO1-- C2

ATOM PAI R
cC2-- HA4
c2-- HS3
oO1-- C2

ATOM PAI R
oO1-- C2
cC2-- HA4
c2-- HS3

ATOM PAI R
c2-- HS3
cC2-- HA4
oO1-- C2

ATOM PAI R
c2-- HA4
cC2-- H3
O1-- C2

SYSTEM | S A GROUND STATE

ENERGY

ENERGY

ENERGY

ENERGY

ENERGY

ENERGY

CONTRI BUTI ON
42.7% ( 79. 4%
42. 7%
14. 6%

CONTRI BUTI ON
45.1% ( 62.3%
45. 1%

9. 8%

CONTRI BUTI ON
49.6% ( 61.5%
49. 6%
0.9%

CONTRI BUTI ON
60. 1% (100. 5%
20. 0%
20. 0%

CONTRI BUTI ON
49.5% ( 72.2%
49.5%

1.0%

CONTRI BUTI ON
49.3% ( 69.8%
49. 3%

1. 4%

FORMALDEHYDE, MNDO ENERGY = -32.8819 See Manual

DEMONSTRATI ON OF MOPAC -

MOLECULE |I'S NOT LI NEAR

FORCE AND THERMODYNAM CS CALCULATI ON

THERE ARE 6 GENUI NE VI BRATIONS IN THI S SYSTEM
THI'S THERMODYNAM CS CALCULATION IS LIMTED TO
MOLECULES WHI CH HAVE NO | NTERNAL ROTATI ONS

Page 5-7

RADI AL
12.6%
12. 6%

0.0%

RADI AL
0.0%
0. 0%
0.0%

RADI AL
0.6%
0.6%

100. 0%

RADI AL
100. 0%
17. 7%
17. 7%

RADI AL
98. 1%
98. 1%

0. 0%

RADI AL
95. 5%
95. 5%

100. 0%
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Note 8
CALCULATED THERMODYNAM C PROPERTI ES
*

TEMP. (K) PARTI TI ON FUNCTI ON H O F. ENTHALPY HEAT CAPACI TY ENTROPY
KCAL/ MOL CAL/ MOLE CAL/ K/ MOL CAL/ K/ MOL

298 VI B. 1.007 23. 39484 0.47839 0.09151
ROT. 709. 888. 305 2.981 16. 026
I NT. 714. 911. 700 3. 459 16. 117
TRA. 0. 159E+27 1480. 509 4.968 36.113
TOT. -32.882 2392.2088 8.4274 52. 2300

* NOTE: HEATS OF FORMATI ON ARE RELATI VE TO THE
ELEMENTS IN THEI R STANDARD STATE AT 298K

TOTAL CPU TI ME: 32. 26 SECONDS

== MOPAC DONE ==

NOTE 1: Al three words, ROT, FORCE, and THERMO are necessary in
order to obtain thernodynam c properties. |In order to obtain results
for only one tenmperature, THERMO has the first and second argunents
identical. The symetry nunber for the C2v point-group is 2.

NOTE 2: Internal coordinate derivatives are in Kcal/Angstrom or
Kcal /radi an. Values of less than about 0.2 are quite acceptable.

NOTE 3: In larger calculations, the tinme estinmates are useful. In
practice they are pessimistic, and only about 70% of the tinme estinmated
wi |l be used, usually. The principal nmoments of inertia can be directly
related to the mcrowave spectrum of the nmolecule. They are sinple
functions of the geonetry of the system and are usually predicted wth
very high accuracy.

NOTE 4: Zero point energy is already factored into the MDO
par aneteri zati on. Force constant data are not printed by default. |If
you want this output, specify LARGE in the keywords.

NOTE 5: Normal coordinate analysis has been extensively changed.
The first set of eigenvectors represent the 'normalized notions of the
atons. The sum of the speeds (not the velocities) of the atoms adds to
unity. This is verified by looking at the notion in the 'z' direction
of the atoms in vibration 2. Sinple addition of these terms, unsigned,
adds to 1.0, whereas to get the sanme result for node 1 the scalar of the
noti on of each atom needs to be calculated first.

Users mi ght be concerned about reproducibility. As can be seen
from the vibrational frequencies fromVersion 3.00 to 6.00 given bel ow,
the main difference over earlier FORCE calculations is in the trivial
frequenci es.
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Real Frequencies of Formal dehyde

Version 3.00 1209.96 1214. 96 1490. 60 2114.57 3255.36  3301.57
Version 3.10 1209.99 1215.04  1490.59 2114.57 3255.36  3301.58
Version 4.00 1209.88 1214. 67 1490.52 2114.52 3255.92 3302.10
Version 5.00 1209.89 1214. 69 1490.53 2114.53 3255.93 3302.10
Version 6.00 1209.90 1214. 67 1490.53  2114.54  3255.94  3302.12
Trivial Frequencies of Formal dehyde

_ T(x) T(y) T(2) R(x) R(y) R(2)
Version 3.00 -0.00517 -0.00054 -0.00285 57.31498 11.59518 9.01619
Version 3.10 -0.00557 0.00049 -0.00194 87.02506 11.18157 10.65295
Version 4.00 -0.00044 -0.00052 -0.00041 12. 99014 -3.08110 -3.15427
Version 5.00 0.00040 -0.00044 -0.00062 21.05654 2.80744  3.83712
Version 6.00 -0.00025 -0.00022 -0.00047 3.38368 2.03661 -0.76725

NOTE 6: Normal mpdes are not of much wuse in assigning relative
inportance to atoms in a node. Thus in iodonethane it is not obvious
from an exam nation of the normal nodes which nobde represents the C-I

stretch. A nore useful description is provided by the energy or
mass- wei ght ed coordi nate analysis. Each set of three coefficients now
represents the relative energy carried by an atom (This is not

strictly accurate as a definition, but is believed (by JIJPS) to be nore
useful than the stricter definition.)

NOTE 7: The follow ng description of the coordinate analysis is
given wthout rigorous justification. Agai n, the analysis, although
difficult to understand, has been found to be nore useful than previous
descri ptions.

On the left-hand side are printed the frequencies and transition

di pol es. Underneath these are the reduced nmsses and idealized
di stances travel ed which represent the sinple harnmonic notion of the
vi brati on. The mmss is assumed to be attached by a spring to an
infinite mass. Its displacenent is the travel

The next colum is a list of all pairs of atonms that contribute
significantly to the energy of the node. Across fromeach pair (next
colum) is the percentage energy contribution of the pair to the npde,
cal cul ated according to the formula described bel ow.

FORMULA FOR ENERGY CONTRI BUTI ON

The total vibrational energy, T, carried by all pairs of bonded
atonms in a nmolecule is first calculated. For any given pair of atons, A
and B, the relative contribution, R C (A B), as a percentage, is given

by the energy of the pair, P(A B), tinmes 100 divided by T, i.e.
R. C. (A B) = 100P(A, B)/T
As an exanple, for formal dehyde the energy carried by the pair of
atons (C, O is added to the energy of the two (C, H pairs to give a
total, T. Note that this total cannot be related to anything which is

physically neaningful (there is obvious double-counting), but it is a

- 77 -
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convenient artifice. For nmode 4, the C=0O stretch, the relative
contribution of the carbon-oxygen pair is 60.1% It nmight be expected
to be about 100% (after all, we envision the C=0 bond as absorbing the
photon); however, the fact that the carbon atomis vibrating inplies
that it is changing its position relative to the two hydrogen atoms. |f
the total vibrational energy, Ev (the actual energy of the absorbed
photon, as distinct fromT), were carried equally by the carbon and
oxygen atoms, then the relative contributions to the node would be C=0
50%; C-H, 25%; CH 25% respectively. This leads to the next entry,
which is given in parentheses.

For the pair with the highest relative contribution (in node 4, the
C=0 stretch), the energy of that pair divided by the total energy of the
nmode, Ev, is calculated as a percentage. This is the absolute
contribution, A C. as a percentage, to the total energy of the node.

A.C.(A B = 100P( A, B)/ Ev

Now the C=0is seen to contribute 100.5 percent of the energy. For this
sort of partitioning only the sumof all A C's nust add to 100% each
pair can contribute nmore or |ess than 100% In the case of a free
rotator, e.g. ethane, the A C of any specific bonded pair to the
total energy can be very high (several hundred percent).

It my be easier to view P/Ev as a contribution to the total energy
of the node, Ev. 1In this case the fact that P/Ev can be greater than
unity can be explained by the fact that there are other relative notions
within the nol ecul e which nmake a negative contribution to Ev.

Fromthe R C.'s an idea can be obtai ned of where the energy of the
mode is going; from the A C. value the significance of the highest
contribution can be inferred. Thus, in node 4 all three bonds are
excited, but Dbecause the C=0O bond carries about 100% of the energy, it
is clear that this is really a CCO bond stretch nmpde, and that the
hydrogens are only going along for the ride.

In the last colum the percentage radial notion is printed. Thi s
is wuseful in assigning the npde as stretching or bending. Any
non-radi al notion is de-facto tangential or bending.

To summarize: The new analysis is nore difficult to wunderstand,
but is considered by the author (JJPS) to be the easiest way of
descri bing what are often conplicated vibrations.

NOTE 8: In order, the thernodynam c quantities cal cul ated are:

(1) The vibrational contribution,

(2) The rotational contribution,

(3) The sumof (1) and (2), this gives the internal contribution
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(4) The translational contribution.

For partition functions the various contributions are multiplied
t oget her.

A new quantity is the heat of formation at the defined tenperature.
This is intended for use in calculating heats of reaction. Because of a
limtation in the data available, the Ho.F. at T Kelvin is defined as
"The heat of formation of the conpound at T Kelvin fromit's elements in
their standard state at 298 Kelvin". Obviously, this definition of heat
of formation is incorrect, but should be useful in calculating heats of
reaction, where the elenments in their standard state at 298 Kelvin drop
out .

5.3 EXAMPLE OF REACTI ON PATH W TH SYMMETRY

In this exanple, one nethyl group in ethane is rotated relative to
the other and the geonetry is optimzed at each point. As the reaction
coordi nate involves three hydrogen atons noving, synmetry is inposed to
ensure equi val ence of all hydrogens.

Line 1: SYMVETRY T=600

Li ne 2: ROTATI ON OF METHYL GROUP | N ETHANE

Li ne 3: EXAMPLE OF A REACTI ON PATH CALCULATI ON

Li ne 4: C

Li ne 5: () 1.479146 1

Li ne 6: H 1.109475 1 111.328433 1

Line 7: H 1.109470 0 111.753160 O 120.000000 O 2 1 3
Li ne 8: H 1.109843 0 110.103163 0 240.000000 O 2 1 3
Line 9: H 1.082055 0 121.214083 0 60. 000000 -1 1 2 3
Li ne 10: H 1.081797 0 121.521232 0 180.000000 O 1 2 3
Li ne 11: H 1.081797 0 121.521232 0 -60.000000 O 1 2 3
Li ne 12: 0 0. 000000 O 0. 000000 O 0. 000000 O 0O 0 O
Li ne 13: 31456738

Li ne 14: 324561738

Li ne 15: 6 77

Li ne 16: 6 11 8

Li ne 17:

Li ne 18: 70 80 90 100 110 120 130 140 150

Points to note:

(1) The di hedrals of the second and third hydrogens are not narked
for optimzation: the dihedrals follow from point-group symetry.

(2) All six CGHbond lengths and HCC angles are related by
symmetry: see lines 13 and 14.

(3) The dihedral on line 9 is the reaction coordinate, while the
di hedrals on lines 10 and 11 are related to it by symetry functions on
lines 15 and 16. The symretry functions are defined by the second
nunmber on Jlines 13 to 16 (see SYMVETRY for definitions of functions 1
2, 7, and 11).

- 79 -
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(4) Symmetry data are ended by a bl ank |ine.

(5) The reaction coordinate data are ended by the end of file.
Several lines of data are all owed.

(6) Whenever synmetry is used in addition to other data below the
geonetry definition it will always follow the "blank |ine" inmediately
followi ng the geonetry definition. The other data wll always follow
the symetry data



CHAPTER 6

BACKGROUND

6.1 | NTRODUCTI ON

VWhile all the theory used in MOPACis in the literature, so that in
princi pl e one could read and understand the algorithm many parts of the
code involve progranm ng concepts or constructions which, while not of
sufficient inportance to warrant publication, are described here in
order to facilitate understanding.

6.2 AlIDER

AIDER will allow gradients to be defined for a system MOPAC wll
calculate gradients, as usual, and will then use the supplied gradients
to forman error function. This error function is: (supplied gradients
- initial calculated gradients), which is then added to the conputed
gradients, so that for the initial SCF, the apparent gradients wll
equal the supplied gradients.

A typical data-set using Al DER would | ook |ike this:
PM3 Al DER Al GOUT GNORM=0. 01 EF
Cycl ohexane

X

X 1 1.0

C 1 CX 2 CXX

C 1 CX 2 CXX 3 120. 000000
C 1 CX 2 CXX 3 -120. 000000
X 1 1.0 2 90.0 3 0. 000000
X 1 1.0 6 90.0 2 180. 000000
C 1 CX 7 CXX 3 180. 000000
C 1 CX 7 CXX 3 60. 000000
C 1 CX 7 CXX 3 -60.000000
H 3 HIC 1 HICX 2 0. 000000
H 4 HIC 1 HICX 2 0. 000000
H 5 HIC 1 HICX 2 0. 000000
H 8 HIC 1 HICX 2 180.000000
H 9 HIC 1 HICX 2 180.000000
H 10 HIC 1 HICX 2 180.000000
H 3 H2C 1 H2CX 2 180.000000
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H 4 H2C 1 H2CX 2 180.000000
H 5 H2C 1 H2CX 2 180.000000
H 8 H2C 1 HCX 2 0. 000000
H 9 H2C 1 HCX 2 0. 000000
H 10 H2C 1 HCX 2 0. 000000
CX 1.46613
H1C 1.10826
H2C 1.10684
CXX 80. 83255
H1ICX 103.17316
H2CX 150. 96100
Al DER
0. 0000
13. 7589 -1.7383
13. 7589 -1.7383 0. 0000
13. 7589 -1.7383 0. 0000
0. 0000 0. 0000 0. 0000
0. 0000 0. 0000 0. 0000
13. 7589 -1.7383 0. 0000
13. 7589 -1.7383 0. 0000
13. 7589 -1.7383 0. 0000
-17.8599 -2.1083 0. 0000
-17.8599 -2.1083 0. 0000
-17.8599 -2.1083 0. 0000
-17.8599 -2.1083 0. 0000
-17.8599 -2.1083 0. 0000
-17.8599 -2.1083 0. 0000
-17.5612 -0.6001 0. 0000
-17.5612 -0.6001 0. 0000
-17.5612 -0. 6001 0. 0000
-17.5612 -0.6001 0. 0000
-17.5612 -0.6001 0. 0000
-17.5612 -0. 6001 0. 0000
Each supplied gradient goes wth the corresponding i nterna
coordi nat e. In the example given, the gradients came froma 3-21G
calculation on the geonetry shown. Symetry will be taken into account
automatically. Gaussian prints out gradients in atomc units; these
need to be converted into kcal/nol/Angstrom or kcal/nol/radian for MOPAC
to use. The resulting geonetry fromthe MOPAC run will be nearer to the

optim zed 3-21G geonetry than if the normal geonetry optimzers in
Gaussi an had been used.

6.3 CORRECTION TO THE PEPTI DE LI NKAGE

The residues in peptides are joined together by peptide |[inkages,
- HNCO- . These linkages are almpst flat, and normally adopt a trans
configuration; the hydrogen and oxygen atons being on opposite sides of
the C- N bond. Experinmentally, the barrier to interconversion in
N-net hyl acetami de is about 14 Kcal/mole, but all four methods wthin
MOPAC predict a significantly lower barrier, PM giving the |owest
val ue.
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The | ow barrier can be traced to the tendency of senmienpirica
met hods to give pyr am dal ni trogens. The degree to which
pyram dali zation of the nitrogen atomis preferred can be seen in the
foll owi ng series of conpounds.

Conpound M NDO 3 MNDO AML PM3 Exp
Anmoni a Py Py Py Py Py
Ani line Py Py Py Py Py
For mam de Py Py FI at Py Py
Acet ani de Fl at Py Fl at Py Fl at
N-net hyl formanmi de Fl at Py Fl at Py Fl at
N-net hyl acetani de Fl at Fl at Fl at Py Fl at

To correct this, a nolecul ar-mechanics correction has been applied.
This consists of identifying the -R-HNCO wunit, and adding a torsion
potential of form

2
Const *Si n( Thet a)

where Theta is the X-N-C-O angle, X=R or H, and Const varies from nmethod

to nmethod. This has two effects: there is a force constraining the
nitrogen to be planar, and HNCO barrier in N-nmethyl acetanmide is raised
to 14.00 Kcal/nmole. When the MM correction is in place, the nitrogen

atom for all methods for the last three compounds shown above is planar
The correction should be user-transparent

Caut i ons
1. This correction will lead to errors of 0.5 - 1.5 Kcal/mle if
t he pepti de I i nkage is mde or broken in a reaction
cal cul ati on.
2. If the correction is applied to formam de the nitrogen will be

flat, contrary to experinent.

3. \When calculating rotation barriers, take into account the rapid
rehybridization which occurs. When the dihedral is 0 or 180
degrees the nitrogen will be planar (sp2), but at 90 degrees
the nitrogen should be pyram dal, as the partial double bond is
broken. At that geonetry the true transition state involves
notion of the nitrogen substituent so that the nitrogen in the

transition state is nore nearly sp2. |In other words, a sinple
rotation of the HNCO dihedral will not yield the activation
barrier, however it will be within 2 Kcal/nmole of the correct
answer . The 14 Kcal barrier nentioned earlier refers to the

true transition state.
4. Any job involving a CONH group will require either the keyword

NOWM or MMOK. |If you do not want the correction to be applied
use the keyword "NOWM' (NO Mol ecul ar Mechani cs).
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6.4 LEVEL OF PRECI SION W THI N MOPAC

Several users have criticised the tolerances wthin MOPAC. The
point nmade is that significantly different results have been obtained
when different starting conditions have been used, even when the sane
conformer should have resulted. O course, different results must be

expected -- there will always be small differences -- nonetheless any
di fferences shoul d be small, e.g. heats of formation (H o.F.)
di fferences should be | ess than about 0.1 kcal/nole. MOPAC has been

nodified to allow wusers to specify a nuch higher precision than the
default when circunstances warrant it.

Reasons for | ow precision

There are several reasons for obtaining low quality results. The
most  obvious cause of such errors is that for general work the default
criteria will result in a difference in Ho.F. of less than 0.1
Kcal / nol e. Thi s is only true for fairly rigid systems, e.qg.
formal dehyde and benzene. For systens with |ow barriers to rotation or
flat potential surfaces, e.g. aniline or water dinmer, quite large
H.o.F. errors can result.

Vari ous Precision Levels

In normal (non-publication quality) work the default precision of
MOPAC is recommended. This will allow reasonably precise results to be
obtained in a reasonable tine. Unl ess this precision proves
unsati sfactory, use this default for all routine work.

The best way of «controlling the precision of the geonetry
optim zation and gradient mnimzation is by specifying a gradient norm
whi ch nust be satisfied. This is done via the keyword GNORM=. Altering
the GNORM autonmatically disables the other term nation tests resulting
in the gradient normdoninating the calculation. This works both ways:
a GNORM of 20 will give a very crude optim zation while a GNORM of 0.01
will give a very precise optimzation. The default GNORMis 1.0

VWhen the highest precision is needed, such as in exacting geonetry
work, or when you want results which cannot be inproved, then use the
combi nati on keywords GNORM=O. 0 and SCFCRT=1.D-NN; NN should be in the
range 2-15. Increasing the SCF criterion (the default is SCFCRT=1.D 4)
hel ps the line search routines by increasing the precision of the heat
of formation calculation; however, it can |l ead to excessive run times,
so take care. Also, there is an increased chance of not achieving an
SCF when the SCF criterion is excessively increased.

Superficially, requesting a GNORM of zero might seem excessively
stringent, but as soon as the run starts, it will be cut back to 0.01
Even that might seemtoo stringent. The geonetry optimzation wll
continue to |lower the energy, and hopefully the GNORM but frequently it
will not prove possible to lower the GNORM to 0.01. If, after 10
cycles, the energy does not drop then the job will be stopped. At this
poi nt you have the best geometry that MOPAC, in its <current form can
gi ve.
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If a slightly |l ess than highest precision is needed, such as for
normal publication quality work, set the GNORMto the limt wanted. For
exanple, for a flexible system a GNORMof 0.1 to 0.5 will normally be
good enough for all but the nobst denmandi ng worKk.

I f higher than the default, but still not very high precision is
wanted, then use the keyword PRECISE. This will tighten up various
criteria so that higher than routine precision will be given

If high precision is used, so that the printed GNORMis 0.000, and
t he resul ting geonetry resubmtted for one SCF and gradients
calculation, then nornmally a GNORM hi gher than 0.000 will result. Thi s
is NOT an error in MOPAC. the geonetry printed is only precise to six
figures after the decimal point. GCeonetries need to be specified to
nore than six decimals in order to drive the GNORMto | ess than 0.000.

If you want to test MOPAC, or use it for teaching purposes, the
GNORM lower limt of 0.01 can be overridden by specifying LET, in which
case you can specify any limt for GNORM However, if it is too |ow the
job may finish due to an irreducible mnimumin the heat of formation
bei ng encountered. |If this happens, the "STATI ONARY PO NT" message wil |
be printed.

Finally there is a full analytical derivative function wthin
MOPAC. These use STO 6G Gaussi an wavefunctions because the derivatives
of the overlap integral are easier to calculate in Gaussians than in
STO s. Consequently, there will be a small difference in the cal cul ated
H.o.F. s when analytical derivatives are used. |If there is any doubt
about the accuracy of the finite derivatives, try using the analytica
derivatives. They are a bit slower than finite derivatives but are nore
precise (a rough estimate is 12 figures for finite difference, 14 for
anal ytical).

Some cal cul ations, mainly open shell RHF or closed shell RHF wth
C. 1. have untracked errors which prevent very high precision. For these
systems GNORM should be in the range 1.0 to 0. 1.

How Large can a Gradi ent Be and
Still Be Acceptable?

A common source of confusion is the linmt to which the GNORM shoul d
be reduced in order to obtain acceptable results. There is no easy
answer, however a few guidelines can be given

First of all reducing the GNORMto an arbitarily small nunber is
not sensible. If the keywords GNORM=0.000001, LET, and EF are used, a
geonetry con be obtained which is precise to about 0.000001 Angstrons.
If ANALYT is also used, the results obtained will be slightly different.
Chenically, this change is nmeaningless, and no significance should be
attached to such nunbers. In addition, any minor change to the
al gorithm such as porting it to a new machine, will give rise to snall
changes in the optim zed geonetry. Even the small changes involved in
going from MOPAC 5.00 to MOPAC 6.00 caused small <changes in the
optim zed geonmetry of test nmolecules.
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As a guide, a GNORM of 0.1 is sufficient for all heat-of-formation
work, and a GNORM of 0.01 for nobst geonetry work. |[If the systemis
| arge, you nay need to settle for a GNORM of 1.0 - 0.5.

This whole topic was raised by Dr. Donal d B. Boyd of Lilly
Research Laboratories, who provided unequivocal evidence for a failure
of MOPAC and convinced ne of the inportance of increasing precision in
certain circumnstances.

6.5 CONVERGENCE TESTS | N SUBROUTI NE | TER
Sel f - Consi st ency Test

The SCF iterations are stopped when two tests are satisfied. These
are (1) when the difference in electronic energy, in eV, between any two
consecutive iterations drops bel ow the adjustabl e paranmeter, SELCON, and
the difference between any three consecutive iterations drops bel ow ten
times SELCON, and (2) the difference in density matrix elenents on two
successive iterations falls below a preset limt, which is a nmultiple of
SELCON

SELCON is set initially to 0.0001 kcal/mole; this can be made 100
times snaller by specifying PRECISE or FORCE. It can be over-ridden by
explicitly defining the SCF criterion via SCFCRT=1.D 12.

SELCON is further nodified by the value of the gradient norm if
known. If GNORMis large, then a nore lax SCF criterion is acceptable,
and SCFCRT can be relaxed up to 50 times it's default value. As the
gradient normdrops, the SCF criterion returns to its default val ue.

The SCF test is perfornmed using the energy cal culated fromthe Fock
matrix which arises from a density matrix, and not fromthe density
matri x which arises froma Fock. In the limt, the two energies would
be identical, but the first converges faster than the second, w thout
| oss of precision.

6.6 CONVERGENCE | N SCF CALCULATI ON

A brief description of the convergence techniques used in
subroutine I TER fol | ows.

I TER, the SCF <calculation, enploys six nethods to achieve a
self-consistent field. |In order of usage, these are:

(a) Intrinsic convergence by virtue of the way the calculation is
carried out. Thus a trial Fock gives rise to a trial density matriXx,
which in turn is used to generate a better Fock natri x.

This is normally convergent, but many exceptions are known. The
mai n situations when the intrinsic convergence does not work are:
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(1) A bad starting density matrix. This normally occurs
when the default starting density matrix is used. This is a very
crude approximation, and is only wused to get the calculation
started. A large charge 1is generated on an atomin the first
iteration, the second iteration over conmpensat es, and an
oscillation is generated.

(2) The equations are only very slowmy convergent. This can
be due to a long-lived oscillation or to a slow transfer of
char ge.

(b) GCscillation damping. |If, on any two consecutive iterations, a
density matrix elenent changes by nmore than 0.05, then the density
matri x element is set equal to the old elenent shifted by 0.05 in the
direction of the calculated elenent. Thus, if on iterations 3 and 4 a
certain density matrix element was 0.55 and 0.78, respectively, then the
elenment would be set to 0.60 (=0.55+0.05) on iteration 4. The density
matrix fromiteration 4 would then be used in the construction of the
next Fock matrix. The arrays which hold the old density matrices are
not filled until after iteration 2. For this reason they are not used
in the danping before iteration 3.

(c) Three-point interpolation of the density matrix. Subrouti ne
CNVG nonitors the nunber of iterations, and if this is exactly divisible
by three, and certain other conditions relating to the density matrices
are satisfied, a three-point interpolation is perfornmed. This is the
default converger, and is very effective with normally convergent
cal cul ati ons. It fails in certain systens, wusually those where
significant charge build-up is present.

(d) Energy-level shift technique. The virtual MO energy Ilevels
are normally shifted to nore positive energy. This has the effect of
danmpi ng oscillations, and intrinsically divergent equations can often be
changed to intrinsically convergent form Wth slowy-convergent
systens the virtual MO energy levels can be noved to a nore negative
val ue.

The precise value of the shift used depends on the behavior of the
iteration energy. If it is dropping, then the HOMO LUMO gap is reduced
if the iteration energy rises, the gap is increased rapidly.

