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Preface

Like in all the previous versions the package experienca@ihagpme more or less
cosmetic improvements in the program structure and feveratimall changes in the
format structure of the output files. DGrid 4.5 includes newtines covering two
important topics — the search for the critical points anddhaluation of overlap
integrals.

The search for critical points is based on approach vergmifft from the one
used in the 4.4 version. Now the whole grid field is searchetitha basins are no
more necessary for the choice of the starting points (blitusted for convenient
descriptors). Besides the attractors and saddle poirddtadsring critical points as
well as the minima are identified and evaluated. The routive¥ reliable for the
electron density. For steep properties, like ELI-D, thegpam searches only outside
(predefined) atomic core regions to avoid numerical inktas.

New feature in DGrid is the analytical calculation of overlategral which can
be evaluated when Gauss-type basis is used within grid lmiersted parallel with
the Cartesian axes. The overlap integrals enables thela@dcuof fluctuation and
delocalization indices over basins.

Additionally, the source code and the description of thelenentation and us-
age of the interface to the visualization program Avizo isag pf the DGrid pack-
age. Avizo is relatively expensive (but excellent) progiamd thus will probably not
suit everybody’s potentiality. With the interface to thedrvisualization program
OpenDX another possibility is offered by the package. Therface to OpenDX
as well as the corresponding part of the manual was writteDrbylexey |. Bara-
nov. He also made lot of testing of DGrid and found many of titmompatibilities
occurring during the development process.

The manual was written with Latex using the SVMono style. phemission of
Springer is acknowledged.



ii Preface

Rudimentary help for certain parts of DGrid is given by cati

dgrid -h

which prints the following information:

dgrid -p print property keywords
dgrid -s print spin keywords
dgrid -t print type keywords
dgrid -u utilities

dgrid  -v print DGrid version

Radebeul, September 2009 M. K.
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Chapter 1
Property Grids

1.1 Disclaimer

The program DGrid is distributed ‘as is’ without warranttésny kind. No respon-
sibility of any kind is assumed from the use of DGrid. Use thiéofving citation for
the program DGrid:

M. Kohout, DGrid, version 4.5, Radebeul, 2009

1.2 Distribution

DGrid source code is distributed free of charge. The codeiesin the ownership
of the author. The copyright must not be changed when adatim code. DGrid

can be freely redistributed. However, all changes and ctiores implemented after
the latest distribution will be sent only to registered gser

1.3 Installation

The program DGrid is written in C++, i.e., an appropriate pdar must be avail-
able. The installation on a Unix system and on a Windows P@@udlS Visual
Studio) is described.
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1.3.1 Linux

Unpack the distribution tar file dgrid-4.5.tar.gz using toenmands:

gunzip dgrid-4.5.tar.gz
tar xf dgbas-4.5.tar

This creates new directodgrid-4.5(the filedgrid.slnis needed only for Windows
installation). Change to the directodgrid-4.5 Besides the directorgoc with the
documentation and examples there should be the direstonyith all the source
code files and a makefile (the fitiyrid-4.5.vecprojis needed only for Windows in-
stallation). View the makefile - you may have to change theaafrthe compiler
(for instance xIC on the IBM-AIX) and the compiler optionsGEid will be created
with the command:

make

The executablegrid-4.5  will be written to the directory SHOME/bin (this can
be changed in the makefile). For convenience, link this edstel with the name
dgrid:

In -s dgrid-4.5 dgrid

Run the DGrid calculation with the command:

dgrid controlfilename

Thecontrolfile name is given as a parameter (i.e., withcal)! The output goes to
the console, unless tlwitputfile name is given in theontrolfile, cf. the Sec. 1.6,
‘Control file’, page 6).

1.3.2 Windows

In this section the compilation of DGrid with Visual Studio(8S8) is described.
Change to the directory where you wish to save the VisualiStBdbject, for in-
stanceC:\Mydir. Create an empty directory namedrid in which the distribution
tar file dgrid-4.5.tar.gz has to be unpacked with an appatg@iVindows tool (like
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Wintar or 7-zip). Change into the directodgrid. You should find there the project
file dgrid.sInand the directorylgrid-4.5 The directorydgrid-4.5contains, besides
the directorydoc with the documentation and examples, the direcgygwith all
the source code files and the filgrid-4.5.vcproj

Start the VS8 and open the projeltdrid using the project filelgrid.sin Build
the projectgrid. This compiles all the files and creates the executagti-4.5.exe
which can be finally found in the directofy:\ Mydir\dgrid\Release
Run the DGrid calculation with the command:

C: \Mydir \dgrid \Release \dgrid-4.5.exe controlfilename

The output goes to the console, unlessdbgputfile name is given in theontrol
file, cf. the Sec. 1.6, ‘Control file’, page 6).

1.4 Introduction

DGrid is a program for the generation of property values orequidistant grid
(respectively at a single point only) and the analysis oségridded fields, inclusive
the basin search. For the calculation of property valuesripot files are essential:

1. basisfile with the information about the basis set and the moleaulaital repre-
sentation (for Cl calculation additionally also the deysitatrices) for the evalu-
ated atom or molecule. The atomic or molecular data filesl@gpy one of the
quantum chemical packages GAUSSIAN [13], MOLPRO [34], MAA[4],
TURBOMOLE, and ADF [1], respectively, need to be converted ithe DGrid
basisfile format. This conversion is described in the next section

2. control file (written by the user) with keywords controlling the pesty value
calculation.

Both basisandcontrol file must be written in a special format. The information is
read in by the parsing routirdcard that obeys few simple rules:

Empty lines and lines starting with a colon are skipped.

Strings and numbers terminated by a colon are skipped.

Strings and numbers must be separated by one or more blanks.

Two colons at the beginning mark the line as a text input — ithe ik read in
without parsing (e.g., as a title).

e String followed by ‘=" is a variable. The string or numberl@ling the equal
sign is assigned to this variable.
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1.5 Basis file

Each of the quantum chemical packages GAUSSIAN, MOLPRO, 8§, TUR-
BOMOLE, and ADF provide an option to write the informatioroaib (among oth-
ers) the molecular geometry, basis set, i.e., the atomitatsi{AO), and the result-
ing molecular orbitals (MO) to a separate output file. Thasgpot files are written
in different formats. Additionally, ADF is based on Slatgpe orbitals, whereas the
other programs use Gauss-type orbitals.

GAUSSIAN calculations supply the formattedmewtn file as well as the binary
check-point filenamechk, where the latter need first to be converted into the &rm
ted check-point filsmamefchk using the GAUSSIAN utilityformchk . Similarly,
the density functional program ADF writes the required mfation to a binary
file TAPE21, that needs to be converted into a formatted fileguthe ADF utility
dmpkf . For MOLPRO, MOLCAS, and TURBOMOLE the necessary inforroati
need to be written to a file imoldenformat. In case of TURBOMOLE include in
themoldenfile as the second line the string:

[TURBOMOLE]

otherwise the normalization afand f functions will be wrong.

