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1 Introduction

ICON-EDIT is a FORTRAN program package that performs extended-Huickel molecular orbital and
oscillator strength calculations on molecules.

s,p,d orbitals, atwo-body repulsive energy term, options for different Wolfsberg-Helmholz formulas,
charge iteration procedures, population analysis, FMO (fragment molecular orbitals), geometry
variation, energy minimization and oscillator strength calculations are included.

ICON-EDIT consists of four parts, INPUTC, ICONC, EDIT and GOP.

The INPUTC part of the program is a self-explanatory input program. It reads the necessary input
parameters from the ASCII data files ATOMDEF.DAT, VOI.DAT and FOI.DAT that can be extended
and/or adapted to meet the requirements of the user.

| CONC performs extended-Htickel calculations on files created by INPUTC.

EDIT alows to calculate oscillator strengths of electronic dipole-induced transitions (EDiTs) based
on Slater-type extended-Huckel wave functions.

GOP searches for aminimum in an energy hyper surface using INPUTC and 1CONC with files created
by INPUTC for input.

ICON-EDIT runs under Windows NT, however, no machine specific specialties have been included.

A set of additional programs, useful for more advanced users of ICON-EDIT is provided in
Q-TOOLS. A description of these isincluded in this document.
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2 Package

The extended-Huckel part of ICON-EDIT is an updated version of ICONC&INPUTC.[H |CONS,2
FMO,l® GENINS and CONVERT provided by the RoaLp HorrmanN group have been used as bases for
ICON-EDIT which includes among other new features an ASED procedure.® EDIT is a program to
calculate oscillator strengths of electronic dipole-induced transitions (EDiTs) based on the EHMO
Slater-type wave functions generated by ICONC&INPUTC.[8]

2.1 Contents

The package consists of the FORTRAN sources FILENAME.F, the corresponding FILENAME.EXE
files, the data files FILENAME.DAT and some examples FILENAME.GEN, FILENAMEMO and
FILENAMEKAR. The 32-bit extender programs DOSXMSF.EXE and DOSXNT386.EXE are
included for those wishing to run the binaries under DOS and/or Windows 3.x.

2.1.1 Sourcefiles

The source codes of INPUTC, ICONC and EDIT are split into their subroutines, the source code of
GOP isdistributed in modules. All sources are located in the respective subdirectories of the directory
SOURCES.

With the exception of GOP, the programs have aready been compiled on different platforms such as
VAXNVMS, IBM RS/6000, DEC/ALPHA, LINUX, DOSWINDOWS and many more. No problems
have been reported so far. However, afew points should be noted:

e If you wish to compile the programs with the VAX FORTRAN make sure to change the carriage
control character ,\" to,,$” in the FORMAT statements.

* The Machine constants used in the Eigenvalue solve engine GIVENS.FOR should be adapted to the
requirement of your computer. The correct machine constants for MSDOS, VAX and IBM RS/6000
are included in the respective file. The user only has to unmark the corresponding lines in this
subroutine.

* All three programs have been designed to contain the user changeable parameters in their proper
parameter files which are ICONPARAFOR, INPUPARAFOR and EDPARAFOR. The parameters
listed therein should be adaptable to the requirements of the user and/or the available resources,
such as computer memory. The maximum number of atoms (variable MXATOM) has been tested for
up to 999. We do not guarantee correct results, if you push this limit beyond.

*  GOP uses a compiler-specific routine to access the operating system. Y ou will have to change the
file ' INPUTC_ICONC.f90" to compile the program with your own compiler.

The program-package is available at no charge. As a consequence no responsibility and no
support can be provided by the authors..
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2.1.2 Executables

INPUTC.EXE reads the data files ATOMDEF.DAT, VOI.DAT and FOI.DAT which must be located
in the same directory as the binary itself. Its purpose is to output either a cartesian coordinate file
(FILENAME.KAR) or an internal coordinate file (FILENAME.GEN) depending on the choice you
have made (cf. Chapter 2.2). As ICONC is designed to work with cartesian coordinates only, the .gen
files can be converted to the temporary files TEMP.VAR and TEMP.KAR. The memory requirement is
rather small ( » 180 kBytes).

The FILENAME.GEN and the TEMP.KAR files are the input files for ICONC.

ICONC.EXE is the actual extended-Hickel molecular orbital (EHMO) program. The memory
requirement is » 6.5 MBytes for a DOS/Windows 3.x binary compiled for 100 atoms (cf. variable
MXATOM in ICONPARAFOR).

EDiT.EXE calculates electronic dipole-induced transitions between an initial molecular orbital Y and
afina MO Y. Besides the files FILENAMEMO and FILENAME.GEN that are related to the ICONC
program, EDI T needs an input file FILENAME.EDI that has to be created seperately in an ASCII editor
of your choice. A binary dimensioned for 100 atoms (and up to 400 AOs) uses about 4.5 MBytes of
RAM.

GOP.EXE searches for a minimum on an energy hyper surface of a molecule specified in a .genfile.
The user may choose which properties of the molecule to include in a calculation and which not. GOP
itself uses practically no resources, but it makes calls on INPUTC and ICONC, so the memory
reguirement is the same as for them.

DOS/Windows 3.x specialties:

* The DOS/Windows 3x binaries have been created using the Microsoft FORTRAN PowerStation compiler. In order
for the 32-hit binaries to run on a 16-hit operating system the respective 32-hit extender programs are included in
this distribution. These are DOSXMSF.EXE and DOSXNT.386, respectively (DOSXMSF.EXE being the proper
extender program). If you intend to use these programs under DOS only, you can forget about DOSXNT.386.
DOSXMSF.EXE should be copied to a location stated in your PATH environment (i.e. to the current working
directory). If you plan to run the programs under Windows 3.x in aDOS shell you should add the line

DEVICE=X:\SOMEPATH\DOSXNT.386

to the [Enh386] section of your SYSTEM.INI file.

*  The program consuming the most memory isICONC. Depending on the configuration of your PC (different drivers,
SMARTDRIVE, RAMDISK, etc.) 8 or 16 MBytes of RAM should alow to run ICONC without needing to access
virtual memory. If you have less built-in physical memory you can still run the programs by allowing the programs
to page out parts of its image to the hard disk. Virtual memory will be accessed on the drive where
DOSXMSF.EXE islocated. Thiswill NOT work on acompressed drive. Therefore, if you have DriveSpaceinstalled
you may want to relocate the swap space by adding something like

SET DOSX = SWAPDIR X:\MY SWAP
to your AUTOEXEC.BAT file. However, if you run the programs under Windows 3.x in a DOS shell, Windows will
take care of your virtual memory. Size and properties can then be adjusted by starting the control panel application

and selecting the 386 Enhanced icon. Do NOT run ICON-EDIT under Windows 3.x unless you are sure to have
enough free RAM.
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2.1.3 Data Files

ATOMDEF.DAT is needed by INPUTC. It contains the atomic symbols, the number of valence
electrons, the quantum numbers of the orbitals, the corresponding Slater exponents and the Coulomb
integrals. For most of the main group e ements the quantum number ND has been chosen equal to 0. A
quantum number of 0 means that the corresponding atomic orbital is skipped. To include d orbitals ND
= 0 has to be substituted with ND = 3, 4 or 5 depending on the period to which the atom belongs.

Specia notation: atomic symbols followed by M, -, 1, 2 or 3 have the meanings. metal, anion, cation, higher oxidation
states.

Be careful! It iswiseto check whether the parametersare well suited to your problem.

ATOMDEF.DAT can easily be changed or extended according to the special needs of the user. Be
careful not to change the format. The number of atoms that can be defined is limited to 150.

FOI.DAT isneeded by INPUTC. It contains the charge iteration parameters of the transition elements.
VOI.DAT is needed by INPUTC. It contains the charge iteration parameters of the main group
elements.

2.1.4 Contentsof thedistribution

The .zip files (also available as .tar.gz files) can be downloaded from the following website:
http://iacr sl.unibe.ch/member giconedit.html

NT-bin.zip

sources.zip

examples.zip

g-tools.zip

INPUTC.EXE
ICONC.EXE
EDIT.EXE
GOP.EXE
ATOMDEF.DAT
FOI.DAT
VOI.DAT

INPUTC (DIR)
ICONC (DIR)
EDIT (DIR)
GOP (DIR)

containing the sources

2-H20_GOP.GEN
2H20AG_ANGLE.GEN
2H20AG_DISTANCE.GEN
BENZENE.GEN
BENZENE.OUT
BENZENE1L.PGRGOP
BENZENELE MIN.OUT
BIPY.KAR
BIPY.OUT

C2H2.GEN

C2HA.GEN

C60.GEN

CHA4.GEN

CH4.MO

CH4.0UT
GLYCIN.KAR
GLYCIN.OUT
H2.GEN

H2.0UT

H20.KAR

H20.0UT
H20_GOP.GEN
MNO4-.EDI
MNO4-EDO
MNO4-.EDS
MNO4-.GEN
MNO4-.MO
MNO4-.0UT
NICO4IT.KAR
NICO4IT.OUT
PROPEN_F.GEN
PROPEN_F.OUT

Q-TOOLSEXE
SAMPLES(DIR)
Containing some examples.
Refer to the description of
QTOOLS
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22INPUTC

INPUTC is a self-explanatory FORTRAN program which produces files used as input for the EHMO
program ICONC.EXE. Y ou may select between different coordinate types for the input of molecules as
well as between different options for the EHMO calculation.

ICONC accepts only input files with atom positions in cartesian coordinates. INPUTC converts
internal coordinates to cartesian coordinates.

INPUTC needs the parameter files ATOMDEF.DAT, VOI.DAT and FOI.DAT. These files must be in
the current working directory.

To start the program type INPUTC at the command line prompt.

The program will then ask for the type of input you want to make. The questions are:

Cartesian coordinates

Internal coordinates (with variations)
Conversion of afilefrom #2 (.GEN file)
End

OCWN K

Option 1 asks for input of the atomic positions in Cartesian coordinates. A file with the extension
KAR isthen written to the hard disk. Input filesin Cartesian coordinates (e.g. name.KAR files) can be
used for ICONC calculations without conversion.

Option 2 asks for the atomic positionsin internal coordinates. Besides the fact that internal coordinates
are often useful and allow a much easier setup of molecular geometries from known data such as bond
angles and bond lengths, INPUTC supports automatic geometry variation for this type of coordinates. In
afirst step INPUTC dumps an internal coordinate file with the extension .GEN to the hard disk. It then
varies the geometries and writes its output to the temporary files TEMP.VAR and TEMP.KAR. These
files are temporary in the sense that they will be overwritten the next time you choose either option 2
or 3. Asthe .GEN files contain variation information in a condensed form you may wish to keep these
files only. The TEMP.KAR files needed as input for ICONC can be generated from the respective
.GEN file at any time by choosing option 3. The TEMP.VAR files contain the varied interna
coordinates what is handy to check the success of geometry variation. We now briefly discuss the
setup of internal coordinate geometries.

Thefirst atom 1 in Figure 1 defines the origin. If you choose an angle a of +180° the second atom 2
lies on the Z-axis in positive direction. For a dihedral angle of @ or 180° the third atom isin the
XZ-plane. To set up the coordinate system and/or any reference point the user can create dummy
atoms. Dummy atoms are automatically removed from calculation; they have to be given the highest
numbers. Hence, if you consider a molecule consisting of N atoms the first dummy atom has to be
labeled with N+1. Sequencing of atoms for counting is determined by only the real (excluding dummy)
atoms. You can only point once to the same atom but you can point from a selected atom to other
atoms as often as you like. The bond angle is the angle between the vector b and the connection
between the two atoms 1 and 2. The dihedral angle x is the angle between the last defined plane and
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the new vector to be defined. At the beginning the XZ-plane is defined by the vectors a and b. Please
note that the dihedral angle is associated with the vector K - L.

We further explain the use of the above definitions by adding afew examples.

If atom 1 islocated at position (x=0, y=0, z=0) the input in internal coordinates (r,a,x) must be (0,0,0).
If then atom 2 islocated at (x=0, y=1, z=0) the input must be (1,180,0) and so on.

Y
g 1 b<a
1 b 2 X
X
2.7 o \i%g
z Z N

(X =Bondagle é: = Dihedrd angle

Figure 1. Definition of the bond angle a and the dihedral angle x. In case of atoms 1 and 2 in the upper
scheme K corresponds to atom 1.
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Figure 2: EXAMPLE 1, D2, Ha

number of atoms 4
number of dummy atoms 0
number of vectors 3

D2h point group; eg. D2h H4

4 gomsand three connections

4 3
r = r
r = r
14 14 23 7
b
1 r 2
12

If we want to place the four atoms in the X,y plane, so that the z axis coincides with the C, axis, the

following input will do it:

ICON-EDIT, Summer 1997

distance

vector a
12 2 180
23 90
14 2 90

vector distance a X
51 0,707107 90 0
12 1 45 90
23 1 90 0
34 1 90 0

atom X y z

1 0,7071 0 0

2 0 0,7071 0

3 -0,7071 0 0

4 0 -0,7071 0
5=dummy 0 0 0
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9

The following input places the four atoms into the y,z plane, so that the x axis coincides with the C,

axis:

vector distance a X
51 0,707107 180 0
12 1 45 0
23 1 90 0
34 1 90 0
atom X y z

1 0 0 0,7071
2 0,7071 0 0

3 0 0 -0,7071
4 -0,7071 0 0
5=dummy 0 0 0

Figure 3: EXAMPLE 2, T4 CH,4

number of atoms 5
number of dummy atoms 0
number of vectors 4
Y
4
2
@ —3—> z
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vector

distance

a X
12 1.090 125.2644 45.0
13 1.090 125.2644 225.0
14 1.090 54.7356 135.0
15 1.090 54.7356 315.0
Atom X y z
1 0 0 0
2 a a a
3 -a -a a
4 -a a -a
5 a -a -a
a=0.6293
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Figure 4. EXAMPLE 3, Dgr-benzene

This example illustrates how to place the z-axis perpendicular to the plane of a molecule with Dy,
symmetry, so that the C,, axis coincides with the z-axis. If you choose the coordinate system in thisway,
ICONC will deliver symmetry adapted wave functions.

number of atoms 12
number of dummy atoms 1
number of vectors 12

Internal coordinates, number 13 is the dummy atont

1 1.40 90. .0 places atom 1 on the x axis at position 1.4

.40 60. 90.0 rotation fromthe (x,z) plane to to(x,y) plane
.40 120.
.40 120.
.40 120.
.40 120.
.06 180.
. 06 240.
. 06 240.
. 06 240.
11 . 06 240.
12 . 06 240.
*CCCCC* HH

OCUDWNRPUOMWNER®
B
COO~NOUAWNR

PRRPRPRREPRPRRERR

TOOOOOOOOOOOO
cfoNoNoloNoNoloNeNe

HH

Resulting cartesian coordinates:

1 1. 400000 . 000000 . 000000
2 . 700000 1. 212436 . 000000
3 -. 700000 1. 212436 . 000000
4 -1. 400000 . 000000 . 000000
5 -. 700000 -1.212436 . 000000
6 . 700000 -1.212436 . 000000
7 2. 460000 . 000000 . 000000
8 1. 230000 2.130422 . 000000
9 -1. 230000 2.130423 . 000000
10 - 2. 460000 . 000000 . 000000
11 -1. 230000 -2.130422 . 000000
12 1. 230000 -2.130423 . 000000

*CCCCC* HHHHH
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Figure 5: EXAMPLE 4, Zeise-Salt ((H.C = CH,) PtCls), try ZEISE.GEN.

11

@
i
(=)

> 7
Y-
9
7
X
Y
nunber of atons 10
nunber of dumry atonms D 1
nunber of vectors 10
vect or vect or di st ance a X
nunber
1 11 1 2.090 180.0 0.0
2 1 2 2. 300 180.0 0.0
3 1 3 2. 300 90.5 270.0
4 1 4 2. 300 90.5 90.0
5 11 5 0. 735 90.0 0.0
6 11 6 0. 735 270.0 0.0
7 5 7 1. 080 109.5 90.0
8 5 8 1. 080 109.5 270.0
9 6 9 1.080 109.5 90.0
10 6 10 1. 080 109.5 270.0
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Figure 6: EXAMPLE 5, (H;C = CH,) PtCI,N(CHs)., try CHNCLPT.GEN.

12

number of atoms 18

number of dummy atoms D 1

number of vectors 18

vect or vect or di st ance X
nunber
1 19 1 2.090 180.0 0.0
2 1 2 2.020 180.0 0.0
3 2 3 1.580 114.0 90.0
4 2 4 1.580 114.0 270.0
5 19 5 0.735 90.0 0.0
6 19 6 0.735 270.0 0.0
7 1 7 2.300 90.5 270.0
8 1 8 2.300 90.5 90.0
9 5 9 1.080 109.5 90.0
10 5 10 1.080 109.5 270.0
11 6 11 1.080 109.5 90.0
12 6 12 1.080 109.5 270.0
13 3 13 1.080 109.5 270.0
14 4 14 1.080 109.5 90.0
15 3 15 1.080 109.5 150.0
16 4 16 1.080 109.5 330.0
17 3 17 1.080 109.5 30.0
18 4 18 1.080 109.5 210.0
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Figure 7: EXAMPLE 6, 4" -Phenylterpyridine, try PTPY.GEN.

Z

A

number of atoms =39
number of vectors =39
number of dummy atoms=1

D = dummy atom. The dummy atom(s) must have
the last number(s).

ICON-EDIT, Summer 1997

vector number vector distance a X
1 40 1 2. 000 180. 000 0.0
2 1 2 1.352 243. 325 0.0
3 2 3 1.395 116. 675 0.0
4 3 4 1.395 120. 000 0.0
5 4 5 1.395 120. 000 0.0
6 5 6 1.395 120. 000 0.0
7 6 7 1.489 240. 000 0.0
8 7 8 1.395 240. 000 0.0
9 8 9 1.395 120. 000 0.0

10 9 10 1.395 120. 000 0.0
11 10 11 1.395 120. 000 0.0
12 11 12 1.352 116. 675 0.0
13 2 13 1. 489 236.675 0.0
14 13 14 1.395 120. 000 0.0
15 14 15 1.395 240. 000 0.0
16 15 16 1.395 240. 000 0.0
17 16 17 1.395 240. 000 0.0
18 17 18 1.352 243. 325 0.0
19 4 19 1.489 240. 000 0.0
20 19 20 1.395 240. 000 0.0
21 20 21 1.395 120. 000 0.0
22 21 22 1.395 120. 000 0.0
23 22 23 1.395 120. 000 0.0
24 23 24 1.395 120. 000 0.0
25 22 25 1.084 240. 000 0.0
26 20 27 1.084 240. 000 0.0
27 21 26 1.084 240. 000 0.0
28 3 28 1.084 240. 000 0.0
29 5 35 1.084 240. 000 0.0
30 8 36 1.084 240. 000 0.0
31 9 37 1.084 240. 000 0.0
32 10 38 1.084 240. 000 0.0
33 11 39 1.084 240. 000 0.0
34 14 29 1.084 120. 000 0.0
35 15 30 1.084 120. 000 0.0
36 16 31 1.084 120. 000 0.0
37 17 32 1.084 120. 000 0.0
38 23 33 1.084 240. 000 0.0
39 24 34 1.084 240. 000 0.0
40 24 24 1.084 240. 000 0.0
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Figure 8: EXAMPLE 7, Hg Sig Oy, try H8SI8012.GEN.

number of atoms
number of dummy atoms D
number of vectors

28
1

28
D isnumber 29 in the centre of the cage.

14

vect or vect or di st ance a X
nunber

1 29 9 2.64428 135.0 0.0
2 29 10 2.64428 135.0 90.0
3 29 11 2.64428 135.0 180.0
4 29 12 2.64428 135.0 270.0
5 29 13 2.64428 45.0 0.0
6 29 14 2.64428 45.0 90.0
7 29 15 2.64428 45.0 180.0
8 29 16 2.64428 45.0 270.0
9 29 17 2.64428 90.0 45.0
10 29 18 2.64428 90.0 135.0
11 29 19 2.64428 90.0 225.0
12 29 20 2.64428 90.0 315.0
13 29 1 2.69795 125. 2644 45.0
14 29 2 2.69795 125. 2644 135.0
15 29 3 2.69795 125. 2644 225.0
16 29 4 2.69795 125. 2644 315.0
17 29 5 2.69795 54. 73561 45.0
18 29 6 2.69795 54. 73561 135.0
19 29 7 2.69795 54. 73561 225.0
20 29 8 2.69795 54. 73561 315.0
21 1 21 1. 45 180.0 0.0
22 2 22 1. 45 180.0 0.0
23 3 23 1. 45 180.0 0.0
24 4 24 1. 45 180.0 0.0
25 5 25 1. 45 180.0 0.0
26 6 26 1. 45 180.0 0.0
27 7 27 1. 45 180.0 0.0
28 8 28 1. 45 180.0 0.0
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After this you will be asked: ,, Do you want to define additional parameters?” Answering Y will show
you the next menu:

1 Chargeiteration

2 Controlling output options

3 Orbital occupation

4 Individua 1+k, d parameters

5 Weighted Wolfsberg-Helmholz formula

6 Simple Wolfsberg-Helmholz formula

7 FMO (Fragment Molecular Orbital) Calculation
8 Omit atoms from repulsion energy calculation

9 Exit
REMARK 1 The default option for calculating the off-diagona elementsis the distance de-
pendent formula:
-J(R-
k=145 2 5(q %) ith =1 and 6=035
q=1+([(R- do)- IR- dol]-9)?
Option 4 dlowsto define other k, d parameters.
It also allows to define individual k, d values for specified atom pairs.
REMARK 2 Charge iteration can be carried out at a single atom, at a few atoms or at all

atoms.

The experience shows that it is in general not necessary to carry out charge
iteration for organic molecules, but in some cases it isimportant.

As arule charge iteration should be applied at approximately the equilibrium
geometry only. The thus obtained parameters can then be used for al the other
calculations, seee.g. refs[6-7] and [9].

In general it is not necessary to carry out charge iteration at different
geometries, a procedure which is usually time consuming.

In some cases it is, however, important to carry out charge iteration at each
geometry investigated; see e.g. ref. [6-7].
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REMARK 3 Option 2 includes the following possibilities for controlling the output of
ICONC:
1 Coordinates and parameters
3 Distance matrix
4 Overlap matrix
5 Maddlung parameters
6 Hiickel matrix
8 Energy levels
9 Tota energy
10 Wave functions
11 Density matrix
12 Overlap population matrix
13 Reduced overlap population matrix
14 Complete charge matrix
15 Reduced charge matrix
16 Net charges and populations
17 Energy matrix
18 Reduced energy matrix
19 Energy partitioning
20 Reduced energy partitioning
21 Core-core repulsion energy matrix
22 Moby output
25 Exit

REMARK 4 If calculations are performed for varying geometries, MOBY output is only
generated for the last geometry. MOBY output generates connectivity
information that has to be regarded as a proposa only and may have to be
changed by the user. MOBY output files have the extension .mo. They serve as
input files for the programs MOBY and EDIT.

REMARK 5 To caculate the sum

by means of egs. (3) and (51) respectively, the valence electrons of the atoms
are filled into the energetically lowest levels according to the Aufbau
principle. The thus resulting electron configuration does in genera not
correspond to the electron configuration of the free atoms in case of transition
elements. Y ou can change this by choosing the corresponding switch in Option
2. If chargeiteration is used, we recommend to apply the default option.

REMARK 6 The easiest way to get familiarized with the program is to try the different
options and to study the results. Perhaps you may aso want to try some of the
examples included.
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REMARK 7 The charge iteration parameters are split up in two files; VOI.DAT containing
the parameters for main group eements and FOI.DAT comprising the respec-
tive parameters for transition metals. If you intend to perform charge iteration
on both types of elements you have to choose method B ,,V SIE-parameters (for
d-elements)” .Y ou will then be asked whether you want to do charge iteration
on all atoms or on selected atoms only. The latter option allows you to specify
the elements you want to charge iterate. In order to have charge iteration on se-
lected atoms you may want to give the atoms occupying different symmetry po-
sitions different names. You do this by copying the respective rows in
ATOMDEF.DAT, VOI.DAT and/or FOI.DAT and giving the elements different
names (eg. O1 and O2, for two symmetrically distinguishable types of oxygen
atoms, the name must not contain more than 2 letters). Consider for example
CO.. As the needed parameters are aready included in VOI.DAT you will
choose method A. If you then choose charge iteration on selected atoms you
will be asked on how many atoms you want to charge iterate. The program pro-
poses 3. As you only have two types of (symmetrically) distinguishable atoms,
select 2! The program then lists the atoms. The oxygen is listed twice as the
program does not know about symmetry. The proposed succession of the atoms
has to be obeyed. Hence, if the program prints the list ,,O C O", you will have
to select O and then C. Otherwise the oxygen atoms will be charge iteratated
with the carbon parameters, which is of course wrong!

Option 3 converts a previously generated internal coordinate file with the extension .GEN (cf. Option
2) into a Cartesian file named TEMP.KAR.
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2.31CONC

ICONC isaFORTRAN program. It performs extended-Huickel calculations on molecules.

S, p, d orbitals are accepted.

A two-body repulsive energy term isincluded.

A distance-dependent Wolfsberg-Helmholz constant is used by default. Other options can be chosen.
ICONC can perform FMO calculations.

ICONC accepts input files with atom positions in Cartesian coordinates only. The easiest way to use
the programs isto first apply INPUTC which creates the * . KAR files that ICONC accepts asits inpuit.

To start the program type |CONC < filename.KAR > filename.OUT

The ,<” and ,,>” signs are essential. They redirect standart input and standard output of ICONC. The
standard input will be read from filename.KAR while the standard output will be written to
filename.OUT.

REMARK: The caculated wave functions are usually not symmetry adapted. For the degenerate
orbitals of highly symmetric molecules this may cause the wave functions difficult to interpret. To get
symmetry adapted wave functions, appropriate rotation has to be carried out. It is aways possible,
however, to solve the problem by inducing a small appropriate antisymmetric distortion. Appropriate
distortions are distortions which remove specific or all C; axis of rotation.

In addition to the filename.OUT ICONC creates the two temporary files ENERNI.DAT and
ENERTOT.DAT. ENERNI.DAT contans the number of orbitals and the orbital energies.
ENERTOT.DAT contains the VARIED BOND LENGTHS OR BOND ANGLES, the SUM OF
ONE-ELECTRON ENERGIES, the ORBITAL STABILIZATION ENERGY, the TWO-BODY
REPULSION ENERGY and the STABILIZATION + REPULSION ENERGY. These files are often
very useful. If for example you want to draw an energy hypersurface, all the needed information is
contained in ENERTOT.DAT.

The output option MOBY creates in addition a file filename.MO. The *.MO files were originaly

introduced to meet the requirements of the molecular modeling package MOBY by Udo Howeler,
Springer Verlag Berlin, 1993. We then found these files convenient for the EDIT program as well.
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24EDIT

EDIT is a FORTRAN program that performs oscillator strength calculations of electronic
dipole-induced transitions (EDi Ts) based on EHMO wave functions generated by ICONC.

To start the program type

EDIT < filename.EDI > filename.EDO
The filename.EDI isthe EDIT input file that has to be created seperately with an ASCII text editor of
your choice. The different options that determine the run-time behaviour of EDIiT can be chosen by
stating the respective KEYWORDs in filename.EDI. The text below written in Courier is a sample
input file set up to calculate the first eectronic transition in permanganate. Please refer to this file
which is also included in the distribution to get a brief overview of the possible keywords.

! mmo4- . edi

! Input file for the ED T program

!

'Any |ine containing an exclanmation nark is treated as
la comment.

Hence, this line is a coment, too!

! Blank |lines are skipped

I W start the input file with atitle that will be witten
! to the output to help us keeping track of input and out put
! files. The title card has to be preceded by TITLE.

1

TITLE First Electronic Transition in Pernanganate

1
I W then define the names of the MO (MOBY) and the GEN fil es.
! The extensions .nb and .gen will be autonatically appended
! to the base-nane. W read the Cartesian coordi nates of the
I nmol ecule as well as the wave functions fromthe mo4-.no

I file. The mMmo4-.gen file is needed to extract the Slater

I exponents.

KEYWRD MOFI LE=nmo4
KEYWRD GENFI LE=mo4

! The pol arization is given by the KEYWRD POL. In this case we
! chose x, y and z polarized transitions. Any conbination and
! order are allowed.

KEYWRD POL=XYZ

! Now we have to chose between BDIAG and ALL ( KEYWRD MATRI CE) .

! BDIAG only accounts for the transitions at the SAME atom

! This neans that off block diagonal elenments of the transition
! matrix are skipped. Indeed you shouldn’t use this feature

I unl ess you exactly know what you are doi ng.

! For further information refer to G Cal zaferri and R Rytz,

I J. Phys. Chem, 99 (1995) 12141.

KEYWRD MATRI CE=ALL

! For degenerate M3s we will have to correct the oscillator

! strength for the degeneracy of the initial M3s (see eq. 9 in
! our reference). O course the sumin the nom nator of eq. 9
I will have to be carried out by hand.
! The TOLERANCE is the value in eV within two NEI GHBORI NG MXs
! are considered degenerate.

KEYWRD CORRECT
KEYWRD TOLERANCE=0. 00001
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I SPECOUT initiates the printing of a file called mo4-. eds.

I It contains five colums the first of which displays the wave

! nunbers of the calculated transitions sorted fromlow to high

! energy. It is followed by the projected oscillator strengths

! in x, y and z direction. The |ast colum shows the total

! oscillator strengths. Only the contributions specified by the

I KEYWRD PCOL are taken into account. Correction for degeneracies are
! done regardl ess of the specification of the KEYWORD CORRECT.

' If not stated otherw se (KEYWRD TOLERANCE) a tol erance of

1 1.0D-5 is assuned.

KEYWRD SPECOUT

rel eases the printing of transitions between a given initial
and final wave function. The transition energy and the
cal cul ated oscillator strengths (see KEYWRD POL) are out put

!
!
!
! to stdout.

KEYWRD TRANSQUT

! gives the nunbers of the initial and final wave functions in
! MOBY notation. Unfortunately MOBY and 1CONC fol | ow different

I conventions in enunerating the wave functions. MOBY starts

! counting with the |owest energy; |1CONC does the opposite.

! This should be no problem but has to be born in mnd.

[ WAVERANGE]
START 14 16
END 17 18

Run this file by typing at the command |ine

EDI T < mmo4-.edi > mmo4-. edo

files provided with this distribution. You m ght want to keep
them for conparison.) The output should agree with Table 4 in

!
!
!
!
! (Be careful not to overwite the mo4-.edo and mo4-. eds
|
!
! our reference. Try to substitute lines 75 to 77 with

[ WAVERANGE]
START 17 18
END 14 16
Conpare the two mo4-. eds!

|
|
|
Asyou may have already noted EDiT needs to read information from two files, namely filename.GEN
and filename.MO, which should be located in the same directory as the program itself. The *.GEN
files are needed to read the Slater exponents while the geometry information as well as the final and
initial wave functions are read from the respective *. MO file. The *.MO files are written on request by
ICONC. Hence, in order to calculate oscillator strengths of electronic dipole-induced transitions you
will first have to set up the appropriate *.GEN filewith INPUTC. Do not forget to select MOBY output
by choosing option 2 ,,Controlling output options’ and then picking option 22 ,Moby output”. After
running the ICONC calculation as described above you should make sure that the filename.MO was
written. Y ou can then set up an *.EDI file by using MNO4-.EDI as atemplate.

REMARK: As MS-DOS does not distinguish between capital and lower case letters the EDIT
program may conflict with the proper MS-DOS editor EDIT.COM in the sense that EDIT will be
called first. EDIT will then show its heading information and wait for input which it probably won’t
get as one usually does not start a full screen editor by redirecting afile to it. If this should happen just
press CTRL-C to abort EDIT. If this should be a stumbling-block you have the choice of ether
renaming EDIT.EXE to EDiTOr.EXE (Electronic Dipole-induced Transitions by the use of Slater-type
Orbitals) or starting the DOS editor by typing EDIT.COM somefile.*.
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25 GOP

The Graphic Optimization Program (GOP) is a FORTRAN 90 program which searches for a minimum
in an energy hyper surface using INPUTC and ICONC. In the current version, a simplex algorithm is be-
ing used (see ‘Algorithm used’ for detail).

In contrast to the other programs in this package, GOP is NOT portable, because it needs to make calls to INPUTC and
ICONC using the operating system. If you want to compile the program yourself, you may have to change the sourcefile
INPUTC_ICONC.f90 (all other source files conform to the FORTRAN 90 ANSI standard).

Input for GOP is provided through a .gen file which must be created using INPUTC before running
GOP. It lets you specify which angles and distances of the molecule specified in the .gen file you want
to include in the optimization process.

GOP needs ICONC and INPUTC with all their needed parameter files. These files must be in the cur-
rent working directory.

To start the program type GOP at the command line pronpt.

The program will ask for the name of the .gen file you want to use for calculation. You can enter an en-
tire path, up to 45 characters, including the filename, but leave away the extension .gen. If GOP can't
locate or access the specified file, it will exit with an error message.

Note that GOP won't make any changes to your .gen file, but uses a temporary .gen file, named
‘temp$l.gen’ or similar.