(e) Pulay's nmethod. |If requested, when the largest change in
density matrix elements on two consecutive iterations has dropped bel ow
0.1, then routine CNVG is abandoned in favor of a nmulti-Fock matrix
i nterpol ation. This relies on the fact that the eigenvectors of the
density and Fock matrices are identical at self-consistency, so [P.F]=0
at SCF. The extent to which this condition does not occur is a nmeasure

of the deviance from self-consistency. Pulay's method uses this
relationship to calculate that linear conbination of Fock matrices which
mnimze [P.F]. This new Fock matrix is then wused in the SCF

cal cul ati on.

Under certain circunmstances, Pulay's method can cause very slow
conver gence, but someti mes it is the only way to achieve a
self-consistent field. At other times the procedure gives a ten-fold
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increase in speed, so care nust be exercised in its use. (invoked by
the keyword PULAY)

(f) The Canp-King converger. |If all else fails, the Canmp-King
converger is just about guaranteed to work every time. However, it is
ti me-consunming, and therefore should only be invoked as a | ast resort.

It evaluates that |inear conbination of old and current
ei genvectors which mnimze the total energy. One of its strengths is
that systenms which otherwise oscillate due to charge surges, e.g.
CHO-H, the C-H distance being very large, will converge using this very
sophi sti cated converger.

6.7 CAUSES OF FAI LURE TO ACHI EVE AN SCF

In a systemwhere a biradical can form such as ethane deconposing
into t wo CH3 wunits, the normal RHF procedure can fail to go
self-consistent. |If the system has marked biradicaloid character, then
Bl RADI CAL  or UHF and TRIPLET can often prove successful. These options
rely on the assunption that two unpaired electrons can represent the
open shell part of the wave-function.

Consider HC, wth the interatomc distance being steadily

i ncreased. At first the covalent bond wll be strong, and a
self-consistent field is readily obtained. Gradually the bond wll
become nmore ionic, and eventually the charge on chlorine will becone
very large. The hydrogen, neanwhile, will become very electropositive,
and there wll be an increased energy advantage to any one electron to
transfer fromchlorine to hydrogen. If this in fact occurred, the
hydrogen woul d suddenly becone very electron-rich and woul d, on the next
iteration, lose its extra electron to the chlorine. A sustai ned
oscillation would then be initiated. To prevent this, if BIRADI CAL is
specified, exactly one electron will end up on hydrogen. A simlar

result can be obtained by specifying TRIPLET in a UHF cal cul ati on

6.8 TORSI ON OR DI HEDRAL ANGLE COHERENCY

MOPAC cal cul ations do not di stingui sh bet ween enanti oners,
consequently the sign of the dihedrals can be nmultiplied by -1 and the
calculations will be unaffected. However, if chirality is inmportant, a
user should be aware of the sign convention used.

The di hedral angle convention used in MOPAC is that defined by

Klyne and Prelog in Experientia 16, 521 (1960). |In this convention,
four atons, AXYB, with a di hedral angle of 90 degrees, will have atom B
rotated by 90 degrees clockwise relative to A when X and Y are lined up
in the direction of sight, X being nearer to the eye. In their words,

"To distinguish between enantiomeric types the angle 'tau' is considered
as positive when it is measured clockwi se fromthe front substituent A
to t he rear substituent B, and negative when it is measured
anticlockwi se." The alternative convention was wused in all earlier
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programs, including QCPE 353.

6.9 VI BRATI ONAL ANALYSI S

Anal yzi ng normal coordinates is very tedious. Users are nornally
famliar wth the internal coordinates of the systemthey are studying,
but not fanmiliar with the cartesian coordinates. To help <characterize
the normal coordinates, a very sinple analysis is done automatically,
and users are strongly encouraged to use this analysis first, and then
to |l ook at the normal coordi nate ei genvectors.

In the analysis, each pair of bonded atons is examned to see if
there is a large relative notion between them By bonded is neant

within the Van der Waals' distance. |If there is such a nmption, the
indices of the atonms, the relative distance in Angstrons, and the
percentage radial nmotion are printed. Radi al plus tangential notion

adds to 100% but as there are two orthogonal tangential notions and
only one radial, the radial conponent is printed.

6.10 A NOTE ON THERMOCHEM STRY

By

Tsuneo Hirano
Depart nent of Synthetic Chem stry
Facul ty of Engi neering
Uni versity of Tokyo
Hongo, Bunkyo-ku, Tokyo, Japan

1) Basic Physical Constants
"Quantities, Units and Synbols in Physical Chemstry,"
Bl ackwel | Scientific Publications Ltd, Oxford OX2 OEL, UK, 1987
(1 UPAC, based on CODATA of ICSU, 1986). pp 81-82.

Speed of |ight c = 2.997 92458 D10 cm's (Definition)
Bol t zmann const ant k = R/ Na
= 1.380 658 D-23 J/K
= 1.380 658 D-16 erg/K
Pl anck const ant h = 6.626 0755 D-34 J s
= 6.626 0755 D-27 erg s
Gas const ant R = 8.314 510 J/nol/K

= 1.987 216 <cal/mol/K
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Avogadr o nunber Na = 6.022 1367 D23 /nol

Vol ume of 1 nol of gas VO = 22.414 10 I/mol (at 1 atm 25 C
1J =1.D7 erg

1 kcal = 4.184 kJ (Definition)

1 eV = 23.060 6 kcal / nol

27.211 35 eV/imol = 627.509 6 kcal / nol

=

o

c
I

[N
O
3
[N
1

2.859 144 cal/ml (= Na h c / 4.184D7)
1 atm= 1.013 25 D5 Pa = 1.013 25 D6 dyn/cnt*2 (Definition)
ok ok x x *
Moment of inertia:
1 amu angstront*2 = 1.660 540 D-40 g cnr*2

Rot ati onal constants: A B, and C (e.g. A = h/(8*pi*pi*l))
A(in MHz) = 5.053 791 D5 / I(in amu angstrom*2)

A(in cm1) 5.053 791 D5/ c¢/ 1(in amu angstromf*2)

16.857 63 / I(in anmu angstront*2)
2) Thernochem stry fromab initio MO nethods.

Ab initio MO nethods provide total energies, Eeq, as the sum of
el ectronic and nucl ear-nucl ear repulsion energies for nolecules,
i solated in vacuum w thout vibration at 0 K

Eeq = Eel + Enucl ear - nucl ear (1)

Fromthe 0 K-potential surface and using the harnonic oscillator
approxi mation, we can calculate the vibrational frequencies, vi, of the
normal nodes of vibration. Using these, we can calculate vibrational
rotational and transl ati onal contributions to the thernodynanic
quantities such as the partition function and heat capacity which arise
fromheating the systemfromO to T K

Q partition function
E: energy

S. entropy

C

heat capacity
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[ Vi bration]
Quib = sumover i { 1/(1 - exp(-hvi/kT))} (2)
Evib, for a nolecule at the tenperature T as

Evib = sumover i {(1/2)hvi + hvi*exp(-hvi/KkT)/(1 - exp(-hvi/kT))}

(3)
where h is the Planck constant, vi the i-th normal vibration frequency,
and k the Boltzmann constant. For 1 nole of nolecules, Evib should be
mul tiplied by the Avogadro nunber Na(= gas constant R/ k). Thus,

Evib = Na * sumover i {(1/2)hvi
+ hvi *exp(-hvi/kT)/ (1-exp(-hvi/kT))} (4)

Note that the first term in Eq. 4 is the Zero-point vibration
energy. Hence, the second termin Egq. 4 is the additional vibrationa
contribution due to the tenperature increase from0O Kto T K. Nanely,

Evib = Ezero + Evi b(0-->T) (5)

Ezero = Na * sumover i {(1/2)hvi}, (6)

Evi b(0-->T) = Na * sumover i {hvi*exp(-hvi/KkT)/(1 - exp(-hvi/kT))}.
(7)

The val ue of Evib from GAUSSI AN 82 and 86 includes Ezero as defined by
Eqs. 4 - 7.

Svib = R sumover i {(hvi/kT)*exp(-hvi/KkT)/(1 - exp(-hvi/KkT))
- In(1 - exp(-hvi/kT))} (8)
Cviv = Rsumover i {((hvi/kT)**2) exp(-hvi/kT)/

(1 - exp(-hvi/kT))**2} (9)

At tenmperature T (>0 K), a nolecule rotates about the x, vy, and
z-axes and translates in x, vy, and z-directions. By assum ng the
equi partition of energy, energies for rotation and translation, Erot and
Etr, are cal cul at ed.
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[ Rot ati on]
(sym is synmmetry nunber.
I is moment of inertia.
IA, IB, and IC are nmonents of inertia about A, B, and C axes.

<l i near nol ecul e>

Qot = (1/(sym)[8(pi**2) | kT/ h**2] (10)
Erot = (2/2)RT (11)
Srot = RIn [(1/(sym)*(8(pi**2) 1/h**2)*kT] + R (12)

=RInl +RInT- RIn(syn - 4.349 203 (13)

wher e
-4.349 203 = R In{8(pi**2)(1/Na)(1.D-8)**2 k/h**2} + R
Crot = (2/2)R (14)
<non-1linear nol ecul e>

Qot = (pi**0.5/ (sym) [8(pi**2)kT/h**2]**(3/2) (1A IB 1C)**(1/2)

(pi **0.5/ (sym)) {[8(pi**2) (1A c/h]*[8(pi**2)(IB)c/h]*

[8(pi**2)(1C)c/h]}**(1/2) (kT/hc)**(3/2) (15)
Erot = (3/2)RT (16)
Srot = (R'2) In {(pi/(sym**2) [8(pi**2)(I1A)c/h]*

[8(pi**2) (1B)c/h]*[8(pi**2) (1C) c/h]*[(KT/hc)**3]}

+ (3/2)R (17)

(RF2) In (IAIBIC + (3/2) RInT - RIn (sym - 5.386 3921
Here, -5.386 3921 is cal cul ated as
RIn {(((1.D-8)**2/Na)**3)**(1/2) (2**9 pi**7 k*3)**(1/2) /| h**3} + (3/2)R

Crot = (3/2)R (18)

BACKGROUND Page 6-13



[ Transl ati on]

Mis Mol ecul ar weight.

Qra = {[2 (pi) (MNa) kT]**(1/2) / h}**3 (19)

Etra

(3/2)RT (20)

( or Hra=(5/2)RT due to the pVterm(cf. H=U+ pV) )

Stra = R{ (5/2) + (3/2)In [2(pi)k/h**2] + In k + (3/2)In (M Na)
+(5/2)InT-1np} (21)

= (5/2)RIn T+ (3/2)RIn M- RIn p - 2. 31482 (22)

Cra = (5/2)R (23)

The internal energy Uat T is

U

Eeq + [Evib + Erot + Etra] (24)
or

U

Eeq + [(Ezero + Evib(0-->T)) + Erot + Etra] (25)
Ent hal py H for one nole of gas is defined as
H= U+ pVv (26)
Assunption of an ideal gas (i.e., pV = RT) leads to
H=U+pV=UH+RT (27)
Thus, G bbs free energy G can be cal cul ated as

G = H- T*S(0-->T) (28)

2) Thermochem stry in MOPAC

It should be noted that MO paraneters for MNDO'3, MDO, AML and
PM3 are optimzed so as to reproduce the experinental heat of formation
(i.e., standard enthal py of formation or the enthal py change to form a
mol e of conmpound at 25 degrees C fromits elenents in their standard
state) as well as observed geonetries (nostly at 25 degrees C), and not
to reproduce the Eeq and equilibrium geonetry at 0 K

In this sense, Escf (defined as Heat of formation), force
constants, normal vibration frequencies etc are all related to the
val ues at 25 degree C, not to O KI'!!'!l  Therefore, the Ezero calcul ated
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in FORCE is not the true Ezero. |Its use as Ezero should be made at your
own risk, bearing in mnd the situation discussed above.
Since Escf is standard enthal py of formation (at 25 degree O
Escf = [Eeq + Ezero + Evi b(0-->298.15) + Erot + Etra + pV]
+ sum|[ - Electronic energy of atom+ Delta-H of formation of atom.
(29)
To avoid the conplication arising fromthe definition of Escf, wthin
the thernodynamics calculation the Standard Enthalpy of Formation
Delta-H, is calcul ated by
Delta-H = Escf + (HT - H298). (30)

Here, Escf is the heat of formation (at 25 degree C) given in the output
list, and HT and H298 are the enthal py contributions for the increase of

the tenperature from0O Kto T and 298.15, respectively. |In other words,
the enthalpy of formation is corrected for the difference in tenperature
from?298.15 Kto T. The nmethod of calculation for T and H298 will be

gi ven bel ow.

In MOPAC, the vari abl es defined bel ow are used

Cl = hc / kT (31)
W (incmil) (i.e., vi = W*c), (32)
EW = exp( -hvi/kT) = exp( -W*hc/kT) = exp(- W *Cl) (33)
A B, and Cincm1l (i.e., A= [h/(8(pi**2)IA*c)]), (34)

Energy and Enthal py in cal/nmol, and Entropy in cal/nol/K

Thus, egs. 2 - 28 can be witten as foll ows.

[ Vi bration]
Quiv = pi over i {1/ (1 - EW)} (35)
EO = [0.5 Na h ¢/ (4.184 D7)] sumover i {W} (36)
= 1.429 572 * sumover i {W} (37)
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Evi b(0->T) = Na h ¢ sumover i { W*EW / (1 - EW) }
= (R'k) hc sumover i { W*EW / (1 - EW) } (38)
Svib = R (hc/kT) sumover i {W*EW/ (1 - EW)}

- Rsumover i {In (1 - EW)}

R Cl1 sumover i {W*EW/(1 - EW)}

- Rsumover i {In (1 - EW)} (39)
Cvib = R (hc/kT)**2 sumover i { W**2 EW /(1- EW)**2 }
= R Cl**2 sumover i { W**2 EW /(1- EW)**2 } (40)
[ Rot ati on]

<l i near nol ecul e>

Qot = (1/(sym)) (1/A) (kT/hc)

= 1/[(sym A Ci] (41)
Erot = (2/2)RT (42)
Srot = RIn [(1/(sym) (1/A) (kT/hc)] + R

= RIn [1/( (sym*A*Cl )] + R

= RIn [ Tk/( h*c*A*sym] + R (43)
Crot = (2/2)R (44)

<non-1|inear nol ecul e>

Qot =[ pi / (ABCCL**3)]**(1/2) / (sym (45)
Erot = (3/2)RT (46)
Srot = (RI2) In { (1/(sym**2) (1/A) (1/B) (1/C) (pi) (kT/hc)**3 }
+ (3/2)R
= 0.5R{ 3 1In (kT/hc) - 2 In (sym + In (pi/(ABQC) + 3}
(47)
= 0.5R{ -3InCL-21In(sym +1In (pi/(ABC) + 3}
Crot = (3/2)R (48)
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[ Transl ati on]

Qra=1[ ( 2 pi (MNa) kT)**(1/2) / h]**3

= (2 pi Mk T * 1.660540D-24)**(1/2) /h]**3 (49)
Etra = (3/2)RT (50)
Hira = (3/2)RT + pV = (5/2)RT  (cf. pV = RT) (51)

Stra=(R2) [ 5InT+31In M] - 2.31482 (cf. p=1atm

= 0.993608 [ 5In T+ 31InM - 2 31482 (52)

I n MOPAC,
Hvi b = Evi b(0-->T) (53)

(Note: Ezero is <not> included in Hvib.
W is not derived fromforce-constants at 0 K)

and

HT

[Hvib + Hrot + Htra] for T. (54)

H298

[Hvib + Hrot + Htra] for T = 298. 15. (55)
Note that HT (and H298) is equivalent to
[(Evib - Ezero) + Erot + (Etra + pV)] (56)

except that the normal frequencies are those obtained from force
constants at 25 degree C, or at least not at 0 K

Thus, Standard Enthal py of Formation, Delta-H, can be calculated
according to Eqs. 25, 26 and 29, as shown in Eq. 30;

Delta-H = Escf + (HT - H298) (57)
Note that Ezero is already counted in Escf (see Egq. 29).

By using Eq. 27, Standard Internal Energy of Formation, Delta-U,
can be cal cul ated as

Delta-U = Delta-H - R(T - 298.15). (58)
Standard G bbs Free-Energy of Formation, Delta-G can be cal cul ated

by taking the difference fromthat for the isomer or that at different
t enper at ur e,
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Delta-G = [Delta-H - T*S] for the state under consideration
- [Delta-H - T*S] for reference state. (59)

Taking the difference is necessary to cancel the unknown values of
standard entropy of formation for the constituent el ements.

6.11 REACTI ON COORDI NATES

The Intrinsic Reaction Coordi nate nethod pioneered and devel oped by
Mark Gordon has been incorporated in a nodified forminto MOPAC. As
this facility is quite conplicated all the keywords associated with the
| RC have been grouped together in this section.

Definitions of Terns

DRC

The Dynanic Reaction Coordinate is the path followed by all the
atons in a system assunming conservation of energy, i.e., as the
potential energy changes the kinetic energy of the system changes in
exactly the opposite way so that the total energy (kinetic plus

potential) is a constant. |If started at a ground state geometry, no
significant nmotion should be seen. Simlarly, starting at a transition
state geonetry should not produce any nmotion - after all it is a

stationary point and during the lifetime of a calculation it is unlikely
to accumul ate enough momentumto travel far fromthe starting position

In order to calculate the DRC path froma transition state, either
an initial deflection is necessary or sone initial momentum nmust be
supplied

Because of the tinme-dependent nature of the DRC the time elapsed
since the start of the reaction is meaningful, and is printed.

Descri ption

The course of a nolecular vibration can be followed by calculating
the potential and Kkinetic energy at various tines. Two extrenme
conditions can be identified: (a) gas phase, in which the total energy
is a constant through tinme, there being no danping of the kinetic energy
al l owed, and (b) liquid phase, in which kinetic energy is always set to
zero, the motion of the atoms being infinitely danped.

Al'l possible degrees of danping are allowed. In addition, the
facility exists to dunmp energy into the system appearing as kinetic
energy. As kinetic energy is a function of velocity, a vector quantity,
the energy appears as energy of notion in the direction in which the
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nol ecul e woul d naturally nove. |If the system is a transition state,
then the excess kinetic energy is added after the intrinsic kinetic
energy has built up to at |east 0.2Kcal/nole.

For ground-state systens, the excess energy sonetines my not be
added; if the intrinsic kinetic energy never rises above 0.2kcal/nole
then the excess energy will not be added.

Equati ons Used
Force acting on any atom
g(i) + g (i)t + g"(i)t**2 = dE/dx(i) + d**2E/dx(i)**2 +d**3E/ dx(i)**3
Accel eration due to force acting on each atom

a(i) = (g(i)+g" (i)t+g"(i)t**2)/Mi)
New vel ocity

V(o) +Dt*g(i )/ Mi)+1/2*Dt**2%g" (i)/Mi)+/ 3*Dt**3*g" (i )/ Mi)
or
V(i) = V(i) + V (i)t + V' (i)t**2 + V' ''(i)t**3

That is, the change in velocity is equal to the integral over the
time interval of the acceleration.

New position of atons
X(i) = X(0) + V(o)t + 1L/2*V't**2 + 1/3*V "t**3 + 1/4*V '"t**4

That is, the change in position is equal to the integral over the
time interval of the velocity.

The velocity vector is accurate to the extent that it takes into
account the previous velocity, the current acceleration, the predicted
accel eration, and the change in predicted acceleration over the tine
i nterval. Very little error is introduced due to higher order
contributions to the velocity; those that do occur are absorbed in a
re-normalization of the magnitude of the velocity vector after each tinme
i nterval

The magnitude of Dt, the tine interval, is determ ned mainly by the
factor needed to re-normalize the velocity vector. If it is
significantly different fromunity, Dt will be reduced; if it is very
close to unity, Dt will be increased.

Even with all this, errors creep in and a system started at the
transition state, is wunlikely to return precisely to the transition
state wunless an excess kinetic energy is supplied, for exanpl e
0. 2Kcal / nol e.
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The calculation is carried out in cartesian coordinates, and
converted into internal coordinates for display. Al cartesian
coordi nates must be allowed to vary, in order to conserve angular and
transl ati onal nonentum

| RC
The Intrinsic Reaction Coordinate is the path followed by all the
atons in a system assuming all kinetic energy is conpletely |ost at
every point, i.e., as the potential energy changes the kinetic energy

generated is annihilated so that the total energy (kinetic plus
potential) is always equal to the potential energy only.

The IRCis intended for use starting with the transition state

geonetry. A normal coordinate is chosen, wusually the reaction
coordinate, and the system is displaced in either the positive or
negative direction along this coordinate. The internal npdes are

obtai ned by cal culating the nmass-weighted Hessian matrix in a force
cal cul ation and translating the resulting cartesian normal node
ei genvectors to conserve nonentum That is, the initial cartesian
coordinates are displaced by a small anmount proportional to the
ei genvector coefficients plus a translational constant; the constant is
required to ensure that the total translational nmonmentum of the system
is conserved as zero. At the present tine there may be small residua
rotational conponents which are not annihilated; these are considered
uni mportant.

General Description of the DRC and | RC

As the IRC usually requires a nornmal coordinate, a force constant
calculation normally has to be done first. |If IRCis specified onits
own a normal coordinate is not used and the I RC cal culation is performed
on the supplied geonetry.

A recomrended sequence of operations to start an IRC calculation is
as follows:

1. Calculate the transition state geonetry. If the T/S is not
first optimzed, then the IRC calculation my give very
m sl eading results. For exanple, if NH3 inversion is defined
as the planar system but wthout the N-H bond | ength being
optim zed the first normal coordinate m ght be for NNH stretch
rather than inversion. In that case the IRCwill relax the
geonetry to the optim zed planar structure.

2. Do a normal FORCE cal cul ation, specifying ISOTOPE in order to
save the FORCE natrices. Do not attempt to run the IRC
directly unless you have confidence that the FORCE calculation
will work as expected. |If the IRC calculation is run directly,
speci fy | SOTOPE anyway: that will save the FORCE matrix and if
the calculation has to be re-done then RESTART will work
correctly.
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3. Using IRC=n and RESTART run the IRC calculation. |[|f RESTART is
specified with IRC=n then the restart is assuned to be fromthe
FORCE cal culation. |If RESTART is specified without |IRC=n, say
with IRCon its own, then the restart is assunmed to be from an
earlier IRC calculation that was shut down before going to
compl eti on.

A DRC calculation is sinpler in that a force calculationis not a
prerequisite; however, nobst calculations of interest normally involve
use of an internal coordinate. For this reason IRC=n can be conbined
with DRC to give a calculation in which the initial notion (0.3Kcal
worth of kinetic energy) is supplied by the IRC, and all subsequent
nmoti on obeys conservation of energy. The DRC notion can be nodified in
t hree ways:

1. It is possible to calculate the reaction path followed by a
system in which the generated Kkinetic energy decays with a
finite half-life. This can be defined by DRC=n.nnn, where
n.nnn is the half-life in fentoseconds. If n.nnis 0.0 this
corresponds to infinite danmping simulating the I RC. A
limtation of the programis that time only has neani ng when
DRC is specified without a half-life.

2. Excess kinetic energy can be added to the cal culation by use of
KI NETI C=n. nn. After the kinetic energy has built up to
0.2Kcal /mole or if IRC=n is used then n.nn Kcal/nmole of kinetic
energy is added to the system The excess kinetic energy
appears as a velocity vector in the sane direction as the
initial notion.

3. The RESTART file <filename>. RES can be edited to allow the user
to nodify the velocity vector or starting geometry. This file
is formatted.

Frequently DRC | eads to a periodic, repeating orbit. One speci al
type - the orbit in which the direction of mdtion is reversed so that
the systemretraces its own path - is sensed for and if detected the
calculation is stopped after exactly one cycle. |If the calculation is
to be continued, the keywrd CEOOK wll allow this check to be
by- passed.

Due to the potentially very large output files that the DRC can
generate extra keywords are provided to allow selected points to be
printed. After the system has changed by a preset ampbunt the follow ng
keywords can be used to invoke a print of the geonetry.
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KeyWor d Def aul t User Specification
X- PRI O 0. 05 Angstronms X- PRI ORI TY=n. nn
T- PRI O 0.10 Fent oseconds T- PRI ORI TY=n. nn
H PRI O 0.10 Kcal / mol e H PRI ORI TY=n. nn

Option to allow only extrena to be out put

In the geonmetry specification, if an internal coordinate is marked
for optimzation then when that internal coordi nate passes through an
extremum a nmessage will be printed and the geometry output.

Difficulties can arise from the way internal coordinates are
processed. The internal coordinates are generated fromthe cartesian
coordi nates, so an internal coordinate supplied may have an entirely
different meaning on output. |In particular the connectivity my have
changed. For obvious reasons dummy atoms should not be wused in the
supplied geometry specification. If there is any doubt about the
internal coordinates or if the starting geometry contains dumy atons
then run a 1SCF calculation specifying XYZ. This will produce an ARC
file with the "ideal" nunbering - the internal nunmbering system used by
MOPAC. Use this ARC file to construct a data file suitable for the DRC
or IRC

Not es

1. Any coordinates marked for optimzation wll result in only
extrema being printed.

2. |f extremn are being printed then kinetic energy extrema wll
al so be printed.

Keywords for use with the I RC and DRC
1. Setting up the transition state: NLLSQ SIGVA TS.
2. Constructing the FORCE matrix: FORCE or | RC=n, |SOTOPE, LET.
3. Starting an IRC: RESTART and IRC=n, T-PRIO, X-PRIO, H PRIO
4. Starting a DRC: DRC or DRC=n.nn, KINETIC=n.nn.

5. Starting a DRC froma transition state: (DRC or DRC=n) and
| RC=n, KI NETI C=n.

6. Restarting an IRC. RESTART and | RC
7. Restarting a DRC:. RESTART and (DRC or DRC=n. nn).
8. Restarting a DRC starting froma transition state: RESTART and

(DRC or DRC=n.nn).
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O her keywords, such as T=nnn or GEO- OK can be used anyti ne.

Exanpl es of DRC/ I RC data

Use of the IRC/DRC facility is quite conplicated. In the follow ng
exanpl es various "reasonable" options are illustrated for a cal cul ation
on water.

It is assumed that an optimzed transition-state geonetry is
avail abl e.

Exanmple 1: A Dynamic Reaction Coordinate, starting at t he
transition state for water inverting, initial notion opposite to the
transition normal node, with 6kcal of excess kinetic energy added in.
Every point calculated is to be printed (Note all coordinates are marked
with a zero, and T-PRIO, H-PRIO and X-PRIO are all absent). The results
of an earlier calculation using the same keywords is assunmed to exist.

The earlier calculation would have constructed the force matri x. VWil e
the total <cpu time is specified, it is in fact redundant in that the
calculation will run to conpletion in | ess than 600 seconds.