DGrid reads the necessary information from thasisfile written in a special
format. Thus, the quantum chemical packages output files toelve converted into
this format by the conversion routines included in the DQadkage:

dgrid formatted-gm-file

The resulting DGridbasisfile includes all orbitals from the quantum chemical cal-
culation (occupied as well as the virtual ones). Of coursthé DGridbasisfile the
unoccupied orbitals have occupations equal zero. To irclhése orbitals into the
property calculation change the occupations manuallyerx@rid basisfile (or in
the controlfile using the keyworaccupation). However, virtual orbitals cannot be
used for partial ELI-D.

Find in the examplesdirectory of the DGrid package the formatted GAUS-
SIANO3 checkpoint file C3H3NCOHF_6-31G.fchk for the oxazole molecule (ge-
ometry from Ref. [29] re-optimized with GAUSSIANO03). Usitige command:

dgrid C3H3NOHF_6-31G.fchk

yields the DGridbasisfile file C3H3NQHF_6-31G.g03 with 51 orbitals (6-31G
basis set). Of course, only 18 orbitals are (doubly) ocalipie
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Table 1.1 Basis file name extender subject to QM package used

Program descr. Source Extender
GAUSSIAN94 Checkpoint file — g9%4
GAUSSIAN98 Checkpoint file — g98
GAUSSIANO3 Checkpoint file — g03
GAUSSIAN WEN file — gwf
MOLPRO molden file — mp
MOLCAS molden file — mc
MOLDEN molden file — md
ADF TAPE21 — adf
ADF TAPE21 (loc. orbitals) — adf loc
CLEMENTI-ROETTI Tables [10] — CR

The first line of thebasisfile starts with the keyword ‘BASISFILE’. Additionally,
the version of DGrid creating the data is included. Hasisfile contains the in-
formation about the package used for the quantum chemitallation as well as
the date, time and the title of the calculation, followed hg toordinates of the
involved atoms and the assignment of the basis sets to thesafsfter the header
‘MO DATA the descriptor and the atomic orbital expansiom fsach symmetry is
given (sym: NONE means orbital output without symmetry digsors). In the AO
expansion the number and the descriptor point to the atontrendorresponding
AO, respectively, in the basis set list. For example ‘3 s thep, AO on the atom
number 3 (nitrogen), with the exponents and coefficienthefd¢econdo AO on
this atom (the first one is without the character appendetd.AD expansion de-
scriptors are followed by the energy and the MO coefficieot®fich orbital in the
symmetry. Théasisfile C3H3NQHF_6-31G.g98 from the above example reads:

BASISFILE  created by DGrid version 4.5  07-08-2009
program: GAUSSIANO3 date: Fri Aug 7 15:58:46 2009

title
©:C3H3NO HF 6-31G

:atom  No. X y z charge
(] 1 -2.0618 0.5748 0.0000 8.00
C 2 0.0000 21211 -0.0000 6.00
N 3 2.0869 0.8955 -0.0000 7.00
C 4 1.4135 -1.6748 -0.0000 6.00
C 5 -1.1101 -1.8596 0.0000 6.00
H 6 -0.3077 4.1025 -0.0000 1.00
H 7 2.8049 -3.1219 -0.0000 1.00
H 8 -2.4310 -3.3680 0.0000 1.00

L — +
calculation: RESTRICTED
L — +

Energy=  -244.50273 Hartree Electrons= 18 alpha + 18 beta
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1.88046958e+02
6.84450781e-02

Frmmmmm e +
basis: CARTESIAN GTO
R — +
: atom No. type exponents and coefficients
(o} 1 s exp: 5.48467166e+03 8.25234946e+02
coe: 1.83107443e-03 1.39501722e-02
H 6- 8 s e 1.61277759e-01
[ —— +
| MO DATA |
B +
sym: NONE 1 s 1 py 1 pz
:orb energy coefficients
1 -20.65207 0.9958683260 -0.0005791664 0.0000000000
) 51 2.16106 0.0133842933 0.0285089560 0.0000000000
;end of MO data
[ — +
| OCCUPATION |
e +
# symmetry orb ALPHA BETA
1 NONE 1 1.00000000000 1.00000000000
51 NbNE 51 0.00000000000 0.00000000000

Notice that the molecular orbital number 51 has positivétarbnergy (like all other
virtual orbitals in thébasisfile). The MO expansion coefficients are followed by the
occupation section. Only the first 18 orbitals are occuhed.an actual DGrid cal-
culation thebasisfile can be renamed to any name. The name of the partibakis
file is known by the DGrid program through the assignméasis=basisfilename

in the controlfile described in next section.

1.6 Control file

For thecontrol file any name can be chosen. Tewntrol file supplies all the infor-
mation concerning the calculation. The data must compli wie rules described
in the introduction. Following is the examptho.inp for the control file (see the

exampleglirectory):
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TITLE

::C3H3NO HF 6-31G

‘KEYWORDS

basis=C3H3NO_HF_6-31G.g03
output=C3H3NO_run

:CHOOSE THE DESIRED PROPERTIES

compute=rho
compute=rho laplacian

mesh=0.05 4.0
END

The first readable information in theontrol file must be the title (remember that
all empty lines as well as lines beginning with a single cokathbe skipped). The
title line starts with two colons, i.e., the line will not baiged. The two colons are
obligatory, whereas the title text can be omitted (i.e., gntile). If some title text
is found in this line, it will be written into the header of égaropertyfile.

The keywordbasisis followed by the name of thbasisfile (described in the
previous section). This can also be a UNIX path to this file.

The keywordoutput is followed by the generic name of thautput file. To
this name the extension ‘.dg’ will be appended (for the abexample the out-
put will be written to the fileC3H3NQrun.dg. Using the assignmenbttput=.’
the name of theoutputfile would be generated from thieasisfile name (i.e.,
the file nameC3H3NQHF_6-31G.g03.dgvould be generated from tHeasisfile
C3H3NQHF_6-31G.g03.g98 Omitting theoutput keyword will send the output
to the console. In theutputfile some setup information and the calculation progress
is shown. For a single point calculation (see the keywpalrit="in Sec. 1.8) all
property data will be printed to the given output file.

At least onecompute assignment, choosing the property to be computed, is
obligatory for a grid calculation. With the keywombmpute the desired property
to be computed is chosen. Each property must have its oampute=property’
assignment. In the above example the electron density aricajplacian will be
computed. Let as have a closer look ontbenputeassignments. The general form
is (case insensitive):

compute=property <type> <spin> <pair>
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Depending on the combination of the descriptors rémult file name will be af-
fected. As already shown above for the density Laplaciathéresult file name
the string ‘lap’ will precede the property name. With the descripterspin> and
<pair> additional information will be appended to thesultfile name. In Tables
1.2to 1.4 the possible descriptors are given together Wélstrings (extenders) that
will be appended to theesultfile name (exemplary for the propenyop and the
generic namélenamen coordinate space, i.e., withr* appended).

Table 1.2 Grid file name extender subject to property type

Property type File namé

— filename.propr
gradient-mag — filenamegrad-mag_prop.r
gradient-vec — filenamegrad_prop_r
In-derivative — filenameln_deriv_prop.r
hessian — filenamehessprop.r
laplacian — filenameap_prop.r

Ld

relative-laplacian filenamerel-lap _prop.r

a Exemplary for the generic nanfidienameand propertyprop in real space

If <type> is omitted, cf. the first line in Tab. 1.2 then the propertyueaWill be
computed (and theesultfile namedfilename.propr). The <type> descriptors can
be listed with the commandigrid -t

Table 1.3 Grid file name extender subject to property spin

Property spin File namé
alpha — filename.propr_a
beta — filename.propr_b
both — filename.propr
singlet — filename.propr_s
triplet — filename.propr_t

a Exemplary for the generic nanfidienameand propertyprop in real space

If <spin> is omitted, then total spin will be used for 1-particle prdpdi.e., the
default value ihoth , cf. Tab. 1.3). For exceptions from this rule, as well as the
choice in case of 2-particle property see remark 1.1 beltw.Jspin> descriptors
can be listed with the commanddrid -s .