After you have specified the .genfile, the main menu will appear:

EE R I R I R I I R R I S R R I S I R I S

* si npl ex search for energy m ni num *
* *
* 1 use variations in .gen file to *
* choose the paranmeters *
* 2 choose paraneters individually *
* 0 exit *
R S I S S b b O S b b S I I I R S b b S I O
Option 1:

GOP will take the parameter for the energy hyper surface from the variations in the specified .genfile.
Takethefollowing .genfile as example:

2 3 2 2
2 0 2 0
wat er - corrected val ues
0 3 0 0 0 1IFFFFFFTFF 1.95 .000 . 000FFFFFFFFFFFFFFFFFFFFFF

. 400000
1 2 . 95700 . 00000 . 00000
1 3 . 95700 104. 60000 . 00000

L H
O 6 22.5750-28.87 22.2750-13. 00
H 1 11.3000-15.79

1

2 3 1.10000 . 40000
111 22 1. 000000
111 21 1. 000000
111 11 1. 000000
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It contains three variations, the first changing the bonding angle (H-O-H), the second and third
changing the two distances between O and H. Therefore GOP will optimize a three-dimensional
energy hyper surface, E(a(H-O-H), d(OH,), d(OH,)).

Please note that GOP will uncouple all coupled variations! If the variations in the above .gen file
should look like

111 22 1. 000000
111 21 1. 000000
111 * 11 1. 000000

meaning that the two distances are varied together, the hyper surface optimized by GOP will still be
three-dimensional.
The number of variations and the increment are ignored by GOP.

If you choose this option, you will get to the menu ‘ settings for smplex agorithm' (described below).

Option 2:
With this option, GOP lets you specify which properties of which vectors in your .gen file to use as
parameters for the energy hyper surface.

First you will be asked to enter the number of parameters you want to optimize. If you type in a number
< 1, no calculation will be performed.

Then GOP will ask you to specify the vector and the type of change for each parameter (distance, bond
angle, dihedral angle).

Note that GOP will accept impossible inputs (like -1 for a vector), but this may lead to exceptional
program termination, endless calculation or strange resullts.

Then you will get to the menu * settings for smplex algorithm’ :

EE R I R I R I I R R I S R R I S I R I S

* settings for sinplex algorithm *
* *
* 1 use default settings *
* 2 choose individual settings *

EE R I R I R I I R R I S R R I S I R I S

Option 1 will leave the following default settings:

starting values for parameters. taken from the specified .genfile
initial step sizes: 0.05 for distances, 1.0 for angles

stopping criterion: 1.e-4

maximum number of function evauations: 500

name of output file: E_ MIN.OUT

progress report is disabled

Option 2 will let you change al of these settings.

Note that all inputs you make must conform to FORTRAN:

* decima numbers must be written with a point (not comma)

* if you want to type adecimal with an exponent, you must write a decimal point:
1.e-4 means 0.0001; 2.3e3 means 2300 etc., but 1e2 isillegal.

Explanation of the settings:
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starting value for parameters. These determine where the optimization routine starts the search for the
minimum. If you have a more or less vague idea where the minimum could be, set the starting values
accordingly. The number of calculations GOP has to make to find a minimum depends strongly on them
Different starting values can lead to different minimums or to no minimum &t all.

initial step sizes: These determine how far off the starting point the first few calculations will be
made. The default values should be quite reasonable in most cases. But if you start close to a minimum
you may want to choose smaller step sizes to ensure you don't go away from it with the first few steps.
Also, if you are close to the minimum with just one parameter, you may make its step size small.
Example: You may know that in a water molecule the distances (O-H) are about .958 A, but have no
idea about the bonding angle. So you will set the initial value for the distances to .958 and choose a
step size of .0005, and for the angle start at 90° with a step size of 2 or even 5.

stopping criterion: This determines to whet precision the minimum is searched. It should not be
smaller than about 1.e-10 to make sure no rounding errors are made. Note that the maximum precision
for distances and angles provided by INPUTC is five decimals. A too high precision of the energy
value may not be sensible.

maximum number of function evaluations: The program stops after it has calculated more points than
specified by this number, even if no minimum isfound.

name of output file: specifies the filein which to store the results of calculation.

progress report: There are three settings for the progress report: 1) negative integer: no report
(default); 2) zero: report after initial evidence of convergence; 3) positive integer: report after every n
function evaluations (where n is the integer you entered).

In cases 2) and 3), the report is written into a file named PROGRESS REPORT.GOP. This file's
name can't be changed.

Note that when progress report is enabled, program execution speed is dightly smaller.

While calculation takes place, you will see alot of text flashing (or crawling, depending on
your computers speed) over the screen. Thisis the output made by INPUTC. GOP will stop if
it has found a minimum or if it cannot find one. If it has found a minimum, the result will be
displayed. You can find the same information in the output file, too.

Possible M essages:

e normal program termination:

NO M NI MUM FOUND!

MAXI MUM NUMBER OF FUNCTI ON EVALUATI ONS EXCEEDED

Try the calculation again with a bigger number of alowed function evaluations. You can find the
parameter values of the last calculation made in the temporary file ‘temp$l.gen', or in the progress
report file, if you have enabled progress report.

NO M NI MUM FOUND!

COULDN T EVALUATE QUADRATI C SURFACE FI TTED

The smplex agorithm got stuck in a supposed minimum, but couldn’t evaluate the quadratic fit
because the information matrix of the quadratic surface was not positive semi-definite.

Try to restart with other starting values or generate a progress report to see what went wrong.

NO M NI MUM FOUND!
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NUMBER OF PARAMETERS < 1
Try the calculation again but specify at least one parameter.

e abnormal program termination
ERROR READI NG VWRI TI NG xxx. gen
The .genfile you specified could not be found or opened by GOP.

Unabl e to execute inputc.exe. Please check path or

Unabl e to execute iconc.exe. Please check path

Make sure that inputc and/or iconc are located in your working directory and that all necessary files
are present.

If this message appears after some cal culations have already taken place, see ‘known bugs'.

Algorithm used:

The simplex agorithm used in GOP was found on the internet as freeware. Here are the credits:
A PROGRAM FOR FUNCTION MINIMIZATION USING THE SIMPLEX METHOD.
FOR DETAILS, SEE NELDER & MEAD, THE COMPUTER JOURNAL, JANUARY 1965

PROGRAMMED BY D.E.SHAW,
CSIRO, DIVISON OF MATHEMATICS & STATISTICS
P.O. BOX 218, LINDFIELD, N.SW. 2070

WITH AMENDMENTSBY RW.M.WEDDERBURN
ROTHAMSTED EXPERIMENTAL STATION
HARPENDEN, HERTFORDSHIRE, ENGLAND

Further amended by Alan Miller
CSIRO Division of Mathematics & Statistics
Private Bag 10, CLAYTON, VIC. 3169

Fortran 90 conversion by Alan Miller, June 1995
Latest revision - 14 September 1995

There were some changes made to the file to allow redirection of the output into a file, but none of
these affect the algorithm in any way. Take a look at the GOP source code if you are interested in
details, or try http://ww. nag. co. uk/ nagwar e/ Exanpl es/ nead_pl us. f 90 for the
original source, or htt p: / / WA nel . dns. CSI RO. AU/ ~al an/ for Alan Millers home page.

See Nelder & Mead, The Computer Journal, January 1965, or a book dealing with numerical recipes
or agorithms for an explanation of the smplex method. It is interesting that the applied agorithm
makes a quadratic surface fit, to make sure aminimum has really been found.

known bugs.
Because of a fault in the portlib library of the Microsoft Fortran PowerStation 4.0 compiler, only a

limited amount of callsto INPUTC and ICONC are possible. On the machine used for testing (Pentium
Pro 200, 64MB RAM, Windows NT 4.0), after about 1180 function evaluations the message
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‘“Unabl e to execute inputc.exe. Please check path’ appeared. The cause of this
message: No more resources!

It is therefore not possible to make unlimited calculations. It may even be that on machines with less
resources the program will stop earlier. The number of function evaluations used for the examples was
below 500, so these should present no problem

‘Workaround':

If you need to make a calculation that needs more than the possible function evaluations, try to make a
report file and set the number of function evaluations to a value below which the bug will occur (note
that the agorithm will not stop exactly at the value specified, but somewhere above it.). Start the
calculation. You will get the message ‘MAXIMUM NUMBER OF FUNCTION EVALUATIONS
EXCEEDED’. Open the progress report file ‘PROGRESS REPORT.GOP and look for the smallest
value the algorithm has found so far. Take the parameter values of this calculation as new starting
values and restart the calculation. Repeat until you have found the minimum.

We will eliminate this bug as soon as we purchase a new compiler.

You may try to compile the program on a different compiler, but then you will have to change the
compiler-specific source file ‘'INPUTC_ICONC.f90'.
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Examples

l.

The file H20_GOP.gen describes a water molecule (after iterations of charges and 1+k and d) and
contains three variations. Let's try the smplest first: Start GOP, enter H20_GOP as .gen file name,
choose ‘use variationsin .genfile to choose parameters (option #1), then ‘ use default settings’ (option
#1). GOP will start calculations. When it is fini shed, the following message will appear:

A total of 70 Functi on eval uati ons were used
M N MM = -10. 229218760
FOUND AT

2 2 104. 61056
2 1 . 95665
1 1 . 95668

(The numbers may differ alittle from machine to machine.)
Note that the same information is also available in afile named E_MIN.OUT.
We may like to get an even better result, so we can try again choosing ‘choose individua settings’

from the second menu. Then choose option #3, ‘ stopping criterion’” and enter the value 1.e-7 (the point
is needed by FORTRAN!). Then choose option #0, ‘exit’. Calculation starts. We get:

A total of 124 Functi on eval uati ons were used
M N MM = -10. 229218860
FOUND AT
vector [1-3] param val ue
2 2 104. 60423
2 1 . 95663
1 1 . 95663

.
Take alook at the file CH4.gen. Let' stry if GOP can find the regular tetrahedron structure if we place
the five atoms into one plane:

Run GOP, specify CH4 asfilename. Select choose par anet ers i ndi vi dual | y. You will be
asked to make some input. The screen will look as follows (fat characters = your inputs):

How many paraneters do you want to optimze (max. 12)? 4

The specified .gen file contains the foll ow ng vectors:

vector- vector di st ance bond- di hedral -
nunber angl e angl e
1 1 2 . 80000 125. 26440 45.00000
2 1 3 . 80000 125.26440 225. 00000
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3 1 4 . 80000 54.73561 135.00000
4 1 5 . 80000 54.73561 315.00000

Paraneters for variation; Please choose
* vector nunber
* Var. of 1=di stance, 2=bond angl e, 3=di hedral angle

Param vector Var . of
nunber nunber [1-3]

Y ou have now chosen to optimize the four dihedral anglesin the molecule.

From the following menu, select * choose i ndi vidual settings’ .Thentry ‘starting
val ues for paraneters’.

We would like to have the five atoms in one plane at the beginning of the calculation; the four
hydrogens placed in a square around the carbon atom So we choose

Type in new starting val ues:

param vector [1-3] new
no. val ue

We want to leave the rest of the settings, so we choose exi t . We get the following results:

A total of 291 Functi on eval uati ons were used
M N MM = -14. 343944270
FOUND AT

vector [1-3] param val ue

40. 89309
220. 89813
-49. 09139
130. 91446

This describes again a regular tetrahedron, although dightly rotated in comparison to the other. You
may wish to get a higher precision, as described in Example |. But then it may be necessary to increase
the maximum number of function evaluations allowed (select choose i ndi vi dual setti ngs,
and then option# 4), or after calculation you might get a message like:

NO MINIMUM FOUND!

MAXIMUM NUMBER OF FUNCTION EVALUATIONS EXCEEDED
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because more function evaluations than specified as maximum value are needed to solve the problem.
If this occurs, you may want to open the temporary file ‘temp$l.gen’, check the parameter values of the
last calculation and restart the cal culation with these as new starting values.

1.

In2-H20_GOP.gen you will find defined two interacting water molecules. It would be nice to locate a
minimum concerning the length of the hydrogen bridge (vector #3, pointing from atom 1 to atom 4) and
the angle (bond angle of vector #3) between the plane defined by the first molecule (atoms 1-3) and the
bond above.

We have tried this with various starting values for the parameters:

(initial step size distance=0.05, stopping criterion=1.e-4)

dtarting value starting value initial step 5ze distance found angle found minimal energy
distance angle angle

1,75000 70,00000 1,00000 3,06878 71,10612 -20,458461500
1,75000 140,00000 1,00000 1,78385 146,10894 -20,464232320
1,75000 200,00000 1,00000 1,79167 211,58330 -20,464361780
2,00000 110,00000 0,50000 NO MINIMUM | FOUND
2,00000 110,00000 1,00000 1,78427 146,22675 -20,464232700
2,00000 190,00000 1,00000 1,77889 213,44728 -20,464412090
3,00000 70,00000 1,00000 2,83077 0,57838 -20,460594150

The algorithm finds four different minimums for various starting values.

In one case no minimum was found. The following message appeared (see ‘ Algorithm used’):
COULDN T EVALUATE QUADRATI C SURFACE FI TTED

We included this example to show you that sometimes a small change in the settings can determine if
you will get aresult or not.

The first and the last of the minimums found are not redly interesting, because the distance of the

hydrogen bridge is so big that other interactions than the one we're interested in will play a bigger
role. Theinteresting resultslie at 146° and 213°. Take alook at the following graph:
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We can see clearly the same minimums as found with GOP. Note that 360° - 146.5° = 213.5°.

The minimums in this problem are relatively flat. Be aware that in such cases, the point where the
simplex agorithm will stop depends more than elsewhere on the starting values:

starting step starting step stopping | distance found | angle found | minimal energy
value size vaue size criterion

distance agle

1,75000 0,010 | 140,00000 | 1,000 | 1,0E-07 | 1,78388 146,18871 -20,464232480
1,78000 0,005 | 146,00000 | 0,100 | 1,0E-07 | 1,78529 146,06743 -20,464232620
1,78000 0,005 | 213,00000 | 0,100 | 1,0E-07 | 1,78110 213,64971 -20,464413100
1,75000 0,010 | 210,00000 | 0,700 | 1,0E-10 | 1,78068 213,64915 -20,464412980
V.

We would like to check if all C-C bonds in a Der-benzene are of the same length. We start GOP with
the file BENZENE.GEN and choose 5 parameters (the distances between the carbon atoms (vectors
2-6)). As starting values we enter:

Type in new starting val ues:

par am
no.

vect or

[1-3]
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These settings correspond to the (wrong) ideathat a benzene ring contains three double bonds.

Then we set the stopping criterion to 1.e-6 because we are varying quite alot of parameters.
We get:

A total of 221 Functi on eval uati ons were used.
M N MM = - 80. 688233870
FOUND AT

vect or [1-3] param val ue

2 1 1.41068
3 1 1.41065
4 1 1. 41070
5 1 1.41064
6 1 1. 41067

To demonstrate that GOP can solve higher-dimensional problems too, we start the calculation of
BENZENE.GEN once more. This time, we choose 11 parameters, all bond lengths in the molecule
(excluding the one from dummy atom 13 to atom 1). We leave the starting values as they are in the .gen
file, only set the precision to 1.e-8. We get:

A total of 744 Functi on eval uati ons were used.
M N MUM = - 80. 688680270
FOUND AT

vect or [1-3] param val ue

PRRPRPRREPRPRRERR
PRrPEPPRPPEPPPRPEPRERE
o
o
[N
©
~

There is a progress report file (benzenel.pgr.gop) and the output file (benzenel.E_min.out) available
for this calculation.

Additional Examplesyou may want to try:

* 2h20ag_distance.gen

* 2h20ag_angle.gen

e C2Zh2gen

e C2Zhd.gen

* (C60.gen (contains no variations)
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26Q-TOOLS

a) Introduction

al) About Q-Tools
Q-TOOLS iscurrently version 1.1a. Mainly, the changes made to version 1.0 are:

Verson 1.0 ...

* sometimes counted the number of variations wrongly.

e could not handle .gen files containing FMO specifications, charge iterations, omittings from
core-core repulsion or orbital occupation.

* sometimes created unusable temporary .genfiles.

These problems have been solved.

Up to now, Q-TOOLS mainly can do two things:

* Create an energy/variation matrix: Q-TOOLS takes the information ICONC stores in the enertot.dat
file and rearranges it to a matrix which can easily be used to make a plot. See section b) for further
information.

*  Vay 1+kappa and delta values: Q-TOOLS lets you specify which 1+kappa and/or delta values you
want to vary. For each set of values, Q-TOOLS makesacall to INPUTC and ICONC and stores the
error of the ICONC cal culations. See section c) for further information.

a2) How to use Q-Tools

Before you start:

Q-TOOLS must be located in the same directory as INPUTC and ICONC. Also in this directory you
should place the .gen files you want to make caculations on. Be sure you know the name and
approximate content of your .genfiles.

Start Q-TOOLS from the command prompt. It will prompt you for every entry you have to make:

* |f you make a wrong entry, you won't be able to correct it. The only thing you can do is to stop
execution by pressing CTRL+C, but this will work only if the execution of INPUTC and ICONC
has not started yet.

* Thefirst thing the program will ask for is the name of the .gen file you want to make calculations
on. THIS CAN BE ANY NAME EXCEPT temp. The program will copy your .gen file to afile
temp.gen, and then modify only thisfile. If you have any .genfile called temp.gen, please rename it
before starting the program

* If you have to specify any output file names (refer to sections b) and c) for more information),
please make sure you don’'t use names of existing files. The program won'’t notice the existing files
and overwrite them.

* After the program has finished a calculation, it will ask you if you want to make another one. It is
not recommended to make too many or too big calculations, because the program may cause your
system to halt.
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b) Enerqgy/variation matrices

| dea:

Sometimes, you may want to see the results of a single ICONC calculation as a graph. For example,
you may want a graph of how the total energy in awater molecule changes if you change the size of the
angle (H-O-H). The output ICONC provides, however, isn't of much use for this problemand it is
annoying to sort it by hand. Q-TOOLS can sort the output of ICONC for you, so that afterwards a graph
can easily be created.

How it works:

Start Q-TOOLS from the command prompt. The program will ask you for the name of your .genfile.
Please make sure that the .gen file doesn’t contain superfluous information, i.e.: If you want to make a
two dimensional graph, therefore plot the energy dependent on one variation, your .gen file should
contain only one uncoupled variation. For a three dimensional graph (energy dependent on two
variations), your .gen file should contain two uncoupled variations. Otherwise, the output of Q-TOOLS
may be redundant or even unusable. If you have specified the name of the .gen file, the main menu will
appear. Choose option number 1 (make an energy/variation matrix). The menu ‘Energy/Variation
Matrix" will appear. If you want to create a two dimensional graph (with a one dimensiona function),
choose option one. For athree dimensiona graph (with atwo dimensional function), choose option 2.
Refer to sections bl) and b2) for informations on this choice.

When you have ended Q-TOOLS, you will find the output files in the same directory in which
Q-TOOLS islocated. In addition to these, Q-TOOLS creates the following files which you may delete:
notext. XX : temporary file used for data storage

call. xx : temporary file used to make acal to INPUTC
temp.gen: temporary .genfile Q-TOOLS uses for calculations
temp.out : ICONC output file

b1) Two dimensional (energy against one variation) matrices

If you have chosen option #1 from the ‘ Energy/Variation Matrix’ menu, the next thing the program will
ask for is the name of the output files. The extensions will be added by the program. After you have
typed in the name and pressed ENTER, the program will call INPUTC and ICONC.

You will see some output of these programs on the screen. When the calculations of ICONC are
finished (it may take some seconds up to minutes, depending on your computer), the program will sort
out the information you need for a plot from the enertot.dat file.

It then creates the following outpuit files (filename will be the name you have specified):

filename.ene: In thisfile you will find a column containing the
(STAB.+REP.) energy vaues from the enertot.dat file.

filenamevar: The values of the variation in your .gen file corresponding
to the energies.

filename.al: Thetwo columns of values (from the .ene and the .var
file) combined in onefile.

When calculations and output are terminated, the program will beep and print out a success message.
See \samples\2dmatr\2-h20_8a.mcd for a mathcad samplefile.
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b2) Three dimensional (energy against two variations) matrices

If you have chosen option #2 from the * Energy/Variation Matrix’ menu, the next thing the program will
ask for is the name of the output files. The extensions will be added by the program. After you have
typed in the name and pressed ENTER, the program will call INPUTC and ICONC.

You will see some output of these programs on the screen. When the calculations of ICONC are
finished (it may take some seconds up to minutes, depending on your computer), the program will sort
out the information you need for a plot from the enertot.dat file. The program detects automatically
your two variations and creates a matrix out of the energy values, the first variation being the vertical,
the second the horizontal axis of this matrix.

Two output files are created (filename will be the name you have specified):
filename.enm: Contains the energy matrix.
filename.cor: Containsthe ‘coordinates’ of thismatrix, i.e. the

values of the two variations.

When calculations and output are terminated, the program will beep and print out a success message.
See \samples\3dmatr\dis_angl.mcd for a mathcad samplefile.

c) Variation of 1+kappa and d values

|dea:

Often you don’'t know the exact values of the 1+k and d parameters in a specific molecule. Q-TOOLS
varies these parameters for you. The program lets you optimize up to four values (k or d) at one time;
if you want to vary only one or two parameters, you can use the output to make a two or three
dimensiona plot.

How it works:
Refer to section cl).

cl) General

What Q-TOOLSdoes.

Q-Tools starts INPUTC and ICONC for each set of 1+kappa and/or deltavalues. Each time, it extracts
the minimal (STAB.+REP.) energy with the corresponding variations from the enertot.dat file. To let
you find out how good the ICONC calculation for each set of 1+kappa and/or delta values is,
Q-TOOLS calculates the (SSIGMA)*2 value, comparing the variations it has found in enertot.dat with
literature values you can specify. (SIGMA)"2 is calculated according to the following formula:

(SIGMA)*2 = 0.5%{ [(VARL(LIT) - VARL(CALC)VARL(LIT)]"2 +
[(VAR2(LIT) - VAR2(CALC))VAR2(LIT)]*2}

LIT standsfor literature value, CALC for calculated value.
VAR1 and VAR2 stand for 1st and 2nd variation.
If your .genfile contains only one variation, the formulawill ater accordingly.

The calculations Q-TOOLS makes won't let you optimize more than two (uncoupled) variations at a

time.

Depending on your choice, Q-TOOLS makes one of two things with the (SIGMA)*2 and the other

values:

* |f you want to vary only one or twol+kappa and/or delta parameters, Q-TOOLS can make matrix
output files which you can later use to create surface or contour plots.
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* Else if you choose ‘Vary up to four l+kappa and delta values (output only for minimal
SIGMA)"*2)" from the ‘Variation of 1+kappa and delta menu (option #4), Q-TOOLS will only
save the (SIGMA)"2 values that lie below a certain value you can specify.

Refer to sections c2), ¢3), c4) and c5) for details.

What you have to do:

Start Q-TOOLS from the command prompt. The program will ask you for the name of your .genfile.
Please make sure your .gen file contains a maximum of two uncoupled variations! More variations
won't bother the program, but increase calculation time immensdly!

If you have specified the name of the .gen file, the main menu will appear. Choose option #2 (Vary
1+kappa and delta) and press ENTER. The following menu, ‘Variation of 1+kappa and delta’, will

appear:
*xxxkxxxxx VAR ATI ON OF 1+KAPPA AND DELTA **x#x*xx

1 Vary gl obal val ues

2 Vary a set of individual values

3 Vary a global and an individual value or
two individual val ues

4 Vary up to four l+kappa and delta val ues
(output only for mniml (SIGVA)~"2)

L R
L R

R I I R R S R S S I R R I R S I R R S

For the choices you have, please refer to the following chapters:

Option #1: section c2)
#2: section ¢3)
#3: section c4)
#4: section ¢5)

See \samples\k_d_01\h2oco0la.mcd for a mathcad sample file.

c2) Variation of global values

If you have chosen option #1 from the ‘Variation of 1+kappa and delta menu, the first thing the
program will ask you for is the name you want for your output files.

Afterwards, it will ask for the literature value of your first variation, and, if you have got one, of your
second variation. Please make sure you don’t confuse first and second variation.

Then the program will ask for the starting, ending and increment value for both 1+kappa and delta. All
values must be positive!

If you want to vary only either 1+kappa or delta, set starting and ending value of the other parameter at
the same value and the increment value > O.

Afterwards calculations will start. Depending on your choices and the ability of your computer, the
calculations can take a few minutes up to hours.

Q-TOOLS will create the following output files (‘filename’ will be the name you have specified):
filename.mat: Contains amatrix of the (SIGMA”2) values (cf. section cl).
filename.ene:  Contains a matrix with the minimal energy values.

filename.val: Contains amatrix with the first variations at the minimal energy levels.
filename.va2: Samefor 2nd variations (this file will only be created if your .genfile
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contains two variations).
filename.cor: Containsthe ‘coordinates’ of the matrix files, i.e. thel+kappaand
delta values at which the calculations took place.

When calculations and output are terminated, the program will beep and print out a success message.

c3) Variation of a set of individual values

If you have chosen option #2 from the ‘Variation of 1+kappa and delta menu, the first thing the
program will ask you for is the name you want for your output files.

Afterwards, it will ask for the literature value of your first variation, and, if you have got one, of your
second variation. Please make sure you don’t confuse first and second variation.

If your .gen file contains more than one set of individual 1+kappa and delta values, the program will
display them and ask which one you want to vary. Then the program will ask for the starting, ending
and increment value for both 1+kappa and delta. All values must be positive!

If you want to vary only either 1+kappa or delta, set starting and ending value of the other parameter at
the same value and the increment value > 0.

Afterwards, calculations will start. Depending on your choices and the ability of your computer, the
calculations can take afew minutes up to hours.

Q-TOOLS will create the following output files (filename will be the name you have specified):

filename.mat: Contains a matrix of the (SIGMA”2) values (cf. section cl).

filename.ene:  Contains a matrix with the minimal energy values.

filename.val: Contains amatrix with the first variations at the minimal energy levels.

filename.va2: Samefor 2nd variations (thisfile will only be created if your .genfile
contains two variations).

filename.cor: Containsthe ‘coordinates’ of the matrix files, i.e. thel+kappa and
deltavalues at which the calculations took place.

When calculations and output are terminated, the program will beep and print out a success message.

c4) Variation of a global and an individual value or of two individual values

If you have chosen option #3 from the ‘Variation of 1+kappa and delta menu, the firgt thing the
program will ask you for is the name you want for your output files.

Afterwards, it will ask for the literature value of your first variation, and, if you have got one, of your
second variation. Please make sure you don’'t confuse first and second variation.

Then the program will scan your .genfile for individual 1+kappa and delta parameters. It will display
all the parameters you can vary and ask you to choose two of them. After you have made your choice,
the program will ask for the starting, ending and increment value for both parameters. All values must
be positive!

Afterwards, calculations will start. Depending on your choices and the ability of your computer, the
calculations can take a few minutes up to hours.

Q-TOOLS will create the following output files (filename will be the name you have specified):

filename.mat: Contains a matrix of the (SIGMA”2) values (cf. section cl).

filename.ene:  Contains a matrix with the minimal energy values.

filename.val: Contains amatrix with the first variations at the minimal energy levels.

filename.va2: Samefor 2nd variations (thisfile will only be created if your .genfile
contains two variations).

filename.cor: Containsthe ‘coordinates’ of the matrix files, i.e. thel+kappa and
deltavalues at which the calculations took place.
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When calculations and output are terminated, the program will beep and print out a success message.

c5) Variation of oneto four values (without matrix output)

If you have chosen option #4 from the ‘Variation of 1+kappa and delta menu, the first thing the
program will ask you for is the name you want for your output file.

Then it will ask you how many parameters you want to vary. If your .gen file contains indiviual
1+kappa and delta values, you can choose up to four, otherwise up to two parameters.

Then the program will display all the parameters you can vary and ask you to choose as much of them
as you have specified. After you have made your choice, the program will ask for the starting, ending
and increment value for all parameters. These values must be positive! Afterwards, it will ask for the
literature value of your first variation, and, if you have got one, of your second variation. Please make
sure you don’t confuse first and second variation.

At lagt, the program will ask for the tolerance for (SIGMA)*2. It will save only the (SIGMA)*2 values
that are smaller than this tolerance.

Afterwards, calculations will start. Depending on your choices and the ability of your computer, the
calculations can take afew minutes up to hours.

Q-TOOLS will create one output file, caled filename.min (where filename is the name you have
specified for your output file). Thisfile will contain severa entries of the following structure:

Good enough sigmasguare found at:
global d=0.4
1+k between atom 2 and atom 3=1.1

d between atom 2 and atom 3 = 0.35
1st variation = 0.87

2nd variation = 101.5

(SIGMA)*2 = 0.0072546

Note that the program will only write (SSIGMA)*2 values (with the corresponding parameter) to the
file that are smaller than the tolerance you have specified. If the file should contain nothing, you may
have to increase your tolerance.

Note aso that the number of calculationsis multiplied with every parameter you vary.
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2.7 Datafiles

INPUT FILES INPUTC ATOMDEF.DAT, VOI.DAT, FOI.DAT
ICONC Files created by INPUTC with extension * . KAR

EDIT Files created by INPUTC&ICONC
with extension *.GEN and *.MO
Files which must be edited by the user with extension *.EDI

GOP Files created by INPUTC with extension *.GEN
Q-TOOLS Files created by INPUTC with extension *.GEN

OUTPUT FILES INPUTC *.GEN, TEMP.KAR, TEMP.VAR
ICONC  filename.OUT, ENERTOT.DAT, ENERNI.DAT,

filename.MO
EDIT filename.EDO
GOP E_MIN.OUT (or user-specific)

PROGRESS REPORT.GOP if progress report is enabled

Q-TOOLS Various files, depending on the options used. Filenames are
user-specific, extensions can be *.MAT, *.ENE, *.ENM,
*VAR, *:VA1, * VA2, *.COR, * ALL, *.MIN
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A number of example input files have been added to make it easy to familiarize with the different
aspects of ICON-EDIT. Some of them are listed below. Y ou can run them by the following procedure:

|ICONC < filename.KAR > filename.OUT
e.g. ICONC < H20.KAR > H20.0UT
OR
EDIT < filename.EDI > filename.EDO
e.g. EDIT < MNO4-.EDI > MNO4-.EDO

2-H20_GOP.GEN
2H20AG_ANGLE.GEN

GOP examplelll.
GOP additional example.

2H20AG _DISTANCE.GEN GOP additional example.

AG2.GEN
ALOALOH3KAR
BENZENE.GEN
BENZENE1.PGR.GOP
BENZENE1.E MIN.OUT
BIPY.GEN

BIPY.KAR
CH4.GEN

C2H2.GEN
C2H4.GEN
C60.GEN
CHNCLPT.GEN

CRFG3-.KAR

CUH.GEN
ETHANE.KAR

ETHENE.GEN

ETHENFMO.GEN

ICON-EDIT, Summer 1997

Input example, Ag; molecule, d(Ag-Ag) = 0.5-4A.

Input example, (OH)3sAI-O-Al(OH)s. Chargeiteration on all atoms.
GOP example IV.

GOP report file for above example.

GOP output file for above example.

Input example, bipyridyl molecule. Internal coordinates with variation
of the angle between the two aromatic rings along the C-C and the C-H
bonds.

Input example, bipyridyl molecule at equilibrium geometry.

Input example, methane molecule. Internal coordinates with variation
along the C-H bonds.
GOP examplell.

GOP additional example.
GOP additional example.
GOP additional example.

Input example, [HC=CH.][N-(CHs);]Pt = trans-Dichloromethyl-
aminoethyleneplatinum(ll). Internal coordinates with variation of the
[H.C = CH;] -Pt[Cl] bond angle.

Input example, chromium hexafluoride at equilibrium geometry. Charge
iteration on Cr only.

Input example, CuH molecule, d(Cu-H) =1.0-5A.

Input example, HsC-CH; molecule at equilibrium geometry. Internal
coordinates with variation along the C-C and the C-H bonds.

Input example, H,C-CH, molecule. Internal coordinates with variation
along the C-C and the C-H bonds.

Input example, ethene molecule at equilibrium geometry, split into two
neutral methylene fragments. Geometry is given in internal coordinates.

Gion Calzaferri



39

ETHINE.GEN Input example, HCCH molecule. Internal coordinates with variation
along the C-C and the C-H bonds.

GLYCIN.KAR Input example, glycine molecule at equilibrium geometry.

H2.GEN Input example, H, molecule, d(H-H) = 0.5-5A.

H20_GOP.GEN GOP example .

H20.KAR Input example, H,O molecule at equilibrium geometry.

H20IT.KAR Input example, H,O molecule at equilibrium geometry. Charge iteration
on al atoms.

H20FA1.GEN Input example, H,O molecule. Interna coordinates with variation along
the totally symmetric A1 stretching and bending modes:
09AEr, nELl1Aand100°£f £ 1600.

H20FB1.GEN Input example, H,O molecule. Interna coordinates with variation along
the asymmetric stretching mode B1:
09AEr,rnel1Aada =105

MNO4- KAR Input example, permanganate at equilibrium geometry. Charge iteration
onMnonly.

PROPEN_F.GEN Two FMO examples are added:
Input example, propene molecule at equilibrium geometry, split into a
neutral methyl fragment. Geometry in interna coordinates.

ZEISE.GEN Input example, (H.C = CH,) - Pt[Cl3] bond angle.

FORMAL.EDI p* = pinformaldehyde.

MNO4-.EDI Input file to calculate the first electronic transition in permanganate. It
isthe LMCT transition responsible for the violet color of MnOy-.

RUBIPY 3.EDI Input file to calculate the first few MLCT transitions in [Ru(bipy)s]2*.

ICON-EDIT, Summer 1997
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3 Quick Start

Copy the unpacked files of the distribution into a directory of your choice.