KI NETI C=6 RESTART | RC=-1 DRC T=600

WATER
H 0.000000 O 0.000000 O 0.000000 O 0O 0 O
o 0.911574 O 0.000000 O 0.000000 O 1 0 O
H 0.911574 0 180.000000 O 0.000000 O 2 1 0
0 0.000000 O 0.000000 O 0.000000 O 0O 0 O

Exanple 2: An Intrinsic Reaction Coordinate calculation. Here the
restart is froma previous IRC cal culation which was stopped before the
m ni mum was reached. Recall that RESTART with IRC=n inplies a restart
from the FORCE calculation. Since this is a restart fromwithin an IRC
calculation the keyword | RC=n has been replaced by IRC. IRCon its own
(without the "=n") inplies an IRC calculation fromthe starting position
- here the RESTART position - without initial displacenment.
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RESTART | RC T=600
WATER
H 0. 000000 O 0. 000000 O 0. 000000 O 0O 0 O
o] 0.911574 0 0. 000000 O 0. 000000 O 1 0 O
H 0.911574 0 180.000000 O 0. 000000 O 2 1 0
0 0. 000000 O 0. 000000 O 0. 000000 O 0 0 O
Qut put Format for I RC and DRC
The I RC and DRC can produce several different forns of output.

Because of the |large size of these outputs,
search functions to extract

i nes

sear ches are:

SEARCH FOR

Cop

Y

" UVAX
"M N
%
CAAR
N=1

' 123AB*"

have specific characters.
sumuari ze the energy profile while a search
coordi nates of atom 1, whenever it

users are recommended to use

information. To facilitate this, specific
Thus, a search for the "% synbol wll

for "AA" wll vyield the

is printed. The main flags to use in

Y| ELDS
Energies for all points calcul ated,
excl udi ng extrema
Energies for all
Energies for all maxim
Energies for all mnim
Energies for all points calcul ated

turning points

I nternal coordinates for atom1 for every point
I nternal coordinates for atom5 for every point
I nternal coordinates for atom5 for point 123
As the keywords for the I RC/DRC are interdependent, the follow ng

list
Keywor d
DRC
DRC=0. 5

DRC=-1.0

I RC

| RC=- 4

I RC=1 KI NETI C=1

DRC KI NETI C=5

of keywords illustrates various options.

Resul ting Action

The Dynanmic Reaction Coordinate is cal cul ated.
Energy is conserved, and no initial inpetus.
In the DRC kinetic energy is lost with a half-
life of 0.5 fentoseconds.

Energy is put into a DRCwith an half-life of
-1.0 fentoseconds, i.e., the system gains
energy.

The Intrinsic Reaction Coordinate is
calculated. No initial inmpetus is given.

Ener gy not conserved.

The IRCis run starting with an inpetus in the
negative of the 4th normal node direction. The
i npetus is one quantum of vibrational energy.
The first normal node is used in an IRC, with
the initial inmpetus being 1.0Kcal/nole.

In a DRC, after the velocity is defined, 5 Kcal
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of kinetic energy is added in the direction of
the initial velocity.

| RC=1 DRC KI NETI C=4 After starting with a 4 kcal inpetus in the
direction of the first nornmal nobde, energy is
conserved.

DRC VELOCI TY KINETI C=10 Follow a DRC trajectory which starts with an
initial velocity read in, normalized to a
ki netic energy of 10 kcal/nol.

Instead of every point being printed, the option exists to print
specific points determned by the keywords T-PRIORITY, X-PRIORITY and
HPRIORITY. If any one of these words is specified, then the cal cul ated
points are used to define quadratics in time for all variables normally
printed. In addition, if the flag for the first atomis set to T then
all kinetic energy turning points are printed. |If the flag for any
other internal coordinate is set to T then, when that coordi nate passes
through an extremum that point will be printed. As with the PRI ORITYs,

the point will be calculated via a quadratic to mnminimze non-Ilinear
errors.

N.b.: Quadratics are unstable in the regions of inflection points,
in these circunstances linear interpolation will be used. A result of

this is that points printed in the region of an inflection nay not
correspond exactly to those requested. This is not an error and should
not affect the quality of the results.

Test of DRC - Verification of Trajectory Path

Introduction: Unlike a single-geometry calculation or even a
geonetry optimzation, verification of a DRC trajectory is not a sinple
task. In this section a rigorous proof of the DRC trajectory is
presented; it can be used both as a test of the DRC algorithmand as a
teachi ng exercise. Users of the DRC are asked to follow through this
proof in order to convince thenselves that the DRC works as it shoul d.

Part 1: The Nitrogen Mol ecule

For the nitrogen nol ecul e and using MNDO, the equilibrium distance
is 1.103802 Angstrons, the heat of formation is 8.276655 Kcal/nmole and

the vibrational frequency is 2739.6 cn(-1). For small displacenents,
the energy curve versus distance is parabolic and the gradient curve is
approximately linear, as is shown in the followi ng table. A nitrogen

mol ecul e is thus a good approximation to a harmonic oscillator
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STRETCHI NG CURVE FOR NI TROGEN MOLECULE

N-N DI ST H. O F. GRADI ENT
(Angstrons) (Kcal / mol e) (Kcal / mol e/ Angstrom
1.1180 8. 714564 60. 909301
1.1170 8. 655723 56. 770564
1.1160 8. 601031 52. 609237
1.1150 8. 550512 48. 425249
1.1140 8.504188 44, 218525
1.1130 8. 462082 39. 988986
1.1120 8.424218 35. 736557
1.1110 8. 390617 31.461161
1.1100 8. 361303 27.162720
1.1090 8. 336299 22.841156
1.1080 8. 315628 18. 496393
1.1070 8.299314 14. 128353
1.1060 8.287379 9. 736959
1.1050 8.279848 5.322132
1.1040 8.276743 0. 883795
1.1030 8.278088 -3.578130
1.1020 8. 283907 -8.063720
1.1010 8.294224 -12.573055
1.1000 8. 309061 -17.106213
1. 0990 8. 328444 -21.663271
1. 0980 8. 352396 -26. 244309
1. 0970 8. 380941 - 30. 849404
1. 0960 8.414103 -35.478636
1. 0950 8. 451906 -40.132083
1. 0940 8. 494375 -44,809824
1. 0930 8.541534 -49.511939
1. 0920 8. 593407 - 54, 238505
1. 0910 8. 650019 -58. 989621
1. 0900 8.711394 -63. 765330

Period of Vibration.

The period of vibration (tinme taken for the oscillator to undertake
one conplete vibration, returning to its original position and velocity)
can be calculated in three ways. Most direct is the calculation from
the energy curve; using the gradient constitutes a faster, albeit |ess
direct, method, while calculating it fromthe vibrational frequency is
very fast but assumes that the vibrational spectrum has already been
cal cul at ed.

(1) Fromthe energy curve.

For a sinple harnonic oscillator the period 'r' is given by
r = 2*pi *sqrt(m k)
where m = reduced mass and k = force-constant. The reduced mass (in
AW) of a nitrogen nolecule is 14.0067/2 = 7.00335, and the

force-constant can be cal cul ated from
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2
E- c = 1/ 2*k(R Ro) .

Gven Ro = 1.1038, R =1.092, c = 8.276655 and E = 8.593407Kcal / npol
t hen

2
k = 4548.2 Kcal /ol e/ A
3 7 8 8 2
= 4545 * 4,184 * 10 * 10 * 10 * 10 ergs/cm
30 2
= 1.9029 * 10 ergs/cm
30
Ther ef or e, r =2 * 3.14159 * sqrt(7.0035/(1.9029*10 )) seconds

-15
12.054 * 10 seconds

12. 054 fS (Fent oseconds)
(2) Fromthe gradient curve.

The force constant is the derivative of the gradient WRT.
di st ance

k = d@ dx
Since we are using discrete points, the force constant is best
obtained fromfinite differences:
k = (&-Gl)/(x2-x1)
For x2 = 1.1100, & = 27.163 and for x1 = 1.0980, Gl = -26.244,
giving rise to k = 4450 kcal /mol e/ A/ A and a period of 12.186 fS.
(3) Fromthe vibrational frequency.

G ven a "frequency" of vibration of N2 of v=2739.6 cm-1) the
period of oscillation is given directly by

r 1/ (v*c)
10

1/(2739.6 * 2.998 * 10 ) seconds

12.175 fS
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Surmmari zing, by three different methods the period of oscillation
of N2 is calculated to be 12.054, 12.186 and 12.175 fS, average
12.138fS.

Initial Dynamics of N2 Mdlecule with N-N distance = 1.094 Angstrons

A useful check on the dynamics of N2 is to calculate the initial
acceleration of the two nitrogen atons after releasing themfroma
starting interatonmi c separation of 1.094 Angstrons.

At R(N-N) 1. 094 Angstrons,
G = -44.810 Kcal / nol e/ Angstrom
19
= -18.749 * 10 ergs/cm

19
Theref ore accel eration f = -18.749 * 10 /14.0067 cnm sec/ sec
18
= -13.386 * 10 cm sec/sec
15
= -13.386 * 10 * Earth surface gravity!

Di stance from equilibrium 0. 00980 Angstrons.

-15 18
0.1 * 10 * (-13.386 * 10 ) cnfsec

After 0.1 fS velocity

1338.6 cni sec

In the DRC the time-interval between points calculated is a
conplicated function of the curvature of the local surface. By default,
the first tinme-interval is 0.105fS, so the calculated velocity at this
time should be 0.105 * 1338.6 = 1405.6cm sec, in the DRC cal culation the
predicted velocity is 1405.6cnf sec.

The option is provided to all ow sanpling of the systemat constant

time-intervals, the default being 0.1fS. For the first few points the
calculated velocities are as follows.
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TIME  CALCULATED LI NEAR Dl FF.
VELOCI TY VELOCI TY VELOCI TY
0. 000 0.0 0.0 0.0
0. 100 1338. 6 1338. 6 0.0
0. 200 2673.9 2677. 2 -3.3
0. 300 4001.0 4015.8 -14.8
0. 400 5317. 3 5354. 4 -37.1
0. 500 6618. 5 6693. 0 -74.5
0. 600 7900. 8 8031.6 -130.8

As the calculated velocity is a fourth-order polynomal of the
accel erati on, and the acceleration, its first, second and third
derivatives, are all changing, the predicted velocity rapidly becones a
poor guide to future velocities.

For sinple harnmonic notion the velocity at any time is given by
v = v0 * sin(2*pi*t/r)

By fitting the conputed velocities to sinple harnonic notion, a much
better fit is obtained

Cal cul at ed Si npl e Har moni ¢ Diff
Ti me Vel ocity 25316. Si n( 0. 529t)
0. 000 0.0 0.0 0.0
0. 100 1338. 6 1338. 6 0.0
0. 200 2673.9 2673. 4 +0.5
0. 300 4001.0 4000. 8 +0. 2
0. 400 5317.3 5317.0 +0. 3
0. 500 6618.5 6618. 3 +0. 2
0. 600 7900. 8 7901.0 -0.2
The repeat-time required for this motion is 11.88 fS, in good

agreenent with the three values calculated using static nmodels. The
repeat tinme should not be calculated fromthe tinme required to go froma
mnimm to a nmaximmand then back to a mnimum-- only half a cycle.
For all real systens the potential energy is a skewed parabola, so that
the potential energy slopes are different for both sides; a conpression
(as in this case) normally leads to a higher force-constant, and shorter
apparent repeat tine (as in this case). Only the addition of the two
hal f-cycl es i s neani ngf ul
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Conservation of Normal Coordinate

So far this analysis has only considered a hononucl ear diatomc. A
detailed analysis of a large polyatonmic is inpractical, and for
sinmplicity a mol ecul e of formal dehyde will be studied.

In polyatom cs, energy can transfer between nodes. This is a
result of the non-parabolic nature of the potential surface. For smal
di spl acements the surface can be considered as parabolic. This neans
that for small displacenments interconversion between nodes shoul d occur
only very slowmly. O the six normal nopdes, node 1, at 1204.5 cn(-1),
the in-plane C-H asynmetric bend, is the nost unsymretric vibration, and
is chosen to denonstrate conservation of vibrational purity.

Mode 1 has a frequency corresponding to 3.44 Kcal/nmole and a
predicted vibrational time of 27.69fS. By direct cal cul ation, using the
DRC, the cycle time is 27.55fS. The rate of decay of this npde has an
estimated half-life of a few thousands fentoseconds.

Rat e of Decay of Starting Mde

For trajectories initiated by an IRC=n cal cul ation, whenever the
potential energy is a minimumthe current velocity is conpared with the
supplied velocity. The square of the cosine of the angle between the
two velocity vectors is a neasure of the intensity of the original node
in the current vibration.

Hal f-Life for Decay of Initial Mode

Vi brational purity is assumed to decay according to zero'th order
ki netics. The half-life is thus -0.6931472*t/1og(psi2) fS, where psi2
is the square of the overlap integral of the original vibration with the
current vibration. Due to the very slow rate of decay of the starting
node, several half-life calculations should be exam ned. Only when
successive half-lives are simlar should any confidence be placed in
t heir val ue.

- 109 -



BACKGROUND Page 6-30
DRC Print Options

The ampunt of output in the DRCis controlled by three sets of
options. These sets are:

(a) Equivalent Keywords HPRIORITY, T-PRIORITY, and X-PRIORITY

(b) Potential Energy Turning Point option

(c) Geonetry Maxi ma Turning Point options.

If T-PRIORITY is used then turning points cannot be nonitored.
Currently HPRIORITY and X-PRIORITY are not inplemented, but will be as
soon as practi cal

To monitor geonetry turning points, put a "T' in place of the
geonetry optim zation flag for the rel evant geonetric vari abl e.

To nmonitor the potential energy turning points, put a "T" for the
flag for atom 1l bond length (Do not forget to put in a bond-length (zero
will do)!).

The effect of these flags together is as foll ows.

1. No options: All calculated points will be printed. No turning
points will be cal cul ated.

2. Atom 1l bond length flagged with a "T": If T-PRIO etc. are
NOT specified, then potential energy turning points will be
pri nted.

3. Internal coordinate flags set to "T": If T-PRIO etc. are NOT
specified, then geonetry extrema will be printed. |f only one

coordinate is flagged, then the turning point will be displayed
in chronologic order; if several are flagged then all turning

points occuring in a given time-interval wll be printed as
they are detected. In other words, sone nmay be out of
chronologic order. Note that each coordinate flagged will give

rise to a different geonmetry: mnimze flagged coordinates to
m ni m ze out put.

4. Potential and geonetric flags set: The effect is equivalent to
the sum of the first two options.

5. T-PRIO set: No turning points will be printed, but constant

time-slices (by default 0.1fS) wll be used to control the
print.
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6.12 SPARKLES

Four extra "el enents" have been put into MOPAC. These represent
pure ionic charges, roughly equivalent to the following chenica
entities:

Cheni cal Synbol Equi val ent to
+ Tetramet hyl amoni um radi cal, Potassium
atom or Cesium atom
++ Bari um at om

- Bor ohydri de radi cal, Hal ogen, or
Nitrate radical
- - Sul fat e, oxal ate.

For the purposes of discussion these entities are called
"sparkles": the name arises from consideration of their behavior

Behavi or of sparkles in MOPAC
Spar kl es have the foll owi ng properties:

1. Their nuclear charge is integer, and is +1, +2, -1, or -2;
there are an equivalent nunmber of electrons to nmmintain
el ectroneutrality, 1, 2, -1, and -2 respectively. For exanple,
a '+ sparkle consists of a wunipositive nucleus and an
el ectron. The electron is donated to the quantum nechanics
cal cul ati on.

2. They all have an ionic radius of 0.7 Angstrons. Any two
sparkles of opposite sign wll form an ion-pair wth a
i nteratom ¢ separation of 1.4A.

3. They have a zero heat of atomization, no orbitals, and no
i oni zati on potenti al

They can be regarded as unpol ari zabl e ions of diameter 1.4A They
do not «contribute to the orbital count, and cannot accept or donate
el ectrons.

Since they appear as uncharged species which imediately ionize,
attention should be given to the <charge on the whole system For
exanple, if the alkaline nmetal salt of formc acid was run, the fornula
woul d be:

HCOO+ where + is the unipositive sparkle. The charge on the system
woul d then be zero.

A water nol ecule polarized by a positive sparkle would have the
formula H2O+, and the charge on the system would be +1

At first sight, a sparkle would appear to be too ionic to be a
poi nt charge and woul d conmbine with the first charge of opposite sign it
encount er ed.
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This representation is faulty, and a better description would be of
an ion, of dianmeter 1.4A, and the charge delocalized over its surface.
Conmputationally, a sparkle is an integer charge at the center of a
repul sion sphere of formexp(-alpha*r). The hardness of the sphere is
such that other atonms or sparkles can approach within about 2 Angstrons
quite easily, but only with great difficulty cone closer than 1.4A.

Uses of Sparkles

1. They can be used as counterions, e.g. for acid anions or for
cati ons. Thus, if the ionic formof an acid is wanted, then
the mpieties H X, H -, and +. X could be exani ned.

2. Two sparkles of equal and opposite sign can forma dipole for
m m cki ng solvation effects. Thus water could be surrounded by
six dipoles to simulate the solvent cage. A dipole of value D

can be made by using the two sparkles + and -, or using ++ and
--. If + and - are used, the inter-sparkle separation would be
D/ 4.803 Angstroms. |If ++ and -- are used, the separation would
be D/9.606 Angstroms. |If the inter-sparkle separation is |ess

than 1.0 Angstrons (a situation that cannot occur naturally)
then the energy due to the dipole on its own is subtracted from
the total energy.

3. They can operate as polarization functions. A controll ed,
shaped electric field can easily be made fromtwo or nore
sparkles. The polarizability in cubic Angstroms of a nolecule
in any particular orientation can then easily be cal cul ated.

6.13 MECHANI SM CF THE FRAME | N THE FORCE CALCULATI ON

The FORCE cal cul ati on uses cartesian coordinates, and all 3N npdes
are calculated, where Nis the nunber of atonms in the system Cearly,
there will be 5 or 6 "trivial"” vibrations, which represent the three

translations and two or three rotations. |If the nolecule is exactly at
a stationary point, then these "vibrations" will have a force constant
and frequency of precisely zero. If the force cal culation was done

correctly, and the nolecule was not exactly at a stationary point, then
the three translations should be exactly zero, but the rotations would
be non-zero. The extent to which the rotations are non-zero is a
nmeasure of the error in the geonetry.

If the distortions are non-zero, the trivial vibrations can
interact with the Ilowlying genuine vibrations or rotations, and with
the transition vibration if present.

To prevent this the analytic formof the rotations and vibrations
is calculated, and arbitrary eigenval ues assi gned; these are 500, 600,
700, 800, 900, and 1000 millidynes/angstromfor Tx, Ty, Tz, Rx, Ry and
Rz (if present), respectively. The rotations are about the principa
axes of inertia for the system taking into account isotopic masses.
The "force matrix" for these trivial vibrations is determ ned, and added
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on to the calculated force matrix. After diagonalization the arbitrary
ei genval ues are subtracted off the trivial vibrations, and the resulting
nunbers are the "true" values. Interference with genuine vibrations is
t hus avoi ded.

6.14 CONFI GURATI ON | NTERACTI ON

MOPAC contai ns a very | arge Mul ti-El ectron Configuration
Interaction calculation, MECI, which allows alnpbst any configuration
interaction calculation to be perforned. Because of its conplexity, two
distinct levels of input are supported; the default values will be of
use to the novice while an expert has available an exhaustive set of
keywords from which a specific C.I. can be tail ored.

A MECI calculation involves the interaction of m crost at es
representing specific permutations of electrons in a set of MO 's.
Starting with a set electronic configuration, either closed shell or
open shell, but unconditionally restricted Hartree-Fock, the first step
in a MECI calculation is the rempbval fromthe MO 's of the electrons to
be used in the C |

Each mcrostate is then constructed from these enmpty MO 's by
adding in electrons according to a prescription. The energy of the
configuration is evaluated, as is the energy of interaction wth al
previ ousl y-defined configurations. Di agonali zation then results in
state functions. Fromthe eigenvectors the expectation value of s**2 is
calcul ated, and the spin-states of the state functions cal cul at ed.

Ceneral Overview of Keywords

Keywor ds associated with the operations of MECI are:

SI NGLET DOUBLET EXCI TED
TRI PLET QUARTET Bl RADI CAL
QUI NTET SEXTET ESR

OPEN( n1, n2) C.l.=n VECI
ROOT=n

Each keyword may inmply others; thus TRIPLET inplies an open-shel
system therefore OPEN(2,2), and C1.=2 are inplied, if not user
speci fied.

Starting Electronic Configuration
MECI is restricted to RHF calculations, but wth that single

restriction any starting configuration will be supported. Exanples of
starting configurations would be
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System KeyWor ds used Starting Configuration

Met hane <none> 2.00 2.00 2.00 2.00 2.00

Met hyl Radi cal <none> 2.00 2.00 2.00 2.00 1.00

Twi st ed Et hyl ene TRI PLET 2.00 2.00 2.00 1.00 1.00

Twi sted Et hyl ene OPEN( 2, 2) 2.00 2.00 2.00 1.00 1.00

Twi sted Et hyl ene Cation OPEN(1, 2) 2.00 2.00 2.00 0.50 0.50

Met hane Cati on CHARGE=1 OPEN(5,3) 2.00 2.00 1.67 1.67 1.67
Choice of starting configuration is inportant. For example, if

twisted ethylene, a ground-state triplet, is not defined using TRIPLET

or OPEN(2,2), then the closed-shell ground-state structure wll be

cal cul at ed. Cbviously, this configuration is a legitimte nicrostate,

but fromthe synmetry of the systema better choice would be to define
one electron in each of the two formally degenerate pi-type MQO.'s. The
initial SCF calculation does not distinguish between OPEN(2,2) and
TRI PLET since both keywrds define the sanme starting configuration.
This can be verified by nonitoring the convergence using PL, for which
both keywords give the sane SCF energy.

Renpval of Electrons from Starting Configuration

For a starting configuration of alpha MO occupancies O(i), Qi)
being in the range 0.0 to 1.0, the energies of the MO '"s involved in
the MECI can be cal culated from

E(i) = Sunm(j)(2J3(i,j)-K(i,j))A])

where J(i,j) and K(i,j) are the coul onb and exchange integrals between
MO's i and j. The MO index j runs over those MO.'s involved in
the MECI only. Mst MECI calculations will involve between 1 and 5
MO's, so a systemwth about 30 filled or partly filled MO 's could
have MO 's 25-30 involved. The resulting eigenvalues correspond to
those of the <cationic system resulting fromrenoval of n electrons,
where n is twice the sumof the orbital occupancies of those MOQO's
involved in the C. 1.

The arbitrary zero of energy in a MECI calculation is the starting
ground state, without any correction for errors introduced by the use of
fractional occupancies. In order to calculate the energy of the various
configurations, the energy of the vacuum state (i.e., the state
resulting fromrenmoval of the electrons used in the CI.) needs to be
evaluated. This energy is defined by

GSE = Sum(i)[ E(i)Q(i) + J(i,i) * (i)*Qq(i)
+ sum(j<i)( 2(23(i,j) - K(i,j) ) * i)
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Formati on of M crostate Configuration
M crostates are particular electron configurations. Thus if there

are 5 electrons in 5 levels, then various mcrostates could be as
foll ows:

M crostates for 5 electrons in 5 MQO.'s

El ectron Configuration El ectron Configuration
Al pha Bet a M s) Al pha Bet a M s)
12345 12345 12345 12345
1 1,1,1,0,0 1,1,0,0,0 1/2 4 1,1,1,1,1 0,0,0,0,0
2 1,1,0,0,0 1,1,1,0,0 -1/2 5 1,1,0,1,0 1,1,0,0,0
3 1,1,1,0,0 0,0,0,1,1 1/2 6 1,1,0,1,0 1,0,1,0,0

For 5 electrons in 5 MO 's there are 252 m crostates
(10!'/(5!*5!')), but as states of different spin do not mx, we can use a
smal l er nunber. If doublet states are needed then 100 states
(5!'/(2'*31)*(5!/3!'*21') are needed. If only quartet states are of
interest then 25 states (5!/(11*4!1)*(5!/4!'*11) are needed and if the
sextet state is required, then only one state is cal cul ated.

In the mcrostates |Iisted, state 1 is t he ground-state
configuration. This can be witten as (2,2,1,0,0), nmeaning that MQO."'s
1 and 2 are doubly occupied, MO 3 is singly occupied by an alpha
electron, and MO.'s 4 and 5 are enpty. Mcrostate 1 has a conponent of
spin of 1/2, and is a pure doublet. By Kraner's degeneracy - sonetines
called time-inversion synmetry - mcrostate 2 is also a doublet, and has
a spin of 1/2 and a conponent of spin of -1/2.

Mcrostate 3, while it has a conponent of spin of 1/2, is not a
doublet, but is in fact a conponent of a doublet, a quartet and a
sextet. The coefficients of these states can be <calculated from the
Cl ebsch-Gordon 3-J synbol. For exanple, the coefficient in the sextet
is 1/Sgrt(5).

Mcrostate 4 is a pure sextet. |If all 100 microstates of conmponent
of spin = 1/2 were used in a C ., one of the resulting states would
have the sane energy as the state resulting frommcrostate 4.

Mcrostate 5 is an excited doublet, and mcrostate 6 is an excited
state of the system but not a pure spin-state.

By default, if n MO 's are included in the MECI, then all possible

m crostates which give rise to a conponent of spin = 0 for even el ectron
systens, or 1/2 for odd electron systens, will be used.
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Permmut ati ons of El ectrons anong Ml ecular Orbitals

(0,1) = 0 (2,4) = 1100 (3,5) = 11100 (2,5) = 11000
1010 11010 10100
(1,1 = 1 1001 11001 10010
0110 10110 10001
(0,2) = 0 0101 10101 01100
0011 10011 01010
(1,2) = 10 01110 01001
01 (1,4) = 1000 01101 00110
0100 01011 00101
(1,3) = 100 0010 00111 00011
010 0001
001
(2,3) = 110
101
011
Sets of Mcrostates for Various MECI Cal cul ati ons
Qdd El ectron Systens Even El ectron Systens
Al pha Bet a No. of Al pha Bet a No. of
Configs. Configs.
Cl.=1(1,1 * (0,1 = 1 (1,1) * (1,1) = 1
2 (1,2) * (0,2) = 2 (1,2) * (1,2) = 4
3 (2,3 * (1,3 = 9 (2,3) * (2,3) = 9
4 (2,4) * (1,4) = 24 (2,4) * (2,4) = 36
5 (3,5 * (2,5 = 100 (3,5) * (3,5) = 100

Mul ti Electron Configuration Interaction

The nunbering of the MO 's used in the MC is standard, and
follows the Aufbau principle. The order of filling is in order of
energy, and al pha before beta. This point is critically inportant in
deciding the sign of matrix elements. For a 5 MO system then, the
order of filling is.

(1) (1) (2)(2)(3)(3)(4)(4)(5)(5)

Atriplet state arising fromtwo microstates, each with a conponent
of spin =0, will thus be the positive conbination

(1)(2) +  (1)(2)

This is in variance with the sign convention wused in earlier
programs for running MNDO. This standard sign convention was chosen in
order to allow the signs of the microstate coefficients to conform to
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those resulting fromthe spin step-down operator.