If <pair> is omitted, then the default value is eitherknown (in which case the
file name is created as fapinless , cf. Tab. 1.4) or the value is spin depen-
dent, see remark 1.1 below. Thgair> descriptors can be listed with the command
‘dgrid -s ’

Remark 1.1The descriptors can be omitted when calling doenpute command.
Then the default values fertype>, <spin>, <pair> will apply. In case oktype>
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Table 1.4 Grid file name extender subject to property pair spin

Property pair spin File namé
alpha-alpha — filename.propr_aa
beta-beta — filename.propr_bb
alpha-beta — filename.propr_ab
beta-alpha — filename.propr_ba
singlet-pair — filename.propr_sg
triplet-pair — filename.propr _tr
spinless — filename.propr

a Exemplary for the generic nanfidienameand propertyprop in real space

the property value will be computed. Faspin> and<pair> the default values de-
pend on the property. For a 1-particle property (like thecteten density, kinetic
energy density, local source, etc.) thespin> descriptor is set tdoth , except
for ‘compute=phi’ and overlap integrals, in which case the majority spliipha

is chosen. For 2-particle property thgpair> descriptor is set in accordance with
the <spin> descriptor, i.e.alpha-alpha  pair spin ifalpha spin is given, etc.
(if <spin> given, otherwisespinless is used). If only<pair> descriptor is
given, then the<spin> descriptor is set accordingly (for thepair> descriptor
spinless  the <spin> descriptoboth is used).

The propertyfile names are generated from the generic file name (which is ei
ther thebasisfile name or the file name assigned by the keywasllt, see be-
low). For each property a unique file extension, given in &abls, will be ap-
pended to the generic file name. Additionally, for propsrtiemputed in coordinate
space the descriptor’ will be appended (for calculations performed in momentum
space — keywordspaceemomentum’ — the descriptorp’ would be appended). In
the abovecontrol file the properties are given by the assignmentsripute=rho’
and ‘compute=rho laplacian’, i.e., the total electron density (summiny both
spins) and the total density Laplacian is chosen. The pvoperty files will be
namedC3H3NQHF_6-31G.g03.rha andC3H3NQHF_6-31G.g03.laprho.r, re-
spectively (because of the assignmeasiss=C3H3NQHF_6-31G.g03.

As already mentioned, the generic file name can be changed tie@ keyword
result. For instance, with the assignmengsult=C3H3NO the two propertyfiles
would be name@€3H3NO.rhar andC3H3NO.laprho_r, respectively.

In any case, files written by DGrid will not overwrite alreadyisting files. If
a file exists, DGrid will create new file name by appendinfj to it (and suc-
cessively higher numbers). Tipgopertyfiles will be written in the DGrid format
(special header and 5 values per line). This can be changhdegwordformat
(cf. Sec. 1.8).

Per default all properties are computed in the real (coatdinspace. With the
assignmenspacemomentum it is possible to perform the calculation of the de
sired properties in the momentum space. At the time the flbamstion into the
momentum space is done only for Gauss-type orbitals.
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The assignmenimesh=0.05 4.0’ defines the grid region. The keywordesh’ is
followed by the mesh-size, i.e., the distance between heighg grid points (the
units from thebasisfile are used which is usually set to bohr). Additionally, adey
around the initial box can be given. In the example a grid Withdistance between
neighboring points of 0.05 bohr and a border of 4.0 bohr wélldoeated around
the GH3NO molecule. The program works as follows (cf. Fig. 1.1 ong2§).
From the atomic positions the average coordinate is cordpUtee ‘initial box’
(the smallest box around the molecule enclosing all atosns)gated. The box sides
are parallel to principal axes of the molecular rotatiotigdsoid (however, as given
by the example, not necessarily parallel with the coordimaies — to achieve this
add the keyworgbarallel). The ‘initial box’ is enlarged in all three directions byeth
border of 4.0 bohr (the grid region dimensions being mudtipl the mesh-size of
0.05 bohr). This results in a grid of 266309 x 161 points (with the dimensions of
13.25 bohrx 15.4 bohrx 8.0 bohr, cf. the lower diagram in Fig. 1.1).

Following example for theontrol file showing another possibility to define the
grid region is given by the filelid_vec.inp(see theexampleslirectory):

TITLE

::C3H3NO HF 6-31G

‘KEYWORDS

basis=C3H3NO_HF_6-31G.g03

output=.

:CHOOSE THE DESIRED PROPERTIES

compute=ELI-D triplet-pair

GRID_DEFINITION: vectors

X Y Zz
origin: -6.0 -7.0 -4.0
INTERVALS:
i-vector: 120 0.0 0.0 120
j-vector: 0.0 140 0.0 140
k-vector: 0.0 0.0 8.0 80

END

Here, the grid region is explicitly given by three vectorbeTdefinition starts with
the keywordvectors It is followed by a line with three floating point numbers
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for the coordinates of the region origin. Next three lineatem the data for three
vectors spanning the chosen volume (i.e., the shift withecesto the region origin,
NOT the endpoints of the vectors) as well as the number ofvate along each
vector. In the example an orthogonal grid (parallel to thet€xan axes) of 12%
141x 81 points in a box of 12 bohx 14 bohrx 8 bohr (i.e., 0.1 bohr mesh) with
lower left vertex at the coordinates [-5.0, -5.0, -8.0] void computed.

The assignmenbiutput=." in the above example directs the program to write the
output data into the fil€E3H3NQHF_6-31G.g03.d@s determined by theasisfile
name. The compute=ELI-D triplet-pair’ assignment yields a data grid writtém
theresultfile namedC3H6._test.elidr_t_tr, showing that in this case ELI-D is based
on the charge of triplet-coupled electrong’(part) that is needed to form a fixed
fraction of triplet pair (tr’ part) [23]. Additionally, it can be seen that in this case
the <spin> descriptor is set automatically to ‘triplet’ (similarlyoif the assignment
‘compute=ELI-D triplet’ the <pair> descriptor would be set to ‘triplet-pair’).

The properties are computed at every grid point from all pad orbitals. The
occupations are given in tHzasisfile for each orbital of particular symmetry. To
compute a property for specified orbitals (for instance theteon density based on
certain orbitals) the occupations must be specified afeekédywordoccupation
The data must be written in 1 line for each chosen orbitaktRlte name of the
symmetry must be given, followed by the number of the desirbital in this sym-
metry (the number is accessible from thasisfile) together with thea-spin and
B-spin occupations. In theontrol file rho_orb.inp, shown below, the orbitals num-
ber 17 and 18 of the symmetry ‘NONE’ (GAUSSIAN output with@ymmetry),
both double occupied, are selected for the calculatiohdficcupation input is not
the last command in theontrol file then the occupation block must be closed with
the occupationend command on a separate line. To compute the amplitude (i.e.,
not the orbital density) for 1 single orbital, ussompute=phi’. In this case only 1
orbital is allowed in the occupation section.