3.11CONC

Enter the following line a the command prompt to run a calculation with an input file containing
Cartesian coordinates (e.g. H20.KAR):

| CONC < H20 KAR > H20. OUT
3.2EDIT

Enter the following line at the command prompt for an oscillator strength calculation with the example
file FORMAL.EDI:

ED T < FORVMAL. EDI > FORMAL. EDO
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4 Explanation of the .GEN Files

The .GEN files consist of two parts, namely geometry information necessary to create cartesian coor-
dinates and the EHMO input. INPUTC creates these files automatically. The following information can
be useful if you want to change these files for specia purposes.

Input file: ZEISE.GEN
a 10 2 4 0
10 1 4 0
b ZE| SE- SALT
[ 010 -1 0 O 1FFFFFFFFF 2.00 .000 .OOOFFFFFFFFFFFFFFFFFFFFFF
d . 350000
e 11 1 2.09000 180. 00000 . 00000
1 2 2.30000 180.50000 . 00000
1 3 2.30000 90.50000 -90.00000
1 4 2.30000 90.50000 90.00000
11 5 . 73500 90. 00000 . 00000
11 6 . 73500 -90. 00000 . 00000
5 7 1.08000 109.50000 90.00000
5 8 1.08000 109.50000 -90.00000
6 9  1.08000-109.50000 90.00000
6 10 1.08000-109.50000 -90.00000
f * *CLCL *C * HHH
a PT 10 61.9720 -9.08 61.3330 -5.48 54.0840-12.59 .7980 1.840 . 3520
CL 7 32.2270-30.00 31.9160-15.00
C 4 21.6250-21.40 21.6250-11.40
H 1 11.3000-13.60
m 10 5 3 10. 000000
10 * 6 3 10.000000
REGION a Control parameters for variation (1) and conversion (2).
A B CD
1 10 2 4 O
2 101 4 O

= number of connection vectors. e
1B = number of coordinate variation cards. m (number of parameter rows)
1C = number of atom definition rows plus rows needed for charge iteration parameters._g, h
1D = number of rows needed for specified and non integer orbital occupation (1), FMO
specifications (i), individual 1 + k, d specification (i) and omit atoms from repulsion energy
option (k). 1D corresponds to number of lines to be copied at each variation.
= thesameaslA
2B = number of dummy atoms
2C= thesameas1C
2D = not used
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REGIONDb titlecard, inthisexample: ZEISE-SALT

REGION ¢ parametersfor ICONC

0O 10 -1 0 O 1 FFFFFFFFF 2 .000 .000 FFFFFFFFFFFFFFFFFFFFFF
NH NA KA ME IP IU F1-F9 CON PEEP COULH PRT(l) 101,22

FORMAT(613,9L1,F5.2,2F6.3,22L 1)

NH = not used

NA = number of atoms

KA = charge of the molecule

ME = METH calculation method. O = without, 2 = with charge iteration
.GEN files do not allow METH =2

IP = IPRINT, see below

1] = IPU if 1, distance dependent weighted W.-H. formula, otherwise 0

F1 = if .T., specified and non integer orbital occupation

F2 = used for other purposes

F3 = used for other purposes

F4 = used for other purposes

F5 = if .T., theweighted H;; formulais used

F6 = if .T., FMO calculation is selected

F7 = if .T., individual k, d specification is used

F8 = if .T., omit atoms from repulsion energy option is selected

F9 = if .T., user specified atomic electron configuration is selected

CON = k used in H;; formula; 1 + k in distance dependent k

PEEP = not used

COULH = not used

PRT(l) = setting PRT(I) = .TRUE. will suppress the printing of the matrix, etc. having code

number |. Moby output is an exception here. If PRT(22) = . TRUE., Moby output will be performed.
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PRINT-OPTION TABLE
CODE IPRINT
NUMBER |
1 1 0 -1 -2 -3 -4
1 Coordinates, Parameters X X X X X X X
2 Overlap integrals X X X X X X
3 Distance matrix X X X X X X
4 Overlap matrix X X X X X X
5 Madelung parameters X X X X X
6 Input hamiltonian matrix X
7 Hamiltonian matrix for next cycle X
8 Energy levels X X X X X
9 Total energy X X X X X
10 Wavefunctions X X X X
11 Density matrix X
12 Overlap popul ation matrix X X
13 Reduced overlap population matrix X X X
14 Complete charge matrix X X
15 Reduced charge matrix X X X
16 Net charges and populations X X X
17 Energy matrix X
18 Reduced energy matrix X X X
19 Energy partitioning X
20 Reduced energy partitioning X X
21 Core core repulsion energy matrix X
22 Moby output (yesif T)
REGION d .350000 = Parameter d in the distance dependent weighted W.-H.formula.
REGION e Connection vectors; see examplesin section 2.2 INPUTC.
REGIONf Atomcad
**CLCL*C*HHH
The ,*” correspond to Pt, Cl, Cand H in region g.
REGION g Atom definition card asread from ATOMDEF.DAT.
PT 10 61.9720 -9.08 61.3330 -5.48 54.0840-12.59 .7980 1. 840 .352
CL 7 32.2270-30.00 31.9160-15.00
C 4 21.6250-21.40 21.6250-11.40
H 1 11.3000-13.60
PT 10 6 197 -908 6 133 -548 5 408 -1259 0,79 184 0,35

SYMB VELEC NS EXPS COULS NP EXPP COULP ND EXPD1 COULD Ci1  EXPD2 C2

FORMAT(A2,13,3(13,2F6.3),F6.4,F6.3,F6.4)

SYMB symbol of atom

VELEC number of valence electrons for neutral atom
NS selectron principa quantum number

EXPS s electron exponent
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COULS selectron Hi*

EXPP p electron exponent

COULP p electron Hi*

ND d electron principa quantum number
EXPD, d electron first exponent

COULD d electron H;*

C coefficient of EXPD;

EXPD, d electron exponent 2

G coefficient of EXPD,

C:, EXPD: and C; arerequired if double z orbitals are used:
RND(r) — r(ND- 1)(C1 .e EXPDyr 4 C2 .e EXPDZ.r)

* When using charge iteration, COULS, COULP and COULD serve as initia guesses for the Coulomb
integrals Hi.

REGION h  Charge iteration parameters;
see Chapter 4.1 and examples MNO4-.KAR, ALOALOH3 KAR.

REGIONi FMO specifications, if FMO calculation selected; see ETHENFMO.GEN.

First (evtl. second) line: Assignment of atoms to fragment numbers. FORMAT(7811)
Second (evtl. third) line: Integer charges of each fragment. FORMAT(913)
FMO print options. FORMAT(7L1)

REGION|j Individud 1 + K, d specifications, if selected.
First line: Number of atom pairs. FORMAT(13).
Succeeding lines: Atom pairsfor specificl + k, d. If d = 0.0, global value will
be used. FORMAT(214,2F10.5)

REGION k  Omit atoms from core-core repulsion energy specifications, if chosen.
Number of atoms to be omitted, atom numbers of atomsto be omitted.
FORMAT(1114)

REGION | Individua and noninteger orbital occupation.
See example CRF63-.INP.

REGION m Variation parameters.
Number of variations: In order to have a bond length varied from 1.0 to 2.0 A you
will have to choose 11 variations at an increment of 0.1 A.
Lines containing an asterisk will be coupled to the preceding line.
(Both variations will be done at the same step.)
Vector to be varied: Line number of section e.
Type of variation: 1=r, 2= g, and 3 = & (cf. section 2.2 for an explanation).

Number of variations  Coupling  Vector to bevaried Typeof variation  Increment per step

10 5 3 10.000000
10 * 6 3 10.000000

FORMAT(13,A2,213,F10.6)
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4.1 Charge Iteration

If selected, the program performs a self-consistent charge calculation. The procedure can be used to
iterate on the charges of al atoms in the molecule or only on the charges of selected atoms. The
diagonal Hamiltonian matrix elements are given by Hi = -VIE(Q) where VS E(Q) is the valence state
ionization energy of orbital i when the atom has atota charge Q. The off-diagonal Hamiltonian matrix
elements are calculated in the normal manner. The VI E(Q) functions are assumed to be of the
following form (do, d; and d, are parameters, stored in VOI.DAT and FOI.DAT):

VI E(Q) =do+d1Q+ d2Q2

We give a detailed description of the VSIE concept in chapter 5.3. A damping scheme is employed
during the charge iteration procedure. The orbital occupations are summed separately over the s, p and
d orbitals on each atom. The resulting s, p and d occupations are damped according to:

inputkyy _ _input 1 output input
protes = p Py (Rt piTPc)

where r isthe summed orbital occupation of a given type, s, p, or d, indexed by r on the kth cycle and
| isadamping parameter. During the iterative process, the correction factor multiplying | can become
very small. For aconstant value of | this leads to low convergence because of the necessity of having
| small at the beginning of the iteration. In the iterative technique used by ICONC | is defined by the
equation

| = ADJUST/DENOMY, where DENOMK = ma] p P4 . 1P|

DENOMEkis the maximum difference of the absolute value of the summed orbital occupation types s, p
or d which are indexed by r. ADJUST is a constant which is decremented under certain conditions to
be described below. DENOM will decrease as convergence is achieved and provides the variation in

| . In order to insure stability in the iterative process, values for | are compared to afixed constant |
(LAMPRI). Thevalue of | ' represents an upper limit above which the procedure will usually diverge.
| ' depends significantly on the charge dependence. If the charge dependenceis high, | ' should be small
(I " £ 0.10). For reduced charge dependences alarger value of | ' may be used.

The following equations are used to determine values for ADJUST at various stages in the iterative
calculations:
1. For the first cycle, ADJUST = DENOMk (i.e. | = 1.0). Thefirst cycleis a normal extended-Hiickel
calculation. Thus, the initial guess for the orbital occupations is determined by the input values of
COULS, COULP and COULD.
2. For the second cycle, ADJUST = DAMP1*DENOMEk. 0 < DAMPL £ | . DAMPL is usually set to
0.10, but can beincreased if the initial guessis known to be particularly good.
3. ADJUST = DAMP2*DENOMEk is used whenenver | becomes equal to or greater than | .
0<DAMP2£1'. DAMP2 should be nearly equal to| * as possible. .
4. Whenever max|(p?"™* - pi™") is of different sign than max| (o™ - pi™")], two options
are possible:

a) DAMP31 0. ADJUST = DAMP3*ADJUST where 0 < DAMP3 £ 1.0

b) DAMP3 = 0. The program calculates avalue for | using alinear interpolation

between cyclesk and k - 1. The value of ADJUST isleft unchanged.
Convergence is assumed when DENOMk < DELTAC and the iteration procedure is terminated.
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5 Theory

Applications of the extended-Hiickel procedure has influenced the contemporary way of reasoning in
different fields. In addition to its transparency, one of the most fascinating aspects of this method is that
it can be applied to study molecules, clusters, solids and the interaction of molecules on surfaces. It is
well known that the EHMO method in its origina form does not correctly include electrostatic
interaction and therefore often fails to yield good potential energy curves for stretching modes. This
problem has been solved to some extent by adding a two-body electrostatic correction term which
leads to the EHMO-ASED (atom superposition and electron repulsion) procedure. Another feature we
have recently implemented is an option to calculate electronic transition oscillator strengths (EDITS)
by including all off-diagonal e ements.

5.1 TheEHMO Theory

In this chapter we introduce the semiempirical EHMO-procedure as used to calculate properties of
molecules, complexes and clusters. Later we will learn how EHMO reasoning can be applied to learn
more about reactivities, about electronically excited states and we will discuss an extension which
makes it possible to describe solids, surface states and surface molecules.

The LCAO-MO procedure — LCAO-MO signifies Linear Combination of Atomic Orbitals to Molecu-
lar Orbitals — as it is described here, represents the simplest possible access to the quantum mecha-
nical description of molecule properties not limited to a particular class of compounds.

The qualitative comprehension and the interpretation of the results are usually considered more
difficult than the calculation itself. We will therefore start with a qualitative description of the
procedure and introduce its quantitative formulation at a later stage.

5.1.1 Themost smple M O-approach

In ssimple cases, molecular orbitals can be constructed with the following four rules:

A) Molecular orbitals can be approximated by a
linear combination of the atomic orbitals. Hy
The molecular orbitals must be normalized. 40
Completion: usudly the vaence orbitas of the atoms are used.

This limitation can be dropped when required.

H>

Thisrule can beillustrated with the H, molecule. 1sH, 0 O 15,

¥, =(1s(H1) - 1s(H2))- mi—S, . D s

¥,, =(1s(H1) + 15(H2)) - /2&—5) (5.1)

S=(1s(H1)[1s(H2)) Scheme 5.1

Ssignifiesthe overlap integral. In this example it describes the spatial overlap of the two 1s-functions.
The course of the 1s-function and the molecular orbitals are calculated and illustrated in the Mathcad
program 1s-ovl.mcd.

The molecular orbitals (5.1) are normalized.
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(W, W) =1 and (W, I¥,,)=1 (5.2)
We want to prove this statement for the ¥, orbital:

(W, l¥0,) =((1(H1) - 1s(H2))[(1s(H1) - 1S(H2))) - zirg (5.3)
(Wo,I¥s,) = {(Is(H1)[1s(H1)) +(1s(H2)[1s(H2) ) - 21s(H1)[1s(H2))} - oy (5.4)
(Wo,l¥o,) =(1+1- 29 - zig =1 (5.5)

B) Only orbitals with the same symmetry can interact with each other.

For the qualitative construction of molecular orbitals of smple molecules with sufficient symmetry,
this rule can be applied particularly well if linear combinations of the atomic orbitals (AO’s) of the
outer atoms are first built and then combined with the AO’s of the atoms located in the deeper interior.
This procedureis called TASO which states for Terminal Atom Symmetry Orbitals. The significance of
thisisillustrated below with the linear H—Be—H.

H-Be-H X oh H-Be-H

Termingl AlOMs
S—a & 2, @80 = 2
= 2p, ~ g, O ® v o 1

vhap, 20, 2, @@ o 2
0 o ¥, OO0 ¢

¥
Oo, % g gc? no 1
T, 9 O®0. @, o)
p=binaena
Scheme5.2 Schemeb5.3

Scheme 5.2 shows the TASO's for H—Be—H. Linear combination of these symmetrically arranged
atomic orbitals results in the molecular orbitals sketched in 5.3. The first column to the right of 5.3
indicates the number of nodes of the molecular orbitals perpendicular to the bond axis. The second
column indicates the number of angular nodes of the AO’ s involved.

(@] The energy of the MO’s constructed in thisway increases with the number of nodes
perpendicular to the bond axes.

The energy of the nonbonding orbitals lies between the energy of the accompanying bonding and anti-
bonding orbitals. Orbitals without a node in a plane containing the bond axis are called s - orbitals,
those containing one node are called p- orbitals and those with two nodes are called d-orbitals;
corresponding to the s-, p- and d-functions of the atoms.
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D) The electrons arefilled in corresponding to the Aufbau Principle, starting with the lowest
energy levels, continuing with higher and higher energy levels, filling them with as many
electrons as the Pauli principle allows.

Thisis how the electron configuration of the electronic ground state is obtained.

The application of rules C) and D) on the H—Be—H molecule results in the qualitative MO diagram
shownin Figure5.1.

HOMO = Highest Occupied Molecular Orpital
LUMO = Lowest Unoccupled Molecular Crbital

Figure 5.1: Qualitative MO-diagram of the linear H—Be—H molecule. For orbitals with the same
symmetry, the MO's are numbered advancing from low energy towards higher energy. The
determination of the 1s orbitals of H and of the 2s and the 2p orbitals of Be on the basis of the
experimental ionization energy will be discussed later.

Corresponding to the MO-diagram, the electron configuration of the H—Be—H molecule is defined
by:

(19,,)°(1¥.,.)2 (5.6)

The highest occupied orbital HOMO is of s-type and is built from the p, orbital of beryllium. In view
of the 1s shell of the Be, the following three ionization processes IP;, 1P, and IP; can be expected to
occur in BeHy:

1Py (19)2(W0,) (W)t = (19)((W,) “(¥,,)?
1Py (19)(Ws,) (¥0,)% = (19)((W,,) “(¥,,)? (5.7)

1Py (1) (W,,) (¥ 0u) 2 (19)A(¥,,)” (¥,)?

The lowest unoccupied orbital LUMO is of p-type and is doubly degenerated. It cannot be reached by
electronic stimulation because p = s electronic transitions are forbidden in molecules of this high
Symmetry.
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lllustration of the LCAO-MO idea 1s-OVL.MCD
1s orbital s, of the hydrogen atom:
Constants: ag = 0529 Z =1 Z = %
Distance r=r-(Z/ag): r=-72,6752..72

3
1s orbital: Ny = 4_%[:).2.25 sy(r) =N H-e'| |

1s-orbital of the hydrogen atom
151

Value of the function

Distance from the nucleus

The two 1s orbitals interfere in a constructive and in a destructive manner. This
corresponds to a positive (1s, + 1s,y) and to a negative (1s - 1s,) linear combination.

The positive linear combination results in a bonding interaction, abbreviated as Sg’

Sq ~ (Isy + 1sy)
The negative linear combination results in the antibonding interactions:
SU -~ (1SH - 1SH)

For the following we need some definitions:

. . 13
N points = 53 1:=0..N points | = 0..N points Reg:=07414 z := ;)
8R N i
e . ints
Ri=—  rj:= |—L)-dR ri=ryz Xj =T
N points 2
—‘ rrr ‘
Orbitals of the two H atoms: SH1(r) =Ny-e SHo(r) =N
ICON-EDI T, Summer 1997
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Overlap S of the 1s functions r
of the two H atoms: Sg=|1+T

Bonding linear combination: S g(r) =

Antibonding linear combination: S y(r):

_ S y(r)
SHa(r)
T SH2(n)
b i
n | | |
4 -4 -2 0 2 4
r r
3-dimensional _ 2, 2]° o 2. 28
iIIUSI?aet?oSrI]?na sq1(x,y) =N H'e[(x+r e) +y] so(x,y) = N e [(X r e) +y]
Sg,; " (Sa0y)* $2(%Y))) —— s ;= (3106)) - s2(% ) ——
, 2:(1+Sg) ! 2(1- S
Bonding MO
s s,
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The electronic absorption spectrum of BeH; is described by the following two transitions:

(2v,) av,.) (1¥,) " « (1¥,) (1¥..)2 (5.8)

(2v,) ' (@¥,.)(1¥,)" < (1¥,)°Qv,,)>

If one tries to bend BeH,, the 1¥,, orbital is destabilized as a result of the antibonding interaction
between the two 1s orbitals of the H-atoms, whereas the energy of the ¥, orbital remains nearly
unchanged. Within the framework of the LCAO-MO description, this explains why BeH, is a linear
molecule.

Because of the relative location of the energy of the Be(2s) orbitals compared to the energy of the 1s,
orbital, it can be assumed that the electron density is moved from Be to H, as a result of which the

hydrogen in BeH; is of hydridic nature. During the reaction from n~ BeH, to (BeH,),, this hydridic
hydrogen can, as nucleophil, interact with the LUMO located at the Be, leading to the polymer
connected by hydrogen bridges observed in condensed phase. Thus, the LUMO is a ,Lewis-Acid
Acceptor-Orbital”.

5.1.2 Quantitative formulation of thetheory

We will first apply the quantitative formulation of the EHM O-theory to a diatomic molecule

starting out from the following formula.

E(R) = AEEnmo(R) + Erep(R) (5.9
The affiliated Hamilton operator can be expressed in the following way:
H = Henmo + Hrep (5.10)

Only the vaence orbitals of the atoms A and B, which contribute with Na and Ng electrons,
respectively, are taken into account.

The wave function of the Na+Ng valence electrons of this molecule is described as a product of the
molecular orbitals W¥i:

®(1,2,3,.....,Na+Ng) = (5.11)
P1(Da(D)'F 1(2B(2)P2(3a(3)...¥ e (Na+Ne)S(Na +Np)

This function would now have to be expressed as Slater determinant. WWe are not going to do this,
however. For molecules with a closed shell, this does not lead to any formal difference. If necessary,
the antisymmetrization can be carried out at a later stage. The electrons are filled in the molecular
orbitals corresponding to the Aufbau Principle. By doing o, the non-distinguishability — i.e. the
non-numerability — of the eectrons is not explicitly taken into account. For the interpretation of the
calculation results, however, the non-distinguishability must be strictly observed.

The result of such a calculation is the electron configuration of the molecule. From this electron
configuration, symmetry states can be deduced if desired.
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The simplifications carried out so far lead to the EHM O-cal culation procedure if
A) molecular orbitals Vi are represented as linear combinations of atomic orbitals ya, xs.

B) if the Hermo operator isinterpreted as a sum of one-electron operators ﬁ(o) acting on the
corresponding el ectron o.

The first problem thus consists of finding solutions for

Henmo®(1,2,3...,Na + Ng) = Egpmo®(1, 2,3,..., Na + Ng) (5.12)
with

~ NatNs A

Herwmo = % (o) (5.13)

In this description, the interactions between the molecules are not taken into account explicitly, but
only globally. Each electron moves within the averaged field of the remaining electrons.

In order to achieve a consistent numbering of the wave functions, the following agreements are valid:

o] numbers the electrons

i numbers the molecular orbitals

I,k  numbersthe atomic centers

N, St humbersthe atomic orbitals at the atomic centers

Application on adiatomic molecule with the centers| and k leads to:
i :rz;‘Cirkak"-%l“CiSXS (5.14)

For ssimplification purposes, the calculation will first be carried out for a diatomic molecule with only
one atomic orbital each, ya and yg.

A-mmmmmee - B

Cp------------- Cs

For the molecular orbitals, the following simple formula with the coefficients ca, Cs results:

Y(ca,CB) =CayatcCayB (5.15)

The ,,monoel ectronic-atomic orbitals’ ya, ys are results of the following two equations:

hAXA:EAXA with hA:- (m+o_)/2+ﬁ +UA (516)
'~2 2 2

hBXB—EBXB with hB—- (axz +66_y2+ 0622)+UB

The potential terms Ua and Ug represent the averaged field of the remaining electrons with their nuclel
at the centers A and B, respectively. This means that the functions ya, ys describe the movement of the
electron in the field of the corresponding nucleus and the averaged field of the remaining electrons of
the atoms A or B, respectively.

In atwo center bonding, with the distance R between the two centers, the electron moves within the
simultaneous field Ua+Ug in such away that the following EHMO operator results:
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~ NatNp . ~
HEHMO = %: h(O) with h(O) =- g_;A(O) + UA(O) + UB(O) (517)
_ 82 2 62
A(0) = (ﬁ tzt g) (5.18)
Assuming that the molecule has two e ectrons, the following formulais valid:
D(1,2) =¥ 1(1)- Y2(2) (5.19)

Since each one-electron operator H(O) only acts on the respective o-electron, the equation becomes
separable.

Henvo®(1, 2) = N(1)¥1(1)W2(2) + h(2)¥1(1)¥2(2) (5.20)
Henmo®(L, 2) = W2(2)R(1)¥1(1) + ¥1()h(2)¥2(2)

Multiplication from the left with the wave function and integration resultsin:
<(D(1, 2)| HEHMOl(D(l! 2)> =

(¥2(2)]%2(2)X P1(D)| (D) P1(1) ) +(P2(D) 1) P2 h(D)| ¥2(2) ) (5.21)
Because the wave functions are to be orthonormalized, we can write:

(@(1,2)|Henmo| ©(1, 2) ) = Eermol®(1, 2)I(1, 2)) = Egrmo (5.22)
This leads to:

Eenvo ={¥1(1)|h(0)| ¥1(2) ) +{¥2(2)[n(2)| ¥ 2(2)) (5.23)

The two-electron problem has thus been reduced to two one-electron equations. What remains is to
find the eigenfunctions and the eigenvalues of

h =¥ with W= CayA+CayB

(5.24)

For this purpose, Y isinserted:
H(CA)(A +cByB) =¢(Ca,CB)(CAYA +CBYB) (5.25)

We write e = e(Ca,Cs) to indicate that the energy e depends upon the choice of the coefficients ca and
Cs.

Multiplication of the eigenvalue equation hY = ¢¥ from the left with ¥* and integration resultsin:
(|l ) =e(ca, ca)(PIP) (5.26)

The eigenvaue e(ca,cs) could be put in front of the integral sign here, because it is a dimensionless
number. Solving for e resultsin:

g(ca,CB) = % (5.27)

In order to obtain more detailed information, the integrals <‘P|ﬁ|‘P> and (¥|¥) need to be
evaluated. For this purpose, Y isexplicitly inserted:

<‘I’| ﬁl‘P)Z((CA)(A+CB)(B)|ﬁ| (CA){A+CB){B)> (5.28)
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QIR )= ciCrallxa )+ caCrel Al e )+ cace(xalfl v ) +cacalxelflxa)
(#|n| ¥ ) = cAhaa + cBhee +2cacshas

Since his hermitian by precondition, the following is valid:

Cralblxe ) =Cxelhlza) (5.29)
If the following abbreviations are applied,

haa :<XA|H|XA> has :<XA|ﬁ|XB> (5.30)
hes =<)(B|ﬁ|){8> S={xalrs’ (5.31)
we obtain, taking into account that y a, ys are orthonormalized functions:

<‘I’| ﬁl‘I’}Z czhaa + cghgg +2caCshas (5.32)
(P|¥) =ci +cj +2caCs- S (5.33)

Insertion of these results in the expression for c, and ¢ leadsto

cahaa+cihea+2cacshas

8(CA,CB) =

ca+ci+2cacsS

(5.34)

The coefficients ca, cs must be chosen in such away that the energy values correspond to a physically
acceptable situation. Because W2 = c3yx +C4x38 + 2caCsyaysis a measure for the eectron density
distribution, we have to choose ca, Cs in such a way that the energetically most favorable electron
density distribution is obtained. This means that the minimum of e(ca, Cs) needs to be found. At the
energy minimum, the variation de equals zero. Thisisillustrated in Scheme 5.4.

E(CaCg)
de = 2=dca+20cg =0
Ca
Energy minimum of the EHMO approach.
s Scheme 5.4

For this condition to be met, the individual derivatives must disappear. For the calculation it is useful
to take advantage of the following relations:

e=f fe=§e+77(§) Z=numerator, N = denominator (5.35)

Now we can write:

ol

== = {(2cahaa +2cehag + 55 (2cA+2c89) =0
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=— = 2cahaa +2cghag - 8(20A + ZCBS) =0

=— = cahaa +cghag - S(CA+CBS) =0

cshes +cahag - ¢(ce +caAS =0

‘ocs
The last two equations must be arranged properly in ca and csg:

ca(haa- &) +ca(hag- €S9 =0 (5.36)
CA(hAB - SS) + CB(hBB - 8) =0

or:
haa- ¢ hag- eS| ca -0
hag - ¢S hgs- ¢ cs ) (5.37)
From this equation, e, ca and ¢z need to be calculated. To do so, we apply the linear algebra theorem

according to which eigenvalue equations of this nature only have an unambiguous solution if the
determinant of the matrix equals zero:

haa- ¢ hag - €S ~0

hag- €S hpg- ¢ (5.38)
This leads to the following problem
(hAA - 8)(hBB - 8) - (hAB - 85)2 =0
¢2(1- S?) +&(2hagS- haa - hes) +haahgs - hig =0 (5.39)
with the solutions:

. (haathgs) - ZhABSiJ(hAA+hBB' 2hps9)?- 4(1- S°)(hanhes- h3g)
e. = 2(1- 9
(5.40)

The meanings of these solutions will be discussed at a later stage. First we will see how the
coefficients ca and cg can be determined. Since two eigenvalues e. und e result from the two energy
levels haa and hgg, there obviousy must be two possible electron density distributions, which are

determined by the coefficients (ck, ¢ )and (Ca, Cg).

The eigenvalue-equation alone always lacks one equation for the calculation of the eigenvectors,
which is how these coefficients are called. The missing equation can be obtained by making use of the
orthonormalization condition for eigenfunctions:

(PP =1 (¥ )H)=1 (¢'¥)=0 (5.41)

Calculation resultsin:
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(PHIP*) =((Caxa +cax)l(CAxa +ChyB))
(PHP*) = (CA)? +(ch)? +2cActS=1
(¢ [¥") ={(caxa +Ccaxs)l(Caxa +Cays))

(P~ ¥ )=(ca)?+(cp)2+2cACpS=1
Now the equations

hAB' &S
o (5.42)

1=cz +Cc3+2cacsS CA=-CB

are available for the numerical calculation of the eigenvectors ci, cg and Cju, Cg.
These results will first be discussed with the more accessible homonuclear diatomic molecules with
1to 4 valence electrons.

5.1.3 Homonuclear diatomic moleculeswith 1 to 4 valence electrons.

For these molecules the following simplifications are valid:

haa=hgs Cc"=ci=c§ C =cy=-cC§
and correspondingly
c"=1J2+2S and ¢ =1/2-2S

This leads to the following results:

hAA-8 hAB-8S -0

hBA- eS hAA- &

+ _ haathap Y= L ( s )
=S /2528 LAT B

To understand the meanings of these equations it is important to take into account that the so called
Coulomb integrals haa and hag are negative quantities.

Linear combination of two atomic orbitals to form two molecular orbitals resultsin an orbital{e*, ¥* }
which, compared with the initial state, is stabilized and in a destabilized orbital {¢*,¥" }. The orbital
stabilization energy De* and the orbital destabilization De energy are expressed as:

Aet = —hA’;IQAB -hpa = A= “ABl;i"AA (5.43)
Ae =larle ha oo opp =l im (5.44)
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The meaning of these solutions can be understood by
inspection of Scheme 5.5. If n* stands for the number of (:6 Xa - XB
electrons in the bonding orbital Y+ and n- stands for the
number of electrons in the antibonding orbital Y-, the
following istrue for the orbital stabilization energy DEgnmo:

AE =ntA¢t +n Ag” 5.45
EHMO & £ (5.45) XA XB

For a system to be stable within the EHMO theory, DEgnvo
must compensate the core-core repulsion, so that the

following istrue: OO XA + Xg

AEEHMO + Erep <0 (5.46)
Scheme 5.5

In a qualitative discussion, it is often sufficient to only take the orbital term into account because with
growing distance, the repulsion decreases faster than DEgnmo increases. The explained theory already
allowsto discuss the stability of the homonuclear molecules

Ha, Liz, Nag, Kz, Cs;, Rby,
Hez; Bez; Mgz; CaZ’ Srz; BaZ
Clp, A, A, Z1p, Cdp, H

and aso to make conclusions concerning their cations and anions. Because of the dominating Coulomb
repulsion, the doubly charged ions are always unstable.

The following diagram shows the orbital stabilization energies for the indicated occupations. After
what has been said above, it is clear that a system is not stable if DEsnwo equals zero or becomes
positive. The estimation is smplified by the fact that S represents the overlapping between the ns
valence orbitals (n = main quantum number) of the above mentioned compounds and thus only adopts
values between 0 and 1.

ICON-EDIT, Summer 1997 Gion Calzaferri



Tpmwy

25
AEg! 2 A&’ As* - =  As?
1-8 1S

Figure 5.3: Orbital stabilization energies DEgnumo in units of Det for the eectron configurations
(Wo,)t, (Pop)?, (Pop)?(Pou) L, (Yop) 2(Wo,) With (nv,m) = (1,0), (2,0), (2,2), (2,2).

In Figure 5.3, the {ng|ns) overlap integrals of H,, Li2, Na, and K are, for illustration purposes, shown
as function of the distance. A striking feature is the gap between H, and Li, which coincides with the
jump in the dissociation energy reported in Table 5.2.

12

B \

0

06 /
{ 2 Xt

04

0.2

Abstand

Ueberlappungsintegral

Figure 5.4: {Ng|NS) overlap integrals of Hy, Li,, Na; and K as function of the distance (in A). 1: n=1,
z2=1.3; 2: n=2, z=0.64; 3. n=3, z=0.733; 4. n=4, z=0.816.

It is interesting to observe that the orbital stabilization De* and the orbital destabilization De' as
function of the bond distance never change their signs. This statement can be easily proved by dividing

De" by De' because integrals of the type (ns|ms> are a\ways larger or equal zero:
Az =L850 for 0<S<1 (5.47)

From this we can derive that the negative quantity hag isaways smaller than Shaa. Thus we obtain the
certainty that hag-Shaa aways stays negative or, if there is no interaction, becomes zero. From the
diagramsin Figure 5.2, we can now draw the conclusions compiled in Table 5.1.
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Table5.1

number of | DEcyvo sign of DEgnwio | COnsequences
electrons

1|De negative H.*, Liz*, Na*, Kot, Csy*, Ryt
Cw', Ag*, Al*
stable

2|2De" negative Hz, Liz, Nag, K2, Ry, Cs;
Cle, A, Ak
stable

3 Aet(1- 25 S<1/3 3-electron dimers always show a larger bond dis-
1-S negative tance than 2-electronen dimers.

S>1/3 He*, Be*, Mg, Ca*, Sto*, Bas*

positive Znyt, Cdy*, Hgt

(Hz"), Liz", Nag', Kz’, sz', Csy

Cw, Ag, Al

stable

4|1- Ae*(- %) |positive He;, Bey, Mg, Cay, Srz, Bay
Zny, Cdp, H
unstable

Totheresultsin Table 5.1, it is necessary to add that Hx disintegratesinto H, + e. Moreover, we know
that for a stability description of Cuy, Ag and Awy at least the corresponding p atom orbitals need to
be taken into account as well.