Matrix el ements between all pairs of microstates are calculated in
order to form the secular determ nant. Many elements wll be
identically zero, due to the interacting deternm nants differing by nore
than two MO 's. For the remaining interactions the follow ng types can
be identified.

1. The two deternmi nants are identical:

No pernutations are necessary in order to calculate the
sign of the matrix elenment. E(p,p) is given sinply by

E(p, p) =Sun(i)Qa(i,p)*[Eig(i) + Sum(1/2(<ii|jj>-<ij|ij>)*Ca(j,p)
+ <iil|jj> *Ob(j,p))

+ Sum(i)Oo(i,p)*[Eig(i) + Sum(1/2(<ii|jj>-<ij|ij>)*0b(j,p))

Ca(i, p)
Oo(i, p)

Cccupancy of alpha MO, i in Mcrostate p
Cccupancy of beta MO i in Mcrostate p

2. Determinants differing by exactly one MO.:

The differing MO can be of type al pha or beta. It is
sufficient to evaluate the <case in which both MO.'s are of
al pha type, the beta formis obtained in |ike manner.

E(p,dq) = Sum(k) [ <ij|kk> - <ik[jk>) * (Ccca(k) - Occg(k))
+ <ij|kk> * (Qcch(k) - Oceg(k)]

E(p,q) may need to be multiplied by -1, if the nunmber of
two electron pernutations required to bring MO.'s i and j
into coincidence is odd.

VWhere COcca(k) is the al pha nol ecular orbital occupancy in
the configuration interaction.
3. Deternminants differing by exactly two MO."s:

The two M O 's can have the same or opposite spins. Three
cases can be identified:

1. Both MO 's have al pha spin:

For the first microstate having MO 's i and j, and
the second mcrostate having MO's k and |, the matrix
el enent connecting the two mcrostates is given by

Qp.aq) = <ik|jl>- <il]jk>

E(p,q) may need to be nmultiplied by -1, if the nunmber of
two el ectron pernmutations required to bring MO i into
coincidence with MO k and MO | into coincidence with
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MO | is odd.
2. Both M O.'s have beta spin:

The matrix elenent is calculated in the same nmanner as
in the previous case.

3. One MO has al pha spin, and one beta spin:

For the first mcrostate having MO 's alpha(i) and
beta(j), and the second mcrostate having M Q. 's al pha(k)
and beta(l), the matrix element connecting t he t wo
m crostates is given by

Qp.q) = <ikljl>
E(p,q) may need to be nmultiplied by -1, if the nunber of
two el ectron pernutations required to bring MO. i into
coincidence with MO, k and MO. j into coincidence with
MO | is odd.
States Arising from Various Cal cul ati ons
Each MECI cal cul ation invoked by use of the keyword C.I.=n normally
gives rise to states of quantized spins. Wien C|. is used wthout any
ot her modi fying keywords, the following states will be obtained.
No. of MQ's States Arising States Arising From
From Odd El ectron Systens Even El ectron Systens
in MEC Doubl et s Singlets Triplets
1 1 1
2 2 3 1
3 8 1 6 3
4 20 4 20 15 1
5 75 24 1 50 45 5
These nunbers of spin states will be obtained irrespective of the

chenical nature of the system
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Cal cul ati on of Spin-States

In order to calculate the spin-state, the expectation value of S2

is cal cul at ed.
S2 = S(S+1) = Sz**2 + 2*S(+)S(-)

Ne -

Sum(i) [C(i,k)*C(i,k)*(1/4*(Na(i)-Npb(i))**2

sum(1) Ga(l,i)*Ob(l,i))

+Sum(j) 2[C(i, k)*C(j, k)*(Kronekerdelta(C(i,k)( S(+)S(-) )C(j,k)]1]

+

VWhere Ne = No. of electrons in C|.
C(i,k) = Coefficient of Mcrostate i in State k
Na(i) = Nunber of al pha electrons in Mcrostate i
Nb(i) = Nunber of beta electrons in Mcrostate i
Ca(l, k) = Cccupancy of alpha MO | in Mcrostate k
Ob(Il,k) = Cccupancy of beta MO | in Mcrostate k
S(+) = Spin shift up or step up operator
S(-) = Spin shift down or step down operator

The Kronekerdelta is 1 if the two terns in brackets following it
are identical.

The spin state is calculated fromS = 1/2 ( Sqrt(1+4*S2) - 1)

In practice, S is calculated to be exactly integer, or half
i nt eger. That is, there is insignificant error due to approximtions
used. This does not nean, however, that the method is accurate. The
spin calculation is conpletely precise, in the group theoretic sense,
but the accuracy of the calculation is limted by the Hami|ltonian used,
a space-dependent function.

Choice of State to be Optim zed

MECI can calculate a | arge nunber of states of various total spin.
Two schenes are provided to allow a given state to be selected. First,
ROOT=n will, when used on its own, select the n"th state, irrespective
of its total spin. By default n=1. |If ROOT=n is used in conjunction
with a keyword fromthe set SINGET, DOUBLET, TRIPLET, QUARTET, QUI NTET,
or SEXTET, then the n'th root of that spin-state will be used. For
exanpl e, ROOT=4 and SINGLET will select the 4th singlet state. |If there
are two triplet states below the fourth singlet state then this wll
nmean that the sixth state will be sel ected.
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Cal cul ation of Unpaired Spin Density
Starting with the state functions as |inear conbinations of
configurations, the wunpaired spin density, corresponding to the al pha
spin density minus the beta spin density, will be calculated for the

first few states. This <calculation is straightforward for diagonal
terms, and only those ternms are used.

6.15 REDUCED MASSES IN A FORCE CALCULATI ON
Reduced nmasses for a diatomc are given by

(massl) * (nass2)

(massl) + (nmss2)

For a Hydrogen nol ecul e the reduced mass is thus 0.5; for heavily
hydrogenated systens, e.g. nethane, the reduced mass can be very | ow.
A vibration involving only heavy atons , e.g. a CNin cyanide, should
give a large reduced nmss.

For the "trivial" vibrations the reduced mass is ill-defined, and
where this happens the reduced nass is set to zero.

6.16 USE OF SADDLE CALCULATI ON
A SADDLE cal cul ation uses two conpl ete geonetries, as shown on the

following data file for the ethyl radical hydrogen migration from one
met hyl group to the other.
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Li
Li
Li
Li
Li
Li
L

L

L

L

L

L

Li
Li
Li
Li
Li
Li
Li
Li

ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne
ne

CoNoOREONMR

UHF SADDLE
ETHYL RADI CAL HYDROGEN M GRATI ON
C 0. 000000 O 0. 000000 O 0. 000000 O 0O 0 O
C 1.479146 1 0. 000000 O 0. 000000 O 1 0 O
H 1.109475 1 111.328433 1 0. 000000 O 2 1 0
H 1.109470 1 111.753160 1 120.288410 1 2 1 3
H 1.109843 1 110.103163 1 240.205278 1 2 1 3
H 1.082055 1 121.214083 1 38.110989 1 1 2 3
H 1.081797 1 121.521232 1 217.450268 1 1 2 3
0 0. 000000 O 0. 000000 O 0. 000000 O 0 0 O
C 0. 000000 O 0. 000000 O 0. 000000 O 0O 0 O
C 1.479146 1 0. 000000 O 0. 000000 O 1 0 O
H 1.109475 1 111.328433 1 0. 000000 O 2 1 0
H 1.109470 1 111.753160 1 120.288410 1 2 1 3
H 2.109843 1 30.103163 1 240.205278 1 2 1 3
H 1.082055 1 121.214083 1 38.110989 1 1 2 3
H 1.081797 1 121.521232 1 217.450268 1 1 2 3
0 0. 000000 O 0. 000000 O 0. 000000 O 0O 0 O

Details of the mathematics of SADDLE appeared in print in 1984,

(M J.
Trans.
gi ven here.

S. Dewar, E. F. Healy, J. J. P. Stewart, J. Chem Soc. Faraday

I, 3, 227, (1984)) so only a superficial description wll be

The main steps in the saddle calculation are as follows:

1

2.

The heats of formation of both systems are cal cul at ed.

A vector R of length 3N-6 defining the difference between the
two geonetries is cal cul at ed.

The scalar P of the difference vector is reduced by sone
fraction, normally about 5 to 15 percent.

Identify the geonetry of |ower energy; call this G

Optimze G subject to the constraint that it maintains a
constant distance P fromthe other geonetry.

If the newly-optimzed geonmetry is higher in energy then the
other geometry, then go to 1. If it is higher, and the | ast
two steps involved the sane geonetry noving, meke the other
geonetry G without nodifying P, and go to 5.

O herwi se go back to 2.

The nechanism of 5 involves the coordinates of the nmoving geonetry
being perturbed by an amunt equal to the product of the discrepancy
between the cal cul ated and required P and the vector R
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As the specification of the geonetries is quite difficult, in that
the difference vector depends on angles (which are, of necessity
ill-defined by 360 degrees) SADDLE can be made to run in cartesian
coordinates wusing the keyword XYZ. If this option is chosen then the
initial steps of the calculation are as foll ows:

1. Both geonetries are converted into cartesian coordinates.

2. Both geonetries are centered about the origin of cartesian

space.

3. One geonetry is rotated wuntil the difference vector is a
mnimm - this mnimm is wthin 1 degree of the absol ute
bottom

4. The SADDLE cal cul ati on then proceeds as described above.
LI M TATI ONS

The two geonetries nmust be related by a continuous deformation of
t he coordi nat es. By default, internal coordinates are wused in
speci fying geonetries, and while bond |engths and bond angles are
unanmbi guously defined (being both positive), the dihedral angles can be
positive or negative. Clearly 300 degrees could equally well be
specified as -60 degrees. A wong choice of dihedral would nmean that
instead of the desired reaction vector being used, a conpletely
i ncorrect vector was used, with disastrous results.

To correct this, ensure that one geonetry can be obtained from the
ot her by a continuous deformation, or use the XYZ option.

6.17 HOW TO ESCAPE FROM A HI LLTOP

A particularly irritating phenomenon sonetimes occurs when a
transition state is being refined. A rough estimate of the geonetry of
the transition state has been obtained by either a SADDLE or reaction
path or by good guesswork. This geonetry is then refined by SIGVA or by

NLLSQ and the system characterized by a force cal cul ation. It is at
this point that things often go wong. Instead of only one negative
force constant, two or nmore are found. |In the past, the reconmendation

has been to abandon the work and to go on to something | ess masochistic.
It is possible, however, to systematically progress from a multiple
maxi mumto the desired transition state. The technique used will now be
descri bed.

If amultiple maximumis identified, nost |ikely one negative force

constant corresponds to the reaction coordinate, in which case the
objective is to render the other force constants positive. The
associated normal node eigenvalues are conplex, but in the output are
printed as negative frequencies, and for the sake of sinplicity will be

described as negative vibrations. Use DRAW?2 to display the negative
vi brations, and identify which nobde corresponds to the reaction
coordinate. This is the one we need to retain.
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Hitherto, sinple motion in the direction of the other nodes has
proved difficult. However the DRC provides a conveni ent nmechanism for
automatically following a normal coordinate. Pick the largest of the
negative nodes to be annihilated, and run the DRC al ong that nmpde unti
a mnimmis reached. At that point, refine the geonetry once nore
using SIGVA and repeat the procedure wuntil only one negative node
exi sts.

To be on the safe side, after each DRC+SIGVA sequence do the
DRC+SI GVA operation again, but use the negative of the initial nornmal
coordinate to start the trajectory. After both stationary points are
reached, choose the Ilower point as the starting point for the next
elimnation. The lower point is chosen because the transition state
wanted is the highest point on the |owest energy path connecting
reactants to products. Sonetines the two points will have equal energy:
this is normally a consequence of both trajectories leading to the same
point or symretry equival ent points.

After all spurious negative npdes have been elimnated, the
remai ning nornmal node corresponds to the reaction coordinate, and the
transition state has been | ocated.

This technique is relatively rapid, and relies on starting from a
stationary point to begin each trajectory. |If any other point is used,
the trajectory will not be even roughly sinple harnonic. If, by
m stake, the reaction coordinate is selected, then the potential energy
will drop to that of =either the reactants or products, whi ch
incidentally, fornms a handy criterion for selecting the spurious nodes:
if the potential energy only drops by a small anmount, and the tinme
evolution is roughly sinple harmonic, then the nmpde is one of the
spurious nodes. |If there is any doubt as to whether a mininmumis in the
vicinity of a stationary point, allow the trajectory to continue unti
one conplete cycle is executed. At that point the geonetry should be
near to the initial geonetry.

Superficially, a line-search m ght appear nore attractive than the
relatively expensive DRC However, a line-search in cartesian space
will normally not locate the mnimumin a node. An obvious exanple is
the node corresponding to a nethyl rotation

Keyword Sequences to be Used

1. To locate the starting stationary point given an approximte
transition state:-

SI GVA

2. To define the normal nodes: -
FORCE | SOTOPE
At this point, copy all the files to a second filenanme, for use

| ater.
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3. Gven vibrational frequencies of -654, -123, 234, and 456
identify via DRAW2 the normal coordinate node, let's say that
is the -654 node. Elimnate the second node by:

| RC=2 DRC T=30M RESTART LARGE
Use is made of the FORCE restart file.

4. ldentify the mnimum in the potential energy surface by
i nspection or using the VAX SEARCH command, of form

SEARCH <Fi | enane>. OUT %
5. Edit out of the output file the data file corresponding to the
| owest point, and refine the geometry using:
S| GVA
6. Repeat the last three steps but for the negative of the norm
nmode, using the «copied files. The keywords for the first of
the two jobs are:
| RC=-2 DRC T=30M RESTART LARGE
7. Repeat the last four steps as often as there are spurious

nodes.

8. Finally, carry out a DRC to confirmthat the transition state
does, in fact, connect the reactants and products. The drop in

potential energy should be nonotonic. If you are unsure
whether this last operation will work successfully, do it at
any time you have a stationary point. |If it fails at the very
start, then we are back where we were | ast year -- give up and
go home!!

6.18 POLARI ZABI LI TY CALCULATI ON

If the electrons in a nolecule are easily noved as the result of a
stimulus, then the nolecule is easily polarizable. Thus, if an applied
electric field can easily induce a dipole, then the polarizability is

large. Any induced dipole will |ower the energy of the system but this
stabilization m ght be masked by the presence of a permanent dipole. To
avoid this, use is mde of an alternating electric field. |If the
mol ecul e has an intrinsic dipole, then the molecule will be stabilized
in one direction. When the field is reversed, the nmolecule will be

destabilized, but, on averaging the two effects, the result is a net
stabilization due only to the induced dipole.
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Oiginally, MOPAC calculated the polarizability of nolecules,
radi cals, and ions by use of a shaped electric field.

In the current version of MOPAC the pol ari zability and
hyperpol ari zability are calculated by direct perturbation of the
Hami [ tonian matrix elenments. Thi s t echni que was devel oped by
Dr. Henry A. Kurtz of Menphis State University while on a USAF-UES

Sumer Faculty Research Program The followi ng discussion assunmes that
a honogeneous electric field gradi ent exists across the nol ecul e.

The heat of formation of the nolecule in this field is then
calculated. This quantity can be expressed as a series sum

Heat = H.o.F - V*E(Charge) - dV/ dx*E(Di pol e)
- d2V/ dx2*E(pol ari zability)

That is, the heat of formation in the field is the sumof the basic
heat of formation, |less the electric potential tinmes any charge, any
dipole tinmes the electric field gradient, and any polarizability tinmes
the square of the electric field gradient.

We are interested in the polarizability, P.

P = (2/23.061)*d**2H dE**2

The second derivative of Hwith respect to E is given by
d**2H dE**2 = (H(E)+H(-E)-2*H(0))/ (2*E)
H(E) being the heat of formation in the electric field.

The polarizability vol une, Vol , is cal cul at ed from the
pol ari zability by

Vol =P/ (E*4*pi *E(0)) = 2/ (E*23.061*4*pi *E(0)) * d**2H dE**2
Substituting for E we have
Vol =2*[ **4*pi *E(0)/ (23. 061*Q*Q*C*C*(1- 1/ 2**(-1/3))**2) * d**2H dE**2.

It is a sinple matter to evaluate the value of this second-rank tensor
by calculating the heats of formation of the nol ecule subject to four
different electric field gradients. For the tensor conponent V(i,j),
i=x or y or z, j=x or y or z, the directions of the four different
fields are defined by.

Field 1 Hi, 4] Field 2 +i, -
Field 2 P Field 4  -i, +.

Thus if i=x and j=x the four fields are
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Field 1 +X
Field 2 0
Field 3 - X
Field 4 0
Using these four heats of formati on, in Kcal / nol e, t he

pol ari zability can be calculated in units of cubic angstroms via

Vol = (Heat(2)+Heat(4)-Heat(1)-Heat(3))*(I*I*I*|)*2*pi *Eo
23.061 * (1-a) * (1-a) * Q* Q* C* C

leV is 1.60219 * 10-19 Joul es
Eo is 8.854188 * 10-12 Joules**(-1).C*2. M*(-1)
or 8.854188 * 10-22 Joules**(-1).C**2. Angstroms**(-1)

Vol = (eV * [*%4 * J**(-1) * C**2 * M*(-1))
Cr*2

Vol = 2 * 3.1415926 * 8.854188*10-22 / (23.061 * 1.60219*10-19)

=(Heat (2) +Heat ( 4) - Heat (1) - Heat (3) ) *0. 0015056931* (| *| *| *1)
(1-a)*(1-a)*QQ

Monopol ar and dipolar terns are elimnated in this treatnent.
Finally, monatomic additive terns are included when MNDO i s used.

A polarization mtrix of si ze 3*3 is constructed and
di agonal i zed, and t he resulting eigenvalues are the calculated
i ndependent pol arization volunmes in cubic Angstrons; the vectors are the
i ndependent pol ari zation vectors.

6.19 SOLI D STATE CAPABI LI TY

Currently MOPAC can only handle up to one-dinensional extended
systens. As the solid-state nmethod used is unusual, details are given
at this point.

If a polymer unit cell is large enough, then a single point in
k-space, the Gamma point, is sufficient to specify the entire Brillouin
zone. The secul ar determinant for this point can be constructed by
addi ng together the Fock matrix for the central unit cell plus those for
t he adjacent unit cells. The Born-von Karman cyclic boundary conditions
are satisfied, and diagonalization yields the correct density matrix for
t he Gamma poi nt.
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At this point in the «calculation, conventionally, the density
matrix for each wunit cell is constructed. Instead, the Gamma- poi nt
density and one-electron density matrices are conbi ned with a
"Ganma- poi nt-1ike" Coulonmb and exchange integral strings to produce a
new Fock matrix. The <calculation can be visualized as being done
entirely in reciprocal space, at the Gamma point.

Most solid-state calculations take a very long tine. These
cal cul ati ons, called "Cluster" cal cul ati ons after the origina
publication, require between 1.3 and 2 tinmes the equivalent nolecular
cal cul ati on.

A mnor "fudge" 1is necessary to make this nethod work. The
contribution to the Fock matrix element arising fromthe exchange
i ntegral between an atomic orbital and its equivalent in the adjacent
unit cells is ignored. This is necessitated by the fact that the
density matrix element involved is invariably |arge.

The unit cell nust be | arge enough that an atomic orbital in the
center of the wunit cell has an insignificant overlap with the atomc
orbitals at the ends of the wunit cell. In practice, a translation
vector of nore that about 7 or 8 Angstrons is sufficient. For one rare

group of conmpounds a larger translation vector is needed. Polynmers with
del ocal i zed pi-systens, and polymers wth very snmall band-gaps wll
require a larger translation vector, in order to accurately sanple
k- space. For these systenms, a translation vector in the order of 15-20
Angstroms is needed.
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CHAPTER 7

PROGRAM

The logic within MOPAC i s best understood by use of flow diagrans.

There are two mmin sequences, geonetric and electronic. These join
only at one common subroutine COWFG It is possible, therefore, to
understand the geometric or electronic sections in isolation, wthout
havi ng studied the other section.

- 128 -



Page 7-2

MAI N |

MAI N GEOVETRI C SEQUENCE

PROGRAM
1

7.

(See ELECTRONI C SEQUENCE)
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MAI N ELECTRONI C FLOW

PROGRAM
2

7.
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7.3 CONTROL W THI N MOPAC

Alnost all the control information is passed via the single datum
"KEYWRD', a string of 80 characters, which is read in at the start of
the j ob.

Each subroutine is nmade independent, as far as possible, even at
the expense of extra code or calculation. Thus, for exanple, the SCF

criterion is set in subroutine ITER and nowhere else. Simlarly,
subroutine DERIV has exclusive control of the step size in the
finite-difference calculation of the energy derivatives. |If the default

values are to be reset, then the new value is supplied in KEYWRD, and
extracted via |INDEX and READA. The flow of control is decided by the
presence of various keywords in KEYWRD

When a subroutine is called, it assumes that all data required for
its operation are available in either comon blocks or argunents.
Normal Iy no check is nade as to the validity of the data received. Al
data are "owned" by one, and only one, subroutine. Ownership nmeans the
implied permission and ability to change the data. Thus MOLDAT "owns"
the nunmber of atomic orbitals, in that it calculates this number, and
stores it in the variable NORBS. Many subroutines use NORBS, but none
of them is allowed to change it. For obvious reasons no exceptions
shoul d be made to this rule. To illustrate the wusefulness of this
convention, consider the eigenvectors, C and CBETA. These are owned by
I TER. Before ITER is called, C and CBETA are not calculated, after ITER
has been called C and CBETA are known, so any subroutine which needs to
use the eigenvectors can do so in the certain know edge that they exist.

Any variables which are only wused wthin a subroutine are not
passed outside the subroutine unless an overriding reason exists. This
is found in PULAY and CNVG anong others where arrays used to hold
spi n-dependent data are used, and these cannot conveniently be defined
within the subroutines. 1In these exanples, the relevant arrays are
"owned" by | TER

A general subroutine, of which ITER is a good exanple, handles
three kinds of data: First, data which the subroutine is going to work
on, for exanple the one and two electron matrices; second, data
necessary to nanipulate the first set of data, such as the nunber of
atonmic orbitals; third, the calculated quantities, here the electronic
energy, and the density and Fock matrices.

Ref erence data are entered into a subroutine by way of the conmon
bl ocks. This is to enphasize their peripheral role. Thus the nunber of
orbitals, while essential to ITER, is not central to the task it has to
perform and is passed through a common bl ock

Data the subroutine is going to work on are passed via the argunent
list. Thus the one and two el ectron matrices, which are the main reason
for ITER s existence, are entered as two of the four arguments. As ITER
does not own these matrices it can use them but may not change their
contents. The other argunent is EE, the electronic energy. EE is owned
by I TER even though it first appears before ITER is call ed.
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Sonmeti mes common bl ock data should nore correctly appear in an
argument |ist. This is usually not done in order to prevent obscuring
the main role the subroutine has to perform Thus ITER calculates the
density and Fock matrices, but these are not represented in the argunent
list as the calling subroutine never needs to know them instead, they
are stored in comon.

SUBROUTI NE GVETRY: Description for programmers

GMVETRY has two argunments, GEO and COORD. On input GEO contains
either (a) internal coordinates or (b) cartesian coordinates. On exit
COORD contains the cartesian coordi nates.

The normal node of usage is to supply the internal coordinates, in
whi ch case the connectivity relations are found in comon bl ock GECKST.

If the contents of NA(1l) is zero, as required for any norma
system then the normal internal to cartesian conversion is carried out.

If the contents of NA(1) is 99, then the coordinates found in GEO
are assuned to be cartesian, and no conversion is made. This is the
situation in a FORCE cal cul ati on.

A further option exists wthin the i nt ernal to cartesian
conversion. |f STEP, stored in common bl ock REACTN, is non-zero, then a
reaction path is assumed, and the internal coordinates are adjusted
radially in order that the "distance"” in internal coordi nate space from
the geometry specified in GEO is STEPP away fromthe geonetry stored in
GEOA, stored in REACTN.

During the internal to cartesian conversion, the angle between the
three atons used in defining a fourth atomis checked to ensure that it
is not near to 0 or 180 degrees. |If it is near to these angles, then
there is a high probability that a faulty geonetry will be generated and
to prevent this the calculation is stopped and an error nessage printed.

NOTE 1: If the angle is exactly O or 180 degrees, then the
calculation is not termnated: This is the normal situation in a
hi gh-symetry nol ecul e such as propyne.

NOTE 2: The check is only nade if the fourth atom has a bond angl e
which is not zero or 180 degrees.
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CHAPTER 8

ERROR MESSAGES PRODUCED BY MOPAC

MOPAC produces several hundred nmessages, all of which are intended
to be self-explanatory. However, when an error occurs it is useful to
have nore information than is given in the standard messages.

The follow ng al phabetical |ist gives nore conplete definitions of
the nessages printed.

AN UNCPTI M ZABLE GEOVETRI C PARAMETER. . ..

When internal coordinates are supplied, six coordinates cannot be
optim zed. These are the three coordinates of atom 1, the angle and
di hedral on atom 2 and the dihedral on atom 3. An attenpt has been nade
to optimze one of these. This is usually indicative of a typographic
error, but mght sinply be an oversight. Either way, the error will be
corrected and the calculation will not be stopped here.

ATOM NUMBER nn | S | LLDEFI NED
The rules for definition of atom connectivity are:
1. Atom 2 nust be connected to atom 1 (default - no override)

2. Atom 3 nust be connected to atom 1l or 2, and nake an angle with
2 or 1.

3. Al other atonms nust be defined in ternms of already-defined
at ons: these atons nust all be different. Thus atom 9 ni ght
be connected to atom 5, make an angle with atom 6, and have a
di hedral with atom 7. |If the dihedral was with atom5, then
the geometry definition would be faulty.

If any of these rules is broken, a fatal error nmessage is printed,
and the cal cul ati on stopped.
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ATOM C NUMBER nn | S NOT AVAI LABLE . ..

An el enent has been used for which paraneters are not available.
Only if a typographic error has been nade can this be rectified. This
check is not exhaustive, in that even if the elenments are acceptable
there are sone conbinations of elenments within MNDO 3 that are not
allowed. This is a fatal error nessage.

ATOM C NUMBER OF nn ?

An atom has been specified with a negative or zero atomc nunber.
This is normally caused by forgetting to specify an atom ¢ number or
synmbol. This is a fatal error message.

ATOMS nn AND nn ARE SEPARATED BY nn. nnnn ANGSTROVS.

Two genui ne atonms (not dummes) are separated by a very smal
di stance. This can occur when a conplicated geonetry is being
optim zed, in which case the user may wish to continue. This can be
done by wusing the keyword GEO-OK. Mre often, however, this nessage
i ndicates a mistake, and the calculation is, by default, stopped.

ATTEMPT TO GO DOWNHI LL 1S UNSUCCESSFUL. .