TITLE

::C3H3NO HF 6-31G

‘KEYWORDS

basis=C3H3NO_HF_6-31G.g03

output=.

:CHOOSE THE DESIRED PROPERTIES

compute=rho

mesh=0.1 4.0

USERS_OCCUPATION_INPUT:  occupation
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. SYM # ALPHA BETA

NONE 17 1.0 1.0
NONE 18 1.0 1.0
END

Table 1.5 summarizes the properties that can be calcultéted¢nditional proper-
ties are given in Table 1.6 on page 14). For almost all pragsetthe derivatives can
be computed using thetype> descriptors for the it compute keyword, cf. page 8.
ELI-D in Table 1.5 is written adp = p\p, i.e., the electron density multiplied

by the pair volume functiokp. As described in Ref. [18, 32] ELI-D can be exactly
decomposed into orbital contributions, the same way asl#ioéren density is given
by the sum over orbital contributions.

The calculation of the ELI-D contributions is performedhwvihe property key-
word ‘pELI-D’, for instance with tompute=pELI-D alpha’, cf. thecontrol file
pelid.inpin the exampledirectory. In this case th&y', i.e., ELI-D for thea-spin
pairs is considered. The contributions of the two highestpid orbitals toy are
chosen with the keywordccupation The pair-volume functiop for pELI-D is
of course computed from the total pair density. The occopatof the chosen or-
bitals are highlighted in theutputfile. Observe, that although the occupations are
given for both spins, only the-spin part is taken into account. Summing up all the
contributions of all orbitals recovers the total ELI-D.

Remark 1.2pELI-D contributions are possible only for occupied orlsitaDGrid
does not compute contributions of virtual orbitals.

Remark 1.3Using the assignmentompute=eli-d alpha’ together with the key-
word occupation instead of compute=peli-d alpha’, yields another quantity, be-
cause in this case also the pair-volume functnis calculated from the chosen
orbitals. This quantity will NOT add up to total ELI-D.

With the assignmenploint= x y Z the calculation is performed at the Cartesian
position ik y z] only. The desired property value, its gradient, Hessiayerevectors
and curvatures are printed into tbatputfile, resp. to the console. In this case the
grid definition given by theectors respectivelyneshkeyword are not used, cf. the
controlfile cond.inpused below (with n@utput assignment, i.e., results printed to
console):

TITLE

::C3H3NO HF 6-31G

‘KEYWORDS

basis=C3H3NO_HF_6-31G.g03
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Table 1.5 Available properties

Keyword Property Description Ref. File ext.
compute=ELF [1+x?] - ELF: 'spin-polarized’  [9, 26,21] elf
compute=ELF-cs [1+ xZ] o ELF: ‘closed-shell [9,26,21] elks
compute=ELF-Kirshnitz  [1+ 2] 1 ELF: Tsirelson [31] elfkirsh
compute=ELI-D pVb ELI-D [17, 19] elid
compute=ELI-q PV ELI-q [23] elig
compute=ELIA p5? /(papg)  ELIA [20] elia
compute=hole-curvature szg a Fermi-hole curvature holeurv
compute=LOL —mTfTSDA localized orbital locator [28] lol
compute=LS - % local source [6, 14] Is
2
compute=OEP Dz—fﬁﬁ one-electron potential  [15] oep
compute=pair-volume- pair volume function [18, 32] paivol
function B
compute=pELI-D Porb Vb orbital resolved ELI-D  [18, 32] lid
compute=phi @ orbital amplitude phi
compute=charge-volume- Vg charge volume function [23] _gol
function
compute=rho p electron density rho
compute=on-top-density  pa(r,r) on-top density rhantop
compute=rho-spin Ps spin density rhospn
compute=tau T kin. energy density tau
compute=tp T—ty Pauli kin. energy dens. tp
compute=tw 3 (Dg 2 Weizsacker term tw
Ps = Pa — Pp
g7 = zi"q- S Rix [@0¢ — ¢i0al.[¢:0¢g — ¢ O] Fermi hole curvature
Vo = [12/g°)®
Vy=1/p9; p® density of singlet coupled electrons
Cr = 5(3m2)%/3 Fermi constant

% vi|0a@? kinetic energy density of non-interacting system
0)? 1O 5/3 , 5/3
{,_DP_,_ ;’5 }/[22/30 (p/+p/)]
Xes = [T - % (Dg ] / [CF PS/S]

Xkirsh = [CF p¥3— Dg) %sz] / [ce %3]

TLSDA— 22/3¢ p5/3 originally defined for single spin channel, i.p4 [28]
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Table 1.6 Conditional properties

Keyword Property Description File ext.
compute=cond-pair-densityPsond(1, 2) conditional pair density pdond
compute=DAFH f27(2) domain-averaged Fermi-hole dafh
compute=hole-density pP(1) hole density holedensity
compute=pair-density p2(1,2) pair density pd

p7(1,2) = 35738 Rix [a(Le )| | (Lg ()]

£9°(1) = Jo p§7(1,2)d2

PI24(1.2) = p$°(1,2)/po(2)

psP(1,2) = 35858 Ri laWa 2] gL ()

PIoa(L,2) = P57 (1,2)/po (2)

P2(1,2) = p§9(1,2)+ P57 (1,2)+ 05 (1,2)+ p£°(1,2) = pI7 (1,2) + ' (1,2)
Peond(1,2) = p2(1,2)/p(2)

p&(1) = 2P394(1,2) — po(1)

:CHOOSE THE DESIRED PROPERTIES

. compute=rho alpha
compute=cond-pair-density alpha-alpha

ref_ point= 0.0 0.0 05

point =00 00 00
mesh=0.1 4.0
END

With the assignmentéf_point= x y Z the position of the reference electron is fixed
at Cartesian coordinatesy z]. This is necessary for the calculation of the electron
pair density (6 dimensional property) and some related gntags (for instance the
conditional properties), cf. Table 1.6. Then, fixing theifios of 1 electron yields a
3 dimensional property. The calculation using tmatrol file cond.inputyields the
electron density (together with the gradient and Hessiaif)eposition [0.0, 0.0,
0.0] (for the electron density itself the reference point ha meaning). Observe,
that the (practically) zero gradient and the signature efdhrvatures mark this
position as aring critical point. Additionally, the condital a a-pair density at [0.0,
0.0, 0.0] (together with the corresponding gradient andskd@3 for the reference
electron fixed at the position [0.0, 0.0, 0.5] is computed.

Similar background follows the calculation of the domaimi@aged Fermi-hole,
DAFH [24], in which case one of the pair density coordinatesanfined to given
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regionQ (for instance a basin). To compute DAHF overlap integraksr akie con-
finement region are needed, cf. Sec. 2.7 and the example etiag

The last information in theontrolfile is the keywordend (can be omitted if no
data lines are following). Data lines following the keywaadd are not read. All
keywords are read case insensitive. In many cases the kdgwan be written in
any order often there is no need to write each keyword in aragpéine. But it is
better to put every keyword separately in a line, becausetnras additional data
are assumed per default. Some data even need to be writigniaus sequence.All
available keywords are described in detail in Sec. 1.8 ‘Kays’).