We can gain further insight without expressing the integrals haa, hag explicitly. If DEgamorepresents a
measure for the bond energy, the dissociation energy De is expected to be proportional to DEgywo:

De ~ - AEEHMO

This means for the molecules H,, Li,, Nap, K, Rb,, Cs, and in less good approximation also for Cu,
AQ,, Au,, the following relation holds:

De~ - 28-S — oA+ (5.48)

At equilibrium distance, we find for the overlap integrals: S(H,) = 0.618, S(Li,) = 0.58 and S(Nay) =

0.6. It istherefore interesting to use the same value S = 0.6 for these molecules, which alows an easy
comparison.
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Figure 5.5: We illustrate the electronic ground state configuration s# and the first excited state
configuration s 4's . Indicated are also the symbols of the corresponding symmetry states.

In order to excite an electron from the s 4 to the s, orbital according to Figure 5.5, the excitation energy
AE(O’U <« O'g) =hv (549)

AE(ou « 6g) =& (0u) - &*(0g) = - 22283

+

AE(ou « ag) = 1§

needs to be absorbed. Insertion of (5.48) leads to the interesting relation:

AE(oy < 0g) ~ 1% (5.50)

From this we can infer that the energy necessary for the allowed electronic s, = s 4 excitation is cor-
siderably higher than the dissociation energy of the molecules. For the verification of this statement,
the experimental quantities we, Do and AE(B! X} « X' X ) are compiled in Table 5.2. The conversion
from Dy to De is carried out by: De = Do + we/2. We remark that AE(BL X7 « X1 2 §) corresponds to

AE(oy < ag).
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Table5.2
Molecule D, (eV) we(cm?) AE(B'Z] « XTZ5) [eV]
H, 44781 4395.2 11.37
Li, 1.046 351.43 1.744
Nax 0.72 159.12 1.820
Kz 0.51 92.02 1.488
Rb, 0.49 . (1.1-1.4)
Cs; 0.394 42.02 (1.0-1.4)
Fr, ~0.4 . .
Cwp 2.03 264 (2.7)*
A 1.66 192.4 (2.85)*
Al 2.30 190.9 (2.44)*

* classification uncertain

We note that the first excited state configuration s ¢'s ! resulting from the ns atomic orbitals leads in all

cases to a dissociative state as can easily be seen by calculating the orbital stabilization energy. While

this result is correct for H it is necessary to stabilize the s4s ! configuration for al the other

diatomics, by taking into account the mixing of e.g. np or/and (n+1)s atomic orbital contributions. This
means that in a more precise discussion of the electronic excitation energy, at least the influence of the

np-functions would have to be taken into account. For the description of the electronically excited

states this influence isimperative.

On condition that no major relaxation processes occur during the ionization process

X2 > X5

which takes place within about 1015 s, it is expected that the first ionization energy of these molecules

is approximately equal to the orbital energy e*(s ):

+ —  haathag
Ip(X2) ~ &*(0g) = - =55
The use of

leads to:

ICON-EDIT, Summer 1997
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= = -

Ip(X2) ~ - haa + 532

(5.51)

(5.52)
(5.53)

(5.54)
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Ip(X) Naa Ip(X
— &)
_ﬂA _]}De/z
Etagl
IP(X5) = IP(X) - A+ De/2

Figure 5.6. Correlation between the ionization energy of the atoms X, the molecules X, and the
dissociation energy.

Because -haa approximately equals the ionization energy IP(X) of X(ns)t ® X+*(ns)°, we write:

haa =- 1P(X) +A (5.55)

D is a term which takes the different eectron-eectron interactions in X, and X into account. From
(5.54) follows

IP(X2) = IP(X) - A+252 (5.56)

Empirical observation: The results compiled in Figure 5.6 from H through Ag show that Ip(Xz) and
Ip(X) are proportional to each other. The same is true for Ip(Xz) and De(X2). Thisis expressed in the
corresponding correlation coefficients. We can thus establish the following simple relation:

Ip(X2) = b+m-IP(X) (5.57)
A comparison with (5.52) leads to:
IP(X2) = - 2478 — m. |P(X) +b (5.58)

If we adopt the suggestion of R.S. Mulliken to express the resonance term has for homonuclear
molecules as

hag =S-Kk- haa (5.59)
where k is a parameter which must be determined empirically, this leads to:

-hAAi+2AB:- 11?55.hAA (5.60)
This means that the relation between Ip(Xz) and Ip(X) can be expressed as follows:

Ip(X2) = 4§ - 1p(X) - FHE-A=FE - 1p() +b (5.61)

Subgtitution of 1p(Xz) by 1P(X2) = m-1P(X) + b leads to a relation from which the parameter k can be
determined for the molecules investigated here:

= TS (5.62)

With S= 0.6 weobtain k = 1.59.
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[ 155 ] [ 136 | [4.75 | Energiesarein eV.
5.145 5.39 1.07
4.895 5.138 0.73
4.064 4.339 0.52
IPX 5 i= IPX = De:= S:=06 i:=0.7
39 4.176 0.49
37 3.893 0.4
7.89 7.68 2.04 m i= dope(IPX, IPX )
| 7.56 | | 754 | | 1.68 |
d = intercept (IPX,IPX ) d =-1.32 corr (IPX,IPX ) =1
D := -intercept[ (IPX + 05D ¢) ,IPX 5] D =06 corr (D g IPX 5) =1
Yp:=IPX+05Dg-D RES2:= Y - IPX,
I I I I
151+ . 15 .
IPX 5, IPX2;
& &
10+ . 10 .
Y IPX; Y
51 . 51 .
] ] ] ]
5 10 15 5 10 15
IPXi IPXi
04 T T T 04 T T T
Rest 02 7 Resz. O2[ W 7
Lo T S 1
0 011 T 0 0 J: .
: [ s IF
-02~ N -02 N
-04 ' : ' -04 ' ' '
3 6 9 12 15 3 6 9 12 15
IPXi IPXi
(1+8S)-1
Wolfsberg-Helmholz constant k: k = % k =159

Figure 5.7: Correlation between the ionization potentia of the atoms with the ionization potential and
with the dissociation energy of the diatomic molecules.

We will return to the estimation of the resonance integrals hag later and introduce it in a way which
will alow it to be applied to whatever molecule or complex. But first we look at an example of the
input and result of an EHMO calculation (Hy):

H2.GEN (Contains the input information in internal coordinates.)
1 1 1 o0
1 0 1 o0
HYDROGEN MOLECULE
0 2 0 0 0 1LFFFFFFFFF 1.58 .000 . 000FFFFFFFFFFFFFFFFFFFFFF
. 410000
1 2 . 74140

. 00000 . 00000
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* H
H 1 11.3000-12. 60
35 1 1 .100000

H2.0UT (result of theEHM O-calculation.)
HYDROGEN MOLECULE 741
delta= 4100, 1l+keppa= 1.5800
ATOM X Y z S
N EXP couL
H1 . 00000 . 00000 . 00000 1 1.3000 -12.6000
H 2 . 00000 . 00000 -. 74140 1 1.3000 -12.6000
DI STANCE MATRI X
1 2
1 .0000 .7414
2 . 7414 . 0000
OVERLAP MATRI X
1 2
H 1(S) 1.0000 . 6355
H 2(S) . 6355 1.0000
RESULTS OF CALCULATION  HYDROGEN MOLECULE . 741
ENERGY LEVELS (eV)
B 1) = . 52452 . 0000
E( 2) = -15.52546 2.0000

SUM OF ONE- ELECTRON ENERG ES
ORBI TAL STABI LI ZATI ON ENERGY

CORE- CORE REPULSI ON ENERGY
STABI LI ZATI ON + REPULSI ON =

- 31. 05091405 eV

-5. 85091405 eV
= 1. 43419059 eV
-4.41672346 eV

WAVE FUNCTIONS MO S | N COLUWMNS, A0 S I N RONG

1
H 1(S) -1.1711
H 2(S) 1.1711
REDUCED OVERLAP PCOPULATI ON
1 2
1 6115 . 7771
2 7771 . 6115

REDUCED CHARGE MATRI X, MO S IN
1 2
1 1. 0000 1. 0000
2 1.0000 1.0000

2
. 5529
. 5529

MATRI X, ATOM BY ATOM

COLUMNS, ATOVS | N ROWS, NORMALI ZED TO 2 ELECTRONS REGARDLESS OF OCCUP.

ATOM C ORBI TAL OCCUPATI ON FOR G VEN MO OCCUPATI ON
S X Y z
1. 00000
1. 00000

ATOM NET CHG
H1 . 00000
H2 . 00000
REDUCED ENERGY MATRI X, ATOM BY ATOM
1 -7.%043 -15.%424

2 -15.6424 -7.7043
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5.1.4 Heteronuclear diatomic moleculeswith 1 to 4 valence electrons

For the discussion of heteronuclear dimersit is useful as well to first start from atwo level system.

ol antibonding

e

hBB
AN O s

3 O==— /
. /

Q} (O bonding

Figure 5.8: Molecular orbitalss and s*, whichresult from the s, and sz atomic orbitals.

It will prove useful to introduce the following definitions:

ez ad f=md (5.63)

Insertion of these definitions in equation (5.40) resultsin:

a- 1- 23S a+h?
=S '[1i ./1+4(1- ) ig5 ] (5.64)

Asis similarly the case for homonuclear diatomic molecules, the evaluation of this equation leads to
information about dimers that can be described in first approximation on the basis of (nsa, mss) atomic
orbitals, where n and m are the respective main quantum numbers. Dimers of this type are: XLi, XNa,
XK, XRb, XCs, XCu, XAg, XAu, XHe, XBe, XMg, XCa, XBa, XZn, XCd, XHg, with X = H, Li, Na,
K etc., the cations of which XY+ and the anions of which XY-, aslong as they do not have more than 4
valence electrons. The approximation that these dimers can be described with linear combination of
(nsa) and (msg) is not as good as in the case of the corresponding homonuclear dimers because
p-orbitals play a more important role. But it is nevertheless useful to study this simple case.

Because the electron density distribution can be calculated from the wave function, we will first
calculate the coefficients ca, Cs in

Y =caya+CyB (5.65)
with the use of

a-¢ f-¢eS Ca | _
{ﬁ-eS-l-e]{CB]_o (5.66)
The necessary equations are:
c% +C% +2caceS=1 (5.67)
(a- e)cat(f-eSce =0
which, with
CB=-755CA 0:=-4% CR+(°Ci+2c3qS=1 (5.68)

can be brought to the following form:
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CA= ——, Cp=——— (5.69)
AT s @ BT TS -
These equations are valid with e. for ca*, cg* and with e for ca, Cs.

We imagine that N. electrons are in the orbital Y ., N. =0, 1or 2. The electron density distribution in
thisorbital is described by

N+(“P +)2 = N+(CZ‘) ZX% + 2N+CZ‘CEXAXB + N+(CE) ZXZB (570)

Electron density distributions can be depicted graphically, like the contour lines of a map. For many
applications, however, it is desirable to express this information with only few figures. For this
purpose, the equation is integrated:

Nt < Wi|¥+ >= Ni(CR)? < yalra > +2N+cics < xalrs > +N+(cg)? < yslys >

= N+ =Ns(ch)? +2N+CActS+ N+ (ch)? (5.71)
N.(cr)? is called net population at the centre A.
N.(cg) 2 is called net population at the centre B.
2N.(CaCt)S is called overlap-population n(A,B) between A and B.

The net charge Q(A) on an atom A is described as the difference between the core charge No(A) and
the gross population N(A).

N(A) = N+ ((ck)2 +caceSas) With Q(A) = No(A) - N(A) (5.72)

N(B) = N+((cg)? +caceSas) with Q(B) = No(B) - N(B)

The core charge No(X) of an atom X is defined as charge after the abstraction of the valence electrons.
Examples:

H(1s) ® H No(H) = +1
Li(1s)2(29) ®  Li*(1s)? No(Li) = +1
Be(15)%(25)2 ® Be(ls)? No(Be) = +2
B(15)2(25)%(2p)* ® B*(l9)? No(B) = 13
etc.

Now we have the necessary information for the evaluation of the equations (5.64) and (5.68). The
resonance integrals hag are calculated with

hag = k- S- 2earfiee (5.73)
With the definitions (5.63) for a and b, this equation can be expressed in the following way:

p=%3(a- 1) (5.74)

It is necessary to take into account that a = -1 describes the special case haa = hgs and that haa and hes
interchange their relative positions at the point where a becomes larger or smaller than -1.
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Orbital energies gs) and (s*) and coefficients asafunction of g

i=0.2N a = b.:= 0.5-k-S-(a. - 1)
| N | |
a,-1-2b.S ai+<bi>2
f2:=4(1-8)—v- 2 —

abbreviations: fle——
2(1- 9 (ai—l—z-bi-s>2

ORBITAL ENERGIES ¢gs) = éband g(s*) =ea b =bhinding a= antibinding

eb, :=f]1-<1+Jr1‘%> eg := f]i-<1-m>

abbreviations:
qb B bi - ebi'S qa] - bi _ QS
I a;- ebi a;-ea
qch = - ! qca, = -- N !
" if( ob; [>o.cby, by ) if] a8 >0, 8,08 _ )

coefficients ¢, and c,for the bonding b and the antibonding a orbitals:

-0.5 -0.5

—_ . . 2 r—_ . . 2
chi = [1.+ 2-Sqch. + (qcbl) ] cap = [1+ 2-5qcq + (ch) ]
cbg = qch;cb o cag :=-qcg-cap

| | | |
POPULATION ANALYSES: n ,, ng=chargeon A, B; op = overlap population

opb, i= 2:ch p <Ch g -S b p = —;-opbi + (cb A.>2 nbg = %-opbi + (cb B.> 2
| | | | | |

1 1
opg = -2-caAi-caBi-S nap = 5:0pg + (caAi>2 nag i=2-0pg + (caBi>2

Figure 5.9: Heteronuclear diatomics
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orbital energy as afunction of apha

-2 ~15 -1 ~0.5 0

bonding orbital antibonding orbital
T T T T T T
s i
cbp
DB sl —
<
0 1 1 1 0 1 1 1
-2 =15 -1 =05 0 -2 =15 -1 =05 0
g aj
1 T T 1 T
nb - —
nb A; o5~ - opb; o1 — B; o5
0 ' 0 ' 0 I
-2 -1 0
-2 -1 0 -2 -1 0 a:
ai ai |
1 T 0 T 1 T
nap. - _
naAi 05 - Opai BI 0.5
. | | 0 :
-2 -1 0 -2 -1 0 2 1 0
a:
aj aj :
k=175 S=2 N=49

Figure 5.10: Heteronuclear diatomics
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These results can be expressed in the following way:
The lar ger the energy difference between two levels, the smaller their interaction.
The lower level is stabilized, the higher level is destabilized.

The lar ger the energy difference between two levels, the smaller the perturbation in the
wave functions of the atoms. (This means that the bonding orbital obtains its eectron
density mostly from the level situated below it, thus closest to it. In the diagrams,
atomic levels having the same energy corresponding to the quantity a =-1. They lead to
an ideally covalent bond.)

Even though these results have been derived from the interaction between two s, and sz orbitals, they
are generally valid. They can beillustrated as follows:

Q @ d

ior COVa jor

Figure 5.11: Qualitative comparison between covalent and ionic diatomics in the MO-picture.

The figures compiled in the following table express this correlation with numbers. It is striking that H
is always negatively charged (except H,, of course), which means that the electron density is shifted
from the metal atoms in the direction of hydrogen. All these HX compounds are therefore of hydridic
nature.
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Table 5.3: Properties of HX molecules, X = Li, ..., Au.

X H | u | Na| kK | RO| Gs cu | Ag | Au

n 1 2 3 4 5 6 4 5 6
Ip(X) 136 54 51 43 42 39 77 715 92
a(HX) 1 04 -0375 -0316 -0.309 -0.287 -0.566 -0.551 -0.676
Q(H) 0 -0759 -0787 0846 -0.856 -0.87 -0553 -0572 -0.405
Q(X) 0 0759 0787 0846 0856 0876 0553 0572 0405
OP(HX) 075 0365 0332 0255 024 0212 0556 0542 0.649
DdeV] 475 259 225 184 194 18§ 285 246 34
Temq | 4395 1406 826 7059 9368 8907 1941 2996 2305

a, Q(H), Q(X) and the overlap population OP in this table have been calculated with the following quantities: S
= 0.6, k = 1.75, haa= -Ip(H), hxx = -1p(X), a = -1p(X)/1p(H). In the following diagram, the population analysis
of the (sa,ss)s orbital occupied by 2 electrons and the orbital stahilization energies De: and De. are represented
as function of a in the region -1 to 0. This corresponds to the whole row HH to HAu in Table 5.3. The net
charges Q(H), Q(X) and the overlap population OP(HX) are listed. Note that for energy levels of very different
energy (a close to 0), OP(HX) becomes negative, which corresponds to a repelling interaction.

Charge distribution and orbita stabilization in HX diatomic molecules.
X =H, Li, Na....,Au. The bonding orbital e(s) orbital is occupied with 2 electrons.
op; := 2:cb Hi'Cin'S S=06
overlap population
1 T
— - . l- ). 2
Qu,=1- 2|z om+ (cb Hi) ] 20p,
— os5F -
0
— - . l- ). 2 . . .
Qx,=1-2 §0p|+(Cin)] o
|
-1 -0.5 0
a.
|
charge orbital stabilization
1 T T
1B _
o (a-2)
;o (ebi+1) o5l g
—— \- —
0 "-\ 0
.\ i
-\‘ 0 &
~, |
bk | -
o o5 o -1 -0.5 0
a; a;

Figure 5.12: Illustration of the hydridic character of hydrogen bonded to a metal.
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5.1.5 Consideration of the 2sand 2p orbitals and general case

The EHMO theory can only become a useful tool if it is put into a general form. This is not a parti-
cularly difficult task. We only have to expand the specialization used so far from two interacting levels
to an unlimited number of levels. For the time being, we can limit ourselves to diatomic molecules be-
cause thisleadsto aresult valid for any system.

In order to achieve a consistent numbering of the wave function, the agreements introduced on page 52
arevalid, which are here repeated in expanded form:

0 numbers the electrons

I ] number the molecular orbitals

[, k number the atomic centers

e, S number the atomic orbitals at the atomic centers k and |

mn,r are general indices with which atomic orbitals are numbered

Application on a diatomic molecule with the centers | and k leads to the wave function

i :rz;‘Cirkak"-%l“CiSXS (5.75)

and to the EHM O-Operator

~ NatNg ~ 2
Henvo = 3 h(0) with h(0) =-Z5A(0) + Ua(0) +Us(0) (5.76)
In the sameway asin (5.12) to (5.24),

ohlw)

8(C|kC2k---Cl| C2, ) = (¥|¥)

(5.77)
can be deduced, where nis equal to total number of involved atomic orbitals,

n
Y= rzl:‘Crle’k + %" CsXs = %‘CﬂXﬂ (5.78)

Insertion in the expression for e(cy, Cy, ... , Cy) resultsin:

n N
,u§l C,u)f;z| hl Vgl Gy
e =¢(Cy,Cp,...,Cp) = - - =5 (5.79)
< 2 C}l%}ll 2 Cy >
u=1 u=1

As explained in scheme 5.4, we look for the electron density distribution which corresponds to the
energy minimum. At the minimum de = O isvalid. de = 0 signifies:

de =£=dey + 2= dez + ...+ 2=dcn = 0 (5.80)

Because the coefficients cm and thus the dcm are linearly independent, this condition can only be met if
theindividual derivatives disappear:

oe _ .
Z gy (5.81)

The calculation is carried out for cn:

N-2Z-. 7-ONe oZ _Z N

—_ 0 Z — Cy acy cy - N oy _
T Tkt = =0 (5.82)
N is, asintegral of square-normalized functions, always positive. Therefore we can multiply by N:
L. &=Z-8=0 v=12..n (5.83)
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We introduce the following abbreviations:

o =l ) Su= (b (5.84)
57 ~ n L

= -<ﬂ§1 curull 2,20 > (5.85)
oz _ o A2 -

F=% 2 2 ekl ) (5.86)
oz _ o A2

e, ~ ¢, '/12::1 P CuCphip (5.87)
Calculation resultsin:

Z=23 cuhy (5.89)
In similar manner, the following can be found:

W=23 cSy (5.89)
Insertion of these resultsin

& e =0 (5.90)
leads to the important result:

2,21 Gy - 28/21 €Sy =0 (5.91)
Itn IS reasonable to write this equation in the following way:

,El Cu(hy - €Sy) =0 (5.92)
or written out in full:

ci(hi1- eSu1) +c2(h12 - €Si2) +... +cn(hin - €Sin) =0 (5.93)
c2(ha1- £Sp1) +ca(h2z - €S2) +... + Cnlhan - €Sn) =0 (5.94)
cnl(hni- eSn1) +c2(hnz - €Snz) +... + cn(hnn - €Sn) =0 (5.95)

The linear variation in the n coefficients ¢, thus results in n homogeneous linear equations which,
taking into account that S,, = 1, can be written in the following way:

hi1- €S11 h12- €S2 ... hin- €Sin C1
ho1 - eSp1 hoo- €S2 ... hon- S C2 ~0 (5.96)

hn1- eSh hn2- €S2 ... hon- €S Cn

(5.97)

A linear, homogeneous equation system does not have trivial solutions only if the determinant of the
matrix disappears. Thus, the following must be valid:

h11- S hi2- €S2 ... hin- €Sin

ho1- eSo1 hoo- €S2 ... hon- eSon ~o (5.98)

Pnt- €S hn2- €Sy ... hon- €S
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For the special case n= 2, the following relation, which we have encountered several times, isvalid:

hi1- ¢ hi2- ¢Sz
ho1- eSp1 ho- ¢

For the solution of eigenvalue problems, computer programs are available today, so that we may
consider this part as a solved problem and can now turn to the interpretation of the calculation results.
The coefficients cmbeing known, we can in the following equation,

n . n
{ Bonlil £ o)
==L - (5.100)

€i = n n
< 2 Ci,u)f,u| Z CiVXV>
u=1 u=1

make use of the fact that the molecular orbitals Y are normalized, so that the following is valid:
n ~ N nn
gi = <,u-zl Ciﬂ%ﬂlhl V§l Civiv > = %% Ci,ucivh,uv (5.101)

This equation describes the orbital energy e of the molecular orbital Y. Arranging for the diagonal
elements himand the nondiagonal eements hamresultsin:

=0 (5.99)

e L
& = %:Ci#hﬂﬂ +2,u;v C|,uc|vh,uv (5102)

The EHMO energy is obtained as a sum of the orbital energy multiplied by the occupation numbers b;:

Eenvo = X biei (5.103)

5.1.6 Atomic or bitals, Coulomb and resonance integrals and repulsion term

In the EHMO procedure, the (H - S2)C = 0 problem is entirely solved. For the calculation of Sit is
useful to depict the atomic orbitals explicitly. For the calculation of H, numeric quantities must be
known for the Coulomb integrals hnmand for the resonance integrals hnm For the determination of

E(R) = Erep(R) + AEEHmo(R) (5.104)
aformula must be available for Erg(R). DEermo(R) is determined from
AEermo(R) = Egnmo - %3 b.ED (5.105)

- 2 by E}j equas the sum of the valence state ionization energies of the atoms multiplied by the orbita

occupation bn,. These aspects will be discussed in the following chapters, starting with the
EHMO-ASED approach.
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5.2 The EHM O-ASED approach

The EHMO method in its original form does not correctly include electrostatic interaction and
therefore often fails to yield good potential energy curves for stretching modes. Anderson and
Hoffmann have discussed this problem and they have suggested that a solution might be found by
adding a two-body electrostatic correction term. To derive the two-body electrostatic interaction

energy, the exact electronic charge density r (R, r) for adiatomic moleculea - b iswritten as
PR, 1) = pa(Ra- 1) +pnee(Ra, 1) +pp(r) (5.106)

where the origin of the coordinate system is on nucleus b. ps(r) and p.(R.- r) are atomic charge
densities, centred on nucleus b and nucleus a. R and r are nuclear and electron coordinates,
respectively. The densities are computed by using the same Slater orbitals as those in the
extended-Huckel calculation. pner(Rq, ) is the ,non-perfectly-following” correction to the atomic
charge densities which makes eg. (5.106) exact. The energy E(R) is expressed as the sum of the
electrostatic two-body correction Eqs(R) and the extended-Huckel binding energy AEenmo(R).
pner(Rg, r)can be estimated from the resulting wave functions.

E(R) = Ew(R) + AEEnmo(R) (5.107)
The extended-Huickel binding energy AEEnmo(R) 1S expressed as
AEgnmo(R) = Eenmo(R) - % ngg (5.108)

where X bQE? is the sum of the atomic one electron energy levels E?, each of them times the orbital
occupation number bY.

Encouraged by the results of Anderson’s ASED-MO (atom superposition and electron delocalization)
theory on diatomic molecules, we have adopted it, have eliminated some of the deficiencies
encountered and we have generalized it for polyatomic molecules.[5 It was shown that reliable bond
distances can be calculated without losing the transparency of the original extended-Huickel method.[”-8

The Hdlmann-Feynman theorem

In the adiabatic description of molecular states, it is assumed that the calculation of the electron energy
at constant distances between the nuclei is possible. For the electronic wave function W4, which we
abbreviate as Y, the Schrédinger equation is valid:

HY = (T+V)¥ = E¥ (5.109)
inwhich T isthe kinetic energy operator of the electrons:

e_ e Pl ot -

T= 2m Izl( et ot %2) N = number of electrons (5.110)

V is the potential energy operator. Provided that we limitate ourselves to a diatomic molecule, we can
write:

2
ezlzz ;( Zrlf Zfz; ) I% r” (5.111)

rijis the distance between the electronsi and j. x;, i, z are the cartesian coordinates of the electron i. ry;
is the distance of the electron i from the nucleus number 1 of the charge Z;; r»iis defined analogously.

The Hellmann-Feynman theorem dgates that for the exact eigenfunction Y of a Hamilton operator H
with the accompanying eigenvalue E for aparameter | , which appearsin H, the following is true:
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) (5.112)
For the normalized eigenfunction, (P|¥) =1lisvalid.

Example

In the adiabatic description of molecular states, the core-core distance R only appears as a parameter.
The consequence for the kinetic energy is that the differentiation by R disappears:

a_; - (5.113)
For the force Fr, which is active aong the bond axis of diatomic molecules, the following is derived
from the Hellmann-Feynman Theorem:

Fr=-%&=-(7|%|¥) (5.114)
The application of V, eq. (5.111), to the formula given above leads to:

6’\ 6'2 N 2 oryj 6'2 or 9

F=- ey R B (5.115)

Proof of the Hellmann-Feynman theorem

Since the core-core distance is defined as a parameter, we can calculate a potential curve E(R), with
R(Re) as minimum. It will now be shown that the following is true:

£ =(%)=]]. y {w(Z)¥}dradro...don (5.116)

ryra

with dz; = dx; - dy; - dzi. Theintegration is carried out over the whole space.

| isdefined as parameter of H, analogous to R. The system isin a stationary state, which means that no
fast time-dependent processes are allowed. With (¥|¥) = 1the following is valid:

E=(¥|H¥) (5.117)
and therefore:
A ) +(w[H| L) (5.118)

H being a hermitian operator, with {¥| H|® ) = (H¥|® ), we can write
(WA S ) = (HwiEE Y= (S H¥ ) = real (5.119)
Because of HY = E¥ and H¥Y* = E¥ * the following can be derived:
% = (| L )+ E(Gh ) + E(PISE (5.120)
£ =(¢|L|w)+ELew (5.121)

=(¥|4|v) (5.122)
Because T isnot dependent on | , the following is true:
-, o (5.123)

with which the Hellmann-Feynman theorem is proven:
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(5.124)

In classical physics, the force Fr, which acts aong the bond axis, equals the negative derivative of the
potential V by the coordinate R:

Fr=-2% (5.125)
The quantum mechanical analog to thisis:
Fr=(%%) (5.126)

5.2.1 Application of the Hellmann-Feynman theorem

First we will examine therelation

Fr=(&) (5.127)
of atwo centre system A.—A. with the nuclear charges Zy, Z:

Z,7,€2 Zie2ory | ZoePdra
Fr=2B- 51 1. [ (2R + 250 ) Jarsdea. oy (5.128)

Because the bracketed operator in the preceding equation leaves Y unchanged, the integration is best
carried out over all electron coordinates, except the coordinatei. In order to do so, we first write:

p(xi,yi,z)= [ o || o [ W dry.drio g drisg.doy (5.129)

71 Ti-1Tisa N

r (%, ¥i, z) isthe probability density of electron i at x;, i, z. We can write r (X, Vi, z) asri(x, Yy, z) and
abbreviateit asr . er dt; equals the charge contribution of electron i in the volume element dt ;.

Now we can write;

FR — Z21Z,€? i g j( Z1€20ry; + Z,62%0r 5 ),DidTi (5130)

2 . 2 A 2 A
R =17 rioR r50R

This equation can be evaluated for concrete cases. We will now discuss such an example. The value of
the above defined integrand only depends on its location in space t. If we examine the volume element
dt at thelocation (X, y, z), we can write:

Z1€2 ory 2,62 ory _ 236 0Ny Zy€? 8r2J-_ — Zlezﬂ Zzezﬂ 5.131
OR r%i oR T ri. OR r%j oR — r% OR r% OR ( )

2
KT

Interchanging the sum with the integral and summarizing r ; to the entire probability density

N
p(%.y,2) = 2 pi(x.y,2) (5.132)
resultsin the following equation
2 eZ 2 o
FR — Zlége ) i( Z:i %4_ Zf%e %)pdf (5133)
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-e IOdT

Figure 5.13
Looking at figure 5.13 it is easy to understand the following:
ro =fix: 2% = cosf; and 22 = (5.134)
ri=fix: 2% = cosf and =& = (5.135)
The derivative for r, = fix isfurnished by f, , and the one for r, = fix is furnished by f.:
f1= %1 - c0s01 fo= _g - c0s0, (5.136)
Therefore thefollowing istrueforf=f, +f,and F
f==.cos0: +Z = . c0os0)> (5.137)
Fr= ZRﬁ e § fode (5.139)

€2 f equals the force component which acts on the nucleus of a unit charge at the location (X, v, 2).
Depending on the location, f is positive or negative. Therefore, bonding and antibonding spaces can
be defined:

bonding 2 antibonding
Fr= Zléiez - %2 | fpde- fjo fpde (5.139)
<

>0

The bonding forces hold the nuclel together and the antibonding forces pull them apart. At equilibrium
distance, the integral compensates over this region the core-core repulsion, leading to Fr= 0. Since r
and dt are always positive, the sign of fr dt is defined by the one of f. We can conclude:

f > 0: bonding region f = 0: nonbonding area f < 0: antibonding region

In order to apply this result, we will define the nature of the area f = 0, which separates the bonding
from the anti bondi ng area. We will therefore define the nature of the following curve:
f==.cos0: + 2 -cosf>=0 (5.140)

The d| scussion iss mpI ified by the fact that A.—A hasa C., axis aong the connecting line. A suitable
coordinate system which simplifies the solution of the problem is shown in 6.2. We define

Zy
:%R§ y:—%Rﬂ a:Z—zgl (5141)
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y
f '
O 4 (@2
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Figure 5.14
According to figure 5.14, we find:
rf=(GR+x)?+y2 = 2R (1+¢)% +4?] (5.142)
r3=(3R- x)?+y2=1R[(1- &)%+52] (5.143)
r1-c0s01 = 3R+Xx=SR(1+&) (5.144)
r2-cosfz=4R- x=2R(1- ¢) (5.145)
Transformation of theinitial equations leads to:
1 1R(1-

. JR(1+0) = N JR(1-¢) _ -0 (5.146)

{FRe[(@+e)*4n?] {ZRA@ )%*+r2])

From here, it is easy to get to the result.

[ 1-¢ ]_ (1—5)2+n2]3/2
(1+9a I 77 [ (a+e)24p2

(5.147)

Solving this equation, we have to consider that it only provides solutions for certain values of x. It
does not provide solutions for -1 < x < 1. x = £1 corresponds to the position of the nuclei. In the case
of homonuclear molecules, the equation provides a solution for all other values of x. For heteronuclear
molecules, the solutions which can be found for x > 1 are rapidly approaching +e. The negative range
of x can easily be outlined by first chosing a small interval for x < —1 and gradually extending it in the
direction of more negative values. We illustrate this in figure 5.15 for homonuclear diatomic
molecules.
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Bonding and antibonding regions in diatomic molecules.
An application of the Hellmann-Feynmann theorem for homonuclear diatomic molecules.
The coordinates are defined as shown in Figure 5.9.
1:=0..80 Xj=1.0+i-0.05 Xm := -X;
Starting value:  h := 0.01
3
2
2 2
1- 1- h
Given  h:0 [( D |Eox)
(1+x) (1+X)2+ h?
f(x) := Find(h) h; = f(xi>
h.
| L ]
-h.
|
h | ]
|
-h. | |
|
|
Xm, Xm, X.
| [

Figure 5.15: We observe that in the case of homonuclear molecules, the bonding region and the two
antibonding regions are clearly separated. The bonding region mainly lies between the two nucle,
because with increasing ||, the electron density decreases very rapidly.
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Heteronuclear molecules: Solving this proplem is more delicate. Pay attention to the fact
that solutions fory; are restricted to limited regions.