A quite rare nessage, produced by Bartel's gr adi ent norm
mnimzation. Bartel's nethod attenpts to mnimze the gradi ent norm by
searching the gradi ent space for a mnimum Apparently a mninmum has
been found, but not recognized as such. The program has searched in al
(3N-6) directions, and found no way down, but the criteria for a mninmum
have not been satisfied. No advice is available for getting round this
error.

BOTH SYSTEMS ARE ON THE SAME SI DE. . .

A non-fatal message, but still cause for concern. During a SADDLE
calculation the two geonetries involved are on opposite sides of the
transition state. This situation is verified at every point by

calculating the <cosine of the angle between the two gradi ent vectors.
For as long as it is negative, then the two geonetries are on opposite
sides of the T/S. |If, however, the cosine becones positive, then the
assunmption is made that one noiety has fallen over the T/S and is now
bel ow the other geometry. That is, it is now further fromthe T/S than
the other, tenporarily fixed, geonetry. To correct this, identify
geonetries corresponding to points on each side of the T/S. (Two
geonetries on the output separated by the message "SWAPPING ..") and
make up a new data-file using these geonetries. This corresponds to
points on the reaction path near to the T/S. Run a new job using these
two geonetries, but with BAR set to a third or a quarter of its origina

value, e.g. BAR=0.05. This nornmally allows the T/S to be | ocated.
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C.1. NOT ALLOANED W TH UHF

There is no UHF configuration interaction calculation in MOPAC
Ei t her remove the keyword that inplies C.I. or the word UHF.

CALCULATI ON ABANDONED AT THI' S PO NT

A particularly annoying nessage! In order to define an atons
position, the three atons used in the <connectivity table must not
accidentally fall into a straight Iine. This can happen during a
geonetry optimzation or gradient mnimzation. |If they do, and if the
angl e made by the atom being defined is not zero or 180 degrees, then
its position becones ill-defined. This is not desirable, and the
calculation will stop in order to allow corrective action to be taken.

Note that iif the three atons are in an exactly straight line, this
message will not be triggered. The good news is that the criterion used
to trigger this nmessage was set too coarsely. The criterion has been
tightened so that this nmessage now does not often appear. Geonetric
integrity does not appear to be conprom zed.

CARTESI AN COORDI NATES READ I N, AND CALCULATI ON. . .

If cartesian coordinates are read in, but the calculation is to be
carried out wusing internal coordinates, then weither all possible
geonetric variabl es nust be optinmized, or none can be optinzed. | f
only some are marked for optimzation then anbiguity exists. For
exanple, if the "X" coordinate of atom®6 is marked for optimnm zation, but

the "Y' is not, then when the conversion to internal coordinates takes
pl ace, the first coordinate becones a bond-length, and the second an
angl e. These bear no relationship to the "X' or "Y" coordinates. This

is a fatal error.
CARTESI AN COORDI NATES READ | N, AND SYMVETRY. . .
If cartesian coordinates are read in, but the calculation is to be

carried out using internal coordinates, then any symetry rel ationships
bet ween the cartesian coordinates will not be reflected in the interna

coor di nat es. For exanple, if the "Y" coordinates of atons 5 and 6 are
equal, it does not followthat the internal coordinate angles these
atons make are equal. This is a fatal error

ELEMENT NOT FOUND
When an external file is wused to redefine MDO AM., or PM

parameters, the chem cal synmbols used nust correspond to known el enents.
Any that do not will trigger this fatal nessage.
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ERROR DURI NG READ AT ATOM NUMBER . ...

Something is wong with the geonmetry data. |In order to help find
the error, the geonmetry already read inis printed. The error lies
either on the last |ine of the geonmetry printed, or on the next

(unprinted) line. This is a fatal error
FAI LED | N SEARCH, SEARCH CONTI NUI NG

Not a fatal error. The Mclver-Konornicki gradient mninization
i nvol ves use of a line-search to find the | owest gradient. This nessage
is nmerely advice. However, if SIGVA takes a long tinme, consider doing
something else, such as wusing NLLSQ or refining the geonetry a bit
before resubmitting it to SI GVA

<<L<L----F*Fx*F FALLED TO ACHI EVE SCF. ****---->>>>

The SCF calculation failed to go to conpletion; an unwanted and
depressing nmessage that unfortunately appears every so often

To date three wunconditional convergers have appeared in the
literature: the SHI FT technique, Pulay's nethod, and the Canp-King
converger. It would not be fair to the authors to condemm their
met hods. In MOPAC all sorts of weird and wonderful systens are
cal cul ated, systems the authors of the convergers never dreaned of.
MOPAC uses a conbination of all three convergers at tines. Normally
only a quadratic danper is used.

If this nessage appears, suspect first that the calculation mnght
be faulty, then, if you feel confident, use PL to nonitor a single SCF.
Based on the SCF results either increase the nunber of allowed
iterations, default: 200, or use PULAY, or Canp-King, or a mxture.

I f nothing works, then consider slackening the SCF criterion. This
wil |l allow heats of formation to be calculated wth reasonable
precision, but the gradients are likely to be inprecise.

GEOMETRY TOO UNSTABLE FOR EXTRAPOLATI ON. .

In a reaction path calculation the initial geonetry for a point is
cal cul ated by quadratic extrapol ation using the previous three points.

If a quadratic fit is likely to lead to an inferior geonetry, then
the geonetry of the last point calculated will be used. The tota
effect is to slow down the calculation, but no wuser action is
recommended.
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** GRADI ENT IS TOO LARGE TO ALLOW . .

Bef ore a FORCE cal cul ation can be perforned the gradi ent norm nust
be so small that the third and hi gher order components of energy in the
force field are negligible. If, in the system under exanination, the
gradient norm is too large, the gradient normwll first be reduced
usi ng FLEPO, unl ess LET has been specified. |In sonme cases the FORCE
calculation may be run only to decide if a state is a ground state or a
transition state, in which case t he results have only t wo
interpretations. Under these circunstances, LET may be warranted.

GRADI ENT IS VERY LARGE. ..

In a calculation of the thernmodynam c properties of the system if
the rotation and translation vibrations are non-zero, as would be the
case if the gradient normwas significant, then these "vibrations" would
interfere with the Ilowlying genuine vibrations. The criteria for
THERMO are nmuch nore stringent than for a vibrational frequency
calculation, as it is the |owest few genuine vibrations that determ ne
the internal vibrational energy, entropy, etc.

| LLEGAL ATOM C NUMBER

An el enent has been specified by an atonic nunber which is not in
the range 1 to 107. Check the data: the first datum on one of the
lines is faulty. Mst likely line 4 is faulty.

| MPOSSI BLE NUMBER OF OPEN SHELL ELECTRONS

The keyword OPEN(nl, n2) has been used, but for an even-electron
system nl was specified as odd or for an odd-el ectron system nl was
specified as even. Either way, there is a conflict which the user nust
resol ve.

| MPOSSI BLE OPTI ON REQUESTED

A general catch-all. This nessage wll be printed if t wo
i nconpatible options are wused, such as both MNDQO 3 and AML bei ng
speci fied. Check the keywords, and resolve the conflict.

| NTERNAL COORDI NATES READ I'N, AND CALCULATI ON. . .

If internal coordinates are read in, but the calculationis to be
carried out wusing cartesian coordinates, then either all possible
geonetric variabl es nust be optim zed, or none can be optimnzed. | f
only some are marked for optimzation, then anbiguity exists. For
exanple, if the bond-length of atom6 is marked for optimzation, but
the angle is not, then when the conversion to cartesian coordinates
takes place, the first coordinate becomes the "X' <coordinate and the
second the "Y' coordinate. These bear no relationship to the bond
length or angle. This is a fatal error.
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I NTERNAL COORDI NATES READ | N, AND SYMVETRY. . .

If internal coordinates are read in, but the calculationis to be
carried out using cartesian coordinates, then any symretry rel ationships

between the internal coordinates will not be reflected in the cartesian
coor di nat es. For exanple, if the bond-lengths of atonms 5 and 6 are
equal, it does not follow that these atoms have equal values for their

"X" coordinates. This is a fatal error
JOB STOPPED BY OPERATOR

Any MOPAC cal cul ation, for which the SHUTDOAWN command wor ks, can be
stopped by a wuser who issues the command "$SHUT <fil enanme>, fromthe
directory which contains <fil enanme>. DAT

MOPAC wi Il then stop the calculation at the first conveni ent point,
usually after the current cycle has finished. A restart file will be
written and the job ended. The nmessage will be printed as soon as it is
detected, which would be the next time the tinmer routine is accessed.

***xx MAX. NUMBER OF ATOVS ALLOVED:. ...

At conpile time the maxi mum sizes of the arrays in MOPAC are fixed.
The system being run exceeds the maxi mum number of atons allowed. To
rectify this, nodify the file DI MSIZES. DAT to increase the nunber of
heavy and |light atons allowed. |[If DI MSIZES.DAT is altered, then the
whol e of MOPAC shoul d be re-conpiled and re-1linked.

¥*xx* MAX. NUMBER OF ORBI TALS: ...

At conpile time the maxi mum sizes of the arrays in MOPAC are fi xed.
The system bei ng run exceeds the maxi num nunber of orbitals allowed. To
rectify this, nmodify the file DI MSI ZES. DAT to change the nunber of heavy
and Ilight atons allowed. |f DI MSIZES. DAT is altered, then the whole of
MOPAC shoul d be re-conpiled and re-1inked.

¥*Ex*x MAX. NUMBER OF TWO ELECTRON | NTEGRALS. .

At conpile time the maxi mum si zes of the arrays in MOPAC are fi xed.
The system being run exceeds the naxinmum nunber of two-electron
integrals allowed. To rectify this, nodify the file DIMSIZES. DAT to
modi fy the nunmber of heavy and |ight atoms allowed. |f DI MSIZES. DAT is
altered, then the whole of MOPAC should be re-conpiled and re-Iinked.

NAMVE NOT FOUND

Vari ous atom c parameters can be nodified in MOPAC by use of
EXTERNAL=. These conpri se

Uss Bet as Gp2 GSD
Upp Bet ap Hsp GPD
Udd Bet ad AML GDD
Zs Gss Expc FN1
Zp Gsp Gaus FN2
zd Gop Al p FN3
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Thus to change the Uss of hydrogen to -13.6 the |ine
Uss H -13.6

could be used. If an attenpt is made to nodify any other paraneters,
then an error nessage is printed, and the cal cul ati on term nated.

NUMBER OF PARTI CLES, nn GREATER THAN. .

When user-defined mcrostates are not used, the MECI will calcul ate
all possible mcrostates that satisfy the space and spin constraints
i mposed. This is done in PERM which permutes N electrons in M |evels.
If Nis greater than M then no possible permutation is valid. This is
not a fatal error - the programwll continue to run, but no C 1. wl
be done.

NUMBER OF PERMUTATI ONS TOO GREAT, LIMT 60

The nunber of pernutations of al pha or beta mcrostates is limted
to 60. Thus if 3 alpha electrons are pernuted anobng 5 MQO.'s, that wll
generate 10 = 5!/ (3!'*2!) al pha mcrostates, which is an allowed nunber
However if 4 alpha electrons are pernuted anong 8 MO.'s, then 70 al pha

m crostates result and the arrays defined will be insufficient. Not e
that 60 alpha and 60 beta mcrostates will permt 3600 microstates in
all, which should be nmore than sufficient for npst purposes. (An

exception woul d be for excited radical icosohedral systens.)
SYMVETRY SPECI FI ED, BUT CANNOT BE USED | N DRC

This is self explanatory. The DRC requires al | geonetric
constraints to be lifted. Any symmetry constraints wll first be
applied, to symmetrize the geonetry, and then renpved to allow the
cal culation to proceed.

SYSTEM DCES NOT APPEAR TO BE OPTI M ZABLE

This is a gradient normm nimzati on nessage. These routines wll
only wor k if the nearest mnimm to the supplied geonetry in
gradient-norm space is a transition state or a ground state. Gr adi ent
norm space can be visualized as the space of the scalar of the
derivative of the energy space with respect to geonetry. To a first
approxi mation, there are twice as many mninma in gradi ent norm space as
there are in energy space.

It is unlikely that there exists any sinple way to refine a
geonetry that results in this message. Wile it is appreciated that a
| arge anmount of effort has probably already been expended in getting to
this point, wusers should steel thenselves to witing off the whole
geonetry. It is not recommended that a minor change be nade to the
geonetry and the job re-submtted.

Try using SIGVA instead of POASQ
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TEMPERATURE RANGE STARTS TOO LOW. ..

The thernodynamcs calculation assumes that t he statistica
sumuations can be replaced by integrals. This assunption is only valid
above 100K, so the |lower tenperature bound is set to 100, and the
cal cul ati on conti nued.

THERE I'S A RISK OF I NFINITE LOOPI NG. . .

The SCF criterion has been reset by the user, and the new value is
so small that the SCF test may never be satisfied. This is a case of
user beware!

THI S MESSAGE SHOULD NEVER APPEAR, CONSULT A PROGRAMVER

Thi s message shoul d never appear; a fault has been introduced into
MOPAC, nost probably as a result of a programming error. |If this
message appears in the vanilla version of MOPAC (a version ending in
00), please contact JJPS as | would be nost interested in how this was
achi eved.

THREE ATOVS BEI NG USED TO DEFI NE. . . .

If the cartesian coordinates of an atom depend on the dihedra
angle it makes with three other atonms, and those three atons fall in an
al nost straight line, then a small change in the cartesian coordinates
of one of those three atons can cause a |arge change in its position
This is a potential source of trouble, and the data should be changed to
make the geonetric specification of the atomin question | ess anbi guous.

Thi s nmessage can appear at any tinme, particularly in reaction path
and saddl e- poi nt cal cul ati ons.

An exception to this rule is if the three atonms fall into an
exactly straight Iline. For exanple, if, in propyne, the hydrogens are
defined in terms of the three carbon atoms, then no error wll be
flagged. In such a systemthe three atonms in the straight |ine nust not

have the angle between them optimzed, as the finite step in the
derivative cal cul ati on woul d di spl ace one atom off the straight |ine and
the error-trap would take effect.

Correction involves re-defining the connectivity. LET and GEO K
will not allow the calculation to proceed.

c e s s - - S TIMEU - - - - - - -

The tinme defined on the keywords |ine or 3,600 seconds, if no tinme
was specified, is likely to be exceeded if another cycle of calculation
were to be performed. A controlled termnation of the run would follow
this nessage. The job nay termnate earlier than expected: this is
ordinarily due to one of the recently conpleted cycles taking unusually
long, and the safety margin has been increased to allow for the
possibility that the next cycle might also run for nmuch |onger than
expect ed.
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TRI PLET SPECI FI ED W TH ODD NUMBER OF ELECTRONS.

If TRIPLET has been specified the nunber of electrons nust be even.
Check the <charge on the system the enpirical fornula, and whether
TRI PLET was i nt ended.

memmmmnnmmnnn® UNABLE TO ACHI EVE SELF- CONSI STENCY
See the error-nmessage:
<<<<L----Fx*x EALLED TO ACHI EVE SCF. ****. .- .>>>>
UNDEFI NED SYMVETRY FUNCTI ON USED

Symmetry operations are restricted to those defined, i.e., in the
range 1-18. Any other symetry operations will trip this fatal nessage.

UNRECOGNI ZED ELEMENT NAME
In the geonetric specification a chem cal synbol which does not
correspond to any known elenent has been used. The error lies in the

first datumon a line of geonetric data.

* k kK V\ARNI NG * k kK

Don't pay too nmuch attention to this nessage. Ther nodynani cs
calculations require a higher precision than vibrational frequency
calculations. |In particular, the gradient normshould be very small
However, it is frequently not practical to reduce the gradi ent norm

further, and to date no-one has deternined just how slack the gradient
criterion can be before unacceptable errors appear in the thernodynam c
quantities. The 0.4 gradient normis only a suggestion.

WARNI NG | NTERNAL COORDI NATES. . .

Triatomcs are, by definition, defined in terms of interna
coordinates. This warning is only a rem nder. For diatom cs, cartesian
and internal coordinates are the same. For tetra-atomcs and higher
the presence or absence of a connectivity table distinguishes interna
and cartesian coordinates, but for triatomcs there is an anbiguity. To
resolve this, cartesian coordinates are not allowed for the data input
for triatomcs.
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CRI TERI A

MOPAC uses various criteria which control the precision of its
st ages. These criteria are chosen as the best conprom se between speed
and acceptable errors in the results. The user can override the default
settings by wuse of keywords; however, care should be exercised as
increasing a criterion can introduce the potential for infinite |oops,
and decreasing a criterion can result in unacceptably inprecise results.
These are usually characterized by 'noise' in a reaction path, or |large
values for the trivial vibrations in a force cal cul ation.

9.1 SCF CRI TERI ON

Nane: SCFCRT.

Defined in | TER

Default value 0.0001 kcal/nole

Basi ¢ Test Change in energy in kcal/nmole on successive

iterations is | ess than SCFCRT.

Excepti ons: If PRECISE is specified, SCFCRT=0. 000001
If a polarization calculation SCFCRT=1. D- 11
If a FORCE cal cul ation SCFCRT=0. 0000001

I f SCFCRT=n.nnn is specified SCFCRT=n. nnn
If a BFGS optimnzation, SCFCRT becomes a function
of the difference between the current energy and
the | owest energy of previous SCFs.
Secondary tests: (1) Change in density matrix elenents on two
successive iterations nust be |ess than 0.001
(2) Change in energy in eV on three successive
iterations nust be less than 10 x SCFCRT.
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9.2 GEOVETRI C OPTI M ZATI ON CRI TERI A

Narre: TOLERX "Test on X Satisfied"

Defined in FLEPO

Def ault val ue 0. 0001 Angstrons

Basi ¢ Test The projected change in geonetry is |less than

TOLERX Angstrons.

Excepti ons If GNORMis specified, the TOLERX test is not used.
Narre: DEL HOF "Herbert's Test Satisfied"

Defined in FLEPO

Def aul t val ue 0. 001

Basi ¢ Test The projected decrease in energy is |less than

DELHOF Kcal s/ nol e.

Excepti ons If GNORM is specified, the DELHOF test is not used.
Nare: TOLERG "Test on Gradient Satisfied"

Defined in FLEPO

Def aul t val ue 1.0

Basi ¢ Test The gradient normin Kcal s/ nol e/ Angstromis |ess

than TOLERG nultiplied by the square root of the
nunber of coordinates to be optin zed.

Excepti ons I f GNORMENn. nnn is specified, TOLERG=n.nnn divi ded
by the square root of the nunber of coordinates
to be optimzed, and the secondary tests are not
done. If LET is not specified, n.nnn is reset to
0.01, if it was snmaller than 0.01.

If PRECISE is specified, TOLERG=0.2

If a SADDLE cal cul ation, TOLERG is made a function
of the last gradient norm

Nane: TOLERF "Heat of Formation Test Satisfied"
Defined in FLEPO

Def aul t val ue 0. 002 Kcal / mol e

Basi ¢ Test The cal cul ated heats of formati on on two successive

cycles differ by |less than TOLERF.
Excepti ons If GNORMis specified, the TOLERF test is not used.
Secondary Tests For the TOLERG TOLERF, and TOLERX tests, a

second test in which no individual conponent of the

gradi ent should be |arger than TOLERG nust be
satisfied.

O her Tests If, after the TOLERG TOLERF, or TOLERX test has been
satisfied three consecutive tines the heat of
formati on has dropped by | ess than 0.3Kcal /ol e, then
the optimization is stopped.

Excepti ons If GNORMis specified, then this test is not perforned.

Nanme: TOL2
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Defined in
Def aul t val ue
Basi ¢ Test

Excepti ons
Nane:
Defined in

Def aul t Val ue
Basi ¢ Test

Name:

Defined in
Def aul t Val ue
Basi ¢ Test

Page 9-3

POWEQ

0.4

The absol ute val ue of the |argest
gradient is |less than TOL2

component of the

If PRECISE is specified, TOL2=0.01

I f GNORM=Nn. nn is specified, TOL2=n.nn

If LET is not specified, TOL2 is reset to
0.01, if n.nn was smaller than 0.01

TOLS1
NLLSQ
0.000 000 000 001

The square of the ratio of the projected change in the

geonetry to the actual geonetry is |less than TOLS1
<none>

NLLSQ

0.2

Every conponent

of the gradient is less than 0. 2.
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CHAPTER 10

DEBUGAE NG

There are three potential sources of difficulty in wusing MOPAC,
each of which requires special attention. There can be problenms wth
data, due to errors in the data, or MOPAC may be called upon to do
calculations for which it was not designed. There are intrinsic errors
i n MOPAC which extensive testing has not yet revealed, but which a
user's novel calculation uncovers. Finally there can be bugs introduced
by the user nodifying MOPAC, either to make it conpatible with the host
computer, or to inplenment |ocal features.

For whatever reason, the user may need to have access to nore
information than the normal Kkeywords can provide, and a second set,
specifically for debugging, is provi ded. These keywor ds gi ve
informati on about the working of individual subroutines, and do not
af fect the course of the cal cul ation.

10.1 DEBUGGE NG KEYWORDS

FULL LI ST OF KEYWORDS FOR DEBUGGE NG SUBROUTI NES
I NFORMATI ON PRI NTED

1ELEC the one-electron matri x. Note 1
COMPFG Heat of Formati on.

DCART Cartesi an derivatives.

DEBUG Note 2
DEBUGPULAY Pul ay matrix, vector, and error-function. Note 3
DENSI TY Every density matri Xx. Note 1
DERI 1 Details of DERI1 cal cul ation

DERI 2 Details of DERI2 cal culation

DERI TR Details of DERI TR cal cul ati on

DERI V Al'l gradients, and other data in DERIV.

DERNVO Detail s of DERNVO cal cul ati on

DFORCE Print Force Matri x.

DIS Details of DIIS cal cul ation

El GS Al'l ei genval ues.

FLEPO Details of BFGS m nimzation

FMVAT

FOCK Every Fock matri x Note 1
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HCORE The one electron matrix, and two el ectron integrals.
| TER Val ues of variables and constants in | TER
LARGE I ncreases ampunt of output generated by other keywords.
LINM N Details of line mnimzation (LINMN, LOCM N, SEARCH)
MOLDAT Mol ecul ar data, nunber of orbitals, "U' values, etc.
VECI C.l. matrices, MO indices, etc.
PL Di fferences between density matrix el enents Note 4
in | TER
LINM N Function val ues, step sizes at all points in the
line mnimzation (LINMN or SEARCH).
Tl MES Times of stages within I TER
VECTORS Al'l eigenvectors on every iteration. Note 1
NOTES

1. These keywords are activated by the keyword DEBUG Thus if
DEBUG and FOCK are both specified, every Fock matrix on every
iteration will be printed.

2. DEBUG is not intended to increase the output, but does allow
ot her keywords to have a special neaning.

3. PULAY is already a keyword, so DEBUGPULAY was an obvious
alternative

4. PL initiates the output of the value of the largest difference
between any two density matrix elenents on two consecutive
iterations. This is very useful when investigating options for
i ncreasing the rate of convergence of the SCF cal cul ation

SUGGESTED PROCEDURE FOR LOCATI NG BUGS

Users are supplied with the source code for MOPAC, and, while the
original code is fairly bug-free, after it has been nodified there is a
possibility that bugs may have been introduced. In these circumstances
the author of the changes is obviously responsible for renoving the
of fending bug, and the following ideas mght prove wuseful in this
cont ext .

First of all, and nost inportant, before any nodifications are done
a back-up copy of the standard MOPAC should be made. This will prove
i nval uabl e in pinpointing deviations fromthe standard working. Thi s
point cannot be over-enphasized - MAKE A BACK-UP BEFORE MODI FYI NG
MOPAC! ! !

Clearly, a bug can occur alnmst anywhere, and a |logical search
sequence i s necessary in order to nminimze the tine taken to locate it.

I f possible, performthe debugging with a small nolecule, in order

to save tine (debugging is, of necessity, time consumng) and to
m nim ze out put.
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The two sets of subroutines in MOPAC, those involved wth the
el ectronics and those involved in the geonetrics, are kept strictly
separate, so the first question to be answered is which set contains the
bug. If the heats of formation, derivatives, |I.P.s, and charges, etc.
are correct, the bug lies in the geonetrics; if faulty, in the
el ectronics.

Bug in the El ectronics Subroutines.

Use formal dehyde for this test. The supplied data-file ©MNRSD1. DAT
could be wused as a tenplate for this operation. Use keywords 1SCF,
DEBUG, and any others necessary.

The main steps are:

(1) Check the starting one-electron matrix and t wo- el ectron
integral string, using the keyword HCORE. It is normally sufficient to
verify that the two hydrogen atonms are equivalent, and that the pi
system involves only pz on oxygen and carbon. Note that numerica
val ues are not checked, but only relative val ues.

If an error is found, use MOLDAT to verify the orbital character
etc.

If faulty the error lies in READ, GETGEO or MOLDAT.
O herwise the error lies in HCORE, HLELEC or ROTATE
If the starting matrices are correct, go on to step (2).

(2) Check the density or Fock matrix on every iteration, wth the
words FOCK or DENSITY. Check the equival ence of the two hydrogen atons,
and the pi system as in (1).

If an error is found, check the first Fock matrix. |If faulty, the
bug lies in ITER probably in the Fock subroutines FOCKlL or FOCK2. or
in the (guessed) density matrix (MOLDAT). An exceptionis in the UHF
cl osed-shell calculation, where a small asymetry is introduced to
initiate the separation of the al pha and beta UHF wavefuncti ons.

If no error is found, check the second Fock matrix. |If faulty, the
error lies in the density matrix DENSIT, or the diagonalization RSP

If the Fock matrix is acceptable, check all the Fock matrices. | f
the error starts in iterations 2 to 4, the error probably lies in CNVG
if after that, in PULAY, if used.

If SCF is achieved, and the heat of formation is faulty, check
HELECT. If C. 1. was used check MECI

If the derivatives are faulty, use DCART to verify the cartesian

derivati ves. If these are faulty, check DCART and DHC. |If they are
correct, or not calculated, check the DERIV finite di fference
cal cul ati on. If the wavefunction is non-variationally optimzed, check
DERNVO
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If the geonetric calculation is faulty, use FLEPO to nonitor the
optim zation, DERIV may al so be useful here.

For the FORCE calculation, DCART or DERIV are usef ul for
vari ationally optim zed functions, COWFG for non-variationally
optim zed functions.

For reaction paths, verify that FLEPO is working correctly; if so,
then PATHS is faulty.

For saddle-point calculations, verify that FLEPO is wor ki ng
correctly; if so, then REACTL is faulty.