1.7 Property files

Each property is written to separate file distinguished bgscdptor according to
the compute assignment, see Tables 1.5 and 1.6. Eywopertyfile has a header
followed by the property values. Following is an examplehaffiropertyfile header

for the orbital density computed from data supplied by the JSSIANO3 package:

GRIDFILE created by DGrid version 4.5  19-08-2009

:job was executed on: Wed Aug 19 10:39:58 2009
basis_from_program: GAUSSIANO3 basis=C3H3NO_HF_6-31G. g03
property:  rho[r] spin=both pair=unknown

. property computed from orbitals

symmetry No. occupation
NONE 17 1.000 1.000
NONE 18 1.000 1.000

©C3H3NO  HF 6-31G

:atom X y z

(e} -2.0618 0.5748 0.0000

C 0.0000 2.1211 -0.0000

N 2.0869 0.8955 -0.0000

C 1.4135 -1.6748 -0.0000

C -1.1101 -1.8596 0.0000

H -0.3077 4.1025 -0.0000

H 2.8049 -3.1219 -0.0000

H -2.4310 -3.3680 0.0000

Energy= -244.50273 Hartree Electrons= 18 alpha + 18 beta

lattice vectors

a b c

1.000000 0.000000 0.000000
0.000000 1.000000 0.000000
0.000000 0.000000 1.000000
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origin v_i V_j v_k
;(: -6.2431 13.278611 -0.873034 0.000000
y: -7.6599 0.753984 15.375234 0.000000
z: -4.0000 0.000000 0.000000 8.000000

points: 134 155 81

: start of data

' 3.2267759e-11  4.1766113e-11  5.3713663e-11  6.8636402e-1 1  8.7144003e-11

The header starts with the keyword ‘GRIDFILE’ followed bytimformation about
the DGrid version. Next lines contain the date and time ot#ileulation, the name
of the quantum chemical package that producedtmsisfile and the name of the
basisfile.

Remark 1.4In certain cases DGrid needs the access td#sisfile. Thus, do not
rename this file (otherwise change the name in the respagiiddiles as well). If

DGrid is not able to find théasisfile it will possibly follow another evaluation
route (the corresponding information will be written inteebutputfile).

The next line contains the name of the calculated propelityfed by the chosen
spin and pair spin. This information is again necessary férifto perform certain
evaluations.

Remark 1.5In grid files generated with old DGrid versions, this information is
missing. Then some new features of the program will not belluSer instance,
in previous version ‘ELI’ was used instead of ‘ELI-D’. Theggrams do not known
the property ‘ELI’ in the 4.4 version. Thus, e.g., DGrid wilbt be able to find the
exact attractor positions, or to evaluate the curvaturagii@ctor positions.

If the calculation was performed for selected orbitals lik the above example,
then the chosen orbitals as well as the occupations arewiittlines following the
property.

The title (from the DGrictontrolfile) is followed by the atomic coordinates. Next
line shows the energy of the system and the number of electiidre remaining
part of the header contains the information about the grigore which are the
lattice vectors (meaningful only for solid state calcidag) and the description of
the computed region with the coordinates of the grid origipether with the three
vectors spanning the region and the number of points in eebtidn. In the case
of scalar field this is also the last line of the header (seevb&r vector fields).

The values of the computed property are written in the forbda7e. The grid
points run in thex direction first (in contrast to the LMTO format whereruns
first).

If the gradient vector of the properfyrop is computed with the assignment
‘compute=prop gradient-vec’ then all 3 vector components will be writtenttie
result file. The descriptorvec= 3’ indicates that the data are not single valued.
Instead, 3 values per point are written in each line, as el@ymphown below:
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origin v_i V_j v_k
;<: -4.7000 9.400000 0.000000 0.000000
y: -5.4000 0.000000  10.800000 0.000000
z: -4.5000 0.000000 0.000000  10.200000

points: 95 109 103

vec=3

: start of data

VX vy vz

. 1.1930383e-06 ~ 1.1807959e-06  1.1716233e-06
1.4118954e-06  1.4427352e-06  1.4308966e-06

1.8 Keywords

In this section all keywords (for exceptions see below)late for the DGridcon-
trol file are described in alphabetical order. The keywords aé case insensitive.
The DGrid program is now inclusive the Basin part, i.e., thleglation and exami-
nation of basins is performed by DGrid. However, there it steparaténputfile
needed for such analysis. Therefore, the keywords asedaidth basin evaluation
are described in Sec. 2.8.

The keywords are given either as variables, like ecgnmipute=’, or as stand-
alone expressions, likehd. Some of them are followed by 1 or more numbers,
e.g., mesh=0.05 4.0'. If float number should be given then one must yaajut
float numbers, otherwise the input routine will throw an em@essage. Thus, the
command point= 0.5 1.0 3’ would not be valid, because ‘3’ is an integer numbe

Often more keywords can be written in single line. But it igtbeto put ev-
ery keyword in separate line, because sometimes additdatalare assumed per
default. Some data even need to be written in rigorous segueng., the defini-
tion of a grid using thevectors keyword or the choice of occupied orbitals. Table
1.7 summarizes all the keywords available for the grid andlsipoint evaluation,
respectively.

1.8.1 Basis

The keywordbasisis followed by the name of thieasisfile (described in Sec. 1.5).
This can also be a UNIX path to this file:
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Table 1.7 Keywords and parameters available for the grid calculation

Keyword Description Value

basis= basis set basis set filename
close-atomdistance=  distance to nucleus float number (default 0.1)
component= write vector component X, Y, Z, XX, Y, ZZ, XY,¥Z,
compute= choose property properties given in Table 1.5
contributions= orbital contributions property (rho, ED); X, Y, z
cp= search for critical point (max, saddle, ring), x, y, z&flo
curv_.decomp= decomposition of ELI-D curvature 3 Cartesian coattés (float)
end end of input

ev_projection= gradient projection property, X, Y, z (float)
format= result file (grid) format cubelgrid , grace, Imto
mesh= define grid by mesh size step and box border
occupation choose orbital occupations list of orbitals

output= specify output file output filename
overlapmatrix= specify overlap matrix file overlap matrix, basimmoer
point= properties at given point 3 Cartesian coordinatesi(fl
reducedstep= step for trajectory float number (default 0.04)
ref_point= reference point 3 cart. coordinates (float)
result= specify result filename generic name of the proffdety
space= space representation momen{osition

values= number of values in a row integer number (default 5)
vectors define grid by 3 vectors origin, 3 vectors, and irgksrv
wf_part= select wave function part both , imaginary, real

Default values are given iypewriter ~ font

basis#home/test/molecule.adf

If the name of theesultfile is not explicitly given then it will be generated from
the name of thdasisfile. Consequently, in this case thesultfiles will be written
into the same directory where thasisfile is located. Computing for the abokiasis
file the electron density yields tmesultfile namedhome/test/molecule.adf.riolf

you wish to avoid this, use thegsult=newnameassignment, yielding the fileew-
name.rhar that will be written into the local directory where the cdbtion is per-
formed. The same applies to thetputfile (where the fildhome/test/molecule.adf.dg
would be generated).