First region:
a:=05 h .= 0.01 j =0..100 xlj =1.0 + j-0.01
Given
3
2
(1- x1) (1- x1)+ h?
=- h>0 f(x1) = Find(h) hlj = f<x1j>
(1+x1)-a (1+X1)2+h2
Second region:
x2j =-1.0- (j + 0.01)-0.0482 h =-0.001
Given
3
2
(1- x2) (1- x2)% + h?
=- R h<0 f(x2) := Find(h) h2j = f(x2j>
(1+x2)a (1+x2)"+h
Z(l€eft) < Z(right)
I I I
hi.
h2j - / .
—— |\ 7 |
-h2. N P 1
J B i TP - '\- _
\-
\-
- v
| | |
xl.,xlj,xz.

Figure 5.16: We observe that again the bonding region and the two antibonding regions are clearly
separated. The antibonding region on the left side has an interesting shape.

The Pauli principle has not been taken into account so far. The consideration of this principle leads to
the sameresult as T. Berlin has shown (J. Chem. Phys. 19 (1951) 208 ).
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Application on large molecules

We will now use the theory of the previous chapters to introduce the pairpotential, which leads to an
important extension of the EHMO (Extended Hiickel Molecular Orbital) theory, which we define as
EHMO-ASED (Atom Superposition and Electron Delocalization).

The idea of the EHMO-ASED procedure isto split the electron density distribution r in two parts. the
part for the free atoms and the remaining part. The atomic components r , of r in the free atoms are
spherica symmetric and follow the atoms perfectly. The remaining part of the electron density
distribution depends on the relative arrangement of the atoms and therefore does not perfectly follow

the nuclei. We therefore define it as r ny (Not perfectly following). Thisleadsto

atoms

pP= 2 patpnpf (5.148)

This splitting is useful because in amost all cases, r . is only afraction of the whole electron density
distribution. This means that the formation of a chemical bond only leads to a relatively small
rearrangement of the electron dengity distribution in the free atoms. For a diatomic molecule a—»b, the
following equation corresponds:

p=patppt popt (5.149)

If we put the origin of the coordinates in the nucleus a, the following is true because of the spherical
symmetry of ra and r p:

p(r,RB) = pa(r) +ps(|Rg - r|) + ppnt(r, Rg) (5.150)
r represents the electron coordinates and R the coordinates of the nucleus. The force Fgr,, which acts
on the nucleus b, is given by:

Fr, =F(Rg, pa) + F(Rg, prpt) (5.151)
Or, expressed according to (5.114):

o Z,

&= Zﬁ{?ﬁ +paln)ar -ﬁdr} +F(Rg, pry) (5.152)

The force Fg,, which acts on the nucleus a, is defined by an analogous expression. The energy E(R),
which needed to bri ng two atoms from infinity to the distance R’, can therefore be expressed as:

E(R)=] ( )dR I{ 5(F(Rg, pa) +F(Ra, pp)) + F(R prpt) YR (5.153)
Because the integral of the first two terms, is purely repulsive and disappears at infinity, we can write
E(R) = Erep(R) + AEnp(R) (5.154)

As it has been mentioned, Er(R) is a pure two-body repulsion term, which we can express in the
following way:

2.2 o a
Eren(R) = T - 32, | 25 dr +2, [ £20r) (5.155)

Since the electron density distributions ra and r, of atoms are generally known well enough, the
calculation of Erg(R) is not difficult. The calculation of DE.(R) is much more difficult.

The EHMO-ASED procedure consists in the approximation of DE.(R) with DEewmo(R) and in the
calculation of Ere(R) by using the same Sater function asin the EHMO calculations. The examplein
figure 5.17 illustrates what can be obtained with optimized but physically very reasonable parameters
for e.g. the hydrogen molecule.
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Figure5.17.

Comparison of the result of an optimized EHMO-ASED calculation at the H, molecule (solid) with the
Morse potential (diamonds).

The off-diagonal elements are calculated as

Hij = KS;j(Hii + Hj) (5.156)
More details are given in chapter 5.4.

The two-body correction Ean(R) for polyatomic molecules is calculated as a sum over all atom-atom

interactions. Since it is always repulsive, we denote it as Ers, and number the atoms with the indices a
and b:

Erep = az<:ﬁ ERepa,ﬂ (5.157)
Eenmvo IS equal to the sum over the one electron states E; times the occupation numbers b;:

Eenmo = ; biEi (5.158)

Bi =X ¢l Hue +2, 2 CisCipiHau (5.159)
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5.3CHARGE ITERATION

The charge iteration procedure can be used to iterate on the charges of al atoms in the molecule or
only on the charges of selected atoms. The diagonal Hamiltonian matrix elements are given by
Hi = -VIE(Q) where VI E(Q) is the valence state ionization energy of orbital i when the atom has a
total charge Q. The off-diagonal Hamiltonian matrix elements are calculated in the norma manner.

The VS E(Q) functions are assumed to be of the form

VS E(Q) = do +d1Q+ d2Q? (5.160)
where do, d; and d, are parameters, stored in VOI.DAT and FOI.DAT, which depend on the atom and
the orbital.

We give a detailed description of the VSIE concept in the next paragraphs.

5.3.1 Valence stateionization energy VSIE

The term valence state ionization energy describes the energy necessary to remove an eectron from a
given orbital of either a specific configuration or a valence configuration. This definition is clarified
using ns VSIEs of the particles shown below which contain only ns,, valence electrons’.

H He* (1s)1
Li Be* B2+ C+ e+ o = Ne7+ (2s)1
Na Mg+ Al 2+ Si 3 = Ss+ Cl 6 Ar 7+ (3s)1
K Ca+ Gaz2+ Ges+ As 4+ Sebs5+ Br 6+ Kr 7+ ( 43) 1

All of them have only one ns ,valence” electron. We know that the ionization energy IP = Ex+ - Ex of
H, He* and Li2* depends only on the core charge Z and on the quantum number n:

IP/eV =136 4 (5.161)1
In case of Li, Bet, ... Kr™* we assume that the (ns)® eectrons
nucles core move in an effective field (Z—s)? of the core shielded by the

inner electrons. s is the shielding parameter. This concept is
illustrated in Figure 5.18.

Figure 5.18: Vaence electron in the effective field Z-s. s is
the shielding parameter.

vaolence electicn

This concept suggests the following description of the
inthe field Z s

ionization energy of atoms with one ns valence el ectron:

IPlev=136- & =136. 4 . 72- 136-2-(2) - Z2+136-(F)?
(5.162)
This egquation can be wirttenin amore genera way as follows:
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IP = A(n)- Q2 +B(n) - Q + C(n) (5.163)

where A(n), B(n) and C(n) are empirical parameters. The parameters A(2), B(2) and C(2) for Li to F&*
are equal to 3.422 eV, 9.438 eV and 5.375 eV, respectively. In the next table we show that the
2st ® 2<° ionization potential of the mentioned species are described in a quantitative way by this
approach. The sameisfound to be generaly true.

Table5.4

Li Bet B2+ C N4+ o5 6+ Ne’*
Q 0 1 2 3 4 5 6 7

| Peperiment 5.39 18.21 37.92 64.48 97.86 138.1 185.2
| Peaicuiated 5.38 18.23 37.94 64.48 97.87 138.1 185.2 239.1

We now write the polynomial of second order as follows:
IP=do+d1Q+d2Q? (5.164)

Q describes the charge of the atom T from which an electron is removed:
TR - T + P (5.165)

do isequal to theionization energy of the neutral atom.

The charge dependence of the valence orbital ionization energies of hydrogen, helium, lithium is well
described by the following expressions:

1sVSIE(1s?) = 13.65- Q2 +27.15- Q+ 13.6 (5.166)

1sVSIE(1s?) = 13.57- Q%+ 37.42- Q+24.6

Polynomials of second order are sufficient to describe the VSIE also in case of many electron atoms.
Barycenter energy

The concept of the barycenter energy of an electron configuration is very useful. It allows the transfer
of spectroscopic data of the atoms to chemically meaningful information*l. The barycenter is the

average energy of an electron configuration. It can be understood by looking at the example below
which explains E(1s225?2p?)., in case of the carbon atom.
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Figure 5.19: Definition of the barycenter of the electron configuration 1s22s22p2.

The barycenter is given by:

E(3P) = 2= {E(3Po) + 3E(3P1) + 5E(3P2)} (5.167)
E(3P) = ${0+3-16.4+5- 43,5} = 29.633cm ! (5.168)
From thiswe find:

E(1522522p%) ay = T {E(1S) +5E(1D) + 9E(3P) } (5.169)

E(1522522p?) ay = £ {21648.4+5-10193.7+9- 29.7} = 4858.9cn .

We now explain by means of an example how it can be determined from experimental data. The
3pVSIE of the ...3s?3p* configuration of (1) isthe energy of the ionization process

S(INEJ33pY) ® S([Ne|3s23pd) + e (5.170)

The states 25+1L_;, belonging to these el ectron configurations are:

[Ne] 3s23p* ® [Ne]3s23p? (5.171)
D7, 3P, 3Py, 3P0, 1S ® 2Dz, 2Dagj2, 2Paj2, 2Pz, 4Sr2
degeneracy: 5+9+1 degeneracy: 10+ 6+ 4
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The energy of these states are shown in Figure 5.19. The symbols 1) for  and 1) for S are those
used in atomic spectroscopy. E(Y1), ...3p%) - and E(S11), ...3p3%) . are determined as explained before.
PO and P are called promotion energies.

From this diagram follows:

3pV SIE([N€e]3s23p%) = IP — PO + P® = 83'559.3 + 14'802.4 — 4’ 676.0 = 93'666cm (5.172)
The3p VSIEof S or & and 3s VSIE of S can be determined in asimilar way.

S([Ne] 3s23p3) ® S([Ne]3s23p?) + e (5.173)
S([Ne] 3s23p?) ® S[Ne]3st3p?) + e

S([Ne]3s? 3p°) ® S([Ne]3s23p4) + e

n denotes the number of valence electrons.

S:n=59.n=6,Stn=7 (5.174)
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Figure 5.20: Levels, barycenters and promotion energies of sulfur & and S+ for the electron
configurations §(1),..., 3p*] and J(I1),...,3p3].

The charge Q is then expressed as: Q = (6 — n). This notation is used in the table below where the 3s-

and 3pVSE of St, @ and St are reported.

Table5.5
Orbital Configuration VSIE [eV]
St Y !
Q=-1 Q=0 Q=+1
3s ...3823pv-2 11,04 20,7 334
3p ...3523pv2 2,65 11,61 22,2
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The charge dependence of the VSIEs can be expressed in the same way as in case of Li%*, Het, H and
Li*, He, H-:

3s VSIE(283p*2) = 1.52. Q? +15.37 - Q +20.67 (5.175)

3p VSIE(2s23p*2) = 1.63- Q2 +12.21- Q+11.58

5.3.2 Coulomb Integrals

The Coulomb integral Hi is equal to the negative vaue of the VSE of the ¢ AO. The VIE is
understood to be evaluated in terms of both, an atomic charge Q and a configuration appropriate for
that atom when incorporated in the molecule of interest. Thus

Hii =E(Q+1)- E(Q) =- VSIE (5.176)

where the electron which is removed and which increases the excess charge to Q + 1 istaken from the
CiAO. As explained in the previous section the charge dependence of the VSIE is expressed as

VIE(Q) =do+d1-Q+dz-Q? (5.177)
The coefficients do, d; and d, are stored in the files VOI.DAT for main group elementsand in FOI.DAT
for transition elements.

To understand the way the Coulomb integrals are calculated from the VSIE we consider a carbon atom
of charge Q and of the electronic configuration (2s)s(2p)r

C (29)3(2p)p withv=0g+7m andQ=4-v (5.178)
and ask for the Coulomb integral:
Hawos = Haos([He] 257 2p™) (5.179)

The idea is to express Ha,os([He]2s72p™) as a linear combination of the 2sVSIE(Q) belonging to the
relevant electronic configurations (2s)2(2p)™2 and (2s)(2p) ™D

- Hoos([Hel 2s72p™) = 2sVI E([He] 257 2p™) (5.180)
=a- 2sVI E([Hel (25)2(2p) "~ 2) + b- 2sVI E([He] (29)1(2p)*- 1) with
2sVS E([Hel(2s)2(2p) " 2) = 3.46- Q2 + 17.56 - Q+ 19.42 = 29.066V

2sVI E([He] (2s)*(2p) ") = 3.47- Q2 + 17.508 - Q+ 21.20 = 30.82eV
The coefficients aand b can be calculated from

cg=a-2+b-1, n=a-(v-2)+b-(v-1) (5.181)
from which follows
a= av—;z—a’ b= 27- UV(V' 2) (5182)

We now consider a numerical examplewiths=1.6, p=1.9.
Wefindv=35,Q=05,a=0.6, b=0.4and

2s VSIE([He] (29)16 (2p)19)

=0.6- 2sVS E([Hel(25)2(2p) " %) + 0.4 - 2sVI E([He] (2s)*(2p)" 1) (5.183)
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=0.6-29.06+0.4-30.82 =29.76 eV

More electronic configurations must be considered for an appropriate description of the H; Coulomb
integrals of transition elements. Thisis explained in the following example:

- Hs(d’s”p™) = a- sVIIE(d™ 1s!) + b - sVS E(d™ ?s?) + ¢c- sVI E(d™ 2s!p?) (5.184)

WithQ=Z- g- 7- 9

Z is the core charge, Q is the charge of the atom under consideration and s, p, d are the accumulated
orbital occupations. The procedure for the calculation of the coefficients a, b, ¢ is the same as before

atb+c=1 ® b=s-1 (5.185)
at2b+c=s ® a=2-p-s
c=p

Hp, and Hyq can be expressed in asimilar way.
-Hs(d’s?p™) = (2- - n) - sVIIE(d™ 1s1) + (o - 1) - sVIE(d™ 2s?) + - SV E(d™ 2s1p?)
-Hpp(d’s'p*) = (2- o- 7) - pVSIE(D™ 18! ) + (- 1) - pVSIE(d™ 2p?) + o - pVSIE(d™ 2s!p?)

-Haa(d’s°p™) =(1- o- n) - dVIE(d") + - dVS E(d™ !s?) + 7 -dVS E(d™ p?) (5.186)

In the following table we show the do, di and d. coefficients of chromiumin [eV] in the way they are
storedin FOI.DAT. For more details see [11]-[15].

Table 5.6
dz dl dO
sVSE dr-1st .99805 7.13513 6.59581
dn-2s? .99805 8.28815 7.84802
dn-2slpt .99805 7.49367 9.26140
pVSE dr1pt .89886 5.8953 3.521
dn-2p2 .89886 6.5524 4.6865
dr2sipt .89886 6.5524 4.7237
dvSE an 1.8287 0.2676 43517
dn-1ist 1.2088 11.896 7.1785
dr1pt 1.2088 12.020 8.3935
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5.4 Off Diagonal Elements

The off-diagonal elements H;; are calculated as
Hij = $KS;(Hii +Hj)) (5.187)

The parameter K can be chosen as a constant'™ or it can be expressed by the weighted formula€l. By
default we use the weighted formulain its distance-dependent formnis-l,

5.4.1 Distance dependent K

We use by default the following equation for the distance dependent Wolfsberg-Helmholz parameter:

K=1+(c+A%- A%) eXp['é(qR' do)l

Hii - Hj
Hii +Hjj

(5.188)

with A= and q=1+([(R- do)- IR- dol] -6)?

d determines how fast K decreases with increasing bond distance. d is equal to the sum of the orbital
radii and is calculated from the Slater exponents. The default values are k = 1.0 and d = 0.35 A-L. The
value K = 1.75 was originally chosen as a reasonable compromise between the desire to match the
experimental barrier in ethane, and the necessity to work in a region where populations are stable.
Addition of the two-body correction to the stabilization energy shifts the minimum of E(R) to longer
distances than that of the origina DEenmo(R), thus alarger K-valueat R = dp is generally needed.

do isequal to the sum of the orbital radii rn(A) + r.(B) which are defined by the following equation:

=Lt (5.189)

j +RZ (r)radr
0

k and d are positive empirical parameters. The flexibility of this approach alows to simulate quite
realistic potential energy curves as was shown in figure 5.17. Another exampleisgivenin figure 5.21.
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Figure 5.21 Energy hypersurfacein [eV] for HO.

5.4.2 Comment on the weighted H;; formula

The weighted formula has been introduced by Roald Hoffmann to overcome the problem of
overestimating the ,,counterintuitive orbital mixing". It seems reasonable to approximate the overlap
density fif; between orbitalsi and | at different centres as a weighted average of the orbital densities fif;
and fjfj, i.e.

¢ = Sj(agidi +bgjd;) (5.190)
wherea + b =1 and S; has been included to meet the normalization condition
(il )= Si@il) + il ) (5.191)

If fi and f; have about the same degree of , diffuseness’, a and b should be nearly equal and we can
write

by =2 + i) (5.192)
That is the overlap population is essentially equally divided between atoms i and j. Thisis a simple
way of rationalizing the Mulliken population analysist7.

Reasoning along the same lines, we might expect that the integral < ¢ilHI#; > would be given roughly
by an expression of the form

Hij; = K%(Hii + Hjj) (5.193)

the normal extended-Huckel formulafor H;; with K = CON.
The assumption of similar , diffuseness’ should hold fairly well for molecules where all of the basis
orbitals have reasonably large occupation numbers and similar energies, e.g. organic molecules.
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However, in molecules where this condition is not met - e.g. transition metal complexes containing
unoccupied, high energy s and p basis functions — the simplification a = b is questionable. The obvious
solution to this problem is to choose a! b such that fifj is weighted in favour of the more contracted
orbital.

One way in which this can be done is to assume that H; can be used as a measure of an orbitals
»diffuseness’ - a small H; indicating an unstable, diffuse orbital; a large H; indicating a stable,
contracted orbital. Defining

A=t (5.194)

as ameasure of the ,relative diffuseness’ of f; and fj, we can then write
Hij = K%[(l"‘A)Hii +(1- A)Hj;] (5.195)

where, in general, K isafunction of D which we choose so as to meet the following conditions

D=0 Hij = SN S;(Hii + Hj) (5.196)
D=1 Hij = SjHii
D=-1 Hij = SjHjj

The D = 0 condition is the normal Huiickel formula
Thisleadsto the weighted H;; formula

Hij = [CON- (CON- 1)A2J2[(1+A)H;i +(1- A)H;] (5.197)
which can be written in the more concise form
Hij = K'-(Hii + Hjj) with K = CON+A2+A%(1- CON) (5.198)

5.4.3 Electronic Transition Oscillator Strengths, EDITs

For a detailed discussion and representative examples see ,, Electronic Transition Oscillator Strength
by the Extended Huickel Molecular Orbital Method”, G. Calzaferri and R. Rytz, J. Phys. Chem. (1995)
99, 12141-12150.
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6 OUTPUT

In this section, main features of the output produced by ICONC are discussed in some detail. The
description is not complete, but it is sufficient to help newcomers to get acquainted with the program.
As a first example we choose the water molecule. We will then proceed to the problem of
hyperconjugation which is used to illustrate some features of the FMO option.

6.1 The water molecule

The point symmetry of H,O is C,,. We therefore name the eigenfunctions and eigenvalues according to
the C,, character table.

Tablel: Character table of the C,, point group.

Co E C Sv(X2) sv(y2)
A 1 1 1 1 z X2, y2,22
A, 1 1 -1 -1 R, Xy
B 1 -1 1 -1 X, Ry Xz
B- 1 -1 -1 1 Y, R« yz
HQO C”v X

A

Is

s

Figure 6.1: Coordinates and valence atomic orbitals.
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The basis for constructing the LCAO-MO orbitals are the 1s valence orbitals of the two hydrogen
atoms and the 2s, 2p,, 2p,, 2p, orbitals of the oxygen. From these 6 AO’'swe get 6 MO'SY

Wi = ci11s(H1) + Ci21s(H2) + €i3235(0) + Cia2px(O) + Cis2py(O) +Cie2pz(O) (6.1)

The atomic orbitals are expressed as Slater orbitals. The Slater exponents used by default are:
Z1s = 1.3 for hydrogen, z,s = 2.575 and z,, = 2.275 for oxygen. The default Coulomb integrals are: Higs
= -13.6 eV for the hydrogen atom, Haes = -28.2 €V and Happ, = -12.4 eV for the oxygen atom. In the
most ssimple cases the only input by the user are the atom symbols and the (internal) coordinates.

The program INPUTC which reads this information from ATOMDEF.DAT is a convenient tool for
preparing the input files for The ICONC program. It generates the name.GEN files and it also
transforms them into the TEMP.KAR files. The latter ones serve as input for ICONC.

ICONC INPUT FILE H20.GEN
2 0 2 0
2 0 2 0
water d(O H)=0.96, angl e=105.2
0 3 00 2 1FFFFFFFFF 2.00 . 000 . O0OOFFFFFFFFFFFFFFFFFFFFFF
.35
-.96 5. 251 .0

2
3 -. 96 -5.251 .0
H

1

1

O 6 22.5750-28.20 22.2750-12. 40
H 1 11.3000-13. 60

Transforming thisfile into TEMP.KAR by running INPUTC and running ICONC < TEMP.KAR leads to
the following result.
ICONC OUTPUT FILE H20.0UT

Water d(O-H)=0.96, angle=105.2°
K IS CALCULATED W TH THE DI STANCE- DEPENDENT WEI GHTED FORMULA.

delta = . 35, l+kappa = 2.0
INPUT
ATOM | X v Z s p
NEXP  COL NEXP  Col
01 0 0 . 00000 2 2.5750 -28.2000 2 2. 2750 - 12. 4000
H2 |-.76172 .0 .58428 1 1.3000 - 13. 6000
H 3 761720 .58428 1 1.3000 - 13. 6000
DISTANCE MATRIX  R;
1 2 3
1.0 . 9600 . 9600
2 .960 .0 1.5234
3 .9600 1.5234 0
OVERLAPMATRIX S ={xi | xi)
2s 2py 2py 2p, 1s 1s

0 1(S) | 1. 000 . 000 000 000 | .4096 | .4096

(X) | .000 | 1.000 000 000 |-.3112 | .3112

(Y) | .000 000 | 1. 000 000 | .000 | .0

(2) | .000 000 000 | 1.000 |2.387 | .2387
H2(S) | .4096 |-.3112 | .000 _2387 | 1.000 | .2230
H3(S) | .4096 | .3112 | .000 . 2387 | 0.2230 | 1. 000
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HUECKEL MATRIX  hij =k(x,d, Rjj) - Sij - (hii + hjj)/2

2S 2px 2py 2p, 1s 1s
O 1(S) | -28.2000 . 0000 . 0000 . 0000 -17.5811 -17.5811
(X) . 0000 -12. 4000 . 0000 . 0000 7.9773 -7.9773
(Y) . 0000 . 0000 -12. 4000 . 0000 . 0000 . 0000
(2) . 0000 . 0000 . 0000 -12. 4000 -6.1190 -6.1190
H2(S) | -17.5811 7.9773 . 0000 -6.1190 -13. 6000 -5.3992
H3(S) |-17.5811 -7.9773 . 0000 -6.1190 -5.3992 -13. 6000

The information of the OVERLAP MATRIX and of the HUECKEL MATRIX isused by the program to
solve the eigenvalue problem:

(h-e-9-c=0
hi1 hiz ... hie Suu Sz ... Sie
ho1 h h
21 hz % | . 5.21 S?z 5.26 c=0
(L he1 he2 ... heg Se1 Se2 - Seo
ENERGY LEVELS(eV) OCCUPATION NUMBERSh Experimental lonization Energies
B 1) = 9. 80746 . 00
B 2) = 2.69881 . 00 LUMD
E( 3) = -12.40000 |2.00 HOVD | P1( exp) =12. 6
E( 4 = -13.39568 |2.00 | P2( exp) =13. 7
E( 5 = -16.25167 |2.00 | P3( exp) =17. 2
E( 6) = -30.83934 |2.00
SUM OF ONE- ELECTRON ENERG ES = - 145. 77337592 eV Eenmvo = Zi biE(i)
ORBI TAL STABI LI ZATI ON ENERGY = -12. 57337592 eV AE =3 biE(i) - ZsbIES
CORE- OORE REPULSI ON ENERGY = 3.63881174 eV Erep =5 2o ERep.s
STABI LI ZATI ON + REPULSI ON = - 8.93456418 eV E=AE+ ERep
6
WAVE FUNCTIONS: MO'SIN COLUMNS, AO'SIN ROWS ¥i= X Cinre
k=
LUMO HOMO
Y, Y, Y, Y, Yy Ve
01 (9 -. 8645 . 0000 . 0000 -. 2507 . 0000 . 7898
(X) . 0000 -. 9652 . 0000 . 0000 -.6328 . 0000
(Y) . 0000 . 0000 1. 0000 . 0000 . 0000 . 0000
(2) -.5795 . 0000 . 0000 . 9004 . 0000 -.0284
H2 (9 . 7606 -.8264 . 0000 . 1534 L4174 . 2107
H3 (9 . 7606 . 8264 . 0000 . 1534 -. 4174 . 2107

The calculated energy levels and the corresponding molecular orbitals are illustrated in figure 6.2 on
the next page.

ICON-EDIT, Summer 1997 Gion Calzaferri



96

(1s,1s)

‘ .
.,

.-:;1"|sI

3a1

2 by

n
»

.

w o

[
T o
o

L%} (2px,2py,2p2) b

\ “'\ 2 al

.I
- N
.

tilby

by

A

Ler

Figure 6.2: Correlation diagram of the water molecule.

DENSITY MATRIX

0 1(9)
(%)
(Y)
(2)

H 2(S)

H 3(S)

OVERLAP POPULATION MATRIX FOR 8ELECTRONS

0 1(9)
(X)
(Y)
(2)

H 2(9)

H 3(S)

REDUCED OVERLAP POPULATION MATRIX, ATOM BY ATOM
H
. 6646
. 4843
-. 0948

O
o1 5.7971
H?2 . 6646
H3 . 6646

Drs = 2 bicCir, Cis

1

1

2s

. 3732
. 0000
. 0000
. 4963
. 2558
. 2558

2s

3732
. 0000
. 0000
. 0000
. 2096
. 2096
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2py

. 0000

. 8009

. 0000

. 0000
-.5283

. 5283

2P«

. 0000
. 8009
. 0000
. 0000
. 3288
. 3288

H

. 6646
-. 0948
. 4843

2py

. 0000
. 0000
2. 0000
. 0000
. 0000
. 0000

2py

. 0000
. 0000
2. 0000
. 0000
. 0000
. 0000

2p;

. 4963
. 0000
. 0000
. 6230
. 2643
. 2643

2p;

. 0000
. 0000
. 0000
. 6230
. 1262
. 1262

1s 1s
. 2558 . 2558
-.5283 . 5283
. 0000 . 0000
. 2643 . 2643
.4843 -.2126
-.2126 . 4843
::ZzhkMCHstEi@
1s 1s
. 2096 . 2096
. 3288 . 3288
. 0000 . 0000
. 1262 . 1262
.4843 -.0948
-. 0948 . 4843
Py = Zr,S F’rksI
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COMPLETE CHARGE MATRIX FOR EACH MO, normalized to two electrons regardless of occupation
Qirk = 2Cirk(cirk + 2I:#:k Ci3| S’ks)

¥ YoLruvo  Y3HOMD Yy Y5 Ye
0 1(9 . 4172 . 0000 . 0000 . 0627 .0000 1.5201
(X . 0000 .8703 . 0000 . 0000 1.1297 .0000
() . 0000 .0000 2. 0000 . 0000 .0000 .0000
(2 .2508 . 0000 . 0000 1.7533 .0000 -.0041
H 2(9S) . 6660 .5649 . 0000 .0920 .4351 .2420
H 3(9) . 6660 .5649 . 0000 .0920 .4351 .2420
REDUCED CHARGE MATRI X, MOsin columns, atoms in rows, normalized to 2 electrons regardless of occupation
(?n::zk(lq
LUMD HOMD
WY1 ¥, Y3 WYy Y5 Ye
1 .6680 .8703 2.0000 1.8159 1.1297 1.5160
2 .6660 .5649 .0000 .0920 .4351 .2420
3 .6660 .5649 .0000 .0920 .4351 .2420
ATOM NET CHARGE ATOMIC ORBITAL OCCUPATION FOR GIVEN MO OCCUPATION
Qr =No(r) - O%CQri S Px Py Pz
O1 -.46167 1.58278 1.12971 2. 00000 1.74918
H 2 . 23084 . 76916
H 3 . 23084 . 76916

ENERGY MATRIX Ers =aibicir,Cishrs a=1forrgx=s,a=2forrg=s

1 2 3 4 5 6
O 1(9 -38.7241 . 0000 . 0000 . 0000 -8.9947 -8.9947
(X . 0000 -9.9313 . 0000 . 0000 -8.4284 -8.4284
(Y) . 0000 . 0000- 24. 8000 . 0000 . 0000 . 0000
(2) . 0000 . 0000 . 0000- 20. 1249 -3.2351 -3.2351
H 2(9) -8.9947 -8.4284 . 0000 -3.2351 -6.5863 2.2959
H 3(9) -8.9947 -8.4284 . 0000 -3.2351 2.2959 -6.5863

REDUCED ENERGY MATRIX, ATOM BY ATOMEy =X, s Er,s
1 2 3
1 -93.5803 -20.6582 -20. 6582
2 -20.6582 -6.5863 2.2959
3 -20.6582 2.2959 -6.5863

ENERGY PARTITIONING

1 2 3 4 5 6
O 1(9 -44.6343 . 0000 . 0000 . 0000 -4.6144 -4.6144
(X . 0000- 14. 0084 . 0000 . 0000 -4.1540 -4.1540
(Y) . 0000 . 0000- 24. 8000 . 0000 . 0000 . 0000
(2) . 0000 . 0000 . 0000- 21. 6898 -1.5944 -1.5944
H 2(9) -4.6144 -4.1540 . 0000 -1.5944-10.4606 1.0062
H 3(9) -4.6144 -4.1540 . 0000 -1.5944 1.0062-10. 4606
REDUCED ENERGY PARTITIONING, ATOM BY ATOM
1 2 3
1 -105.1326 -10.3628 -10. 3628
2 -10. 3628 -10. 4606 1. 0062
3 -10. 3628 1. 0062 -10. 4606
REPUL SION ENERGY BETWEEN ATOM PAIRS
1 2 3
1 . 0000 1.8068 1.8068

2 1.8068 .0000 .0252
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3 1.8068 .0252 .0000
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ICONC INPUT FILE H20IT.GEN

2 0 8 0
2 0 8 0
Water nol ecule with charge iteration
0 30 2 0 1FFFFFFFFF 2.00 . 000 . O00OOFFFFFFFFFFFFFFFFFFFFFF
. 350000
1 2 -.96000 52.51000 . 00000
1 3 -.96000 -52.51000 . 00000
O 6 22.5750-28.20 22.2750-12. 40
H 1 11.3000-13.60
H 1 11.3000-13.60

. 10000 . 10000 . 00000 . 10000 . 00500 . 50000 100 20 1 F
3. 4653860 22. 8876600 32. 3353300
3. 4641460 18. 5667800 15.7957100
13. 6185300 27. 1775600 13.6011800
13. 6185300 27. 1775600 13.6011800

ICONC OUTPUT FILE H20.0UT

Water with chargeiteration d(O-H)=0.96, angle=105.2°
K IS CALCULATED W TH THE DI STANCE- DEPENDENT WEI GHTED FORMULA.

delta = . 3500, l+kappa = 2. 0000

INPUT

ATOM X Y z S P
N EXP COUL N EXP CouL

O1 .00000 . 00000 . 00000 2 2.5750 -28.2000 2 2.2750 -12.4000

H2 -.76172 . 00000 .58428 1 1.3000 -13. 6000

H3 .76172 . 00000 .58428 1 1.3000 -13. 6000

VSEEPARAMETERS VSE=A.-Q?°+B-Q+C

ATOM A B C

o) 3. 46539 22. 88766 32. 33533 2sVSIE(2522p2) = 3.46Q2(2s) +22.88Q(2s) + 32.33
3. 46415 18. 56678 15. 79571 2pVSIE(2s22p?) = 3.46Q3(2p) +18.56Q(2p) + 15.79

H  13.61853 27. 17756 13. 60118 1sVSIE(1sl) =13.61Q%(1s)+27.17Q(1s) +13.61

H  13.61853 27.17756 13. 60118

DISTANCE MATRIX

1 2 3
1 . 0000 . 9600 . 9600
2 . 9600 . 0000 1.5234
3 . 9600 1.5234 . 0000

OVERLAP MATRIX

1 2 3 4 5 6

O 1(9 1. 0000 . 0000 . 0000 . 0000 . 4096 . 4096

(X) . 0000 1.0000 . 0000 . 0000 -.3112 . 3112

(yY) . 0000 . 0000 1.0000 . 0000 . 0000 . 0000

(2) . 0000 . 0000 . 0000 1.0000 . 2387 . 2387
H 2(9) .4096 -.3112 . 0000 . 2387 1.0000 . 2230
H 3(9) . 4096 . 3112 . 0000 . 2387 . 2230 1.0000
CYCLE NO 1 ENERGY = -145. 77337592 DENOM = . 48788938D+01
CYCLE NO 2 ENERGY = -135. 26170385 DENOM = . 98200931D+00
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CYCLE NO 14 ENERGY = -152.10166287 DENQv = .47934261D- 02
CONVERGENCE REACHED- FI NAL CYCLE FOLLOWS
ENERGY = -152.11093359 DENOM = .42521034D- 02
DENOMy = MAX; | Q™% - Q|| stopping criterion: DENOM < 0. 005
ATOM NET CHG - DAMPED SUMVED ORBI TAL OCCUPATI ONS- DAMPED
S P
01 -.18429 1. 52429 4. 66000
H 2 . 09215 . 90785
H 3 . 09215 . 90785