Keep in mnd the fact that MOPAC is a large calculation, and while
intended to be versatile, nany conbinations of options have not been
tested. If a bug is found in the original code, please comunicate
details to the Acadeny, to Dr. James J. P. Stewart, Frank J. Seiler
Research Laboratory, U. S Air Force Acadeny, Colorado Springs, CO
80840- 6528.
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I NSTALLI NG MOPAC

MOPAC is distributed on a magnetic tape as a set of FORTRAN-77
files, along wth ancillary docunents such as commnd, help, data and
results files. The format of the tape is that of DIGTAL'S VAX
conputers. The following instructions apply only to users with VAX
conput ers: users with other machines should use t he fol | owi ng
instructions as a guide to getting MOPAC up and runni ng.

1. Put the magnetic tape on the tape drive, wite protected.

2. Allocate the tape drive with a command such as $ALLOCATE MTAO:

3. Gointo an enpty directory which is to hold MOPAC

4. Mount the magnetic tape with the command $MOUNT MFAO: MOPAC

5. Copy all the files fromthe tape with the command

$COPY MTAQ: *.* *

A useful operation after this would be to make a hard copy of the
directory. You should now have the following sets of files in the
directory:

1. Afile, AAAINVO CE. TXT, sunmmarizing this list.

2. A set of FORTRAN-77 files, see Appendix 1.

3. The command files COWILE, MOPACCOM MOPAC, RMOPAC, and SHUT.

4. Afile, MOPAC OPT, which lists all the object modules wused by
MOPAC.

5. Help files MOPAC. HLP and HELP. FOR
6. A text file MOPAC. MAN.

7. A manual summarizing the updates, called UPDATE. MAN.
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8. Two test-data files: TESTDATA. DAT and MNRSD1. DAT, and
corresponding results files, TESTDATA. OUT and MNRSD1. OUT.
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STRUCTURE OF COVMMAND FI LES
COWPI LE

The paraneter file DI MslI ZES. DAT shoul d be read and, if necessary,
nodi fi ed before COWPILE is run

DO NOT RUN COWPI LE AT THI S TI MVE!!

COWPI LE shoul d be run once only. It assigns DI MsSIZES. DAT, the
bl ock of FORTRAN which contains the PARAMETERS for the di nension sizes
to the logical name "SIZES". This is a tenporary assignnent, but the

user is strongly recomended to nmake it permanent by suitably nodifying
LOG N file(s). COWILE is a modified version of Myj Donn Storch's
COWPI LE for DRAW 2.

Al the FORTRAN files are then conpiled, wusing the array sizes
given in DI MSIZES. DAT: these should be nodified before COWILE is run
If, for whatever reason, DI MSIZES. DAT needs to be changed, then COWILE
should be re-run, as nodules conmpiled with different DI MSIZES. DAT wil |
be inconpati bl e.

The paraneters within DI MSI ZES. DAT that the wuser can nodify are
MAXLI T, MAXHEV, MAXTIM and MAXDMP. MAXLIT is assigned a value equal to
the | argest nunber of hydrogen atons that a MOPAC job is expected to
run, MAXHEV is assigned the correspondi ng nunber of heavy (non-hydrogen)
atons. The ratio of light to heavy atons should not be less than 1/2.
Do not set MAXHEV or MAXLIT less than 7. If you do, sone subroutines
will not conpile correctly. Sonme nolecular orbital eigenvector arrays
are overlapped with Hessian arrays, and to prevent conpilation tinme
error messages, the nunber of allowed A.O's nust be greater than, or
equal to three tinmes the nunber of allowed real atoms. MAXTIMis the
default maximumtine in seconds a job is allowed to run before either
conpletion or a restart file being witten. MAXDW is the default tine
in seconds for the automatic witing of the restart files. If your
conputer is very reliable, and disk space is at a prem um you m ght
want to set MAXDMP as MAXDMP=999999.

If SYBYL output is wanted, set ISYBYL to 1, otherwise set it to
zero.

If you want, NMECI can be changed. Setting it to 1 will save sone
space, but will prevent all C 1. calculations except sinple radicals.

If you want, NPULAY can be set to 1. This saves nmenory, but also
di sabl es the PULAY converger

If you want, MESP can be varied. This is only neaningful if ESP is
i nstall ed.

Conpil e MOPAC. This operation takes about 7 m nutes, and should be
run "on-line", as a question and answer session is involved.

When everything is successfully conpiled, the object files wll
then be assenbled into an executable imge called MOPAC EXE. Once the
i mge exists, there is no reason to keep the object files, and if space
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is at a premiumthese can be deleted at this tine.

If you need to make any changes to any of the files, COWILE
followed by the names of the changed files will reconstruct MOPAC,
provided all the other OBJ files exist. For exanple, if you change the
versi on nunber in DI MSI ZES. DAT, then READ. FOR and WRI TE. FOR are affected
and will need to be reconpiled. This can be done using the conmand

@OVPI LE WRI TE, READ

In the unlikely event that you want to link only, use the command

@OWPI LE LI NK

Soretimes the link stage will fail, and give the nessage

"0l NK- E-1 NSVIRMEM insufficient virtual nmenory for 2614711. pages
-LINK-E-NO MGFI L, image file not created”,

or your MOPAC will not run due to the size of the image. In these cases
you should ask the system nmanager to alter your PGFLQUO and WSEXTENT
limts. Possibly the systemlimts, VIRTUALPAGECNT CURRENT and MAX wil |
need to be changed. As an exanple, on a Mcrovax 3600 with 16M of
menory, PGFLQUO=50000, WSEXTENT=16000, VI RTUALPAGECNT CURRENT=40768,
VI RTUALPAGECNT MAX=600000 are sufficient for the default MOPAC val ues of
43 heavy and 43 |ight atomns.

In order for users to have access to MOPAC they nust insert in
their individual LO@AN COMfiles the line

$@ <Mbpac- di r ect or y>MOPACCOM

where <Mopac-directory> is the name of the disk and directory which
hol ds all the MOPAC files. For exanple, DRAO:[ MOPAC], thus

$@ DRAO: [ MOPAC] MOPAC

MOPACCOM COM should be nodified once to acconmodat e | ocal
definitions of the directory which is to hold MOPAC. This change nust
al so be made to RMOPAC. COM and t o MOPAC. COM

MOPAC

This command file submts a MOPAC job to a queue. Before use,
MOPAC. COM should be modified to suit local conditions. The user's VAX
is assunmed to run three queues, called QUEUE3, QUEUE2, and QUEUEL. The
user should substitute the actual nanmes of the VAX queues for these
synmbolic names. Thus, for exanple, if the local nanes of the queues are
"TWELVEHOUR"', for jobs of length up to 12 hours, "ONEHOUR', for jobs of
| ess than one hour, and "30M NS" for quick jobs, then in place of
"QUEUE3", "QUEUE2", and "QUEUEl" the words "TWELVEHOUR', "ONEHOUR', and
"30M NS* shoul d be inserted.
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RMOPAC

RMOPAC is the command file for running MOPAC. It assigns all the
data files that MOPAC uses to the channels. |[If the user wants to use
other file-name endings than those supplied, the nodifications should be
made t o RMOPAC.

When a long job ends, RMOPAC will also send a mail nessage to the
user giving a brief description of the job. You may want to change the
default definition of "a long job"; currently it is 12 hours. Thi s
feature was witten by Dr. Janes Petts of Kodak Ltd Research Labs.

A recomended sequence of operations to get MOPAC up and running
woul d be:

1. Mdify the file DI MSI ZES. DAT. The default sizes are 40 heavy
atons and 40 light atoms. Do not make the size |ess than 7 by
7.

2. Read through the COWAND files to famliarize yourself wth
what is being done.

3. Edit the file MOPAC.COMto use the |ocal queue nanes.

4. Edit the file RMOPACCOMif the default file-nanmes are not
accept abl e.

5. Edit MOPACCOM COM to assign MOPACDI RECTORY to the disk and
directory which will hold MOPAC.

6. Edit the individual LOGN.COMfiles to insert the followng
line

$@ <Mopac- di r ect or y>MOPACCOM

Not e t hat MOPACDI RECTORY cannot be used, as the definition
of MOPACDI RECTORY i s made i n MOPACCOM COM

7. Execute the nodified LOG N command so that the new commands are
effective.

8. Run COWPI LE.COM This takes about 8 m nutes to execute.

9. Enter the commuand
$MOPAC
You will receive the message
"What file? :"
to which the reply should be the actual data-file nanme. For
exanple, "MNRSD1", the file is assunmed to end in .DAT,
e.g. M\RSDL1. DAT.
You will then be pronpted for the queue:
"What queue? :"
Any queue defined in MOPAC.COM wi || suffice:
" SYS$BATCH"
Finally, the priority will be requested:
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"VWhat priority? [5]:"
To which any value between 1 and 5 will suffice. Note that the
maxi mum priority is limted by the system (manager).

11.1 ESP CALCULATI ON

As supplied, MOPAC will not do the ESP cal cul ati on because of the
large nenory requirement of the ESP. To install the ESP, nmake the
fol |l owi ng changes:

1. Renane ESP. ROF to ESP. FOR

2. Add to the first line of MOPAC. OPT the string " ESP, " (w thout
t he quotation marks).

3. Edit MNDO. FOR to uncomment the |line "C# CALL ESP".

4. Conpile ESP and MNDO, and relink MOPAC using, e.g. " @OWVPI LE
ESP, MNDO' .

5. If the resulting executable is too large, nodify DI MSIZES. DAT
to reduce MAXHEV and MAXLIT, then reconpile everything and
relink MOPAC with " @OWPI LE".

To familiarize yourself with the system the follow ng operations
m ght be useful .

1. Run the (supplied) test nolecules, and verify that MOPAC is
produci ng "acceptabl e" results.

2. Make some sinple nodifications to the datafiles supplied in
order to test your understanding of the data formt

3. \When satisfied that MOPAC is working, and that data files can
be made, begin production runs.

Wor ki ng of SHUTDOWN conmmand

If, for whatever reason, a run needs to be stopped prematurely, the
command $SHUT <jobnane> can be issued. This wll execute a snall
command- | anguage file, which copies the data-file to form a new file
called <fil ename>. END

The next time MOPAC calls function SECOND, the presence of a
readable file called SHUTDOANN, logically identified with <filename>. END
is checked for, and if it exists, the apparent elapsed CPU time is
i ncreased by 1,000,000 seconds, and a warning nessage issued. No
further action is taken until the elapsed time is checked to see if
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enough time remains to do another cycle. Since an apparently very |ong
time has been used, there is not enough tinme left to do another cycle,
and the restart files are generated and the run stopped.

SHUTDOWN i s conpl etely machi ne - independent.

Specific instructions for nounting MOPAC on other conputers have
been left out due to limtations of space in the Manual; however, the
foll owi ng points nmay prove useful

1. Function SECOND is machi ne- speci fic. SECOND is
doubl e-precision, and should return the CPUtinme in seconds,
froman arbitary zero of tinme. |If the SHUT command has been
i ssued, the value returned by SECOND should be increased by
1, 000, 000.

2.  On UNI X-based and ot her machi nes, on-line help can be provided
by using help.f. Docunmentation on help.f is in help.f.

3. OPEN and CLOSE statenents are a fruitful source of problens.
If MOPAC does not work, nost likely the trouble Iies in these
statements.

4. RMOPAC. COM should be read to see what files are attached to
what | ogi cal channel

How t o use MOPAC

The COMfile to run the MOPAC can be accessed using the conmand
"MOPAC" followed by none, one, two or three argunents. Possible options
are:

MOPAC  MYDATAFI LE 120 4
MOPAC  MYDATAFI LE 120
MOPAC  MYDATAFI LE

In the latter case it is assunmed that the shortest queue wll Dbe
adequat e. The COM file to run the MOPAC can be accessed using the
command " MOPAC' followed by none, one or two argunents. Possi bl e

options are:

MOPAC  MYDATAFI LE 120

MOPAC  MYDATAFI LE

In the latter case it is assuned that the default tinme (15 seconds) wll
be adequate.

MOPAC

In this case you will be pronpted for the datafile, and then for
the queue. Restarts should be user transparent. [|If MOPAC does nmke any
restart files, do not change them (It would be hard to do anyhow, as
they're in machine code), as they will be used when you run a RESTART
job. The files used by MOPAC are:
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File

<fil ename>.
<fil ename>.
<fil ename>.
<fil ename>.

SYS$OUTPUT

<fil ename>.
<fil ename>.
<fil ename>.

SETUP. DAT

DAT

RES
DEN

ARC
GPT
SYB

Descri ption

Dat a

Resul ts

Rest art

Density matrix (in binary)
LOG file

Archive or summary

Data for program DENSITY
SYBYL data

SETUP dat a
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Logi cal nane

FOR005
FOR006
FOR009
FOR010
FORO11
FORO12
FOR013
FOR016
SETUP
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SHORT VERSI ON

For various reasons it might not be practical to assenble the
entire MOPAC program For exanple, your conputer nay have nenory
limtations, or you may have very large systens to be run, or sone
options may never be wanted. For whatever reason, if using the entire
programis undesirable, an abbreviated version, which lacks the full
range of options of the whole program can be specified at conpile tine.

At the bottom of the DI MSI ZES. DAT file the programmer is asked for
various options to be used in conpiling. These options allow arrays of
MECI, PULAY, and ESP to assune their correct size.

As long as no attenpt is made to use the reduced subroutines, the

program will function normally. |If an attenpt is nade to use an option
whi ch has been excluded then the programw Il error.
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Si ze of MOPAC

The ampunt of storage required by MOPAC depends mainly on the
nunber of heavy and light atonms. As it is useful for programmers to
have an idea of how | arge vari ous MOPACs are, the following data are
presented as a gui de.

Si zes of various MOPAC Version 6.00 executables in which the nunber
of heavy atons is equal to the nunber of Iight atoms, assenbled on
a VAX conputer, are:

No. of heavy atons Si ze of Executabl e (Kbytes)
MOPAC 5. 00 MOPAC 6. 00 (AMPAC 2. 00)

10 1, 653 2,054 N A
20 3,442 4,689 4,590
30 6, 356 8,990 9, 150
40 10, 400 14, 955 15, 588
50 15, 572 22,586 23,944
60 21,872 31, 880 34, 145
100 58, 361 87,519
200 228, 602 336. 867
300 511, 723 754, 540

The size of any given MOPAC executable nmay be estimted from

MOPAC 5. 00 Size
MOPAC 6. 00 Size

= 9939 + N* 9.57 + N*N*5. 64 Kbytes
= 1091 + N13.40 + N*N*8. 33 Kbytes
The large increase in size of MOPAC was caused mainly by the inclusion
of the analytical CI. derivatives. Because they are so nmuch nore
efficient and accurate than finite differences, and because conputer
menory is becomng nore avail able, this increase was accepted as the
| esser of two evils.

The size of MOPAC executables will vary from machi ne to machi ne,
due to the different sizes of the code. For a VAX, this amounts
to approximately 0.1Mdo. Mdst machines use a 64 bit or 8 byte
doubl e precision real nunber, so the multipliers of N and N*N
should apply to them For large jobs, 0.1M is negligable, therefore
the above expression should be applicable to nobst conputers.

Version 5.00 = 22,084
Version 6.00 = 31, 857

17,718 code + 4,366 conment.

No. of lines in programin
= 22,526 code + 9,331 conment.
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AABABC
CALPAR
DCART
DERI 1
DERNVO
DIIS
DRC
FMVAT
FREQCY
GVETRY
HORI |
LOCM N
MECI P
NUCHAR
PONBAV
REFER
SETUPG
VECPRT

ANALYT
CAPCOR
DEL MOL
DERI 2
DERS
DI JKL1
DRCOUT
FOCK1
GEOUT
GOVER
| JKL
MAMULT
MNDO
PARSAV
POWSQ
REPP
SOLROT
WRI TE

APPENDI X A

FORTRAN FI LES

NAMES OF FORTRAN-77

ANAVI B
CDI AG
DELRI
DERI 21
DFOCK2
DI JKL2
EF
FOCK2
GEQUTG
GRI D

I NTERP
MATOUT
MOLDAT
PARTXY
PRTDRC
ROTAT
SWAP
WRTKEY

AXI S
CHRGE

DENROT
DERI 22
DFPSAV
DI PI ND
ENPART
FORCE

GETGEG
HLELEC
| TER

MATPAK
MOLVAL
PATHK

QUADR

ROTATE
SYMIRY
WRTTXT

BLOCK
CNVG
DENSI T
DERI 23
DI AG

DI POLE
EXCHNG
FORMXY
GETGEO
HADDON
JCARI'N
VECI
MULLI K
PATHS
REACT1
RSP
THERMO
XYZI NT
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FI LES

BONDS
COVWPFG
DEPVAR
DERI TR
DI AT
DOFS
FFHPOL
FORSAV
GETSYM
HCORE
LINM N
MECI D
MULT
PERM
READ
SEARCH
TI MER

BRLZON
DATI N
DERI 0
DERI V
DI AT2
DOT
FLEPO
FRAVE
GETTXT
HELECT
LOCAL
MECI H
NLLSQ
POLAR
READA
SECOND
UPDATE
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SUBROUTI NE CALLS I N MOPAC

A list of the program segments which call various subroutines.

SUBRQOUTI NE CALLS

AABABC

AABACD

AABBCD

Al NTGS

ANALYT DERS DELRI  DELMOL

ANAVI B

AXI'S RSP

BABBBC

BABBCD

BANGLE

BFN

Bl NTGS

BKRSAV GEOUT

BONDS VECPRT MPCBDS

BRLZON CDI AG DCFS

CALPAR

CAPCCOR

CDI AG MEOBA ECO8C  SORT

CHRGE

CNVG

CCE

COVPFG SETUPG SYMIRY GMVETRY TIMER HCORE | TER
DI HED DERIV MVECI P

DANG

DATI N UPDATE MOLDAT CALPAR

DCART ANALYT DHC DI HED

DELMOL ROTAT

DELRI

DENROT GMETRY CCE

DENSI T

DEPVAR

DERI O

DERI 1 TI MER DHCORE SCOPY DFOCK2 SUPDOT MIXM  MXM
DIJKL1T MECID  MECIH SUPDOT TI MER
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DERI 2

DERI 21
DERI 22
DERI 23
DERI TR

DERNVO
DERS
DFOCK2
DFPSAV
DHC
DHCORE
DI AG
DI AG
DI AT
DI AT2
DI HED
DIS
Dl JKL1
DI JKL2
DI PI ND
DI POLE
DOFS
DRC
DRCOUT
EAO08C
EA0OC
ECO8C
EF
ENPART
EPSETA
EXCHNG
FFHPOL
FLEPO
FMAT
FOCK2
FOCK2D
FORCE

FORMD

FORMXY
FORSAV
FRANE

FREQCY
GEOUT

GEOUTG
GETDAT
GETGEG
GETGEO
GETSYM
GETTXT
GVETRY
GOVER

DERI 21
Dl JKL2
MIXMC
MXM
SCOPY
SYMIRY
JCARI N
DERI O

JAB

XYZI NT
HLELEC
HLELEC
EPSETA

CCE
SET
DANG
SPACE
FORMXY

CHRGE

GVETRY

EA0OC

EAO08C
BKRSAV

COVPFG
DFPSAV
FORSAV
JAB

GVETRY
FMAT
DRC
OVERLP

AXI'S
BRLZON
XYZI NT
XXX

GETVAL
GEOUT

UPCASE
GEOQUT

DERI 22
MECI D
HORI |
MXMT

GMVETRY
MXM
DERI 1

KAB
GEQUT

ROTATE
ROTATE

GOVER

VECPRT

GVETRY

COVPFG

COVPFG

DI PI ND
COVPFG
COVPFG
KAB

COVPFG
VECPRT
ANAVI B

FRAME

WRTTXT

GETVAL
NUCHAR

MXM
MVECI H
MXM
FOCK2

HCORE
GEOUT
DERI 2

Page B-2
OSINV MIXM  SCOPY DERI 23
SUPDOT
FOCK1 SuPDOT

I TER DERIV DERNVO DCART
DERI TR

SOLROT FOCK2

DI AT2

PRTDRC

BKRSAV UPDHES HQRII FORMD SYMIRY

VECP
SCOoP

RT RSP MATOUT
Y GEQUT SUPDOT LINMN DIIS

CHRGE

NLLS

Q FLEPO WRITE XYZINT AX S

FRAME RSP MATOUT FREQCY MATOUT
THERMO

RSP

CHRGE

GETVAL

XYZ|

NT
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GRID
HLELEC
HADDON
HCORE

HELECT
HORI |

| JKL

| NTERP
| TER

JAB
JCARI N
KAB
LINM N
LOCAL
LOCM N
MNDO

MAMULT
MATOUT
MEOBA
MEOSB
MEC
MECI H
MECI P
M NV
MOLDAT
MOL VAL
MPCBDS
MPCPOP
MPCSYB
MTXM
MTXMC
MULLI K
MULT
MXM
MXMT
NLLSQ
NUCHAR
oSl NV
OVERLP
PARSAV
PARTXY
PATHK
PATHS
PERM
POLAR
PONBAV
POASQ
PRTDRC
PULAY
QUADR
REACT1

DFPSAV
DI AT

DEPVAR
HLELEC

PARTXY
HORI |

EPSETA
HORI |

SYMTRY
COVPFG
MATOUT
COVPFG
GETDAT

PATHK
FLEPO

MEO8B
I JKL

MXM

FLEPO GEQUT  WRTTXT

ROTATE  SOLROT VECPRT

SCHM T SCHM B SPLI NE
VECPRT FOCK2 FOCK1I WRITE | NTERP PULAY

DI AG MATOUT SWAP DENSI' T CNVG

GVETRY

EXCHNG

EXCHNG

READ MOLDAT DATIN REACT1 GRID PATHS
FORCE DRC NLLSQ COWFG PONSQ  EF
VWRI TE POLAR

PERM MECIH  VECPRT HQRII MATOUT

REFER GVETRY VECPRT

MXM
RSP

GVETRY MJULT DENSIT VECPRT

PARSAV COWFG CGEOQUT LOCM N PARSAV

XYZI NT
FORMXY
DFPSAV
DFPSAV

GVETRY
XYZI NT
POWSBAV
CHRGE

MAMULT

GETGEO

GEOUT

FLEPO GEQUT WRTTXT
FLEPO VWRITE

AXIS COWFG FFHPOL

GEOUT

COWFG VECPRT RSP SEARCH
XYZI NT  QUADR

CSI NV

SYMIRY GEQUT GMVETRY FLEPO COWFG WRITE
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READ GETTXT GETGEG GETGEO DATE  GEOUT WRTKEY GETSYM
SYMTRY NUCHAR WRTTXT GVETRY

REFER

REPP

ROTAT

ROTATE REPP

RSP EPSETA TRED3 TQLRAT TQL2 TRBAK3

SAXPY

SCHM B

SCHM T

SCOPY

SEARCH COVPFG

SECOND

SET AINTGS  BI NTGS

SETUPG

SOLROT ROTATE

SORT

SPACE

SPLI NE BFN

SUPDOT

SWAP

SYMTRY HADDON

THERMO

TI MCLK

TI MER

TI MOUT

TQ2

TQLRAT

TRBAK3

TRED3

UPCASE

UPDATE

UPDHES

VECPRT

VRl TE DATE WRTTXT GEOUT DERIV ~ TIMOUT SYMIRY GVETRY GEOUT
VECPRT MATOUT CHRGE BRLZON MPCSYB DENROT MOLVAL BONDS
LOCAL ENPART MULLI K MPCPOP GEOUTG

WRTKEY

WRTTXT

XYZGEO BANGLE DI HED
XYZI NT DI HED BANGLE XYZGEO
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A list of subroutines called by various segments (the inverse of the

first list)

Subrouti ne Cal | ed by

AABABC MECI H

AABACD MECI H

AABBCD MECI H

Al NTGS SET

ANALYT DCART

ANAVI B FORCE

AXI S FORCE FRAVE POLAR

BABBBC MECI H

BABBCD MECI H

BANGLE XYZGEO XYZI NT

BFN SPLI NE

Bl NTGS SET

BKRSAV EF

BONDS VRI TE

BRLZON FREQCY VRI TE

CALPAR DATI N

CAPCOR | TER

CDI AG BRLZON

CHRGE DI PI ND FMAT GEQUT PRTDRC VRI TE

CNVG | TER

CCE DENROT DI AT

COVPFG DRC EF FFHPCL FLEPO FMAT
FORCE LI NM N LOCM N MNDO NLLSQ
POLAR POWSQ REACT1 SEARCH

DANG DI HED

DATI N MNDO

DCART DERI TR

DEL MOL ANALYT

DELRI ANALYT

DENROT VRI TE

DENSI T | TER MULLI K

DEPVAR HADDON

DERI O DERNVO

DERI 1 DERNVO

DERI 2 DERI 2 DERNVO

DERI 21 DERI 2

DERI 22 DERI 2

DERI 23 DERI 2

DERI TR DERI TR

DERNVO DERI TR

DERS ANALYT

DFQOCK2 DERI 1

DFPSAV FLEPO GRI D PATHK PATHS

DHC DCART DERI 1

DHCORE DERI 1

DI AG DERI 21 | TER

Dl AG DERI 21

DI AT DI AT HLELEC

DI AT2 DI AT

DI HED COVPFG DCART XYZGEO XYZI NT

DIS FLEPO

DI JKL1 DERI 1
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Dl JKL2
DI PI ND
DI POLE
DOFS
DRC
DRCOUT
EAO08C
EA09OC
ECO8C
EF
ENPART
EPSETA
EXCHNG
FFHPCL
FLEPO

FVAT
FOCK2
FORCE
FORMD
FORMXY
FORSAV
FRAVE
FREQCY
GEOUT

VRI TE

GEQUTG
GETDAT
GETCGEG
GETGEO
GETSYM
GETTXT
GVETRY

GOVER
GRI D
HLELEC
HADDON
HCORE
HELECT
HORI |

| JKL

| NTERP
| TER
JAB
JCARI N
KAB

LI NM N
LOCAL
LOCM N
MNDO
MAMULT

DERI 2
FFHPOL
FMVAT
BRLZON
FORCE
PRTDRC
EC08C
EA08C
CDI AG
MNDO
VRl TE
DI AG
LI NM N
POLAR
FORCE
REACT1
FORCE
DERI 22
MNDO
EF

DI JKL1
FMVAT
FORCE
FORCE
BKRSAV
GVETRY
PONBAV
VRl TE
VRl TE
MNDO
READ
REACT1
READ
READ
COVPFG
FORCE
REACT1
DI AT
MNDO
DHC
SYMTRY
COVPFG
DCART
EF
MECI

| TER
COVPFG
DFOCK2
DERI TR
DFOCK2
FLEPO
WRI TE
NLLSQ

VRI TE

MNDO

| TER
LOCM N

GRID

DHC

PARTXY
FREQCY
DERI TR

GRI D
REACT1

READ

DENROT
JCARI N
READ

DHCORE
DERI TR

DERI 2
I NTERP

DERI TR
FOCK2

FOCK2

(rmai n segnent)

PULAY

RSP

MNDO

| TER

DFPSAV
NLLSQ
READ

DERI TR
MOLDAT
VRI TE

HCORE

| TER
| TER
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PATHK

FLEPO
PARSAV

DI PI ND
MULLI K

VEC

PATHS

GETGEO
PATHK

DRC
POLAR
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MATOUT

MEOSA
MEO8B
VECI
MECI H
MECI P
M NV
MOLDAT
MOLVAL
MPCBDS
MPCPOP
MPCSYB
MI'XM
MIXMC
MULLI K
MULT
MXM

MXMT
NLLSQ
NUCHAR
oSl NV
OVERLP
PARSAV
PARTXY
PATHK
PATHS
PERM
POLAR
POABAV
POASQ
PRTDRC
PULAY
QUADR
REACT1
READ
REFER
REPP
ROTAT
ROTATE
RSP

SCHM B
SCHM T
SCOPY

SEARCH
SECOND

SET
SETUPG
SOLROT
SORT

FFHPOL
VRl TE
CDI AG
MEOBA
COVPFG
DERI 1
COVPFG
DIIS
DATI N
VRl TE
BONDS
VRl TE
VRl TE
DERI 1
DERI 21
WRI TE
MULLI K
DERI 1
MECI P
DERI 22
FORCE
GETGEO
DERI 2
FORMD
NLLSQ
I JKL
MNDO
MNDO
MECI
MNDO
POASQ
MNDO
DRC

| TER
PRTDRC
MNDO
MNDO
MOLDAT
ROTATE
DEL MOL
DHC
AXI S
POWSQ
| NTERP
| NTERP
DERI 1
POASQ
DERI 2
FMVAT
NLLSQ
TI MER
COVPFG
COVPFG
DHC
CDI AG

FORCE

DERI 1
DERI 2

MNDO

DERI 2

DERI 2
MI'XMC

MNDO
READ
PULAY

DHC
DHCORE
FFHPOL

DERI 2

DRC

FORCE
PATHK
VRI TE
DI AT2

HCORE

I TER

DERI 2
MECI

DERI 21

DERI 21

DHCORE

HCORE
FORCE

DERI 23
EF

GRI D
PATHS
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LOCAL

VECI

DERI 22

HCORE
SOLROT
FREQCY

FLEPO

ESP
I TER
POWSQ

VEC

DERI TR

SOLROT

MULLI K

FLEPO
MNDO
REACT1
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SPACE
SPLI NE
SUPDOT
SWAP

SYMIRY

THERMO
TI MCLK
TI MER
TI MOUT
TQ2
TQLRAT
TRBAK3
TRED3
UPCASE
UPDATE
UPDHES
VECPRT

VRI TE
VRTKEY
VRTTXT
XXX
XYZGEO
XYZI NT

DIS

I NTERP
DERI 1

I TER
COVPFG
READ
FORCE
SECOND
COVPFG
VRI TE
RSP
RSP
RSP
RSP
GETTXT
DATI N
EF
BONDS
I TER
VRI TE
FORCE
READ
GEOUT
GEQUTG
XYZI NT
DFPSAV
POWEAV

DERI 1
DERI TR
VRI TE

DERI 1

DIS
VEC

| TER

GRI D

FORCE
PRTDRC

DERI 2

EF

DERI 1

FFHPOL
MOL DAT

MNDO

PATHK

GEOUT

167 -

DERI 22

JCARI N

FORCE
MULLI K

PATHS

READ

GETGEO

FLEPO

REACT1

HCORE
POWSQ

REACT1

VRI TE

PARSAV
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DESCRI PTI ON OF SUBROUTI NES | N MOPAC

AABABC Uility: Calculates the configuration interaction matrix
el ement between two configurations differing by exactly
one alpha MO Called by MECI only.