1.8.2 Close-atondistance

The keywordclose-atomdistanceis followed by the distancedist>. At the dis-
tance<dist> from the nucleus the search for a critical point stops. Thaudevalue

is 0.01 bohr.
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close-atomdistance=<dist>

The reason is to avoid discontinuities or very large gradietose to the nucleus.

1.8.3 Component

The keywordcomponentis followed by the desired componesrtpropi> of a
property-vector array.

component<prop.i>

If a gradient or Hessian of a property is computed, all vabfélse vector are written

in 1 line in theoutputfile, cf. page 16. With the above assignment a single compo-
nent can be chosen. The allowed values fortipeop.i> descriptor are X, Y, Z for
the gradient and XX, YY, ZZ, XY, XZ, YZ for the Hessian.

1.8.4 Compute

The keywordcomputeis followed by the desired propertgprop>. All available
properties are given in Tables 1.5 and 1.6 on pages 13 andspkatively.

compute=<prop> <type> <spin> <pair>

The descriptorsctype>, <spin>, and<pair>, in detail given in the Sec. 1.6 on
page 8, can be written in any order. Each property must havewn compute
assignment on separate line. Bear in mind that for some piepealculation based
on set of chosen orbitals (see keywardcupation) may not be reasonable (for
instance for one-electron potential or ELF).

1.8.5 Contributions

The keywordcontributions is followed by the propertyprop> together with the
descriptors<type>, <spin> and<pair> and the coordinates for the position.
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contributions=<prop> <type> <spin> <pair> <x> <y> <z>

For the property only one of ‘rho’, ‘rho laplacian’, or ‘ELD¥, respectively, is al-
lowed by now. DGrid computes the property and its orbitaltdbations at the
position given by the Cartesian coordinatey [4 (3 float numbers). Using theon-
trol file elid_contrib.inpyields theoutputfile C3H3NQelid_contrib.dg Below is the
result of the analysis:

contributions at point [ 1.050510, 1.500850,
spin : alpha
pair : alpha-alpha
ELI-D[r] : 1.73735
MO %
7 7 37.6
14 14 18.6
9 9 11.0
8 8 9.3
17 17 6.7
6 6 5.9
10 10 4.4
15 15 4.3
1 1 1.3
99.0

The orbital contributions are given at the position of thd-BLbond attractor be-
tween the nitrogen and carbon (found using the keyveprdsee below). The anal-
ysis shows that the ELI-D value 1.73735, which is propowrida the population of
a-spin electrons needed to form a fixed fraction ofcem-spin pair [23, 32], is a
sum of mainly six contributions. The two highest contribuas originate from the
canonical orbitalgy ¢; (37.6%) andpa@;, (18.6%). The orbital indexes correspond
to the numbering in thbasisfile C3H3NQHF_6-31G.g03%et in thecontrolfile. In
the above case the sum of the orbital contributions does ietit $§00% because
contributions smaller than 1% are not listed.

If the keywordcontributions is used, angompute assignments will be ignored
(actually, in this case theomputeassignment can be omitted). Also, any grid defi-
nitions will be skipped, i.e., only the given position wik kevaluated, and nesult
file will be written.

1.8.6 Cp

The keywordep is followed by the descriptoscrit> (case insensitive) for the crit-
ical point:
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cp=<crit> <x> <y> <z>

Table 1.8 Descriptors for critical point search

<crit> description signature
min — minimum (3,+3)
max — attractor (3,-3)
saddle — saddle point 3,-1)
ring — ring critical point (3,+1)

The search for the critical point starts from the positiovegiby the Cartesian co-
ordinates X y 7 (3 float numbers). The property for which the critical powitl

be searched must be given ircampute assignment. The position of the critical
point (if found) is printed to th@utputfile, together with the property value at this
point, the gradient (which will be close to zero) and the laan. Additionally,
the eigenvectors and curvatures are determined from theidtedf you see the in-
formation ‘Using Taylor’ then the Hessian needed for thedeavas not computed
analytically.

The search path is saved in the fdearch.path.strThis file is written in the
STR format (for more details see Sec. C.6 in the Appendix €}hé control file
elid_cp.inp (from the exampledirectory) for the search of an ELI-D attractor the
starting point [1.5, 2.0, 0.0 ] was chosen. The resultingator (C-C bond descrip-
tor) position is [1.05051, 1.50085, 0.00000], seedhtputfile C3H3NQelid_cp.dg
This position was used in the above example for the ELI-D riountions.

1.8.7 Curvdecomp

The keywordcurv_decompis followed by the property<prop> together with the
descriptors<type>, <spin> and<pair> and the coordinates for the position.

curv_decomp=<prop> <type> <spin> <pair> <x> <y> <z>

Only ELI-D is allowed at the time foxprop>. At the position given by the Carte-
sian coordinatex|y 4 (3 float numbers) the value, gradient, Laplacian and Hassia
together with the curvature eigenvalues and eigenvectersamputed and printed
to the console. Along the principal ELI-D curvatures the H1 Laplacian is decom-
posed into the electron density and pair-volume functigresielent terms [33]. The
decomposed values are printed:
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ELI-D decomposition at point [ 1.050510, 1.500850, 0.00000 0]
spin : alpha
pair : alpha-alpha
ELI-D[r] : 1.73735
gradient : 9.086e-06
components : [ -4.216e-06, -8.049e-06, 0.00000 ]
Laplacian : -7.69085
Hessian : | -4.47877, 1.27618, 0.00000 |
| 1.27618,  -2.79458, 0.00000 |
| 0.00000, 0.00000,  -0.41750 |
Eigenvectors curvature
1. ev: [ 0.88056, -0.47394, 0.00000 ] -5.16565
2. ev: [ 047394, 0.88056, 0.00000 ] -2.10770
3. ev: [ 0.00000, 0.00000, 1.00000 ] -0.41750
X y z
Data projected onto the ELI-D eigenvectors
Y IY rho”/rho VIV 2rho’/rho *\V'IV
11 | -2.97329 1.79670 -4.52209 -0.24790
22 | -1.21317 -2.26056 1.05507 -0.00768
33 | -0.24031 -1.95647 1.71617 0.00000
sum | -4.42677 -2.42033 -1.75085 -0.25558

Here the 11, 22, and 33 rows contain data for curvatures dloengorresponding
principal curvatures, e.g., 11 for the curvature along tts¢ §ingenvector (‘1. ev’ in
the list above). ELI-D is given by the symbol Y (meani¥fg) and the pair-volume

function by the symbol V.

1.8.8 End

The keywordend is the last keyword in theontrol file that will be parsed. Any
information after this keyword will be ignored.