ATOM CORRECTED H(l,1)'S

S X Y z
o1 -28. 23506 -12.49169 -12.49169 -12.49169
H 2 -16. 22109
H3 -16. 22109

ENERGY LEVELS (eV)

E( 1) = 8. 88134 . 0000
E( 2) = 3. 38379 . 0000
E( 3) = -12.49169 2. 0000
E( 4) = -13.93605 2. 0000
E( 5) = -17.85845 2. 0000
E( 6) = -31.77184 2. 0000

SUM OF ONE- ELECTRON ENERG ES
ORBI TAL STABI LI ZATI ON ENERGY
CORE- CORE REPULSI ON ENERGY
STABI LI ZATI ON + REPULSI ON

-152.11606688 eV
-13. 23702031 eV
3. 63881174 eV
-9. 59820857 eV

WAVE FUNCTIONS: MO’ SIN COLUMNS, AO'SIN ROWS

1 2 3 4 5 6
O 1(9) -. 8812 . 0000 . 0000 -.3204 . 0000 . 7448
(X) . 0000 1.0008 . 0000 . 0000 . 5748 . 0000
(Y) . 0000 . 0000 1.0000 . 0000 . 0000 . 0000
(2) -. 6210 . 0000 . 0000 . 8725 . 0000 -.0199
H 2(9) . 7436 . 8004 . 0000 . 1811 -.4654 . 2466
H 3(9) . 7436 -.8004 . 0000 . 1811 . 4654 . 2466
REDUCED OVERLAP POPULATION MATRIX, ATOM BY ATOM
1 2 3
1 5.4990 . 6850 . 6850
2 . 6850 . 6203 -.1097
3 . 6850 -.1097 . 6203

REDUCED CHARGE MATRIX, MOS IN COLUWS, ATOVS IN ROA5, NORMALIZED TO TWO
ELECTRONS REGARDLESS OF OCCUPATI ON

1 2 3 4 5 6
1 . 8099 1.0061 2.0000 1.7837 . 9939 1.4064
2 . 5950 . 4970 . 0000 . 1081 . 5030 . 2968
3 . 5950 . 4970 . 0000 . 1081 . 5030 . 2968
ATOM  NET CHG. ATOM C CORBI TAL OCCUPATI ON FOR G VEN MO OCCUPATI ON
S X Y 4
o1 -. 18397 1. 52050 .99391 2. 00000 1. 66957
H 2 . 09199 . 90801
H3 . 09199 . 90801
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REDUCED ENERGY MATRIX, ATOM BY ATOM
1 2 3
1 - 89. 3889 -22. 8846 -22. 8846
2 -22.8846 -10. 0627 3.1674
3 -22. 8846 3.1674 -10. 0627
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6.2 Formaldehyde

3 (H

c o y—>
2

Z
4
| NPUT File Formal.gen

3 5 3 0
3 0 3 0
For mal dehyde standard geonetry
0400 0 1FFFFFFFFF 2.00 . 000 .O00OFFFFFFFFFFFFFFFFFFFFFT

. 350000

2 1 1. 22000 180. 00000 . 00000

2 3 1. 08000 60. 00000 . 00000

2 4 1. 08000 300. 00000 . 00000
* * % H
O6 22.5750 -28.20 2 2.2750 -12.40
C4 21.7100 -21.40 2 1.6250 -11.40
H1 11.3000 -13.60

1 1 1 . 010000

1 2 1 . 010000

1*3 1 . 010000

1 2 2 1.000000

1 * 3 2 -1.000000

Thisfile can e.g. be used as an example for GOP.
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OUTPUT Fil e Formal . out
K IS CALCULATED W TH THE DI STANCE- DEPENDENT VEI GHTED FORMULA.

delta = . 3500, l+kappa = 2. 0000
ATOM X Y Z S P

N EXP COUL N EXP CouL
01 . 00000 . 00000 1.22000 2 2.5750 -28.2000 2 2.2750 -12.4000
Cc2 . 00000 . 00000 . 00000 2 1.7100 -21.4000 2 1.6250 -11.4000
H3 . 93531 . 00000 -.54000 1 1.3000 -13.6000
H 4 -. 93531 . 00000 -.54000 1 1.3000 -13.6000

DI STANCE MATRI X
1 2 3 4
. 0000 1.2200 1.9931 1.9931
1.2200 .0000 1.0800 1.0800
1. 9931 1.0800 .0000 1.8706
1. 9931 1.0800 1.8706 .0000

A WNPF

OVERLAP NATRI X
1 2 3 4 5 6 7 8 9 10

O 1(S)| 1.0000 .0000 .0000 .0000 .3128 .0000 .0000 .4300 .0557 .O0557
(X) . 0000 1.0000 .0000 .00O0OO0 .0000 .2146 .0000 .0000 .0364 -.0364
(Y) . 0000 .0000 1.0000 .00OOO .000O0 .0000 .2146 .0000 .0000 .O0000
(2) . 0000 .0000 .0000 1.0000 -.3125 .0000 .0000 -.3056 -.0685 -.0685

C 2(9) .3128 .0000 .0000 -.3125 1.0000 .000O0 .0O00O0 .0O00O0 .4837 .4837
(X) . 0000 .2146 .0000 .0000 .0000 1.0000 .0O000 .0O000 .4286 -.4286
(yY) . 0000 .0000 .2146 .0000 .0000 .0000 1.0000 .0O000 .0O00O0 .O0O000
(2) .4300 .0000 .0000 -.3056 .0000 .000O0 .0000 1.0000 -.2474 -.2474

H 3(9) . 0557 .0364 .0000 -.0685 .4837 .4286 .0000 -.2474 1.0000 .1276

H 4(9) . 0557 -.0364 .0000 -.0685 .4837 -.4286 .0000 -.2474 .1276 1.0000

ENERGY LEVELS (eV)

E( 1) =  32.49318 . 0000
E( 2) =  17.80604 . 0000
E( 3) =  14.69510 . 0000
E( 4) = -8.70760 . 0000 LUVD
E( 5) = -12.09823 2. 0000 HOVD
E( 6) = -13.63979 2. 0000
E( 7) = -13.98184 2. 0000
E( 8) = -17.16724 2. 0000
E( 9) = -23.09710 2. 0000
E( 10)= -31.83152 2. 0000

SUM OF ONE- ELECTRON ENERG ES
ORBI TAL STABI LI ZATI ON ENERGY
CORE- CORE REPULSI ON ENERGY
STABI LI ZATI ON + REPULSI ON

- 223. 63145705 eV
- 24. 83145705 eV

5.72376737 eV
-19. 10768967 eV

WAVE FUNCTI ONS MO S I N COLUWS, AO S | N ROAS
1 2 3 4 5 6 7 8 9 10
LUMO HOMO
O 1(S)|-.5637 . 6964 . 0000| .0000| .0000|-.2379| .0000| .0000|-.3922( .7215
(X)| .0000 . 0000 .2896| .0000|-.9736| .0000| .0000|-.1738| .0000( .0000
(Y)| .0000 . 0000 . 0000| .7315| .0000| .0000| .7164| .0000| .000O0( .0000
(2)| .5739| -.5417 . 0000| .0000| .0000|-.8454| .0000| .0000|-.1470( .O0110
C 2(S)|1.3521 . 1494 . 0000| .0000| .0000| .0703| .0000| .0000| .4808( .3778
(X)| .0000 .0000| -1.2484| .0000| .0579| .0000| .0000(-.5165| .0000| .0000
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(Y)| .0000| .0000
(2)| .1709]| -1.2486
H 3(S)|-.7096| -.5638
H 4(S)|-.7096| -.5638
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. 0000|-.8567| .0000

. 0000
. 8879
-. 8879

. 0000| .0000
.0000| .2172|-.
.0000(-.2172|-.

. 0000
. 2606

1588
1588

. 5607| . 0000
. 0000| . 0000
. 0000|-. 4090
. 0000| .4090

. 0000| .0000
-.2843| . 1547
.2854| .0575
.2854| .0575
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REDUCED OVERLAP PCPULATI ON MATRI X, ATOM BY ATQv

1 2 3 4
1 5.9173 1.1086 -. 0532 -. 0532
2 1.1086 2.2721 . 7821 . 7821
3 -. 0532 . 7821 . 6489 -. 0533
4 -. 0532 . 7821 -. 0533 . 6489

REDUCED CHARGE MATRI X, MO S IN COLUWNS, ATOVS IN ROA5, NORMALIZED TO TWO
ELECTRONS REGARDLESS OF OCCUPATI ON

1 2 3 4 5 6 I 8 9 10
1 .3905 . 3399 . 0500 .8012 1.8407 1.6223 1.1988 .1093 .3340 1.3132
2 .8739 1.2572 1.0617 1.1988 . 0041 . 2730 .8012 .9343 .9663 . 6295
3 .3678 .2014 . 4442 . 0000 . 0776 . 0524 .0000 .4782 .3498 . 0286
4 .3678 .2014 . 4442 . 0000 . 0776 . 0524 .0000 .4782 .3498 . 0286
ATOM NET CHG ATOM C ORBI TAL OCCUPATI ON FOR G VEN MO OCCUPATI ON
S X Y z

o1 -.41834 1.63535 1.95001 1.19876 1.63423

C2 . 39158 1.16439 . 93833 . 80124 . 70445

H3 . 13380 . 98662

H4 . 13380 . 98662

Oscillator Strength Calculation
| nput File Formal. edi
TI TLE For mal dehyde
KEYWRD MOF| LE=For nal
KEYWRD GENFI LE=For mal
KEYWRD POL=XYZ

KEYWRD MATRI CE=ALL
KEYWRD CORRECT

KEYWRD TOLERANCE=0. 00001
KEYWRD SPECOUT

KEYWRD TRANSOUT

[ WAVERANGE]

START 4 6

END 7 7

QUTQUT Fil e Fornal . edo

FORVMAL DEHYDE

The foll owi ng options have been sel ect ed:

* MOFI LE - formal.no

* GENFI LE - fornmal . gen

*  SPECOUT - formal.eds will contain the spectrum

* POL - X, Y, and Z transitions considered.

* MATRI CE - ALL transition elenments are taken into account.
*  CORRECT - W correct for degeneracies ( TOL = .00001 )
* TRANSCQUT - W print the chosen transitions.

Initial wave function .....: 4

Fi nal wave function .......: 7

Transition at .............: 42539.3 Wavenunbers ( 5.3 eV)
GCscillator strength along X . 00000

GCscillator strength along Y: . 00000

ICON-EDIT, Summer 1997 Gion Calzaferri



Gscil | at or

Initial wave function
function ....... :
at ...

Fi nal wave
Transition
Gscil | at or
Gscil | at or
Gscil | at or

Initial wave function
Fi nal wave function
at ...

Transition
Gscil | at or
Gscil | at or
Gscil | at or

Stop - Programtermnated

strength al ong

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong
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. 33983
5
7
39780.5 Wavenunbers ( 4.9 eV)
. 00000
. 00261
. 00000
6
7
27347.1 Wavenunbers ( 3.4 eV)
. 00000
. 00000
. 00000
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6.3 Resor ufin
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30000 25000 20000

e/L-molt.cm?t.10*
N
1
Fluorescence / a.u.

0 T T paase=c” & T T
24000 22000 20000 18000 16000 14000

Wavenumber / cm™

Energie[eV]
A Res ResH
-105 + 1p*(LUMO)
-11.0 +
1p*(LUMO)
-115 1
-12.0 +
1n (HOMO)
1
-125 T 1p (HOMO) / 0
1n )
130 1 2 P
3p 2n
135 ?C >
2n
-14.0 T
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1p*

1p

2p

3p

1.281 .24
1.40/1 48
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1.38 1.38

1341 30 134

. qo

2000 A1

1

[y
a1
o
o

1000 A

Energy Shift/ cm”

a
o
o
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0

1

2

3 4 5
Transformation Step

6

7

F1.09

F1.08

r1.07

r1.06

F1.05

r1.04

Oscillator Strength

H
1p*
H
1p
H
2p
H
3p
0
1.28/1 .36

1.40

L.
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Input file for EHMO calculation (res0.gen):

22 0 4 O
22 1 4 O

Resorufin Anion (J. Phys. Chem B 102 1998 2923)
022-1 0 0 1FFFFFFFFF 2.00 .000 .OOOFFFFFFFFFFFFFFFFFFFFFT

13 21 . 08300 240. 00000 . 00000

. 350000
23 1 1. 50000 180. 00000 . 00000
1 2 1. 38000 301. 50000 . 00000
2 3 1. 40000 240. 00000 . 00000
3 4 1. 34000 236. 79258 . 00000
4 5 1. 34000 243. 41484 . 00000
5 6 1. 40000 236. 79258 . 00000
2 7 1. 40000 120. 00000 . 00000
7 8 1. 40000 240. 00000 . 00000
8 9 1. 40000 240. 00000 . 00000
9 10 1. 40000 240. 00000 . 00000
6 11 1. 40000 120. 00000 . 00000
11 12 1. 40000 120. 00000 . 00000
12 13 1. 40000 120. 00000 . 00000
13 14 1. 40000 120. 00000 . 00000
7 15 1. 08300 120. 00000 . 00000
8 16 1. 28000 120. 00000 . 00000
9 17 1. 08300 120. 00000 . 00000
10 18 1. 08300 120. 00000 . 00000
11 19 1. 08300 240. 00000 . 00000
12 20 1. 28000 240. 00000 . 00000
1
1

14 22 . 08300 240. 00000 00000

**Cc*Cccccccecececec* OHHHOHH

22.5750-32. 30 22.2750-14.80
21.7100-21. 40 21.6250-11.40
22.1400-26. 00 21.9500-14. 00
11. 3000- 13. 60

I=Zz00
R Uoho

Input file for oscillator strength calculation (res0.edi):

TI TLE Resorufin Anion
KEYWRD MOFI LE=r esO
KEYWRD GENFI LE=r esO
KEYWRD POL=XYZ
KEYWRD MATRI CE=ALL
KEYWRD CORRECT
KEYWRD TCOLERANCE=0. 00001
KEYWRD SPECOUT
KEYWRD TRANSCQUT

[ WVAVERANGE]

START 30 39

END 40 40

Output file of EHMO calculation (resD.out):

EXTENDED HUCKEL CALCULATI ON.

K I'S CALCULATED W TH THE DI STANCE- DEPENDENT WEI GHTED FORMULA.

ICON-EDIT, Summer 1997

Gion Calzaferri



delta = . 3500, 1+kappa =
ATOM X Y
o 1 . 00000 . 00000 1.
c 2 -1.17664 . 00000
Cc 3 - 1. 14000 . 00000 -
N 4 . 00000 . 00000 -1.
cC 5 1. 14000 . 00000 -
CcC 6 1.17664 . 00000
c 7 -2.40699 . 00000 1
cC 8 - 3. 60068 . 00000
c 9 - 3. 56404 . 00000 -
Cc 10 -2.33369 . 00000 -1
Cc 11 2. 40699 . 00000 1.
C 12 3.60068 . 00000
C 13 3.56404 . 00000 -
C 14 2.33369 . 00000 -1
H 15 -2.43534 . 00000 2
O 16 -4, 72557 . 00000 1
H 17 -4.48745 . 00000 -1
H 18 -2.30534 . 00000 -2.
H 19 2.43534 . 00000 2
0 20 4. 72557 . 00000 1
H 21 4.48744 . 00000 -1
H 22 2.30534 . 00000 -2
CHARCE = -1 IPRINT = 0
DI STANCE MATRI X
1 2 3 4
1 .0000 1.3800 2.4076 2.8248
2 1.3800 .0000 1.4000 2.4105
3 2.4076 1.4000 .0000 1.3400
4 2.8248 2.4105 1.3400 .0000
5 2.4076 2.7066 2.2800 1.3400
6 1.3800 2.3533 2.7066 2.4105
7 2.4076 1.4000 2.4249 3.6710
8 3.6852 2.4249 2.8000 4.1386
9 4.1800 2.8000 2.4249 3.6212
10 3.6852 2.4249 1.4000 2.3339
11 2.4076 3.6454 4.1056 3.6710
12 3.6852 4.7777 4.9253 4.1386
13 4.1800 4.9613 4.7045 3.6212
14 3.6852 4.1065 3.5499 2.3338
15 2.6440 2.1562 3.4061 4.5593
16 4.7288 3.5909 4.0800 5.4184
17 5.2630 3.8830 3.4061 4.4881
18 4.5603 3.4061 2.1562 2.5586
19 2.6440 4.0139 4.7651 4.5593
20 4.7288 5.9275 6.1802 5.4184
21 5.2630 6.0165 5.6625 4.4881
22 4.5603 4.7383 3.8938 2.5586
15 16 17 18
1 2.6440 4.7288 5.2630 4.5603
2 2.1562 3.5909 3.8830 3.4061
3 3.4061 4.0800 3.4061 2.1562
4 4.5593 5.4184 4.4881 2.5586
5 4.7651 6.1802 5.6625 3.8938
6 4.0139 5.9275 6.0165 4.7383
7 1.0830 2.3217 3.4061 3.8830
8 2.1562 1.2800 2.1562 3.4061
9 3.4061 2.3217 1.0830 2.1562
10 3.8830 3.5909 2.1562 1.0830
11 4.9619 7.1336 7.4031 6.1052
12 6.3027 8.3486 8.3235 6.6936
13 6.8059 8.5299 8.0713 6.1249
14 6.1491 7.5503 6.8219 4.7637
15 .0000 2.5871 4.3007 4.9660
16 2.5871 .0000 2.5871 4.4724
17 4.3007 2.5871 .0000 2.4830
18 4.9660 4.4724 2.4830 .0000
19 4.8707 7.2613 7.8873 6.8643
20 7.2613 9.4511 9.5664 7.9736
21 7.8873 9.5664 8.9749 6.8953
22 6.8643 7.9736 6.8953 4.6107
RESULTS OF CALCULATION Resorufin Anio

ENERGY LEVELS (eV)

E( 1)
E( 2)
E( 3
E( 4
E( 5)
E( 6)
EC 7
E( 8
E( 9)
E( 10)
E( 11)
E( 12)
E( 13)

ICON-EDIT, Summer 1997

72.33803
71.98376
54. 02704
52.43711
51.57781
50. 03684
42.96307
40. 55782
39. 40524
39. 35308
29. 33400
23. 14687
22. 44062

2. 0000
A
N EXP
50000 2 2.5750
.77895 2 1.7100
. 62057 2 1.7100
32485 2 2.1400
. 62057 2 1.7100
.77895 2 1.7100
44697 2 1.7100
. 71548 2 1.7100
. 68404 2 1.7100
35207 2 1.7100
44697 2 1.7100
. 71547 2 1.7100
.68405 2 1.7100
35207 2 1.7100
52960 1 1.3000
32624 2 2.5750
.24991 1 1.3000
43470 1 1.3000
52960 1 1.3000
32624 2 2.5750
.24991 1 1.3000
. 43470 1 1.3000
I PUNCH =
5 6
2.4076 1.3800
2.7066 2.3533
2.2800 2.7066
1.3400 2.4105
. 0000 1.4000
1. 4000 . 0000
4.1056 3.6454
4.9253 4.7777
4.7045 4.9613
3.5499 4.1065
2.4249 1.4000
2.8000 2.4249
2.4249 2.8000
1.4000 2.4249
4.7651 4.0139
6.1802 5.9275
5.6625 6.0165
3.8938 4.7383
3.4061 2.1562
4.0800 3.5909
3.4061 3.8830
2.1562 3.4061
19 20
2.6440 4.7288
4.0139 5.9275
4.7651 6.1802
4.5593 5.4184
3.4061 4.0800
2.1562 3.5909
4.9619 7.1336
6.3027 8.3486
6.8059 8.5299
6.1491 7.5503
1.0830 2.3217
2.1562 1.2800
3.4061 2.3217
3.8830 3.5909
4.8707 7.2613
7.2613 9.4511
7.8873 9.5664
6.8643 7.9736
.0000 2.5871
2.5871 . 0000
4.3007 2.5871
4.9660 4.4724
n
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000

CouL

-32.
-21.
-21.
- 26.
-21.
-21.
-21.
-21.
-21.
-21.
-21.
-21.
-21.
-21.
-13.
-32.
-13.
-13.
-13.
-32.
-13.
-13.

WhowpED

3000
4000
4000
0000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
6000
3000
6000
6000
6000
3000
6000
6000

7
4076
4000
4249
6710
1056
6454

. 0000

ONNPRONRPOOOENNE

NAOPOONNENWD0RNW®SGCD G

4000
4249
8000
8140
0520
3399
5053
0830
3217
4061
8830
9619
1336
4031
1052

21

2630
0165
6625
4881
4061
8830
4031
3235
0713
8219
4061
1562
0830
1562
8873
5664
9749
8953
3007
5871

. 0000

N

4830

PhRARNMD®

QPO WNENDNNDN R

NAAROINOIRPNOWADODDIWNNWERML
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NRRNNRNRONNRNNNNNNZ
PRRERERERPRPRPPRPPRPPRREEDN

N
N

8
6852
4249
8000
1386
9253
7777
4000
. 0000
4000
4249
0520
2014
3001
2842
1562
2800
1562
4061
3027
3486
3235
6936

22

5603
7383
8938
5586
1562
4061
1052
6936
1249
7637
8830
4061
1562
0830
8643
9736
8953
6107
9660
4724
4830
. 0000

EXP

2750
6250
6250
9500
6250
6250
6250
6250
6250
6250
6250
6250
6250
6250

. 2750

. 2750

PNARONDNA

CouL

-14.
-11.
-11.
-14.
-11.
-11.
-11.
-11.
-11.
-11.
-11.
-11.
-11.
-11.

-14.

-14.

9
1800
8000
4249
6212
7045
9613
4249
4000

. 0000

OPOONENWANND R

4000
3399
3001
1281
9354
4061
3217
0830
1562
8059
5299
0713
1249

8000
4000
4000
0000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000

8000

8000

10

6852
4249
4000
3339
5499
1065
8000
4249
4000
. 0000
5053
2842
9354
6674
8830
5909
1562
0830
1491
5503
8219
7637

PNNMRONEDND®

POoNORNMWWAOOM

ooehRrNMOALN

WWhPoNNANN R

11

4076
6454
1056
6710
4249
4000
8140
0520
3399
5053

. 0000

4000
4249
8000
9619
1336
4031
1052
0830
3217
4061
8830

PONNoNMNAEDLDLW®

WNENMO®0ONE

12

6852
7777
9253
1386
8000
4249
0520
2014
3001
2842
4000

. 0000

4000
4249
3027
3486
3235
6936
1562
2800
1562
4061

PNONNONNWERRS

NENOoo®o R

13

1800
9613
7045
6212
4249
8000
3399
3001
1281
9354
4249
4000

. 0000

4000
8059
5299
0713
1249
4061
3217
0830
1562

14

6852
1065
5499
3338
4000
4249
5053
2842
9354
6674
8000
4249
4000
. 0000
1491
5503
8219
7637
8830
5909
1562
0830

PNNROIOOINEN®RW

PNO®WAO NG
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E( 14)
E( 15)
E( 16)
E( 17)
E( 18)
E( 19)
E( 20)
E( 21)
E( 22)
E( 23)
E( 24)
E( 25)
E( 26)
E( 27)
E( 28)
E( 29)
E( 30)
E( 31)
E( 32)
E( 33)
E( 34)
E( 35)
E( 36)
E( 37)
E( 38)
E( 39)
E( 40)
E( 41)
E( 42)
E( 43)
E( 44)
E( 45)
E( 46)
E( 47)
E( 48)
E( 49)
E( 50)
E( 51)
E( 52)
E( 53)
E( 54)
E( 55)
E( 56)
E( 57)
E( 58)
E( 59)
E( 60)
E( 61)
E( 62)
E( 63)
E( 64)
E( 65)
E( 66)
E( 67)
E( 68)
E( 69)
E( 70)

SUM OF ONE- ELECTRON ENERG ES
ORBI TAL STABI LI ZATI ON ENERGY
CORE- CORE REPULSI ON ENERGY =

-31.
-35.
-35.
-35.

. 35013 . 0000
. 54801 . 0000
. 44674 . 0000
. 92218 . 0000
. 12765 . 0000
. 50141 . 0000
. 68637 . 0000
. 62891 . 0000
. 14009 . 0000
. 21150 . 0000
. 35930 . 0000
. 98337 . 0000
. 98380 . 0000
. 41205 . 0000
. 65542 . 0000
. 08706 . 0000
. 38091 . 0000
. 96429 . 0000
. 47194 2. 0000
. 62357 2. 0000
. 74578 2. 0000
. 29711 2. 0000
. 53886 2. 0000
. 63185 2. 0000
. 80177 2. 0000
. 29553 2. 0000
. 69362 2. 0000
. 79409 2. 0000
. 12414 2. 0000
. 29695 2. 0000
. 56349 2. 0000
. 71705 2. 0000
. 77366 2. 0000
. 87651 2. 0000
. 88454 2. 0000
. 99019 2. 0000
. 11764 2. 0000
. 42967 2. 0000
. 48311 2. 0000
. 67962 2. 0000
. 12910 2. 0000
. 14701 2. 0000
. 55356 2. 0000
. 61019 2. 0000
. 87992 2. 0000
. 54090 2. 0000
. 79976 2. 0000
. 44548 2. 0000
. 47127 2. 0000
. 98930 2. 0000
. 54581 2. 0000
. 59602 2. 0000
. 00026 2. 0000
86777 2. 0000
05459 2. 0000
09651 2. 0000
47212 2. 0000

-1530. 06049126 eV
-195. 86049126 eV
34.49260316 eV

BE CAREFUL TO | NTERPRET REPULSI ON OF CHARGED MOLECULES

STABI LI ZATI ON + REPULSI ON =

REDUCED OVERLAP

©OO~NOOUAWNERE

abwN R

1

. 8886
. 6673
. 0455
. 0009
. 0455
. 6673
. 0502
. 0007
. 0000
. 0008
. 0502
. 0007
. 0000
. 0008
. 0030
. 0000
. 0000
. 0000
. 0030
. 0000
. 0000
. 0000

15

. 0030
. 0570
. 0017
. 0000
. 0000

-161. 36788809 eV

POPULATI ON MATRI X, ATOM BY ATOM

2 3 4 5 6
.6673 -.0455 -.0009 -.0455 . 6673
2.3358 1.0129 -.0727 -.0409 -.0964
1.0129 2.3992 .9431 -.1199 -.0409
-.0727 . 9431 4.8882 .9431 -.0727
-.0409 -.1199 .9431 2.3992 1.0129
-.0964 -.0409 -.0727 1.0129 2.3358
1.0944 -.0838 . 0009 . 0000 . 0013
-.0574 -.0296 . 0000 . 0000 . 0000
-.0324 -.0771 . 0011 . 0000 . 0000
-.0805 1.0045 -.0789 .0014 -.0001
. 0013 . 0000 .0009 -.0838 1.0944
. 0000 . 0000 .0000 -.0296 -.0574
. 0000 . 0000 .0011 -.0771 -.0324
-. 0001 .0014 -.0789 .0045 -.0805
-. 0570 . 0017 . 0000 . 0000 . 0000
. 0005 . 0001 . 0000 . 0000 . 0000
. 0001 . 0024 . 0000 . 0000 . 0000
.0016 -.0562 -.0083 . 0000 . 0000
. 0000 . 0000 . 0000 .0017 -.0570
. 0000 . 0000 . 0000 . 0001 . 0005
. 0000 . 0000 . 0000 . 0024 . 0001
. 0000 .0000 -.0083 -.0562 . 0016

i

16 17 18 19 20
.0000 .0000 .0000 -.0030 .0000
.0005 .0001 .0016 .0000 .0000
.0001 .0024 -.0562 .0000 .0000
.0000 .0000 -.0083 .0000 .0000
.0000 .0000 .0000 .0017 .0001

ICON-EDIT, Summer 1997

i

7

. 0502
. 0944
. 0838
. 0009
. 0000
. 0013
. 8744
. 0472
. 0901
. 0374
. 0000
. 0000
. 0000
. 0000
. 7928
. 0726
. 0018
. 0001
. 0000
. 0000
. 0000
. 0000

21

. 0000
. 0000
. 0000
. 0000
. 0024

112

8
. 0007
-.0574
-. 0296
. 0000
. 0000
. 0000
0472
1357
0074
. 0670
. 0000
. 0000
. 0000
. 0000
-. 0546
. 7677
-. 0560
. 0022
. 0000
. 0000
. 0000
. 0000

e

22

. 0000

. 0000

. 0000
-.0083
-. 0562

i

9

. 0000
. 0324
. 0771
. 0011
. 0000
. 0000

0901
0074
7693
1163

. 0000
. 0000
. 0000
. 0000
. 0019
. 0702
. 7972
. 0601
. 0000
. 0000
. 0000
. 0000

10

. 0008
. 0805
. 0045
. 0789
. 0014
. 0001
. 0374
. 0670
. 1163
. 6889
. 0000
. 0000
. 0000
. 0001
. 0001
. 0007
. 0584
. 7994
. 0000
. 0000
. 0000
. 0000

i

11

. 0502
. 0013
. 0000
. 0009
. 0838
. 0944
. 0000
. 0000
. 0000
. 0000
. 8744
. 0472
. 0901
. 0374
. 0000
. 0000
. 0000
. 0000
. 7928
. 0726
. 0018
. 0001

tENhE

12

. 0007
. 0000
. 0000
. 0000
. 0296
. 0574
. 0000
. 0000
. 0000
. 0000

0472
1357
0074

. 0670
. 0000
. 0000
. 0000
. 0000
. 0546
. 7677
. 0560
. 0022

i

13

. 0000
. 0000
. 0000
. 0011
. 0771
. 0324
. 0000
. 0000
. 0000
. 0000

0901
0074
7693
1163

. 0000
. 0000
. 0000
. 0000
. 0019
. 0702
. 7972
. 0601

14
. 0008
-. 0001
. 0014
-.0789
. 0045
-. 0805
. 0000
. 0000
. 0000
-. 0001
-.0374
-. 0670
1.1163
2.6889
. 0000
. 0000
. 0000
. 0000
. 0001
. 0007
-.0584
. 7994

i
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6 .0000 .0000 .0000 .0000 -.0570 .0005 .0001 .0016
7 .7928 -.0726 .0018 -.0001 .0000 .0000 .0000 .0000
8 -.0546 .7677 -.0560 .0022 .0000 .0000 .0000 .0000
9 .0019 -.0702 .7972 -.0601 .0000 .0000 .0000 .0000
10 .0001 .0007 -.0584 .7994 .0000 .0000 .0000 .0000
11 .0000 .0000 .0000 .0000 .7928 -.0726 .0018 -.0001
12 .0000 .0000 .0000 .0000 ~-.0546 .7677 -.0560 .0022
13 .0000 .0000 .0000 .0000 .0019 -.0702 .7972 -.0601
14 .0000 .0000 .0000 .0000 .0001 .0007 -.0584 .7994
15 .6379 -.0037 -.0001 .0000 .0000 .0000 .0000 .0000
16 -.0037 6.8766 -.0036 .0000 .0000 .0000 .0000 .0000
17 -.0001 -.0036 .6425 -.0084 .0000 .0000 .0000 .0000
18 .0000 .0000 -.0084 .6467 .0000 .0000 .0000 .0000
19 .0000 .0000 .0000 .0000 .6379 -.0037 -.0001 .0000
20 .0000 .0000 .0000 .0000 ~-.0037 6.8766 -.0036 .0000
21 .0000 .0000 .0000 .0000 -.0001 -.0036 .6425 -.0084
22 .0000 .0000 .0000 .0000 .0000 .0000 -.0084 .6467