AABACD Uility: Calculates the configuration interaction matrix
el enent between two configurations differing by exactly
two alpha MO 's. Called by MECI only.

AABBCD Uility: Calculates the configuration interaction matrix
el ement between two configurations differing by exactly
two MO 's; one configuration has alpha MO "A" and beta
MO "C' while the other configuration has al pha MO "B"
and beta MO. "D'. Called by MECI only.

Al NTGS Uility: Wthin the overlap integrals, calculates the
A-integrals. Dedicated to function SS within DIAT.

ANALYT Mai n Sequence: Cal cul ates the anal ytical derivatives
of the energy with respect to cartesian coordi nates for al
atonms. Use only if the mantissa is short (less than 52 bits)
or out of interest. Should not be used for routine work
on a VAX.

ANAVI B Uility: Gves a brief interpretation of the nodes of
vi bration of the nmolecule. The principal pairs of atons
i nvol ved in each vibration are identified, and the node
of notion (tangential or radial) is output.

AXI'S Uility: Wrks out the three principal nmoments of inertia
of a nolecule. If the systemis linear, one nonment of inertia
is zero. Prints moments in units of cnf*(-1) and
10**(-40) gramcmcm

BABBBC Uility: Calculates the configuration interaction matrix
el ement between two configurations differing by exactly
one beta MO, Called by MECI only.

BABBCD Uility: Calculates the configuration interaction matrix
el enent between two configurations differing by exactly
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BANGLE

BFN

Bl NTGS

BKRSAV

BONDS

BRLZON

CALPAR

CAPCOR

CDI AG

CHRGE

CNVG

COVPFG

DANG

two beta MO 's. Called by MECI only.

Uility: Gven a set of coordinates, BANGLE will cal cul ate the
angl e between any three atons.

Uility: Calculates the B-functions in the Sl ater overlap
Uility: Calculates the B-functions in the Slater overlap

Uility: Saves and restores data used by the eigenvector
foll owi ng subroutine. Called by EF only.

Uility: Evaluates and prints the val encies of atons and
bond- orders between atons. Main argunent: density matriX.
No results are passed to the cal cul ation, and no data

are changed. Called by WRI TE only.

Mai n Sequence: BRLZON generates a band structure, or phonon
structure, for high polyners. Called by WRITE and FREQCY.

Uility: Wen external paraneters are read in via EXTERNAL=,
the derived paraneters are worked out using CALPAR. Note that
all derived paraneters are calculated for all paraneterized

el ements at the same tine.

Uility: Capping atons, of type Cb, should not contribute to
the energy of a system CAPCOR cal cul ates the energy
contribution due to the Cb and subtracts it fromthe

el ectroni c energy.

Uility: Conplex diagonalization. Used in generating eigenval ues
of conplex Hermtian secular determ nant for band structures.
Cal l ed by BRLZON only.

Uility: Calculates the total nunber of val ence electrons
on each atom Main arguments: density matrix, array of
atom charges (enpty on input). Called by ITER only.

Uility: Used in SCF cycle. CNVG does a three-point
interpolation of the last three density natrices.

Argunents: Last three density matrices, Number of iterations,
measure of self-consistency (enpty on input). Called by ITER
only.

Uility: Wthin the general overlap routine COCE cal cul ates
t he angul ar coefficients for the s, p and d real atomc
orbitals given the axis and returns the rotation nmatri x.

Mai n Sequence: Evaluates the total heat of formation of the
supplied geonetry, and the derivatives, if requested. This
is the nodal point connecting the electronic and geonetric
parts of the program Min arguments: on input: geonetry,
on output: heat of formation, gradients.

Uility: Called by XYZINT, DANG conputes the angle between a
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DATI N

DCART

DELMOL

DELRI

DENROT

DENSI T

DEPVAR

DERI O

DERI 1

DERI 2

DERI 21

DERI 22

DERI 23

DERI TR

point, the origin, and a second point.

Uility: Reads in external parameters for use within
MOPAC. Oiginally used for the testing of new paraneters,
DATIN is now a general purpose reader for paraneters.

I nvoked by the keyword EXTERNAL.

Uility: Called by DERIV, DCART sets up a list of cartesian
derivatives of the energy WR T. coordi nates whi ch DERIV can
then use to construct the internal coordinate derivatives.

Uility: Part of analytical derivates. Two-el ectron
Uility: Part of analytical derivates. Two-el ectron

Uility: Converts the ordinary density matrix into

a condensed density matrix over basis functions s (sigm),
p (sigma) and p (pi), i.e., three basis functions. Usefu
in hybridization studies. Has capability to handling "d"
functions, if present.

Uility: Constructs the Coul son electron density matrix from
the eigenvectors. Main argunents: Eigenvectors, No. of singly
and doubly occupied | evels, density matrix (enpty on input)
Called by I TER

Uility: A symetry-defined "bond length" is related to
anot her bond length by a multiple. This special synmetry
function is intended for use in Cluster calcul ati ons.
Cal | ed by HADDON

Uility: Part of the analytical C I. derivative package.
Cal cul at es the di agonal doninant part of the super-natrix.

Uility: Part of the analytical C I. derivative package.

Cal cul ates the frozen density contribution to the derivative of
the energy w.r.t. cartesian coordi nates, and the derivatives of
the frozen Fock matrix in MO basis. It's partner is DERI2

Uility: Part of the analytical C I. derivative package.

Cal cul ates the relaxing density contribution to the derivative
of the energy w.r.t. cartesian coordinates. Uses the results of
DERI 1.

Uility: Part of the analytical C. 1. derivative package.
Call ed by DERI2 only.

Uility: Part of the analytical C. 1. derivative package.
Call ed by DERI 2 only.

Uility: Part of the analytical C |. derivative package.
Call ed by DERI 2 only.

Uility: Calculates derivatives of the energy w.r.t. internal
coordi nates using full SCF's. Used as a fool proof way of
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DERI V

DERNVO

DERS

DEX2

DFOCK2

DFPSAV

DHC

DHCORE

DI AG

DI AG

DI AT

DI AT2

cal cul ating derivatives. Not recommended for normal use.

Mai n Sequence: Cal cul ates the derivatives of the energy with
respect to the geonmetric variables. This is done either by
using initially cartesian derivatives (normal node), by
analytical C.I. RHF derivatives, or by full SCF cal cul ati ons
(NOANCI in half-electron and C. 1. npde). Argunents: on

i nput: geonetry, on output: derivatives. Called by COWFG

Anal ytical C. I. Derivative main subroutine. Calculates the
derivative of the energy w.r.t. geonetry for a non-variationally
optim zed wavefunction (a SCF-Cl wavefunction).

Uility: Called by ANALYT, DERS cal cul ates the analytica
derivatives of the overlap matrix within the nolecul ar frane.

Uility: A function called by ESP.

Uility: Part of the analytical C. 1. derivative package. Called
by DERI 1, DFOCK2 cal cul ates the frozen density contribution to
the derivative of the energy w.r.t. cartesian coordi nates.

Uility: Saves and restores data used by the

BFGS geonetry optimn zation. Miin argunents:

paranmeters being optinized, gradients of parameters, |ast heat
of formation, integer and real control data. Called by FLEPO

Uility: Called by DCART and cal cul ates the energy of a pair
of atoms using the SCF density matrix. Used in the finite
di fference derivatve cal cul ati on.

Uility: Part of the analytical C 1. derivative package. Called
by DERI 1, DHCORE cal cul ates the derivatives of the 1 and 2
electron integrals w.r.t. cartesian coordi nates.

Uility: Rapid pseudo-diagonalization. Gven a set of vectors
whi ch al most bl ock-di agonal i ze a secul ar determ nant, DI AG
nodi fies the vectors so that the bl ock-diagonalization is nore
exact. Main argunents: Od vectors, Secul ar Deterninant,

New vectors (on output). Called by ITER

Uility: Calculates the electronic energy arising from
a given configuration. Called by MECI

Uility: Calculates overlap integrals between two atons in
general cartesian space. Principal quantum nunbers up to 6, and
angul ar quantum nunbers up to 2 are all owed. Min argunents:

At omi ¢ nunbers and cartesian coordinates in Angstrons of the
two atons, Diatonic overlaps (on exit). Called by HLELEC.

Uility: Calculates reduced overlap integrals between atons

of principal quantum nunmbers 1, 2, and 3, for s and p orbitals.
Faster than the SS in DIAT. This is a dedi cated subroutine, and
is unable to stand al one w thout considerabl e backup. Called

by DI AT.
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DAT

Dl HED

DIS

Dl JKL1

Dl JKL2

DI PI ND

DI PCLE

DI ST2

DOFS

DRC

DRCOUT

EA08C

EA09C

ECO8C

EF

ELESP

Uility: Part of READA. DIG T assenbl es nunbers given a
character string.

Uility: Calculates the dihedral angle between four atons.
Used in converting fromcartesian to internal coordinates.

Uility: Pulay's Ceonetric Direct Inversion of the Iterative
Subspace (G DIIS) accelerates the rate at which the BFGS

| ocates an energy mnimum (ln MOPAC 6.00, the DIISis only
partially installed - several capabilities of the DIIS are not
used)

Uility: Part of the analytical C 1. derivative package. Called
by DERI 1, DIJKL1 cal cul ates the two-electron integrals over
M O. bases, e.g. <i,j (1/r) k,I>.

Uility: Part of the analytical C.1. derivative package. Called
by DERI 2, DI JKL2 cal cul ates the derivatives of the two-electron
integrals over MO, bases, e.g. <i,j (1/r) k,I> wr.t.
cartesi an coordi nates.

Uility: Simlar to DI POLE, but used by the POLAR cal cul ation
only.

Uility: Evaluates and, if requested, prints dipole components
and di pole for the nmolecule or ion. Argunents: Density matrix,
Charges on every atom coordinates, dipoles (on exit).

Call ed by WRI TE and FMAT.

Uility: Called by ESP only, DIST2 works out the distance
between two points in 3D space.

Mai n Sequence: Cal culates the density of states within a
Brillouin zone. Used in polyner work only.

Uility: Gven two vectors, X and Y, of length N, function DOT
returns with the dot product X Y. Il.e., if X=Y, then DOT = the
square of X. Called by FLEPO

Mai n Sequence: The dynamic and intrinsic reaction coordinates
are calculated by follow ng the mass-wei ghted trajectories.

Uility: Sets up DRC and IRC data in quadratic form
preparatory to being printed.

Part of the diagonalizer RSP.
Part of the diagonalizer RSP.
Part of the diagonalizer RSP.

Mai n Sequence: EF is the Eigenvector Follow ng routine.
EF i nmpl enents the keywords EF and TS.

Uility: Wthin the ESP, ELESP cal culates the electronic
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ENPART

EPSETA

ESP

ESPBLO

ESPFI T

EXCHNG

FFHPOL

FLEPO

FMDGAS

FMD6BS

FMAT

FOCK1

FOCK2

FOCK2D

FORCE

contribution to the electrostatic potenti al

Uility: Partitions the energy of a nolecule into its nonatomc
and di atoni c conponents. Called by WRI TE when the keyword
ENPART is specified. No data are changed by this call.

Uility: Calculates the machine precision and dynanic range
for use by the two diagonali zers.

Mai n Sequence: ESP is not present in the default copy of MOPAC.
ESP cal cul ates the atom c charges which woul d reproduce the

el ectrostatic potential of the nuclii and el ectronic

wavef uncti on.

Bl ock Data: Used by the ESP cal cul ation, ESPBLO fills two snall
arrays!

Uility: Part of the ESP. ESP fits the quantum mechani cal
potential to a classical point charge nodel

Uility: Dedicated procedure for storing 3 parameters and one
array in a store. Used by SEARCH.

Uility: Part of the POLAR cal cul ation. Evaluates the
effect of an electric field on a nol ecul e.

Mai n Sequence: Optimnizes a geonetry by mnimnmzing the energy.
Makes use of the first and estimted second derivatives to
achieve this end. Argunents: Paranmeters to be optin zed,
(overwritten on exit with the optinized paranmeters), Nunber of
paranmeters, final optimzed heat of formation. Called by MAIN,
REACT1, and FORCE.

Uility: Part of CDI AG
Uility: part of CDI AG

Mai n sequence: Cal cul ates the exact Hessian matrix for a system
This is done by either using differences of first derivatives
(normal node) or by four full SCF calculations (half electron
or C.l1. mode). Called by FORCE.

Uility: Adds on to Fock matrix the one-center two el ectron
terms. Called by ITER only.

Uility: Adds on to Fock matrix the two-center two el ectron
terms. Called by ITER and DERIV. In ITER the entire Fock matrix
is filled; in DERIV, only diatom c Fock natrices are
construct ed.

Witten out of MOPAC 6. 00.
Mai n sequence: Perforns a force-constant and vibrational
frequency cal culation on a given system |If the starting

gradients are large, the geonetry is optimzed to reduce the
gradient norm unless LET is specified in the keywords.
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FORND

FORMXY

FORSAV

FRAME

FREQCY

FSUB

GENUN

GEOUT

GEQUTG

GETDAT

GETGEG

GETGEO

GETSYM

GETTXT

GETVAL

GVETRY

GOVER

| sotopi c substitution is allowed. Thernmpocheni cal quantities
are cal cul ated. Called by MAIN.

Mai n Sequence: Called by EF. FORMD constructs the next step
in the geonetry optim zation or transition state |ocation.

Uility: Part of DI JKL1. FORMXY constructs part of the two-
el ectron integral over MO 's.

Uility: Saves and restores data used in FMAT in FORCE
calculation. Called by FMAT.

Uility: Applies a very rigid constraint on the transl ations
and rotations of the system Used to separate the trivial
vi brations in a FORCE cal cul ati on.

Mai n sequence: Final stage of a FORCE cal cul ati on. Eval uates
and prints the vibrational frequencies and nodes.

Uility: Part of ESP.

Uility: Part of ESP. Generates unit vectors over a sphere.
cal l ed by SURFAC only.

Uility: Prints out the current geometry. Can be called at
any time. Does not change any dat a.

Uility: Prints out the current geometry in Gaussian Z-matri X
format .

Uility: Reads in all the data, and puts it in a scratch file
on channel 5.

Uility: Reads in Gaussian Z-matrix geonmetry. Equivalent to
GETCGEO and GETSYM conbi ned.

Uility: Reads in geometry in character node from specified
channel, and stores paranmeters in arrays. Some error-checking
is done. Called by READ and REACTL.

Uility: Reads in symretry data. Used by READ.
Uility: Reads in KEYWRD, KOVENT and TITLE.

Uility: Called by GETGEG CETVAL either gets an internal
coordinate or a |logical nane for that coordinate.

Uility: Fills the cartesian coordinates array. Data are
supplied fromthe array GEO, GEO can be (a) in internal
coordi nates, or (b) in cartesian coordinates. |If STEP is
non-zero, then the coordinates are nodified in light of the
ot her geonetry and STEP. Called by HCORE, DERIV, READ, WRI TE,
MOLDAT, etc.

Uility: Calculates the overlap of two Slater orbitals which
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H1ELEC

HADDON

HCORE

HELECT

HORI |

I JKL

| NTERP

I TER

JAB

JCARI N

LINM N

LOCAL

have been expanded into six gaussians. Calcul ates the
STP-6G overlap integrals.

Mai n Sequence: Calculates a grid of points for a 2-D search
in coordinate space. Useful when nore information is needed
about a reaction surface.

Uility: Gven any two atonms in cartesian space, HLELEC
cal cul ates the one-electron energies of the off-diagona
el ements of the atomic orbital matrix.

H(i,j) = -S(i,j)*(beta(i)+beta(j))/2.
Cal | ed by HCORE and DERI V.

Uility: The synmetry operation subroutine, HADDON rel ates two
geonetric variabl es by maki ng one a dependent function of the
other. Called by SYMIRY only.

Mai n sequence: Sets up the energy terms used in calculating the
SCF heat of formation. Calculates the one and two el ectron
matrices, and the nucl ear energy.

Cal | ed by COWVPFG.

Uility: Gven the density matri x, and the one el ectron and
Fock matrices, calculates the electronic energy. No data are
changed by a call of HELECT. Called by I TER and DERI V.

Uility: Rapid diagonalization routine. Accepts a secul ar
determ nant, and produces a set of eigenvectors and
ei genval ues. The secul ar determ nant is destroyed.

Uility: Fills the large two-electron array over a MO
basis set. Called by MECI

Uility: Runs the Canp-King converger. qQ.V.

Mai n sequence: G ven the one and two el ectron matrices, |ITER
cal cul ates the Fock and density matrices, and the electronic
energy. Called by COVPFG

Uility: Calculates the coulonb contribution to the Fock matrix
in NDDO formalism Called by FOCK2.

Uility: Calculates the difference vector in cartesian coordina-
tes corresponding to a small change in internal coordinates.

Uility: Calculates the exchange contribution to the Fock matrix
in NDDO formalism Called by FOCK2.

Mai n sequence: Called by the BFGS geonetry optim zed FLEPQO
LINMN takes a step in the search-direction and if the energy
drops, returns. Oherwise it takes nore steps until if finds
one which causes the energy to drop

Uility: Gven a set of occupied eigenvectors, produces a
canoni cal set of localized bonding orbitals, by a series of
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LCCM N

MAMULT

MATOUT

MEOSA
VEOSB

VECI

MECI D

MECI H

MECI P

M NV

M\DO

MOLDAT

MOLVAL

MI'XM

2 x 2 rotations which maxinm ze <psi**4>. Called
by WRI TE.

Mai n sequence: In a gradient mninzation, LOCM N does a |line-
search to find the gradient norm m ni num Min argunents:
current geometry, search direction, step, current gradient
norm on exit: optimzed geonetry, gradient norm

Uility: Matrix nmultiplication. Two matrices, stored as |ower
hal f triangul ar packed arrays, are multiplied together, and the
result stored in a third array as the lower half triangular
array. Called from PULAY.

Uility: Matrix printer. Prints a square matrix, and a
rowvector, usually eigenvectors and ei genval ues. The indices
pri nted depend on the size of the matrix: they can be either
over orbitals, atons, or sinmply nunmbers, thus MO 's are over
orbitals, vibrational nodes are over nunbers. Called by WRITE,
FORCE.

Uilities: Part of the compl ex diagonalizer, and called by
CDI AG

Mai n sequence: Min function for Configuration Interaction
MEC|I constructs the appropriate C.I. matrix, and eval uates the
roots, which correspond to the electronic energy of the states
of the system The appropriate root is then returned.

Called by ITER only.

Uility: Constructs the differential C. 1. secul ar determ nant.
Uility: Constructs the normal C.I. secular determ nant.
Uility: Refornms the density matrix after a MECI cal cul ation
Uility: Called by DIIS. MNV inverts the Hessian matri x.

Mai n sequence: MAIN program MNDO first reads in data using
READ, then calls either FLEPO to do geonmetry optim zation
FORCE to do a FORCE cal cul ation, PATHS for a reaction with a
supplied coordi nate, NLLSQ for a gradient mnimzation or
REACT1 for locating the transition state. Starts the timer.

Mai n Sequence: Sets up all the invariant paranmeters used during
the cal cul ation, e.g. nunber of electrons, initial atomc
orbital popul ations, nunmber of open shells, etc. Called once by
MNDO onl y.

Uility: Calculates the contribution fromeach MO to the
total valency in the nolecule. Enpty MO 's nornally

have a negative nmol ecul ar val ency.

Uility: Part of the matrix package. Miltiplies together two
rectangul ar packed arrays, i.e., C = A B.
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MI'XMC

MULLI K

MULT

NAI CAP
NAI CAP
NLLSQ

NUCHAR

CSI NV

OVERLP

OVLP

PARSAV

PARTXY

PATHK

PATHS

PDGRI D

PERM

Uility: Part of the matrix package. Simlar to MI'XM
Uility: Constructs and prints the Miulliken Popul ation
Anal ysis. Available only for RHF cal cul ations. Called by
VRl TE.

Uility: Used by MILLIK only, MJULT nultiplies two square
matri ces together.

Uility: Part of the matrix package. Simlar to MIXM
Uility: Part of the matrix package. Simlar to MIXM
Uility: Called in WRTKEY, MYWORD checks for the existance of
a specific string. If it is found, MYWORD is set true, and

the all occurances of string are deleted. Any words
not recognised will be flagged and the job stopped.

Uility: Called by ESP.
Uility: Called by ESP.
Mai n sequence: Used in the gradient norm ninin zation.

Takes a character string and reads all the nunmbers in it
and stores these in an array.

Uility: Inverts a square matrix. Called by PULAY only.

Uility: Part of EF. OVERLP deci des which normal nmode to
foll ow.

Uility: Called by ESP only. OVLP calculates the overlap
over Gaussian STO s.

Uility: Stores and restores data used in the gradient-norm
m ni m zation cal cul ati on.

Uility: Called by 1JKL only, PARTXY calculates the parti al
product <i,j (1/r) in <i,j (1/r) k,I>.

Mai n sequence: Cal culates a reaction coordi nate which uses
a constant step-size. |Invoked by keywords STEP and PO NTS.

Mai n sequence: G ven a reaction coordinate as a row vector,
PATHS perfornms a FLEPO geonetry optim zation for each point,
the later geonetries being initially guessed froma know edge
of the already optinm zed geonetries, and the current step.

Cal | ed by MNDO only.

Uility: Part of ESP. Calculates the WIlliams surface.
Uility: Perrmutes nl el ectrons of al pha or beta spin anong

n2 MQO.'s.
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POLAR

PONSBAV

POWSQ

PRTDRC

PULAY

QUADR:

REACT1

READ

READA

REFER

REPP

ROTAT

Uility: Calculates the polarizability volumes for a nolecule
or ion. Uses 19 SCF cal cul ations, so appears after WRI TE has
finished. Cannot be used with FORCE, but can be used anywhere
el se. Called by WRI TE.

Uility: Calculation store and restart for SIGVA
calculation. Called by POASQ

Mai n sequence: The Ml ver - Konornicki gradient

m nim zation routine. Constructs a full Hessian matrix
and proceeds by |line-searches Called from MAI N when
SIGMA is specified.

Uility: Prints DRC and IRC results according to instructions.
Qut put can be (a) every point cal culated (default), (b) in
constant steps in tinme, space or energy.

Uility: A new converger. Uses a powerfu

mat hemati cal non-iterative method for obtaining the SCF Fock
matrix. Principle is that at SCF the eigenvectors of the Fock
and density matrices are identical, so [F.P] is a neasure of
the non-self consistency. Wiile very powerful, PULAY is not
uni versally applicable. Used by I TER

Uility: Used in printing the IRC - DRC results. Sets up
a quadratic in time of calculated quantities so that PRTDRC
can sel ect specific reaction times for printing.

Mai n sequence: Uses reactants and products to find the
transition state. A hypersphere of N dinensions is centered on
each noiety, and the radius steadily reduced. The entity of

| oner energy is nmoved, and when the radi us vani shes, the
transition state is reached. Called by M\DO only.

Mai n sequence: Alnmpst all the data are read in through READ
There is a | ot of data-checking in READ, but very little
cal cul ation. Called by MDO

Uility: General purpose character nunber reader. Used to enter
nunmerical data in the control line as " <variabl e>=n.nnn " where
<variable> is a menonic such as SCFCRT or CHARGE

Cal l ed by READ, FLEPO, |TER, FORCE, and many ot her subroutines.

Uility: Prints the original references for atonic data.

If an atom does not have a reference, i.e., it has not been
paranmeterized, then a warning nessage will be printed and
the cal cul ati on stopped.