1.8.9 Evprojection

The keywordev_projection is followed by the propertyprop> together with the
descriptors<type>, <spin> and<pair> and the coordinates for the position.
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ev_projection=<prop> <type> <spin> <pair> <x> <y> <z>

For the propertyprop> the value, gradient, Laplacian and Hessian, together with
the curvature eigenvalues and eigenvectors are computeglosition given by the
Cartesian coordinateg |y 4 (3 float numbers) and printed to the console. The gra-
dients of properties given byomputeassignments are projected onto the principal
<prop> curvatures. Using the exampeproj.inp

eigenvectors at point [ 0.773035, 1.624593, 0.000000]
spin alpha
pair : -
rho[r] : 0.18699
gradient : 1.631e-07
components : [ 8.461e-08, 1.394e-07, 0.00000 ]
Laplacian : -0.61740
Hessian : | 0.03440, -0.23782, 0.00000 |

| -0.23782, -0.30100, 0.00000 |
| 0.00000, 0.00000,  -0.35080 |

Eigenvectors curvature
1. ev: [ 0.88777, -0.46028, 0.00000 ] 0.15770
2. ev: [ 0.46028, 0.88777, 0.00000 ] -0.42430
3. ev: [ 0.00000, 0.00000, 1.00000 ] -0.35080
X y z

shows the value, the Laplacian, and the principal curvatafe-spin electron den-
sity of C3H3NO at the position [0.773035, 1.624593, 0.000000] whicthéhond
critical point between the nitrogen and carbon. This isofed by the projection of
the ELI-D gradient in the direction of the mentioned eigertves:

gradient projections onto the eigenvectors:

spin : alpha
pair : alpha-alpha
ELI-D[1] : 1.43897
gradient : 2.07429
components : [ 1.76076,  -1.09655, 0.00000 ]

component projections : [ 2.06787, -0.16304, 0.00000 ]
Laplacian : -4.93182
Hessian : |  -3.96054, 3.13798, 0.00000 |

| 3.13798, -2.17949, 0.00000 |
| 0.00000, 0.00000, 1.20821 |
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rotated Hessian : |  -6.14773, 1.08057, 0.00000 |
| 1.08057, 0.00770, 0.00000 |
| 0.00000, 0.00000, 1.20821 |

First the ELI-D value and the gradient components along thgeSian axes are
given, followed by the gradient components projected ohto grincipal density
curvatures (of course, the gradient vector remains undtndt can be seen that
the ELI-D gradient vector is oriented mainly along one ofphiecipal density cur-
vatures. Similar projection is performed for the ELI-D Hasscomponents.

1.8.10 Format

The keywordiormat is followed by the descriptor.fmt> (case insensitive) for the
format of theresultfile:

format=<fmt>

Table 1.9 Format descriptors

<fmt> Format

cube — CUBE [2]

dgrid — DGrid resultfile
grace — Grace [3]

Imto — TB-LMTO-ASA [16]

Remark 1.6In both the Cube and Grace formats the property values asendiy
float numbers. Routines which expect grids of integer va(liks the basin evalua-
tion) could fail.

1.8.11 Mesh

The computed grid region can be conveniently defined withkéhyevordmesh It
is followed by the mesh-size, i.e., the distance betweeghieiring grid points.
Optionally, a border around the molecule can be given. Tendithe grid along the
Cartesian axes append the keywpedallel
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grid region

initial box

3D

8.0 bohr

s
5
kg

N

13.25 bohr

Fig. 1.1 Grid region for oxazole gH3NO (C black, H gray, N green, O blue) created by the
assignmentrhesh=0.05 4.0’
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mesh=<size> <border- parallel

The mesh-size must be given by float number. The units for thetimesh-size and
the border are identical with the units for the atomic posisigiven in théasisfile
(usually bohr).

The determination of the grid region can be shown with thergtarho.inpfrom
theexamplalirectory (cf. example on page 7) where the assignnmeash=0.05 4.0’
is used. In the example a grid with the distance between beiging points of
0.05 bohr and a border of 4.0 bohr is created around ##¢38O molecule. The
routine works as follows (cf. Fig. 1.1). From the atomic piosis the average co-
ordinate is computed. The ‘initial box’ (the smallest boxw@and the molecule en-
closing all atoms) is created. The box sides are paralldig@tincipal axes of the
molecular rotational ellipsoid. As shown in the examplegeventhe box is slightly
rotated in the xy plane, the box need not be parallel to thée€ian axes. To force
a layout with grid box parallel with the Cartesian axes thgward parallel
must be appended. The ‘initial box’ is enlarged in all thrgeations by the bor-
der of 4.0 bohr (the grid region dimensions being multipletied mesh-size of
0.05 bohr). This results in a grid of 266309x 161 points (with the dimensions
of 13.25 bohrx 15.4 bohrx 8.0 bohr, cf. the lower diagram in Fig. 1.1).

Remark 1.7For the calculation of overlap integrals form Gauss-tygstals, used
for the fluctuation and delocalization indexes (see Seg, R.i8 necessary that the
grid is oriented parallel to the Cartesian axes.

1.8.12 Occupation

The keywordoccupationmarks a section in theontrol file, where orbitals can be
chosen for the evaluation. It must be the only keyword in the: |

occupation

The next readable information after this line describesottiital choice using the
following syntax:

<label> <nr> <occa> <occh>

Where<labelb> is the symmetry descriptor from ttmsisfile (cf. page 5, for in-
stance ‘NONE’ for the Gaussian calculations, see also ttanele control file
rho_orb.inp). The symmetry label is followed by the orbital number, whimust
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comply with the numbering in thbasisfile (for ADF calculations for each sym-
metry the orbital numbering starts again with 1). Next twodf) numbers are the
orbital occupations for each spin channel. Other possibdi

<labet> all

Here all orbitals with given symmetry label will be chosear(instance all sigma
orbitals). The occupation input is closed by the followinmgt

occupationend

1.8.13 Output

The keywordoutput is followed by the generic name of tlwtputfile. This can
also be a UNIX path to this file.

output=<XY _test>

Theoutputfile name will be generated by appending the string “.dg'te generic
name (i.e., ‘XYtest.dg’ for the above example). If the name of theputfile is
not explicitly given by theoutput assignment then the output will be written to the
console. Using the assignment:

output=.

generates theutputfile name from the name of theasisfile by appending the
string ‘.dg’ to it. If the file is already present, then theirsgr*_1’, * 2, etc. will be
appended to avoid overwriting of data.

1.8.14 Overlapmatrix

The keywordoverlap_matrix is followed by the name of the file overlap-matrix.
This can also be a UNIX path to this file.
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overlap_matrix= <name.sip  <basnr-

The overlap matrix for all molecular orbitals over the chogmsin is set up in
DGrid. The data are needed for instance to compute the deavairaged Fermi-
hole.

1.8.15 Point

The keywordpoint is followed by the position given by the Cartesian coord#sat
[xy 7 (float numbers) at which the properties will be evaluated:

point= <x> <y> <z>

The properties must be given by sepa@epute assignments. For each property
the value at the positiorx[y 7 is printed to theoutputfile (respectively console),
together with the property gradient and the property LaplacAdditionally, the
eigenvectors and curvatures are determined from the Hedgéigou see the infor-
mation ‘using Taylor’ then the data were not computed aiai}y.

If the keywordpoint is used any grid definitions will be ignored, i.e., only the
given position will be evaluated, and mesultfile will be written.