REDUCED CHARGE MATRI X, MO S IN COLUWNS, ATOMS | N ROAS, NORMALIZED TO TWO ELECTRONS REGARDLESS OF OCCUPATI ON

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 -.0011 . 0007 . 0072 . 0067 . 0040 . 0049 . 0017 . 0104 . 0167 . 0290 . 0460 .0233 -.0001 . 0056
2 . 1652 . 1504 . 1285 . 1364 . 1609 . 1548 . 0837 . 1625 . 1145 . 0993 . 1302 . 1250 . 0737 . 0189
3 . 1637 . 1690 . 1532 . 3019 . 0724 . 1665 . 1800 . 2542 . 0619 . 2623 . 3062 . 0914 . 0793 . 0447
4 -. 0004 . 0093 . 0509 . 2063 . 0153 . 0387 L1777 . 0017 . 0832 . 0483 . 2016 . 0622 . 0023 . 0102
5 . 1639 . 1688 . 1532 . 3019 . 0724 . 1665 . 1800 . 2542 . 0621 . 2621 . 3062 . 0914 . 0792 . 0447
6 . 1654 . 1502 . 1285 . 1364 . 1609 . 1548 . 0837 . 1625 . 1145 . 0993 . 1302 . 1250 . 0737 . 0189
7 . 1648 . 1531 . 2371 . 1044 . 1539 . 0471 . 0912 . 1199 . 1832 . 1752 . 0828 . 1884 . 0871 . 0901
8 . 1621 . 1595 . 1208 . 1313 . 1185 . 1873 .1911 . 1525 . 1526 . 1557 . 0241 . 1882 . 3053 . 4151
9 . 1659 . 1706 . 0653 . 0468 . 2236 . 2395 . 2118 . 0654 . 1850 . 0338 . 0737 . 1638 . 1690 . 1261
10 . 1697 . 1831 . 1932 . 1324 . 1734 . 1215 . 0601 . 0849 . 1517 . 1087 . 1313 . 0804 . 0673 . 0100
11 . 1650 . 1530 . 2371 . 1044 . 1539 . 0471 . 0912 . 1199 . 1835 . 1748 . 0828 . 1884 . 0871 . 0901
12 . 1622 . 1593 . 1208 . 1313 . 1185 . 1873 .1911 . 1525 . 1528 . 1554 . 0241 . 1882 . 3051 . 4153
13 . 1660 . 1704 . 0653 . 0468 . 2236 . 2395 . 2118 . 0654 . 1849 . 0338 . 0737 . 1638 . 1689 . 1261
14 . 1699 . 1829 . 1932 . 1324 . 1733 . 1215 . 0601 . 0849 . 1519 . 1086 . 1313 . 0805 . 0673 . 0100
15 . 0026 . 0025 . 0355 . 0193 . 0241 . 0018 . 0141 . 0631 . 0059 . 0322 . 0397 . 0326 . 0418 . 0634
16 . 0002 . 0002 . 0035 . 0063 . 0012 . 0093 . 0401 . 0019 . 0575 . 0113 . 0130 . 0256 . 0825 . 1328
17 . 0029 . 0029 . 0035 . 0048 . 0432 . 0504 . 0039 . 0270 . 0167 . 0354 . 0472 . 0580 . 0734 . 0816
18 . 0032 . 0043 . 0305 . 0101 . 0192 . 0000 . 0344 . 0625 . 0206 . 0480 . 0278 . 0036 . 0196 . 0092
19 . 0026 . 0025 . 0355 . 0193 . 0241 . 0018 . 0141 . 0631 . 0059 . 0322 . 0397 . 0326 . 0418 . 0634
20 . 0002 . 0002 . 0035 . 0063 . 0012 . 0093 . 0401 . 0019 . 0576 . 0112 . 0130 . 0256 . 0824 . 1328
21 . 0029 . 0029 . 0035 . 0048 . 0432 . 0504 . 0039 . 0270 . 0167 . 0353 . 0472 . 0580 . 0734 . 0816
22 . 0032 . 0043 . 0305 . 0101 . 0192 . 0000 . 0344 . 0625 . 0206 . 0480 . 0278 . 0036 . 0196 . 0092

15 16 17 18 19 20 21 22 23 24 25 26 27 28

1 . 0062 . 0684 . 0000 . 0071 . 1813 . 1261 . 0501 . 0360 . 1249 . 4956 . 0365 . 0000 . 0127 . 0000
2 . 1638 . 1457 . 0058 . 0451 . 2370 . 1506 . 1388 . 0837 . 2395 . 4389 . 1984 . 1579 . 0413 . 1122
3 . 1458 . 0035 . 0843 . 2600 . 0209 . 0792 . 0598 . 1220 . 0739 . 0697 . 2657 . 1521 . 2318 . 3323
4 . 0084 . 0001 . 0459 . 3079 . 0302 . 0050 . 0397 . 1647 . 0123 . 0802 . 1067 . 0000 . 1647 . 0000
5 . 1458 . 0035 . 0843 . 2600 . 0209 . 0792 . 0598 . 1220 . 0739 . 0697 . 2657 . 1521 . 2318 . 3323
6

7

8

9

. 1638 . 1457 . 0058 . 0451 . 2370 . 1506 . 1388 . 0837 . 2395 . 4389 . 1984 . 1579 . 0413 . 1122
. 1828 . 2013 . 1697 . 1040 . 0198 . 0242 . 0931 . 1279 . 1272 . 0323 . 1189 . 1662 . 0771 . 0388
. 1701 . 0060 . 0531 . 1561 . 0483 . 0548 . 1854 . 1263 . 0936 . 0452 . 1155 . 2101 . 3738 . 3308
. 1604 . 0943 . 0635 . 0125 . 1213 . 2259 . 1398 . 0996 . 0842 . 0207 . 0943 . 1565 . 1395 . 0560

10 . 1607 . 2109 . 2976 . 0287 . 1086 . 0979 . 1423 . 1138 . 0863 . 0629 . 1273 . 1403 . 0037 . 0828
11 . 1828 . 2013 . 1697 . 1040 . 0198 . 0242 . 0931 . 1279 . 1272 . 0323 . 1189 . 1662 . 0771 . 0388
12 . 1701 . 0060 . 0531 . 1561 . 0483 . 0548 . 1854 . 1263 . 0936 . 0452 . 1155 . 2101 . 3738 . 3308
13 . 1603 . 0943 . 0635 . 0125 . 1213 . 2259 . 1398 . 0996 . 0842 . 0207 . 0943 . 1565 . 1395 . 0560
14 . 1607 . 2109 . 2976 . 0287 . 1086 . 0979 . 1423 . 1138 . 0863 . 0629 . 1273 . 1403 . 0037 . 0828
15 . 0019 . 1369 . 0945 . 1027 . 0299 . 0041 . 0399 . 1131 . 1070 . 0143 . 0000 . 0000 . 0000 . 0000
16 . 0054 . 0012 . 0079 . 0654 . 0310 . 0176 . 0668 . 0402 . 0061 . 0041 . 0085 . 0168 . 0441 . 0473
17 . 0018 . 0397 . 0297 . 0285 . 1372 . 1951 . 0528 . 0009 . 0594 . 0240 . 0000 . 0000 . 0000 . 0000
18 . 0001 . 1265 . 1710 . 0396 . 1401 . 0850 . 0364 . 0722 . 0542 . 0000 . 0000 . 0000 . 0000 . 0000
19 . 0019 . 1368 . 0945 . 1027 . 0299 . 0041 . 0399 . 1131 . 1070 . 0143 . 0000 . 0000 . 0000 . 0000
20 . 0054 . 0012 . 0079 . 0654 . 0310 . 0176 . 0668 . 0402 . 0061 . 0041 . 0085 . 0168 . 0441 . 0473
21 . 0018 . 0397 . 0297 . 0285 . 1372 . 1952 . 0528 . 0009 . 0594 . 0240 . 0000 . 0000 . 0000 . 0000
22 . 0001 . 1265 . 1710 . 0396 . 1401 . 0850 . 0364 . 0722 . 0542 . 0000 . 0000 . 0000 . 0000 . 0000
29 30 31 32 33 34 35 36 37 38 39 40 41 42

1 . 0893 . 0000 . 1525 . 0000 . 3342 L2791 . 0000 . 0697 . 0017 . 0376 . 0945 . 0000 . 0041 . 0033
2 . 2389 . 2452 . 1472 . 0448 . 1660 . 0898 . 2450 . 0108 . 0069 . 0039 . 0149 L1741 . 2328 . 0206
3 . 0214 . 0021 . 1133 . 2656 .1321 . 0000 . 0000 . 0053 . 0008 . 0003 . 1892 . 2352 . 1860 . 0045
4 . 0170 . 0000 . 4372 . 0000 . 8228 . 0058 . 0000 . 0020 . 0081 . 2140 . 2889 . 0000 . 0028 . 0392
5 . 0214 . 0021 . 1133 . 2656 .1321 . 0000 . 0000 . 0053 . 0008 . 0003 . 1892 . 2352 . 1860 . 0045
6
7
8
9

. 2389 . 2452 . 1472 . 0448 . 1660 . 0898 . 2450 .0108 . 0069 . 0039 . 0149 L1741 . 2328 . 0206
. 2162 . 2456 . 0001 . 1193 . 0378 . 4416 . 2895 . 1423 . 1199 . 0568 . 0311 . 0691 . 1381 . 0551
. 0011 . 0002 . 1498 . 1838 . 0014 . 0349 . 0006 . 1209 . 1124 . 0486 . 0103 . 0001 . 0339 . 0944
. 1945 . 2380 . 0927 . 1690 . 0025 . 0868 . 2256 . 1258 . 1478 . 3209 . 1598 . 0823 . 0247 . 1145

10 . 2746 . 2689 . 1357 . 0312 . 0445 . 1607 . 2380 . 0124 . 0181 . 2136 . 2660 . 2160 . 0906 . 1185
11 . 2162 . 2456 . 0001 . 1193 . 0378 . 4416 . 2895 . 1423 . 1199 . 0568 . 0311 . 0691 . 1381 . 0551
12 . 0011 . 0002 . 1498 . 1838 . 0014 . 0349 . 0006 . 1209 . 1124 . 0486 .0103 -.0001 . 0339 . 0944
13 . 1945 . 2380 . 0927 . 1690 . 0025 . 0868 . 2256 . 1258 . 1478 . 3209 . 1598 . 0823 . 0247 . 1145
14 . 2746 . 2689 . 1357 . 0312 . 0445 . 1607 . 2380 . 0124 . 0181 . 2136 . 2660 . 2160 . 0906 . 1185
15 . 0000 . 0000 . 0000 . 0000 . 0191 . 0000 . 0000 . 0158 . 0165 . 0000 . 0014 . 0000 . 0485 -.0001
16 . 0002 . 0000 . 0662 . 1863 . 0019 . 0436 . 0013 . 4933 . 5424 . 2307 . 0922 . 2234 L1711 . 5248
17 . 0000 . 0000 . 0000 . 0000 . 0041 . 0000 . 0000 . 0223 . 0160 . 0000 . 0433 . 0000 . 0144 . 0128
18 . 0000 . 0000 . 0000 . 0000 . 0118 . 0000 . 0000 . 0155 . 0144 . 0000 . 0002 . 0000 . 0564 . 0335
19 . 0000 . 0000 . 0000 . 0000 . 0191 . 0000 . 0000 . 0158 . 0165 . 0000 . 0014 . 0000 . 0485 -.0001
20 . 0002 . 0000 . 0662 . 1863 . 0019 . 0436 . 0013 . 4932 . 5425 . 2307 . 0922 . 2234 L1711 . 5248
21 . 0000 . 0000 . 0000 . 0000 . 0041 . 0000 . 0000 . 0223 . 0160 . 0000 . 0433 . 0000 . 0144 . 0128
22 . 0000 . 0000 . 0000 . 0000 . 0118 . 0000 . 0000 . 0155 . 0144 . 0000 . 0002 . 0000 . 0564 . 0335
43 44 45 46 47 48 49 50 51 52 53 54 55 56

1 . 9836 . 9799 . 0087 . 2470 . 1547 . 0218 . 0000 . 0296 . 1950 . 3906 . 1734 . 0447 . 4018 . 1021
2 . 0246 . 0883 . 0593 . 0262 . 0753 . 0036 . 0208 . 0075 . 0946 . 1887 . 1420 . 0725 . 1619 . 0266
3 . 0760 . 0985 . 0940 . 0610 . 0052 . 0351 . 0126 . 0410 . 0364 . 2346 . 0689 . 0796 . 1529 . 0521
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4 . 6789

5 . 0760

6 . 0246

7 . 0011

8 . 0014

9 . 0067

10 . 0306

11 . 0011

12 . 0014

13 . 0067

14 . 0306

15 . 0002

16 . 0129

17 . 0059

18 . 0092

19 . 0002

20 . 0129

21 . 0059

22 . 0092

57

1 . 0042

2 . 0518

3 . 0432

4 . 0249

5 . 0432

6 . 0518

7 . 1708

8 . 1457

9 . 1959

10 . 0619

11 . 1708

12 . 1457

13 . 1959

14 . 0619

15 . 0646

16 . 1154

17 . 1362

18 . 0000

19 . 0646

20 . 1154

21 . 1362

22 . 0000
ATOM NET CHG
o 1 -.45831
c 2 . 49395
Cc 3 . 34435
N 4 -. 67287
C 5 . 34435
C 6 . 49395
c 7 -.17653
C 8 . 58403
Cc 9 -. 06636
C 10 . 01082
c11 -.17653
C 12 . 58403
C 13 -. 06636
C 14 . 01082
H 15 . 02313
O 16 -1.18604
H 17 . 01997
H 18 . 01828
H 19 . 02313
O 20 -1.18604
H 21 . 01997
H 22 . 01828

. 5003
. 0985
. 0883
. 0134
. 0018
. 0109
. 0383
. 0134
. 0018
. 0109
. 0383
. 0000
. 0086
. 0000
. 0000
. 0000
. 0086
. 0000
. 0000

58

. 1149
. 1240
. 1280
. 2097
. 1280
. 1240
. 1115
. 1217
. 1043
. 1165
. 1115
L1217
. 1043
. 1165
. 0084
. 0636
. 0174
. 0423
. 0084
. 0636
. 0174
. 0423

. 1602
. 0940
. 0593
. 1325
. 1035
. 0061
. 0019
. 1325
. 1035
. 0061
. 0019
. 0778
. 4403
. 0001
. 0000
. 0778
. 4403
. 0001
. 0000

59

. 0679
. 1646
. 1651
. 0696
. 1651
. 1646
. 1042
. 0615
. 0908
. 1347
. 1042
. 0615
. 0908
. 1347
. 0649
. 0031
. 0437
. 0986
. 0649
. 0031
. 0437
. 0986

PRRERERERPRPPRPPRPPPRPRREE

. 0348
. 0610
. 0262
. 0652
. 0870
. 1582
. 0692
. 0652
. 0870
. 1582
. 0692
. 0545
. 1943
.1371
. 0063
. 0545
. 1943
. 1371
. 0063

60

. 0847
. 1258
. 0989
. 0007
. 0989
. 1258
. 1376
. 0847
. 1257
. 1477
. 1376
. 0847
. 1257
. 1477
. 0732
. 0036
. 0669
. 0939
. 0732
. 0036
. 0669
. 0939

. 0004
. 0052
. 0753
. 0855
. 1538
. 0887
. 0591
. 0855
. 1538
. 0887
. 0591
. 0010
. 4218
. 0051
. 0271
. 0010
. 4218
. 0051
. 0271

61

. 0484
. 1312
L2171
. 2671
L2171
. 1312
. 0306
. 1236
. 1165
. 1301
. 0306
. 1236
. 1165
. 1301
. 0000
. 0328
. 0270
. 0334
. 0000
. 0328
. 0270
. 0334

114

. 1246 . 0000 . 0210 . 0023 . 4296 . 1619 . 0572 . 2315 . 1613
. 0351 . 0126 . 0410 . 0364 . 2346 . 0689 . 0796 . 1529 . 0521
. 0036 . 0208 . 0075 . 0946 . 1887 . 1420 . 0725 . 1619 . 0266
. 0324 . 0716 . 0744 . 0791 . 0435 . 1396 . 2167 . 0150 . 1544
. 2425 . 2747 . 1341 . 0438 . 0320 . 0580 . 0035 . 0177 . 0522
. 0423 . 0726 . 1688 . 1879 . 0180 . 0839 . 0047 . 0608 . 1375
. 0000 . 0228 . 1617 . 1723 . 0460 . 0925 . 2494 . 1310 . 0342
. 0324 . 0716 . 0744 . 0791 . 0435 . 1396 . 2167 . 0150 . 1544
. 2425 . 2747 . 1341 . 0438 . 0320 . 0580 . 0035 . 0177 . 0522
. 0423 . 0726 . 1688 . 1879 . 0180 . 0839 . 0047 . 0608 . 1375
. 0000 . 0228 . 1617 . 1723 . 0460 . 0925 . 2493 . 1310 . 0342
. 0000 . 0000 . 0263 . 0443 . 0000 . 0319 . 1432 . 0029 . 1564
. 5708 . 5250 . 3264 . 0404 . 0272 . 1154 . 0094 . 0685 . 0619
. 0000 . 0000 . 0188 . 1068 . 0000 . 0429 . 0006 . 0124 . 1405
. 0000 . 0000 . 0156 . 0959 . 0000 . 0573 . 1695 . 0602 . 0525
. 0000 . 0000 . 0263 . 0443 . 0000 . 0319 . 1432 . 0029 . 1564
. 5708 . 5250 . 3264 . 0404 . 0272 . 1154 . 0094 . 0685 . 0619
. 0000 . 0000 . 0188 . 1068 . 0000 . 0429 . 0006 . 0124 . 1405
. 0000 . 0000 . 0156 . 0959 . 0000 . 0573 . 1695 . 0602 . 0525

62 63 64 65 66 67 68 69 70

. 0085 . 0671 . 0251 . 0139 . 0084 . 0846 . 1294 .0000 1.2441
. 0830 . 1430 . 1933 . 0204 . 1630 . 0314 . 0197 . 0014 . 2522
. 2316 . 0217 . 0321 . 0445 . 1974 . 3864 . 0006 . 0003 . 0222
. 0710 . 0032 . 0005 . 1978 . 0182 . 8522 . 0005 . 0000 . 0112
. 2316 . 0217 . 0321 . 0445 . 1974 . 3864 . 0006 . 0003 . 0222
. 0830 . 1430 . 1933 . 0204 . 1630 . 0314 . 0197 . 0014 . 2522
. 0889 . 3596 . 2721 . 1090 . 1207 . 0014 . 0069 . 0170 . 0212
. 2060 . 0741 . 0396 . 1591 . 0690 . 0017 . 2185 . 2412 . 0223
. 1743 . 1032 . 1640 . 2926 . 1429 . 0156 . 0144 . 0170 . 0022
. 0709 . 1519 . 1946 . 1519 .2181 . 0883 . 0004 . 0015 . 0020
. 0889 . 3596 . 2721 . 1090 . 1207 . 0014 . 0069 . 0170 . 0212
. 2060 . 0741 . 0396 . 1591 . 0690 . 0017 . 2185 . 2412 . 0223
. 1743 . 1032 . 1640 . 2926 . 1429 . 0156 . 0144 . 0170 . 0022
. 0709 . 1519 . 1946 . 1519 . 2181 . 0883 . 0004 . 0015 . 0020
. 0121 . 0587 . 0392 . 0098 .0072 -.0001 .0000 -.0001 -.0006
. 0584 . 0105 . 0016 . 0651 . 0460 . 0045 . 6746 . 7220 . 0510
. 0298 . 0162 . 0229 . 0287 . 0083 . 0002 .0000 -.0001 -.0001
. 0053 . 0260 . 0277 . 0129 . 0140 . 0023 . 0000 . 0000 -.0002
. 0121 . 0587 . 0392 . 0098 .0072 -.0001 .0000 -.0001 -.0006
. 0584 . 0105 . 0016 . 0651 . 0460 . 0045 . 6747 . 7219 . 0510
. 0298 . 0162 . 0229 . 0287 . 0083 . 0002 .0000 -.0001 -.0001
. 0053 . 0260 . 0277 . 0129 . 0140 . 0023 . 0000 .0000 -.0002

ATOM C ORBI TAL OCCUPATI ON FOR G VEN MO OCCUPATI ON

S

. 63727

12394
11301
44599
11301
12394
16743
08870
17004
17167
16743
08870
17004
17167

. 97687
. 71247
. 98003
. 98172
. 97687
. 71247
. 98003
. 98172

X
1.27209
. 68511
. 79754
1. 14795
. 79754
. 68511
. 94692
. 67221
. 92565
. 92870
. 94692
. 67221
. 92565
. 92870

1.74791

1.74791

Y z
1.70894 1. 84001
. 85898 . 83801
. 88133 . 86375
1.27435 1.80458
. 88134 . 86375
. 85898 . 83801
1.13711 . 92507
. 81884 . 83622
1.02852 . 94216
. 96668 . 92213
1.13711 . 92507
. 81884 . 83622
1.02852 . 94216
. 96668 . 92213

1.81688 1.90878

1.81688 1.90878

OQutput file of oscillator strength calculation (resD.edo):

The foll owi ng options have been sel ect ed:

MOFI LE
GENFI LE
SPECQUT
PCL
MATRI CE
CORRECT
TRANSOUT

* % X 3k kX F

Initial wave function

Fi nal wave function

Transition

at

ICON-EDIT, Summer 1997

- res0.nmo
- res0.gen

- X

resO.eds will contain the spectrum

Y, and Z transitions considered.

- ALL transition elenments are taken into account.
- W correct for degenaracies ( TOL = .00001 )
- W print the chosen transitions.

30
40
30889. 2 Wavenunbers ( 3.8 eV)
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Gscillator strength al ong
Gscillator strength al ong
Gscillator strength al ong

Initial wave function
function ......
at ...

Fi nal wave
Transition
Gscil | at or
Gscil | at or
Gscil | at or

Initial wave function
function .......:
at ...

Fi nal wave
Transition
Gscil | at or
Gscil | at or
Gscil | at or

Initial wave function
function .......:
at ...

Fi nal wave
Transition
Gscil | at or
Gscil | at or
Gscil | at or

Initial wave function
function .......:
at ...

Fi nal wave
Transition
Gscil | at or
Gscil | at or
Gscil | at or

Initial wave function
function .......:
at ...

Fi nal wave
Transition

Gscil | at or
Gscil | at or
Gscil | at or

Initial wave function
function .......:
at ...

Fi nal wave
Transition
Gscil l at or
Gscil | at or
Gscil | at or

Initial wave function
function .......:
at ...

Fi nal wave
Transition

Gscil | at or
Gscil | at or
Gscil | at or

Initial wave function
function .......:
at ... .

Fi nal wave
Transition
Gscil l at or
Gscil l at or
Gscil l at or

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong

strength al ong
strength al ong
strength al ong
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. 00000
. 00000
. 00000

30078. 8 Wavenunber s

40

. 01193
. 00000
. 00000

26868. 0 Wavenunber s

40

. 00000
. 00000
. 00000

22885. 6 Wavenunber s

40

. 00000
. 00000
. 10821

21515. 1 Wavenunbers

40

. 00000
. 00001
. 00000

20765. 1 Wavenunber s

40

. 00000
. 00000
. 00000

18815. 3 Wavenunbers

40

. 02212
. 00000
. 00000

14368. 6 Wavenunbers

40

. 00000
. 00000
. 02458

13382. 9 Wavenunbers

. 00000
. 00009
. 00000

ev)

ev)

ev)

ev)

ev)

ev)

ev)

ev)
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Initial wave function .....: 39

Fi nal wave function .......: 40

Transition at ............. :12159.9 Wavenunbers ( 1.5 eV)
Cscillator strength along X 1. 08407

Cscillator strength along Y: . 00000

Cscillator strength along Z: . 00000

Stop - Programterm nated.
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6.4 FM O Example: Propene H,C=CH-CHs,, Hyperconjugation
8 0 2 3
8 0 2 0
Propene, approxi mately experinental geonetry
0900 0 1FFFFFTFFF 2.00 0.000 0. OOOFFFFFFFFFFFFFFFFFFFFFF
0. 350000

1 2 1. 33600 180. 00000 0.00000
2 3 1.50100 124.30000 0.00000
1 4 1. 09000 60.00000 0.00000
1 5 1. 09000 -60.00000 0.00000
2 6 1. 09000- 120. 00000 0. 00000
3 7 1. 09000 111.20000 0.00000
3 8 1. 09000 109. 50000 120. 00000
3 9 1. 09000 109. 50000-120. 00000
*CC* HHHHH
C 4 21.7100-21.40 21.6250-11. 40
H 1 11.3000-13.60
112111222 ( FRAGVENT- Defini tion)
000O0OO0OO0O0OO0O (Charge of the FRAGVENTS)
FFFFFFF (Qut put options)
/
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EXTENDED HUCKEL FMC CALCULATI QN, conpl ete nol ecul e

K I'S CALCULATED W TH THE DI STANCE- DEPENDENT WEI GHTED FORMULA.

delta = . 3500, l+kappa = 2. 0000
ATOM X Y z s P
N EXP COUL N EXP couL
c1 . 00000 . 00000 . 00000 2 1.7100 -21.4000 2 1.6250 -11.4000
Cc?2 . 00000 . 00000 1.33600 2 1.7100 -21.4000 2 1.6250 -11.4000
C3 1.23997 . 00000 2.18185 2 1.7100 -21.4000 2 1.6250 -11.4000
H 4 . 94397 . 00000 -.54500 1 1.3000 -13.6000
HS5 -. 94397 . 00000 -.54500 1 1.3000 -13.6000
H6 -. 94397 . 00000 1.88100 1 1.3000 -13.6000
H7 2.13827 . 00000 1.56447 1 1.3000 -13.6000
H8 1. 25104 . 88982 2.81129 1 1.3000 -13.6000
H9 1. 25104 -. 88982 2.81129 1 1.3000 -13.6000

DI STANCE MATRI X
1 2 3 4 5 6 7 8 9

1 . 0000 1.3360 2.5096 1.0900 1.0900 2.1046 2.6495 3.2032 3.2032
2 1.3360 .0000 1.5010 2.1046 2.1046 1.0900 2.1504 2.1292 2.1292
3 2.5096 1.5010 .0000 2.7429 3.4936 2.2046 1.0900 1.0900 1.0900
4 1.0900 2.1046 2.7429 .0000 1.8879 3.0740 2.4241 3.4858 3.4858
5 1.0900 2.1046 3.4936 1.8879 .0000 2.4260 3.7350 4.1079 4.1079
6 2.1046 1.0900 2.2046 3.0740 2.4260 .0000 3.0984 2.5447 2.5447
7 2.6495 2.1504 1.0900 2.4241 3.7350 3.0984 .0000 1.7702 1.7702
8 3.2032 2.1292 1.0900 3.4858 4.1079 2.5447 1.7702 .0000 1.7796
9 3.2032 2.1292 1.0900 3.4858 4.1079 2.5447 1.7702 1.7796 .0000
OVERLAP MATRI X
1 2 3 4 5 6 7 8 9 10 11 12 13 14
C 1(9) 1.0000 .0000 .0000 .0000 .4036 .0000 .0000 -.4356 .0583 -.0443 .0000 -.0779 .4779 .4779
(X .0000 1.0000 .0000 .0000 .0000 .2718 .0000 .0000 .0443 -.0089 .0000 -.0654 .4256 -.4256
%) .0000 .0000 1.0000 .0000 .0000 .0000 .2718 .0000 .0000 .0000 .0283 .0000 .0000 .0000
(2 .0000 .0000 .0000 1.0000 .4356 .0000 .0000 -.3244 .0779 -.0654 .0000 -.0868 -.2457 -.2457
C 2(9) .4036 .0000 .0000 .4356 1.0000 .0000 .0000 .0000 .3231 -.3102 .0000 -.2116 .1027 .1027
(X .0000 .2718 .0000 .0000 .0000 1.0000 .0000 .0000 .3102 -.1610 .0000 -.2500 .0644 -.0644
% .0000 .0000 .2718 .0000 .0000 .0000 1.0000 .0000 .0000 .0000 .2055 .0000 .0000 .0000
(2 -.4356 .0000 .0000 -.3244 .0000 .0000 .0000 1.0000 .2116 -.2500 .0000 .0350 -.1283 -.1283
C 3(9) .0583 .0443 .0000 .0779 .3231 .3102 .0000 .2116 1.0000 .0000 .0000 .0000 .0314 .0069
(X -.0443 -.0089 .0000 -.0654 -.3102 -.1610 .0000 -.2500 .0000 1.0000 .0000 .0000 -.0052 -.0073
(v) .0000 .0000 .0283 .0000 .0000 .0000 .2055 .0000 .0000 .0000 1.0000 .0000 .0000 .0000
(2 -.0779 -.0654 .0000 -.0868 -.2116 -.2500 .0000 .0350 .0000 .0000 .0000 1.0000 -.0483 -.0091
H 4(S) .4779  .4256 .0000 -.2457 .1027 .0644 .0000 -.1283 .0314 -.0052 .0000 -.0483 1.0000 .1240
H 5(S) .4779 -.4256 .0000 -.2457 .1027 -.0644 .0000 -.1283 .0069 -.0073 .0000 -.0091 .1240 1.0000
H 6(S) .1027 -.0644 .0000 .1283 .4779 -.4256 .0000 .2457 .0860 -.1214 .0000 -.0167 .0145 .0485
H 7(S) .0376 .0464 .0000 .0339 .0947 .1328 .0000 .0142 .4779 .4050 .0000 -.2784 .0487 .0040
H 8(S) .0126 .0080 .0057 .0180 .0984 .0812 .0577 .0957 .4779 .0050 .4012 .2838 .0065 .0019
H 9( S) . 0126 . 0080 -, 0057 . 0180 . Ogg/l na19o NE77 NOR7 AT770 nNneEN AN1D 29209 nnar . 0019
15 16 17 18
C 1(9) .1027 .0376 .0126 .0126 A 7
(X -.0644 .0464 .0080 .0080 L X Q
(v) .0000 .0000 .0057 -.0057 3
(2) .1283 .0339 .0180 .0180 |
C 2(9) .4779  .0947  .0984 .0984 4 !
(X -.4256 .1328 .0812 .0812 1
(v) .0000 .0000 .0577 -.0577 1
(2) 2457 .0142 .0957 .0957 1
8
C 3(9) .0860 .4779 .4779  .4779 |
(X -.1214  .4050 .0050 .0050 |
(v) .0000 .0000 .4012 -.4012 |
(2) -.0167 -.2784 .2838 .2838 @ m oo m ———rrmm— - = — = = = — — — — >
H 4(S) .0145 .0487 .0065 .0065 i -| 2 7
H 5(S) .0485 .0040 .0019 .0019 1
H 6(S) 1.0000 .0138 .0391 .0391 )
H 7(S) .0138 1.0000 .1506 .1506
H 8(S) .0391 .1506 1.0000 .1483 !
H 9(S) .0391 .1506 .1483 1.0000
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ENERGY LEVELS (eV)

B 1) = 62. 85095 . 0000
B 2) = 46. 41573 . 0000
E( 3) = 25.72215 . 0000
E( 4) = 18. 29330 . 0000
E( 5) = 13. 85685 . 0000
E( 6) = 10. 63028 . 0000
B 7) = 8. 10562 . 0000
E( 8) = 5.22319 . 0000
E( 9) = -7.00648 .0000 LUMD
E( 10) = -13.59232 2.0000 HOVO
E( 11) = -14.93929 2. 0000
E( 12) = -15.66521 2. 0000
E( 13) = -16.74145 2. 0000
E( 14) = -16.85475 2. 0000
E( 15) = -17.37493 2. 0000
E( 16) = -21.53021 2. 0000
E( 17) = -25.82475 2. 0000
E( 18) = -29.15800 2. 0000

SUM OF ONE- ELECTRON ENERG ES
ORBI TAL STABI LI ZATI ON ENERGY
CORE- CORE REPULSI ON ENERGY
STABI LI ZATI ON + REPULSI ON

-343. 36181766 eV
-64.96181766 eV

10. 75302452 eV
-54.20879314 eV

WAVE FUNCTIONS, MO S IN COLUWNS, AO S I N ROAS

1 2 3 4 5 6 7 8 9 10 11 12 13 14
LUMD  HOVD
c 1(9) -1.2994  .4137 -.6318 -.2803 .2032 .0000 .0047 -.0077 .0000 .0000 -.0452 -.0472 .0087 .0000
(%) -.0111 -.1913 -.3439 .9284 .5323 .0000 -.0805 .5351 .0000 .0000 -.1372 .1454 .2643 .0000
v .0000 .0000 .0000 .0000 .0000 .0687 .0000 .0000 .8061 -.6508 .0000 .0000 .0000 -.0519
(2) -.7864 .0838 .4895 .5088 -.6434 .0000 -.5055 .0040 .0000 .0000 -.2738 -.3562 -.1345 .0000
c 2(9) 1.3306 .2247 -.7118 -.1560 -.1770 .0000 -.1364 .0710 .0000 .0000 .0399 -.0527 -.0126 .0000
(%) .0473  .4480 .4967 -.7122 -.0578 .0000 -.1370 .7788 .0000 .0000 .3696 -.2879 .0000 .0000
v .0000 .0000 .0000 .0000 .0000 -.2447 .0000 .0000 -.8366 -.5883 .0000 .0000 .0000 -.1553
(2) -.7740  .5434 - 4592 .2245 -.6993 .0000 -.5214 .0887 .0000 .0000 .3424 .3287 .1486 .0000
C 3(9) -.3481 -1.4932 -.1654 -.1448 -.0386 .0000 .0259 -.0766 .0000 .0000 .0651 -.0139 -.0035 .0000
(%) 0837 .0521 -.4242 -.2203 -.7626 .0000 .1200 .7406 .0000 .0000 -.3827 .2161 -.2932 .0000
v .0000 .0000 .0000 .0000 .0000 1.1761 .0000 .0000 -.0067 .1069 .0000 .0000 .0000 -.5252
(2) 2276 -.0374 -.0210 -.4559 .2595 .0000 -.9842 .2328 .0000 .0000 -.3296 -.1321 .3432 .0000
H 4(9) 2848 -.0828 .7261 -.2023 -.8249 .0000 -.1699 -.4740 .0000 .0000 -.0493 .3027 .2969 .0000
H 5(S) 2789 -.2390 .3428 .9860 -.0610 .0000 -.3218 .5066 .0000 .0000 .2853 -.0145 -.1399 .0000
H 6(S) -.2791 -.0404 .8483 -.4327 .3840 .0000 .2905 .6047 .NPAA Anan annc a10nnean 0000
H 7(9) .1533  .6029 .2911 .0404 .6829 .0000 -.6577 -.4402 . 0000
H 8(9) .0643 .6388 .1184 .3015 -.0778 -.8518 .5332 -.0663 -. 4147
H 9(9) .0643 .6388 .1184 .3015 -.0778 .8518 .5332 -.0663 . 4147
15 16 17 18
c 1(9) .0106 .2718 .3919  .3950
(%) -.4048 .0083 .0052 -.0026
(v) .0000 .0000 .0000 .0000
(2) -.1297 -.2289 .0048 .0478
c 2(9) -.0586 -.3975 .0454 4723
(%) -.2346 .1006 -.0593 .0185
(v .0000 .0000 .0000 .0000
(2) 0899 -.1226 -.1233 -.0301
C 3(9) .0119  .1685 -.4991 .3094
(%) -.0051 .1438 -.0138 -.0285
(v .0000 .0000 .0000 .0000
(2) 2290 .0872 -.0048 -.0147
H 4(9) -.2444 2189 .1418 .0720
H 5(S) 3806 .2122 .1379 .0735
H 6(S) .1511 -.3189  .0201 .0879
H 7(9) -.1114  .1342 -.1721 .0516
H 8(9) 1375 1230 -.1698 .0541
H 9(9) 1375 .1230 -.1698 .0541

ICON-EDIT, Summer 1997 Gion Calzaferri



120

ICON-EDIT, Summer 1997 Gion Calzaferri



REDUCED OVERLAP POPULATI ON MATRI X, ATOM BY ATQV

1
2
3
4
5
6
7
8
9

2
1

1

7590
3055

. 0754

. 7899
. 7881
-. 0627
-.0123
-. 0009
-. 0009

2

1. 3055
2.6728

. 7579
-. 0606
-.0616

. 7978
-. 0456
-. 0479
-. 0479

REDUCED CHARGE MATRI X,

CoO~NOOUTAWN P

CoO~NOOUTAWNRP

ATOM

IITIIIITIITOOO
©O~NOUAWNE

1 2
. 8438 . 0626
. 8668 . 3427
. 0948 . 7579
. 0614 . 0071
. 0593 . 0352
. 0593 . 0011
. 0102 . 2480
. 0022 . 2727
. 0022 . 2727
15 16

. 6728 . 4183
. 2709 . 4954
. 2086 . 2065
. 1845 . 1839
. 4282 . 1593
. 0839 . 3592
. 0438 . 0724
. 0536 . 0525
. 0536 . 0525

NET CHG.