Uility: Calculates the 22 two-el ectron reduced repul sion
integrals, and the 8 electron-nuclear attraction integrals.
These are in a local coordinate system Argunents: atonic
nunbers of the two atoms, interatomic distance, and arrays to
hold the calculated integrals. Called by ROTATE only.

Uility: Rotates analytical two-electron derivatives from
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ROTATE

RSP

SAXPY

SCHM B

SCHM T

SCOPY

SDOT

SEARCH

SECOND

SET

SETUP3

SETUPG

SOLROT

SORT

SPACE

SPCG

SPLI NE

SS

atom c to nolecular frane.
Uility: Al the two-electron repulsion integrals, the electron-
nucl ear attraction integrals, and the nucl ear-nucl ear repul sion

term between two atons are cal cul ated here. Typically 100 two-
el ectron integrals are eval uated.

Uility: Rapid diagonalization routine. Accepts a secul ar
determ nant, and produces a set of eigenvectors and

ei genval ues. The secul ar determ nant is destroyed.

Uility: Called by the utility SUPDOT only!

Uility: Part of Canp-King converger

Uility: Part of Canp-King converger

Utility: Copies an array into another array.

Uility: Fornms the scalar of the product of two vectors.
Uility: Part of the SIGVA and NLLSQ gradi ent minim zations.
The |ine-search subroutine, SEARCH | ocates the gradient

m ni mum and cal cul ates the second derivative of the energy
in the search direction. Called by POASQ and NLLSQ

Uility: Contains VAX specific code. Functi on SECOND
returns the nunber of CPU seconds el apsed since an arbitrary
starting time. If the SHUTDOWN command has been i ssued,

the CPUtine is in error by exactly 1,000,000 seconds, and

the job usually term nates with the nessage "ti ne exceeded"

Uility: Called by DI AT2, evaluates sone ternms used in overlap
cal cul ati on.

Uility: Sets up the Gaussian expansion of Slater orbitals
using a STO 3G basis set.

Uility: Sets up the Gaussi an expansion of Slater orbitals
using a STO 6G basis set.

Uility: For Cluster systens, adds all the two-electron
integrals of the sane type, between different unit cells, and
stores themin a single array. Has no effect on nol ecul es.
Uility: Part of CDI AG the conplex diagonalizer

Uility: Called by DIIS only.

Witten out of Version 6.00.

Uility: Part of Canp-King converger

Uility: An al nost general Slater orbital overlap calculation
Cal | ed by DI AT.
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SUPDOT
SURFAC

SWAP

SYMIRY

THERMO

TI MCLK
TI MER
TI MOUT
TQL2
TQLRAT
TRBAK3
TRED3

UPDATE

UPDHES

VECPRT

VRI TE

VWRTKEY

VRTTXT

XXX

Uility: Matrix mutiplication A=B.C
Uility: Part of the ESP.

Uility: Used with FILL=, SWAP ensures that a specified
MO is filled. Called by |ITER only.

Uility: Calculates values for geonetric paranmeters from known
geonetric paraneters and symetry data. Called whenever GVETRY
is called.

Mai n sequence: After the vibrational frequencies have been

cal cul at ed, THERMO cal cul at es t hernodynami ¢ quantities such as
i nternal energy, heat capacity, entropy, etc, for translational
vi brational, and rotational, degrees of freedom

Uility: Vax-specific code for determ ning CPU tine.

Uility: Prints tinmes of various steps.

Uility: Prints total CPU tinme in elegant format.

Uility: Part of the RSP

Uility: Part of the RSP

Uility: Part of the RSP

Uility: Part of the RSP

Uility: Gven a set of new paraneters, stores these
in their appropriate arrays. |Invoked by EXTERNAL.

Uility: Called by EF, UPDHES updates the Hessian matrix.

Uility: Prints out a packed, |ower-half triangular matrix.

The | abeling of the sides of the matrix depend on the matrix's
size: if it is equal to the nunber of orbitals, atons, or other
Argunents: The matrix to be printed, size of matrix. No data
are changed by a call of VECPRT.

Mai n sequence: Mst of the results are printed here. Al

rel evant arrays are assumed to be filled. A call of WRITE only
changes the nunmber of SCF calls nmade, this is reset to zero.
No other data are changed. Called by MAIN, FLEPO, FORCE.

Mai n Sequence: Prints all keywords and checks for
conpatability and to see if any are not recognised.
WRTKEY can stop the job if any errors are found.

Mai n Sequence: Wites out KEYWRD, KOMENT and TITLE. The
i nverse of GETTXT.

Uility: Forms a unique |ogical nane for a Gaussian Z-matrix
logical. Called by GEOUTG only.
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XYZI NT Uility: Converts from cartesian coordinates into internal

XYZGEO XYZI NT sets up its own nunbering system so no connectivity
i s needed.
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HEATS OF FORVATI ON OF SOVE MNDO, PMB AND AML COMPOUNDS

In order to verify that MOPAC is working correctly, a large nunber
of tests need to be done. These take about 45 mnutes on a VAX 11-780,
and even then many potential bugs remai n undetected. It is obviously
inmpractical to ask users to test MOPAC. However, users nust be able to
verify the basic working of MOPAC, and to do this the following tests
for the elenments have been provided.

Each el enent can be tested by making up a data-file using estimated
geonetries and running that file using MOPAC. The optim zed geonetries
shoul d give rise to heats of formation as shown. Any difference greater
than 0.1 Kcal/nole indicates a serious error in the program

Caveat s

1. Geonetry definitions nmust be correct.

2. Heats of formation nmay be too high for certain
conpounds. This is due to a poor starting geonetry

trapping the systemin an excited state. (Affects
ICl at tines)
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El enent Test Conpound Heat of Formation
M NDO 3 MNDO AML PM3

Hydr ogen CH4 -6.3 -11.9 -8.8 -13.0
Li t hi um Li H +23. 2
Beryllium BeO +38. 6 +53.
Bor on BF3 -270. 2 -261.0 -272. 1%
Car bon CH4 -6.3 -11.9 -8.8 -13.
Ni t rogen NH3 -9.1 -6.4 -7.3 -3
Oxygen co2 -95.7 -75.1 -79.8 -85.
Fl uori ne CF4 -223.9 -214.2 -225.7 -225.
Magnesi um MgF2 - 160.
Al um ni um Al F -83.6 -77.9 -50.
Silicon Si H +82.9 +90.2 +89.8 +94.
Phosphor us PH3 +2.5 +3.9 +10.2 +0.
Sul fur H2S -2.6 +3. 8 +1.2 -0
Chl ori ne HCl -21.1 -15.3 -24.6 -20.
Zi nc ZnMe2 +19.9 +19.8 8
Gal I'ium Gad 3 -79.
Ger mani um GeF -16.4 -19.7 -3
Arsenic AsH3 +12.
Sel eni um SedCl 2 - 38.
Br omi ne HBr +3.6 -10.5 +5.
Cadmi um cdd 2 - 48.
I ndi um InCl 3 -72.
Tin SnF -20.4 -17.
Ant i nony ShCl 3 -72.
Tel l urium TeH2 +23.
| odi ne I d -6.7 -4.6 +10.
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Mercury
Thal I'i um
Lead

Bi smut h

HgCl 2
Tl C
PbF

BiCl3

Not an exhaustive test of AML boron.

- 184 -

-36.9 -44.8

-22.6

-32.7

-13. 4

-21.0

-42.6

Page D-3



APPENDI X E

REFERENCES

On GDIIS
"Conputational Strategies for the Optimn zation of
Equi | i brium Geonetry and Transition-State Structures at
the Semi enpirical Level", Peter L. Cunmings, Jill E. G eady,
J. Conp. Chem, 10, 939-950 (1989).

On Analytical C.I. Derivatives
" An Efficient Procedure for Calculating the Ml ecul ar
Gradient, using SCF-Cl Sem enpirical Wavefunctions with
a Limted Nunber of Configurations”, M J. S. Dewar,
D. A Liotard, J. M. Struct. (Theochem, 206, 123-133(1990).

On Ei genvector Foll owi ng
J. Baker, J. Comp. Chem, 7, 385 (1986).

On ElectroStatic Potentials (ESP)
"Atom c Charges Derived from Sem enpirical Methods",
B. H Besler, K M Merz, Jr., P. A Kollmn,
J. Conp. Chem, 11 431-439 (1990).

"Ground States of Ml ecules. 38. The MNDO Met hod.
Appr oxi mati ons and Paraneters.", MJ.S. Dewar, W Thiel,
J. Am Chem Soc., 99, 4899, (1977).

Oiginal References for Elenments Paraneterized in MNDO

H MJ.S. Dewar, W Thiel, J. Am Chem Soc., 99, 4907, (1977).

Li Parameters taken fromthe MNDOC program witten by Walter Thiel,
Quant. Chem Prog. Exch. No. 438; 2, 63, (1982)

Be MJ.S. Dewar, H S. Rzepa, J. Am Chem Soc, 100, 777, (1978)

B MJ.S. Dewar, ML. MKee, J. Am Chem Soc., 99, 5231, (1977).

C MJ.S. Dewar, W Thiel, J. Am Chem Soc., 99, 4907, (1977).

N MJ.S. Dewar, W Thiel, J. Am Chem Soc., 99, 4907, (1977).

(0] MJ.S. Dewar, W Thiel, J. Am Chem Soc., 99, 4907, (1977).

F MJ.S. Dewar, H S. Rzepa, J. Am Chem Soc., 100, 58, (1978).

- 185 -



REFERENCES Page E-2

Al L.P. Davis, RM @uidry, J.R WIllians, MJ.S. Dewar, H S. Rzepa
J. Conp. Chem, 2 433, (1981).

Si (a) MJ.S. Dewar, ML. MKee, HS Rzepa, J. Am Chem Soc., 100,
3607 (1978). *
(c) MJ.S. Dewar, J. Friedheim G Gady, E. F. Healy,
J.J.P. Stewart, Organonetallics, 5 375 (1986).

P MJ.S. Dewar, ML. MKee, H'S. Rzepa, J. Am Chem Soc., 100,
3607 (1978).

S (a) MJ.S. Dewar, ML. MKee, HS. Rzepa, J. Am Chem Soc., 100,
3607 (1978). *
(b) MJ.S. Dewar, C. H Reynolds, J. Conp. Chem, 7, 140 (1986).

cl (a) MJ.S. Dewar, ML. MKee, HS Rzepa, J. Am Chem Soc.,
100, 3607 (1978). *
(b) MJ.S. Dewar, H S. Rzepa, J. Conp. Chem, 4, 158, (1983)

Zn MJ.S. Dewar, K. M Merz, Organonetallics, 5, 1494 (1986).

Ge MJ.S. Dewar, G L. Gady, E.F. Healy, Organonetallics, 6,
186 (1987).

Br MJ.S. Dewar, E.F. Healy, J. Conmp. Chem, 4, 542, (1983)

I MJ.S. Dewar, E.F. Healy, J.J.P. Stewart, J. Conp. Chem,
5, 358, (1984)

Sn MJ.S Dewar, GL. Gady, J.J.P. Stewart, J. Am Chem Soc.,
106, 6771 (1984).

Hg MJ.S. Dewar, G L. Gady, K Merz, J.J.P. Stewart,
Organonetal lics, 4, 1964, (1985).

Pb MJ.S. Dewar, M Holloway, G L. Gady, J.J.P. Stewart,
Organonetal lics, 4, 1973, (1985).

* - Paraneters defined here are obsol ete.

On M NDO 3
Part XXVI, Bingham R C., Dewar, MJ.S., Lo, D.H,
J. Am Chem Soc., 97, (1975).
On AML
"AML: A New General Purpose Quantum Mechani cal Mol ecul ar
Model ", MJ.S. Dewar, E.G Zoebisch, E.F. Healy,
J.J.P. Stewart, J. Am Chem Soc., 107, 3902-3909 (1985).
On PM3

"Optimzation of Paraneters for Sem -Enpirical Methods

| - Method", J.J.P. Stewart, J. Comp. Chem 10, 221 (1989).
"Optimzation of Parameters for Sem -Enpirical Methods
Il-Applications, J.J.P. Stewart, J. Conp. Chem 10, 221 (1989).
(These two references refer to H, C, N O F, A, S, P,

S, d, Br, and I).

"Optimzation of Parameters for Sem -Enpirical Methods
Ill-Extension of PM3 to Be, My, Zn, Ga, Ge, As, Se, Cd,

In, Sn, Sb, Te, Hg, Tl, Pb, and Bi", J.J.P. Stewart,
J. Conmp. Chem (In press, expected date of publication,
Feb. 1991).

Original References for Elenments Paraneterized in AML
H MJ.S. Dewar, E. G Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am
Chem Soc., 107, 3902-3909 (1985).

- 186 -



REFERENCES Page E-3

B MJ.S. Dewar, C Jie, E. G Zoebisch, Oganonetallics,
7 513-521 (1988).

C MJ.S. Dewar, E.G Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am
Chem Soc., 107, 3902-3909 (1985).

N MJ.S. Dewar, E.G Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am
Chem Soc., 107, 3902-3909 (1985).

@) MJ.S. Dewar, E. G Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am
Chem Soc., 107, 3902-3909 (1985).

F MJ.S. Dewar, E.G Zoebisch, Theochem 180, 1 (1988).

Al MJ.S. Dewar, A.J. Holder, Oganonetallics, 9, 508 (1990).

Si MJ.S. Dewar, C. Jie, Oganonetallics, 6, 1486-1490 (1987).

P MJ.S. Dewar, C.Jie, Theochem 187, 1 (1989)

S (No reference)

cl MJ.S. Dewar, E.G Zoebisch, Theochem 180, 1 (1988).

Zn MJ.S. Dewar, KM Merz, Jr., Organonetallics, 7, 522 (1988).
Ga MJ.S. Dewar, C. Jie, Oganonetallics, 8, 1544 (1989).

Br MJ.S. Dewar, E.G Zoebisch, Theochem 180, 1 (1988).

I MJ.S. Dewar, E.G Zoebisch, Theochem 180, 1 (1988).

Hg M J. S. Dewar, C. Jie, Oganonetallics, 8, 1547 (1989).
(see al so PARASOK for the use of MNDO paraneters for other el enents)

On Shift
"The Dynamic 'Level Shift' Method for Inproving the
Convergence of the SCF Procedure", A V. Mtin, J. Conp.
Chem 9, 107-110 (1988).

On Hal f-El ectron
"Ground States of Conjugated Ml ecul es.
| X. Hydrocarbon Radicals and Radical lons", MJ.S. Dewar,
J.A. Hashmall, C.G Venier, J.A C.S. 90, 1953 (1968).
"Triplet States of Aromatic Hydrocarbons", MJ.S. Dewar,
N. Trinajstic, Chem Comm, 646, (1970).
"Semi enmpirical SCF MO Treatment of Excited States of
Aromatic Conpounds” MJ.S. Dewar, N. Trinajstic,
J. Chem Soc., (A), 1220, (1971).

On Pul ay's Converger
"Convergence Acceleration of lterative Sequences.
The Case of SCF Iteration", Pulay, P., Chem Phys. Lett.,
73, 393, (1980).

On Pseudodi agonal i zati on
"Fast Sem empirical Calculations",
Stewart. J.J.P., Csaszar, P., Pulay, P., J. Conp. Chem,
3, 227, (1982).

On Localization
"A New Rapid Method for Orbital Localization.”
P.G Perkins and J.J.P. Stewart, J.C. S. Faraday
(rr)y 77, 000, (1981).

On Di agonal i zati on

Beppu, Y., Conputers and Chem stry,
Vol .6 (1982).

- 187 -



REFERENCES Page E-4

On MECI
"Mol ecul ar Orbital Theory for the Excited States of
Transition Metal Complexes", D.R Armstrong, R Fortune,
P.G Perkins, and J.J.P. Stewart, J. Chem Soc., Faraday
2, 68 1839-1846 (1972)

On Broyden- Fl et cher - Gol df ar b- Shanno Met hod
Broyden, C. G, Journal of the Institute for Mathematics
and Applications, Vol. 6 pp 222-231, 1970.
Fl etcher, R, Conputer Journal, Vol. 13, pp 317-322, 1970.
Col df arb, D. Mathematics of Conputation, Vol. 24,
pp 23-26, 1970.
Shanno, D. F. Mathematics of Conmputation, Vol. 24,
pp 647-656 1970.

See also summary in

Shanno, D. F., J. of Optimization Theory and Applications
Vol .46, No 1 pp 87-94 1985.

On Polarizability
"Cal cul ati on of Nonlinear Optical Properties of
Mol ecul es", H. A Kurtz, J. J. P. Stewart, K. M Dieter
J. Conmp. Chem, 11, 82 (1990).
see al so
"Sem enpirical Calculation of the
Hyper pol ari zability of Polyenes",
H A Kurtz, I. J. Quant. Chem Synp., 24, xxx (1990).

On Ther nodynani cs
"Ground States of Ml ecules. 44 MNDO 3 Cal cul ati ons of
Absol ute Heat Capacities and Entropies of Ml ecul es
wi thout Internal Rotations." Dewar, MJ.S., Ford, GP.,
J. Am Chem Soc., 99, 7822 (1977).

On SI GVA Met hod
Konornicki, A, Mlver, J. W, Chem Phys. Lett., 10,
303, (1971).
Konornicki, A, Mlver, J. W, J. Am Chem Soc., H
94, 2625 (1971)

On Mol ecul ar Orbital Val ency
"Val ency and Mol ecul ar Structure", Copinathan, M S.,
Siddarth, P., Ravinohan, C., Theor. Chim Acta
70, 303 (1986).

On Bonds
"Bond | ndi ces and Val ency", Arnstrong, D. R,
Perkins, P.G, Stewart, J.J.P., J. Chem Soc.
Dal ton, 838 (1973).
For a second, equivalent, description, see also
Gopi nathan, M S., and Jug, K., Theor. Chim Acta,

- 188 -



REFERENCES Page E-5

63, 497 (1983).

On Locating Transition States
"Location of Transition States in Reaction Mechanisns",
MJ.S. Dewar, E.F. Healy, J.J.P. Stewart, J. Chem Soc.
Faraday Trans. 2, 3, 227, (1984)

On Di pole Minents for lons
"Ml ecul ar Quadrupol e Monents", A.D. Buckingham Quarterly
Revi ews, 182 (1958 or 1959)

On Pol yners

"MNDO Cl uster Mdel Calculations on Organic Polynmers",
J.J.P. Stewart, New Polynmeric Materials, 1, 53-61 (1987).

see al so
"Cal cul ation of Elastic Mduli using Sem enpirica

Met hods", H E. Klei, J.J.P. Stewart, Int. J. Quant. Chem
20, 529-540 (1986).

- 189 -



APPENDI X F
DETAI LS FOR THI S PC RELEASE
MOPAC v. 6 for DOS, Release 2.00
1. Presentation

This is an inplenentation of the full MOPAC v.6 for PC s under the Ms-DOCS
environnment. It can be used also in the M5-DOS shell of Wndows v.3.1, 95/98/ Me
and also all versions of Wndows NT, Wndows 2000 and W ndows XP.

Thi s rel ease have been prepared by:

Luis A Mntero

Lab. of Computational and Theoretical Chem stry
Faculty of Chem stry

Uni versity of Havana

Havana 10400, Cuba

Tel f.: (537) 878 1263
Fax: (537) 873 5774
e-mail: luis.mntero@q.uh.cu, gct@nfoned.sld.cu

It is a public domain programwi th respect to the nodifications introduced by the
present author. Al other details and restrictions are a subject of the MOPAC v. 6
owners and their rules.

2. New features

This is a full inplementation of this MOPAC version. It neans that all rules
contained in this original manual are valid as they were inplenented originally by
the MOPAC authors. In addition, some new features were added:

2.1 File managenent

Many of the usual MOPAC files which were named as FOROxx can be personalized and
named by the users. The rules and extensions for the nodified itens are detail ed
in the programinitial presentation. It means that an user name can be given to
the main input/output files, and the programgives to them an extension in
correspondence with the nature and purpose of the file. The default input file
name is . MOP

2.2 Cartesian coordinate output files

A new type of file is added to wite Cartesian coordi nates and they are nanmed as
.CAR files. It is witten to the output directory when the default Cartesian
coordinate output is allowed to the main output file. This kind of formatted

i nformati on about the optim zed nol ecul ar structures is necessary to be used as

i nputs in other TG HABANA programs for PC s. In fact, the present distribution
package contains MOLGRA, a facility to perform nol ecular graphics fromthis .CAR
files. These files are appended if a previous .CAR file with the same nane is
present in the output directory.

2.3 Summary output files .RSM

The standard MOPAC output file containing a summary of the output which appears as
FOR012 is here a .RSMfile. It is now appended during a run with nultiple input
data sets.
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3. Screen input/output options

After | oaded in nenory, the program asks the user in the screen for the input file
name. The path and filename of the main input file nust be entered in the MsS-DOCS
pronpt wi ndow to acconplish this requirenment. The DOS default extension .MOP is
recommended for input files. However, any extension is supported, although it nust
be supplied explicitly. The DOS path supplied with the file name will be valid for
all input and output files generated by MOPAC in the given run.

A second question is related to the screen output. It is well known that screen
outputs could delay sone cal cul ations. Therefore, no runtime screen outputs are
programed by default. However, if the user desires information about the run
progress, he nust answer Y to the appropriate question

4. Command |ine and screen 1/0O

The input information supplied by the screen can be given in the command |ine
before | oading the programto avoid console interactions. In such a case, the
conmand line is:

C:\wor ki ng. di r>mopac6 <input.file.name>[.MOP] [<answer>]

wher e:

nmopac6 is a generic of the executable file nanme of MOPAC

<input.file.name> is the input file name as explained in the previous section.

<answer > y, or Yif a detailed screen is desired, as described in the
previ ous section.

5. Rel eases

There are three rel eases of this MOPAC6 for PC s:

nopac6. exe for polyatom c systens of 50 heavy atoms and 50 hydrogens
m dnopac. exe for polyatom c systens of 75 heavy atoms and 75 hydrogens
bi gnopac. exe for polyatom c systens of 100 heavy atons and 100 hydrogens

7. Installation

To install this programit is sufficient to place the execulable files in an
active path directory, i.e. c:\windows or c:\w nnt.

6. Packing

Thi s program execut ables are contained in a self extracting file named
mopac32. exe. Executing it will expand the files:

10/ 01/1997 01:45p 10, 473, 456 BI GMOPAC. EXE
10/ 02/ 1997 06:59a 4,194, 304 M DMOPAC. EXE
05/ 18/ 1994 10: 00p 110, 512 MOLGRA. EXE
05/ 18/ 1994 10: 00p 3,820 MOLGRA. TXT
10/ 02/ 1997 07:04a 4,194, 304 MOPAC6. EXE
03/18/ 1997 07:07a 10, 053 MOPATEST. CAR
03/ 18/ 1997 07:07a 5, 895 MOPATEST. LOG
05/ 19/ 1994 12:00a 1, 349 MOPATEST. MOP
03/ 18/ 1997 07:07a 29,145 MOPATEST. OQUT
03/18/ 1997 07:07a 4,042 MOPATEST. RSM
12/ 01/ 2002 06:37p 358, 936 MOPAC6_TCH. pdf
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in the selected directory according the followi ng command |ine syntaxes:
c:\working.dir\mpac32 <fil es> <desti nation_path>
wher e:

<files> are those files to extract
<desti nati on_pat h> is the directory where extracted files are to be pl aced.
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pseudodi agonal i zati on, E-3
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SADDLE, E-5
SHI FT, E-3
SI GVA et hod, E-4
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Partition function, 6-10
PATH cal cul ation, 5-11
Pepti des, 6-2
Phonon band structure, 2-20
Physi cal Constants, 6-9
PI, 2-27
Pl anck's constant, definition,
6-9
PMVB
El ements in, 3-6
Keyword, 2-27
PO NT, 2-27
PO NT1=n, 2-27
PO NT2=n, 2-27
POLAR, 2-27
Pol arizability
background, 6-44
cal cul ati on of, 6-46
MNDO nonatonic terns, 6-46
Pol yners, 1-1
data for, 1-8, 3-10
POTWRT, 2-27
PRECI SE, 2-28
Pr eci si on
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| ow default, 6-4
Program
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MOSCL, 1-6
Publication Quality, 6-4
PULAY, 2-28
converger, description of, 6-7

QCPE

Address, 1-3
QUARTET, 2-29
QUI NTET, 2-29

Radi cal s, 1-1
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specification of, 3-8
Reacti on Coordi nates, 6-17
Reaction Path
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RECALC=n, 2-29
RESTART, 2-29
exanple of in IRC, 6-23
in |RC or DRC, 6-20

ROOT=, 2-30
ROT
exanple of, 5-8
ROT=, 2-30
Rot ati onal constants, definition
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SADDLE, 2-31
exanpl e of data for, 6-40
limtations, 6-42
three atons in a line, 4-2
SCALE, 2-31
0SCF, 2-6
1SCF, 2-6
use i n debugging, 10-3
use with FILL=, 2-16
use with GRADI ENTS, 2-18
use with PULAY, 2-28
use with RESTART., 2-29
SCF
conver gence, 6-6
danpi ng, 6-7
failure to achieve., 6-8
1SCF on an optim zed geonetry,
6-5
SCF Test
description of, 6-6
SCFCRT=, 2-31
SCI NCR, 2-31
Second order hyperpolarizability,

2-27
SELCON, 6-6
SETUP, 2-31

SETUP=nane, 2-32
SEXTET, 2-32



SHI FT
description of, 6-7
SHI FT=, 2-32
Short version, 11-9
Shut down, command, 8-6
Shut down, working, 11-6
SI GWA, 2-32
SI NGLET, 2-33
SLOPE, 2-33
Spar kles, 3-7
full description of, 6-31
Speed of |ight
definition, 6-9
SPIN, 2-33
STEP, 2-33
STEP1, 2-34
STEP2, 2-34
STABG 2-34
STO6G, 6-5
Subrouti nes
bri ef description of, C1
calls made by, B-1
calls to, B-5
full list of, A1
Super conmputers, 1-1
SYMAVG, 2-34
SYMMETRY, 2-34
exanpl e of, 2-35
functions, 2-36

T-PRIORITY, 2-37
definition of, 6-21
T=, 2-36
THERMO, 2-37
exanple of, 5-8
THERMX( nnn), 2-37
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THERMO( nnn, mm) , 2- 37
THERMO( nnn, mm | [ 1), 2-37
Ther nochem stry

Note on, 6-9
Third order hyperpolarizability,
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Torsi on Angl e Coherency, 6-8
TRANS, 2-38
TRANS=n, 2-38
Transition States, 1-1
Transl ation

synmmetry, 6-47

vectors, 6-47
TRI PLET, 2-38
TS, 2-39

UHF, 2-39

UNI X systens, 11-7
Unopti m zabl e coordi nates, 3-8
UNCPTI M ZABLE. ., 8-1

Updates, iii
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VECTORS, 2-39

VELOCI TY, 2-39

Ver si on Nunber, 4-5

Vi brational Analysis, 5-9, 6-9
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definition of, 6-21
XYZ, 2-40
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