-. 12469

. 02843
-.03328

. 02948

. 02961

. 01751

. 01293

. 02001

. 02001

3

-.0754
. 7579

. 5402

-.0111
. 0030
-.0527
. 7944
. 7850
. 7850

MO S I N COLUWNS,

3

. 3829
. 4557
. 1381
. 3541
. 1068
. 4783
. 0577
. 0132
. 0132

17

. 4387
. 1496
. 7446
. 0959
. 0993
. 0012
. 1543
. 1582
. 1582

4

. 7899
-. 0606
-.0111

. 6304
-. 0405

. 0030
-. 0005

. 0000

. 0000

4

. 7510
. 2918
. 1823
. 0066
. 5777
. 0704
. 0025
. 0588
. 0588

18

. 5796
. 8021
. 3702
. 0469
. 0469
. 0677
. 0285
. 0290
. 0290

5

.78
-.06
.00
-.04
.63
-.01
.00
.00
.00

ATOVS | N ROWS,

5

.46
.28

L4474 1.

.42
.00
.09
.27
.00
.00

1.1
1.1
1.1
.9
.9
.9
.9
.9
.9

81
16
30
05
10
02
00
00
00

68
13

02
43
95
a4
30
30

ATOM C ORBI TAL

S

8577
7887
7337
7052
7039
8249
8707
7999
7999

REDUCED ENERGY MATRI X, ATOM BY ATOM

©CoO~NOOUA~WNEPR

-39
-37.

-22
-22.

1
2124 -37
5109 -38
.8414 -21
. 3421 1
2980 1
.5330 -22
. 2735 1
. 0155 1
. 0155 1

2

5109
2904
4889

. 4824
. 4960

5616

. 1022
. 1567
. 1567

-21.
- 36.

3

. 8414

4889
5136

. 2390

-22
-21.
-21.

ICON-EDIT, Summer 1997

. 0572
. 2500
. 1500

8976
8976

-22
1

-8

121

6 7 8
-.0627 -.0123 -.0009
.7978 -.0456 -.0479
-. 0527 . 7944 . 7850
.0030 -.0005 . 0000
-.0102 . 0000 . 0000
. 6489 .0022 -.0052
. 0022 .6574 -.0394
-.0052 -.0394 . 6525
-.0052 -.0394 -.0366
NORMALI ZED
6 7 8

. 0035 . 1680 . 2610
. 0405 . 2220 . 5236
0449 . 7976 . 5033

. 0000 . 0159 . 1641
. 0000 . 0635 . 1828
. 0000 . 0668 . 2422
. 0000 . 2984 . 1217
. 4555 . 1839 . 0006
. 4555 . 1839 . 0006

9

-. 0009
-.0479
. 7850
. 0000
. 0000
-. 0052
-.0394
-. 0366
. 6525

9

. 9356

. 0041

. 0003
. 0000
. 0000
. 0000
. 0000
. 0300
. 0300

10

1. 0490
. 8544
. 0185
. 0000
. 0000
. 0000
. 0000
. 0390
. 0390

11

. 2584
. 6842
. 7085
. 0029
. 1818
. 0405
. 0148
. 0544
. 0544

12

. 4158
. 5255
. 1678
. 2329
-. 0005
. 4186
. 1899
. 0250
. 0250

TO TWO ELECTRONS REGARDLESS OF OCCUPATI ON

13

. 2803
. 0884
. 6725
. 2234
. 0554
. 0114
. 4832
. 0927
. 0927

OCCUPATI ON FOR G VEN MO OCCUPATI ON

X Y

. 93042 1. 06083

. 91732 . 95544

. 94467 . 95476

4 5 6

. 3421 -22.2980 1.5330
. 4824 1.4960 -22.5616
. 2390 -.0572 1. 2500
. 5739 . 9295 -. 0598
. 9295 -8.5813 L2171
. 0598 .2171 -8.8252
. 0117 -. 0007 -.0438
. 0004 . 0009 . 1084
. 0004 . 0009 . 1084

4

. 94767
. 91995
. 96048

. 2735

. 1022
. 1500 -

. 0117

. 0007
. 0438
. 9403

. 9195
. 9195

8

. 0155
1.1567
21.8976
-. 0004
. 0009

. 1084

. 9195
-8.8739
. 8539

14

. 0118
. 1010
. 9363
. 0000
. 0000
. 0000
. 0000
. 4755
. 4755

9

. 0155
1.1567
-21.8976
-. 0004

. 0009

. 1084

. 9195

. 8539
-8.8739
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FRASKMENT 1 FRASMENT 2
ATOM X Y z s P
N EXP cOUL N EXP couL
c1 . 00000 . 00000 .00000 2 1.7100 -21.4000 2 1.6250 -11.4000
c2 . 00000 . 00000 1.33600 2 1.7100 -21.4000 2 1.6250 -11.4000
H3 . 94397 . 00000 -.54500 1 1.3000 -13.6000
H 4 -. 94397 . 00000 -.54500 1 1.3000 -13.6000
H5 -. 94397 . 00000 1.88100 1 1.3000 - 13.6000
DI STANCE MATRI X
1 2 3 4 5

. 0000 1.3360 1.0900 1.0900 2.1046
1.3360 .0000 2.1046 2.1046 1.0900
1.0900 2.1046 .0000 1.8879 3.0740
1.0900 2.1046 1.8879 .0000 2.4260
2.1046 1.0900 3.0740 2.4260 .0000

a s wN P

ENERGY LEVELS (eV)

E( 1) =  59.97940 . 0000
E( 2) =  24.01856 . 0000
E( 3) =  16.47236 . 0000
B 4) = 9. 55473 . 0000
E( 5) =  -7.19547 .0000 LUMD

ICON-EDIT, Summer 1997
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FRAGMENT 1
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SUM OF ONE- ELECTRON ENERG ES
ORBI TAL STABI LI ZATI ON ENERGY
CORE- CORE REPULSI ON ENERGY
STABI LI ZATI ON + REPULSI ON

-11.70088
-13.80766
-15. 89625
-17. 25357

WAVE FUNCTI ONS
MO S IN COLUWS, AO S I N ROAS

c 1(9)
(X)
(v)
(2)

c 2(9)
(X)

(2)

-21.92741
- 28. 40937

1

-1.3782
. 0521

. 0000
-.7890

. 1819
-.1583

. 0000
-.9079

i

. 2955
. 3415
-.2869

- 206
-34

-29

2

-.6169
-.4942 -
. 0000
.5774 -

-. 6337
. 6330
. 0000

-.2928 -.

. 8644
.2904 -1.
. 8551

123

1.0000 sovC
2. 0000
2. 0000
2. 0000
2. 0000
2. 0000

. 28938984 eV
. 28938984 eV
. 74798623 eV
. 54140361 eV

3 4 5 6 7
LUMO SOMO

.2965 -.0543 . 0000 . 0442 . 0000

8936 -.7360 .0000 .0678 .0000

.0000 .0000 -.8286 .0000 .6270

7805 . 4876 . 0000 . 1008 . 0000

.1611  .2294 .0000 -.2606 .0000
.4696 -.3717 .0000 -.7610 .0000
.0000 .0000 .8286 .0000 .6270

4414 . 6289 .0000 -.4929 . 0000

. 0567 . 8618 . 0000 . 1122 . 0000

1230 -.3001 .0000 -.3066 .0000

. 3657 -.8121 . 0000 . 1220 . 0000

REDUCED OVERLAP POPULATI ON MATRI X, ATOM BY ATOM

1 2
2 1
3
4
5

REDUCED CHARGE MATRI X,

asrwWNRE

AT

g

ITOO0
B WN R

1
.6170 1.
.3287 3.
.7838 -.
.7480 -.
. 0750 .

1

. 9098
. 8753
. 0702
. 0856
. 0591

NET CHG

-. 00970
-. 16699
. 03028
. 06694

2
3287
1767 -
0655
0538 -
7712

2

. 5182
. 4367
. 4823 -.
. 0839
. 4789

3 4
. 7838 . 748
.0655 -.053
.6293 -.039
. 0398 . 609
.0024 -.006

5
0 -.0750
8 L7712
8 . 0024
0 -.0062
2 . 5743

5 6 7 8
SOMO
4 1.0000 .0532 1.0000 . 6299
5 1.0000 1.7347 1.0000 . 6660
2 . 0000 . 0199 . 0000 . 3282
0 . 0000 . 1434 . 0000 . 0014
9 . 0000 . 0488 . 0000 . 3745

-.0413
. 1730
. 0000

-.4313

-.0582
-. 2307
. 0000
. 4142

. 3611

. 0152
. 3824

9

. 8854
. 2124
. 3088
. 5446
. 0488

. 0031
-. 4832
. 0000
-.1207

-. 0641
-.2169
. 0000
. 0592

-. 3260
. 4307
L1112

. 5568
. 6132
. 2263
. 2194
. 3843

ATOM C ORBI TAL OCCUPATI ON FOR G VEN MO OCCUPATI ON

3 4
. 9653 . 570
. 2201 . 433
0023 . 470
. 7668 . 059
. 0502 . 466
S
1.17688
1.28641
. 96972
. 93306

ICON-EDIT, Summer 1997

X Y z
. 92469 1. 00000 . 90812
. 94010 1. 00000 . 94048

10

. 3377
-. 0007
. 0000
-.2439

-. 4416
. 0404
. 0000

-.1792

. 2417
. 2422
-.3295

11

. 9110
. 8080
. 0965
. 0960
. 0885

11

. 5132
. 0021
. 0000
. 0659

. 4851
. 0095
. 0000
. 0565

. 1152
. 1146
. 1122

MO S I N COLUWS, ATOVS | N ROAS, NORVALI ZED TO TWO ELECTRONS REGARDLESS OF OCCUPATI ON
10

Gion Calzaferri



*kkk*%x FRAGMENT 2*****

ATOM

IITITO
BWN R

X

1.23997
2.13827
1.25104
1.25104

DI STANCE MATRI X

1
2
3
4

1 2

. 0000 1.0900 1.0900 1
1.0900 .0000 1.7702 1

1.0900 1.7702

1.0900 1.7702 1.7796

ENERGY LEVELS (eV)

36. 35951
9.57776
9. 35041

-11. 82479
-16.69124
-16. 72382
-26.00333

SUM OF ONE- ELECTRON ENERG ES =
ORBI TAL STABI LI ZATI ON ENERGY =

CORE- CORE REPULSI ON ENERGY
STABI LI ZATI ON + REPULSI ON

WAVE FUNCTI ONS
MO S IN COLUWNS, AO S I N ROWS

c 1(9)
(X)
Q]
(2

H 2(9)

H 3(9)
H 4(9)

REDUCED

1

-1.3551
-.4073

. 0000
-.2795

. 7645
. 7585
. 7585

Y z S P
N EXP CouL N EXP CouL
. 00000 2.18185 2 1.7100 -21.4000 2 1.6250 -11.4000
. 00000 1.56447 1 1.3000 -13.6000
. 88982 2.81129 1 1.3000 -13.6000
-.88982 2.81129 1 1.3000 -13.6000
3 4
. 0900
. 7702
. 0000 1.7796
. 0000
. 0000
. 0000
. 0000 LUMO
1.0000 sovo
2.0000
2.0000
2.0000
-130. 66158242 eV
-24.26158242 eV
= 1.72799065 eV
= -22.53359176 eV
2 3 4 5 6 7
p*(CHg) LUMO  SOMO p(CHs)
. 0000 -.0047 . 2164 . 0012 . 0000 . 6419
. 0000 .6598 -.7802 -.3157 . 0000 -.0065
1. 1461 . 0000 . 0000 . 0000 -.5424 . 0000
.0000 -.9305 -.5554 . 4433 . 0000 -.0045
.0000 -.9977 -.0608 -.5052 . 0000 . 2188
-.8676 .5022 -.0615 .2523 -.4371 . 2189
. 8676 .5022 -.0615 . 2523 . 4371 . 2189

124

OVERLAP POPULATI ON MATRI X, ATOM BY ATOM

1 2
2.9691 . 7810
. 7810 . 6098
.7810 -.0468
.7810 -.0468

3

. 7810
-. 0468
. 6089
-. 0460

4

. 7810
-. 0468
-. 0460

. 6089

REDUCED CHARGE MATRI X, MO S I N COLUWS, ATOVS | N ROWS
NORMALI ZED TO TWO ELECTRONS REGARDLESS OF OCCUPATI ON

AWOWN P

ATOM

IITITO
B WN R

1 2

. 8252 1.0312
. 3947 . 0000
. 3900 . 4844
. 3900 . 4844

NET CHG

-. 14050
. 04646
. 04702
. 04702

3

1.0283
. 6434
. 1642
. 1642

4

1.9494
. 0167
. 0169
. 0169

ATOM C ORBI TAL OCCUPATI ON FOR G VEN MO OCCUPAT
X

S

1.25482
. 95354
. 95298
. 95298

ICON-EDIT, Summer 1997

5

6 7

. 9717 . 9688 1.2254
. 6869 . 0000 . 2583
. 1707 . 5156 . 2582
. 1707 . 5156 . 2582

Y z

. 95420 . 96876 . 96271

_————— - —»

<
* -

x
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kkkkkkkkk*% FMO kkkkkkkhkk*k

OVERLAP MATRI X (FOR FRAGVENT MOLECULAR ORBI TALS)

1 2 3 4 5 6 7 8 9 10 11 12 13 14
SOMO
FRAG 1( 1) 1.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0025 .0000 .0588
2) .0000 1.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0061 .0000 .0433
3) .0000 .0000 1.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 -.0195 .0000 .0429
4) .0000 .0000 .0000 1.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 -.0064 .0000 -.0737
5) .0000 .0000 .0000 .0000 1.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0935 .0000
6) .0000 .0000 .0000 .0000 .0000 1.0000 .0000 .0000 .0000 .0000 .0000 .0764 .0000 .0012
.0000 .0000 .0000 .0000 .0000 .0000 1.0000 .0000 .0000 .0000 .0000 .0000 .0990 .0000
8) .0000 .0000 .0000 .0000 .0000 .0000 .0000 1.0000 .0000 .0000 .0000 .0117 .0000 -.0875
9) .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 1.0000 .0000 .0000 .0035 .0000 -.0367
10) .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 1.0000 .0000 .0242 .0000 .0401
11) .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 1.0000 -.0055 .0000 .0112

PR S
~

FRAG 2( 1) .0025 .0061 -.0195 -.0064 .0000 .0764 .0000 .0117 .0035 .0242 -.0055 1.0000 .0000 .0000

(2 .0000 .0000 .0000 .0000 .0935 .0000 .0990 .0000 .0000 .0000 .0000 .0000 1.0000 .0000
(3 .0588 .0433 .0429 -.0737 .0000 .0012 .0000 -.0875 -.0367 .0401 .0112 .0000 .0000 1.0000
(4 .0229 -.0038 .0475 .0537 .0000 -.4159 .0000 .0040 -.1120 -.2322 .2612 .0000 .0000 .0000
(5) -.0643 -.0689 -.0314 .0714 .0000 -.0089 .0000 .0822 .0683 -.0605 -.0244 .0000 .0000 .0000
( 6) .0000 .0000 .0000 .0000 -.1173 .0000 -.1143 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(7)) -.0146 .0228 .0372 .0424 .0000 ~-.3407 .0000 .0164 -.0927 -.1571 .1694 .0000 .0000 .0000
15 16 17 18
FRAG 1( 1) .0229 -.0643 .0000 -.0146 7

2) -.0038 -.0689 .0000 .0228
3) .0475 -.0314 .0000 .0372
4) .0537 .0714 .0000 .0424
5) .0000 .0000 -.1173 .0000
6) -.4159 -.0089 .0000 -.3407
.0000 .0000 -.1143 .0000
8) .0040 .0822 .0000 .0164
9) -.1120 .0683 .0000 -.0927
10) -.2322 -.0605 .0000 -.1571
11) .2612 -.0244 .0000 .1694

PR
~

FRAG 2( 1) .0000 .0000 .0000 .0000
2) .0000 .0000 .0000 .0000
3) .0000 .0000 .0000 .0000
4) 1.0000 .0000 .0000 .0000
.0000 1.0000 .0000 .0000
6) .0000 .0000 1.0000 .0000
7) .0000 .0000 .0000 1.0000

N~~~ e~~~
ol

FRAGMENT 1 FRAGMENT 2

WAVEFUNCTI ONS
MOLECULE MOLECULAR ORBI TALS I N COLUWNS, FRAGVENT MOLECULAR ORBI TALS | N ROWS

1 2 3 4 5 6 7 8 9 10 11 12 13 14

FRAG 1( 1) .9697 -.2219 .0316 .0674 .0304 .0000 .0764 -.0725 .0000 .0000 .0293 -.0057 .0019 .000O0
2) -.0093 -.0961 .9387 -.1557 -.2536 .0000 -.0462 .1539 .0000 .0000 -.0386 .0116 -.0071 .0000
3) .0651 .1657 -.0427 -.9094 .1477 .0000 .3136 -.1703 .0000 .0000 .0248 .0010 -.0082 .0000
4) .0277  .1323 -.1196 -.0674 -.7478 .0000 -.2540 -.5989 .0000 .0000 .0231 -.0130 .0130 .0000
5) .0000 .0000 .0000 .0000 .0000 -.1891 .0000 .0000 -.9912 .0377 .0000 .0000 .0000 -.0624
6) -.2277 -.5637 .1579 .2424 .3295 .0000 .3921 -.6749 .0000 .0000 -.6201 .1075 -.0189 .0000
.0000 .0000 .0000 .0000 .0000 -.1403 .0000 .0000 -.0243 - .9881 .0000 .0000 .0000 -.1652
8) -.0125 .0041 -.0280 .0191 -.0687 .0000 .0798 .0262 .0000 .0000 .1605 .8992 .3972 .0000
9) -.0613 -.1141 .0279 .0698 .0479 .0000 .1118 -.1293 .0000 .0000 .2150 .0419 -.4046 .0000
10) -.0994 -.2426 .0895 .1018 .1687 .0000 .1271 -.2649 .0000 .0000 .2177 -.0829 .0732 .0000
11) .1108 .2223 -.0806 -.1208 -.1369 .0000 -.1609 .2459 .0000 .0000 ~-.1459 .0219 .0074 .0000

PR
~

FRAG 2( 1) .1432 .8770 .2193 .2518 .1991 .0000 .1475 -.2085 .0000 .0000 -.0551 .0078 -.0109 .0000
2) .0000 .0000 .0000 .0000 .0000 1.0047 .0000 .0000 -.0938 -.0347 .0000 .0000 .0000 -.0047
3) -.0898 .0440 -.1578 .1959 -.5398 .0000 .7795 .2279 .0000 .0000 -.0040 ~-.0215 -.0054 .0000
4) -.2815 -.4714 .2599 .3316 .3882 .0000 .4143 -.6612 .0000 .0000 .5552 -.1080 .0475 .0000
.0612 -.0331 .0864 -.0410 .0666 .0000 .0303 .0401 .0000 .0000 -.0932 -.4733 .8150 .0000
6) .0000 .0000 .0000 .0000 .0000 -.0454 .0000 .0000 -.1859 ~-.2705 .0000 .0000 .0000 .9583
7) -.1459 -.3155 .1163 .1956 .2253 .0000 .2179 -.3351 .0000 .0000 -.2019 .0319 -.0460 .0000

N~~~ e~~~
ol

15 16 17 18

FRAG 1( 1) -.0049 .0014 -.0230 .0143
2) .0053 -.0013 .0277 -.0168
3) -.0068 .0036 -.0166 .0085
4) .0013 .0040 -.0158 .0074
5) .0000 .0000 .0000 .0000
6) .0257 -.0753 .1129 -.0295

~~~—~—~
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7)
8)
9)
10)
11)

~~~—~—~

FRAG 2( 1)
2)
3)

5)
6)
7)

A~~~ e~~~

. 0000
. 1025
. 8829
. 0152
. 0286

. 0251
. 0000
. 0047
. 1482
. 3380
. 0000
. 1208

. 0000
. 0014
. 0399
. 8989
. 0547

. 0350
. 0000
. 0021
. 1965
. 0189
. 0000
. 4026

. 0000
. 0099
. 0344
. 2990
. 5372

. 0019
. 0000
-.0011
. 0201
. 0053
. 0000
-.7802

ICON-EDIT, Summer 1997

. 0000
. 0060
. 0054
. 0685
. 8309

. 0373
. 0000
. 0014
. 0491
. 0059
. 0000
. 3867

126
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OVERLAP POPULATI ON MATRI X FOR 18 ELECTRONS

1 2 3 4 5 6 7 8 9 10 11 12 13 14
FRAG 1( 1) .0033 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(2 .0000 .0055 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000
( 3) .0000 .0000 .0022 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000
(4 .0000 .0000 .0000 .0024 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
( 5) .0000 .0000 .0000 .0000 .0106 .0000 .0000 .0000 .0000 .0000 .0000 .0000 -.0004 .0000
( 6) .0000 .0000 .0000 .0000 .0000 .8328 .0000 .0000 .0000 .0000 .0000 .0106 .0000 .0000
(7 .0000 .0000 .0000 .0000 .0000 .0000 2.0073 .0000 .0000 .0000 .0000 .0000 .0139 .0000
( 8) .0000 .0000 .0000 .0000 .0000 .0000 .0000 2.0055 .0000 .0000 .0000 -.0002 .0000 .0079
(9 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 1.9879 .0000 .0000 .0002 .0000 .0006
( 10) .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 1.9240 .0000 .0020 .0000 .0004
( 11) .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 2.0093 .0005 .0000 -.0001
FRAG 2( 1) .0000 .0001 .0001 .0000 .0000 .0106 .0000 -.0002 .0002 .0020 .0005 .0129 .0000 .0000
(2 .0000 .0000 .0000 .0000 -.0004 .0000 .0139 .0000 .0000 .0000 .0000 .0000 .0025 .0000
( 3) .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0079 .0006 .0004 -.0001 .0000 .0000 .0011
(4 .0016 .0004 .0026 .0030 .0000 .5740 .0000 -.0001 .0121 .0356 -.0260 .0000 .0000 .0000
( 5) .0001 .0016 .0015 .0043 .0000 -.0001 .0000 -.0270 -.0192 -.0140 -.0027 .0000 .0000 .0000
( 6) .0000 .0000 .0000 .0000 .0329 .0000 -.0498 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(7) -.0010 -.0018 .0018 .0019 .0000 -.0038 .0000 -.0012 -.0141 -.0316 -.0587 .0000 .0000 .0000
15 16 17 18
FRAG 1( 1) .0016 .0001 .0000 -.0010
(2 .0004 .0016 .0000 -.0018 7
( 3) .0026 .0015 .0000 .0018
(4 .0030 .0043 .0000 .0019
( 5) .0000 .0000 .0329 .0000
( 6) 5740 -.0001 .0000 -.0038
(7 .0000 .0000 -.0498 .0000
(8 -.0001 -.0270 .0000 -.0012
(9 .0121 -.0192 .0000 -.0141
( 10) .0356 -.0140 .0000 -.0316
( 11) -.0260 -.0027 .0000 -.0587
FRAG 2( 1) .0000 .0000 .0000 .0000
(2 .0000 .0000 .0000 .0000
( 3) .0000 .0000 .0000 .0000
(4 7712 .0000 .0000 .0000
( 5) .0000 2.0231 .0000 .0000
( 6) .0000 .0000 1.9830 .0000
(7 .0000 .0000 .0000 1.9577

REDUCED OVERLAP POPULATI ON MATRI X,

FRAGVENT BY FRAGVENT FRAGMENT 1 FRAGMENT 2
1 2

FRAG 1  10.7908 .4577

FRAG 2 4577 6.7515

COWPLETE CHARGE MATRI X FOR EACH MO, NORMALI ZED TO TWO ELECTRONS REGARDLESS OF OCCUPATI ON

1 2 3 4 5 6 7 8 9 10 11 12 13 14
FRAG 1( 1) 1.8553 .0981 .0014 .0117 .0000 .0000 .0194 .0105 .0000 .0000 .0030 -.0002 -.0002 .0000
(2 .0003 .0177 1.7440 .0435 .1404 .0000 .0009 .0476 .0000 .0000 .0030 .0010 .0009 .0000
(3 .0049 .0389 .0034 1.6033 .0429 .0000 .2327 .0687 .0000 .0000 .0023 .0000 .0005 .0000
(4 .0009 .0218 .0202 .0081 1.0083 .0000 .1416 .7921 .0000 .0000 .0018 .0013 .0019 .0000
(5 .0000 .0000 .0000 .0000 .0000 .0340 .0000 .0000 1.9391 .0050 .0000 .0000 .0000 .0219
( 6) .0231 .2174 .0082 .0280 .0693 .0000 .1235 .4074 .0000 .0000 .9744 .0315 .0012 .0000
7 .0000 .0000 .0000 .0000 .0000 .0100 .0000 .0000 .0006 1.8984 .0000 .0000 .0000 .0909
(8) .0000 .0000 .0001 .0002 .0012 .0000 .0034 -.0001 .0000 .0000 .0486 1.5509 .3686 .0000
(9 .0010 .0075 .0000 .0008 .0008 .0000 .0043 .0079 .0000 .0000 .0710 .0016 .2832 .0000
( 10) .0030 .0284 .0008 .0021 .0075 .0000 .0076 .0303 .0000 .0000 .0543 .0058 .0029 .0000
( 11) .0021 .0188 -.0003 -.0002 .0017 .0000 .0028 .0094 .0000 .0000 .0095 .0005 -.0001 .0000

9) 1. 6096 . 0045 . 0072 . 0005
10) .0006 1.5881 . 2492 . 0194
11) . 0001 . 0041 . 4407 1.5110

FRAG 2( 1) .0353 1.4404 .1058 .1467 .0912 .0000 .0526 .1085 .0000 .0000 .0104 .0004 .0002 .0000
(2 .0000 .0000 .0000 .0000 .0000 1.9553 .0000 .0000 .0354 .0090 .0000 .0000 .0000 .0003
(3 .0058 .0018 .0328 .0619 .5157 .0000 1.2577 .1189 .0000 .0000 .0002 .0045 .0003 .0000
(4 .0569 .0938 .0716 .0817 .1080 .0000 .1414 .3738 .0000 .0000 .7821 .0280 .0083 .0000
(5 -.0001 .0001 .0013 .0008 .0016 .0000 .0005 .0005 .0000 .0000 .0126 .3734 1.3319 .0000
( 6) .0000 .0000 .0000 .0000 .0000 .0007 .0000 .0000 .0248 .0876 .0000 .0000 .0000 1.8869
7 .0115 .0153 .0107 .0114 .0114 .0000 .0117 .0246 .0000 .0000 .0268 .0015 .0005 .0000

15 16 17 18

FRAG 1( 1) .0003 .0000 .0005 .0003
(2 -.0002 .0000 .0005 .0003
(3 .0003 .0001 .0015 .0004
(4 .0001 .0001 .0015 .0004
(5 .0000 .0000 .0000 .0000
( 6) .0023 .0193 .0836 .0109
7 .0000 .0000 .0000 .0000
(8 .0271  .0000 .0000 .0000
(
(
(

FRAG 2( 1) .0015 .0036 .0001 .0034
(2 .0000 .0000 .0000 .0000
(3 .0004 .0002 .0000 .0000
(4 .0732 .1506 .0015 .0291
(5 .2751 .0028 -.0003 -.0001
(6 .0000 .0000 .0000 .0000
7 .0095 .2268 1.2140 .4244
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REDUCED CHARGE MATRI X, MO S I N COLUWS, FRAGMVENTS |IN ROWS

1 2 3 4 5 6 7 8 9 10 11 12 13 14
LUMO HOMO
FRAG 1 1.8906 . 4487 1.7778 1.6975 1.2721 . 0440 .5361 1.3737 1.9397 1.9034 1.1679 1.5923 . 6588 . 1128

FRAG 2 .1094 1.5513 . 2222 . 3025 L7279 1.9560 1.4639 . 6263 . 0603 . 0966 . 8321 L4077 1.3412 1.8872
15 16 17 18
FRAG 1 1.6403 1.6161 . 7847 1.5432
FRAG 2 . 3597 .3839 1.2153 . 4568
ATOM NET CHG FRAGVENT MO OCCUPATI ON FOR G VEN MOLECULAR MO OCCUPATI ON
FRAGVENT 1: -. 01966 . 00363 . 00563 . 00519 . 00698 . 02688 1.12309 1.98939 1.99517 1.97768 1.92025 1.96577
FRAGVENT 2: . 01966 . 01959 . 00922 . 00543 1.07279 1. 99539 1.97452 1. 90340

Thetotal charge shift is small!

Overview:

FRAGMENT 1 FRAGMENT 2
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Pr opene
B 1) =
B 2) =
E( 3) =
B 4) =
E( 5) =
E(6) ps* =
B 7) =
E( 8) =

E(9) P, =

E(10)p, =

E( 11)

B 12)

E( 13)

E(14) p.

E( 15)

E( 16)

E( 17)

E( 18)

62. 85095

46. 41573

25.72215

18. 29330

13. 85685

10. 63028

8. 10562

5.22319

-7.00648

-13. 59232

-14.93929

-15. 66521

-16. 74145

-16. 85475

-17.37493

-21.53021

-25. 82475

-29. 15800

Fragment 1

. 0000

. 0000

. 0000

. 0000

. 0000 B 1) =
. 0000 B 2) =
. 0000 B 3) =
. 0000 B 4) =
. 0000 E(5) p* =
2. 0000 B 6 =
2. 0000 BNp =
2.0000 E 8) =
2.0000

2.0000
2.0000 B9 =
2.0000 & 10) =
2.0000
2.0000 B =

129

59. 97940

24. 01856

16. 47236

9. 55473

-7.19547

-11. 70088

-13. 80766

-15. 89625

-17. 25357

-21.92741

- 28. 40937

. 0000

. 0000

. 0000

. 0000

. 0000

1. 0000

2. 0000

2.0000

2. 0000

2. 0000

2. 0000

Fragment 2
E( 1) = 36. 35951
E(2)p* = 9.57776
E( 3) = 9. 35041
E( 4) = -11.82479
E( 5) = -16.69124
E(6)p = -16.72382
E( 7) = -26.00333

Exercise: Draw the correlation diagram between the two fragments and propene.
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/ PARAMETERS

For adiscussion of Slater exponents and coefficients we refer to [11], [18-31].

Below we give a table of references in which extended-Huckel parameters for the corresponding
elements are reported. The references are not complete, they can, however, be used as a guide. We
recommend in every case to check the parameters.

Element Reference Element Reference Element Reference
Ac 32 He 46 Pd 57

Ag 33 Hf 32 Pt 40

Al 33,10 Hg 47,79 Rb 65

As 34 I 48 Re 58

Au 36 In 44 Rh 40, 59

B 10 Ir 49 Ru 45, 60, 80
Be 35 K 38 S 8

Bi 37 La 50 Sb 62

Br 38 Li (Lip) 10 Sc

C 1,8 Li(metal) 51 Se 63, 66
Ca 39 Mg 52 S 7,9, 33,67
Cd 79 Mn 12, 40 Sm 32

Ce 32 Mn(metal) 41 Sn 65

cl 40 Mo 40 Sr 65

Co 40,5 N 8 Ta 68
Co(metal) 41 Na (Nap) 10 Tc 69

Cr 40 Na(metal) 51 Te 70, 79
Cr(metal) 40 Ne 46 Th 71

Cs 38 Nb 40 Tl(metal) 41

Cu 43 Ni 54 U 71

F (F) 10 Ni(metal) 41 \% 73

Fe 40, 42 O 8 V(metal) 41
Fe(metal) 41 Os 80 w 58

Ga 44 P 40 Yb 74

Gd 32 Pa 32 Zn 76

Ge 45 Pb 56, 79 Zr 75

H 1
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