An additional feature is the information about indexes @mted with local virial
[5]. The feature is invoked with the keywovitial following the [x y 4 coordinates:

point= <x> <y> <z> Vvirial

For all properties given by theompute assignments the corresponding data at the
[xy 7 position, like in the previous case. However, at the enchefdutput the the
following line will be included (data for gH3zNO at the position [0.77304, 1.62459,
0.00000], the N-C bond critical point in electron density):

Virial indexes: L \% G V|G H

-1.2348 -0.8647 0.2780 3.1104 -0.5867

wherelL is the total electron density Laplaciah= %sz — 2t is the local potential
energy densityG is the positive definite kinetic energy density dthé= G+V is the
energy densitylV|/G is the corresponding local virial ratio at the chosen positi

[xyZ.
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1.8.16 Reducedtep

With the keywordreduced.stepthe search for critical points can be done with re-
duced maximal step (to avoid jumps between regions witledfit Hessian form):

reduced step=<step>

The default value fox step> is 0.02 bohr.

1.8.17 Refpoint

The keywordref_point is followed by the position given by the Cartesian coordi-
nates k y 4 (float numbers) for the reference electron:

ref_point= <x> <y> <z>

The assignment is needed only for 2-particle properties Teble 1.6 on page 14.
In this case the coordinate of one electron is fixed at thetipadix y 7, whereas
the position of the other electron runs through the grid &sdd by thevectorsor
meshassignments). Additionally, it is used for the referencsifian when calcu-
lating the local source (withcompute=LS").

1.8.18 Result

The keywordesult is followed by the generic name of thesultfile. This can also
be a UNIX path to this file.

result=<XY _test>

Theresultfile names for each computed property are generated frong#msric
name appending the corresponding strings (see Tables d.5.@on page 13 and
14, respectively). If the name of thesultfile is not explicitly given by theesult
assignment then DGrid generatestbsultfile name from the name of tHmsisfile
by appending the strings corresponding to the respectivggpties.
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1.8.19 Space

The keywordspaceis followed by the descriptor.spc> determining in which space
representation the properties will be computed:

space<spc>

Table 1.10 Space representation descriptors

<spc> Representation
position — coordinate space|y 4
momentum — momentum spacepk py pl

The default is the evaluation in position space representdh case of momentum
space representation the grid definition is using the moamegbordinates.

Remark 1.8DGrid computes the properties in momentum space using time sa
formulas as in the coordinate space. The only differenckasit utilizes Fourier-
transformed orbitals (momentals). Thus, the charge giyehéomodulus of squared
orbitals has in momentum space similar meaning as in thespaale. However, not
the kinetic energy density, because this property is coatploy DGrid from squared
orbital gradients (of course, in momentum space the kiregtergy is proportional
to the expectation value @P).

1.8.20 Values

The keywordvaluesis followed by the numbexnunt> of values per line in the
resultfile:

valuess<nun>

<num> must be given by an integer number.

1.8.21 Vectors

The keywordvectors marks a section in theontrol file, where the grid region is
defined. It must be the only readable information in the line:



1.8 Keywords 31

vectors

The next readable information after this line defines thginrof the grid by the
Cartesian coordinates (float numbers):

X> <Yy> <Z>

The strings ‘GRIDDEFINITION:’, ‘origin:’, ‘i-vector:’, etc. in the control file are
not parsed due to the colon at the end of the strings — theyjusefbr clarity:

GRID_DEFINITION: vectors

X Y Z
origin: 00 -40 0.0
: INTERVALS
i-vector: 3.0 4.0 0.0 100
j-vector: -4.0 3.0 0.0 100
k-vector: 0.0 0.0 5.0 100

The next 3 lines after the origin define the vectors spanrieggrid mesh. Each
line contains 3 float numbers for the vector length alongxhg z axes, and an
integer number for the number of intervals the vector willdbdeded in. Thus, the
above assignment will generate a grid mesh starting at théi@o [0, —4, 0]. The
3 vectors{,j,k) are 5 bohr long. The direction of vectbroincides withz axis. The
vectorsi, j are perpendicular to each other. The endpoint of vad®at [3, 0, 0]
(this information is not explicitly given in the input, budi easily be deducted from
the data — from the origin position [6;4 ,0] one moves 3 bohr ir direction and
4 bohr iny direction). The grid mesh has points spaced by 0.05 bohigaéach
vector (i.e., 10x 101x 101 points in total). To avoid numerical instabilities the
mesh point distance should not exceed 0.1 bohr.

1.8.22 Wipart

The keywordwf_part is followed by the descriptorimg> determining which part
of the wave-function is used for the calculation of the prtips:

wf_part=<img>

The default value iboth .
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Table 1.11 Wave-function part descriptors

1 Property Grids

<img>

Representation

real —
imaginary —
both —

use real part only
use imaginary part only
use both parts




Chapter 2
Basin evaluation

2.1 Introduction

On an equidistant grid of property values regions surrodrimethe surfaces of
zero-flux of the property gradient (i.e., basins [5]) areed@ined. Alternatively,
localization domains [30], i.e., regions surrounded bysmsirface, resp. separate
regions surrounded by two isosurfaces can be determined.

DGrid computes the volumes of the basins, resp. the lo¢alizalomains. If
there is a second grid for another property (with the same ggirameters as the
first one) the program integrates this property over eacimbAs output file can be
created, where each grid point is assigned to its badwagafile).

If the basisfile is present, the attractors, minima, saddle points amgl points
are determined, together with the corresponding curvatainel Hessian eigenvec-
tors. Additionally, the interconnection graphs can be pigadl (written in the STR
format, see the Appendix C). The interconnection graphgigen by all the attrac-
tors and saddle points, respectively ring points and mintcoanected by gradient
field lines. In case of the electron density such diagramheratitractors and saddle
points is called the molecular graph.

In case of Gauss-type basis the MO overlap integrals oveb#ésins can be
computed. Those overlap integrals are the prerequisit¢hircalculation of the
fluctuation and delocalization indexes.

The evaluation is performed by DGrid using@ntrolfile with keywords specific
for the chosen analysis. The control file must comply with rihies given in the
introduction to the DGrid program (cf. page 3).

2.2 Control file

For thecontrolfile any name can be chosen. Tdantrolfile supplies all the informa-
tion concerning the evaluation. The data must comply widrthes described in the

33
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introduction to chapter 1, page 3. A simple basin calcufatian be performed with
very few commands. Following is tlentrolfile rho_basins.ingfor the calculation
of electron density basins for the;l8s molecule (see thexampleslirectory):

TITLE

::C3H3NO cropped density basins

‘KEYWORDS

property =C3H3NO_HF_6-31G.g03.rho_r
crop =C3H3NO_HF 6-31G.g03.rho_r 0.001
integrate=C3H3NO_HF_6-31G.g03.rho_r

output=.
end

The first readable information in tleentrolfile must be the title (whereby all empty
lines as well as lines beginning with a single colon will bégled). The title line
starts with two colons, i.e., the line will not be parsed. The colons are obligatory,
whereas the title text can be omitted (i.e., empty titlesdine title text is found in
this line, it will be written into the header of thmsinfile , see Sec. 2.3 below.

The keywordproperty is obligatory for the basin calculation. It is followed by
the name of thepropertyfile (i.e., the file with the scalar grid values for the de-
sired property). This can also be a UNIX path to this file. Tneperty grid file
C3H3NQHF_6-31G.g03.rha must be computed in advance by a separate DGrid
job (cf. thecontrolfile rho.inpfrom theexamplalirectory). The program determines
the basins, i.e., regions enclosing the manifold of all propgradient trajectories
terminating at given attractor.

Remark 2.1Alternatively, abasinfile (see below) with basin data from previous
run can be read in instead of tipgopertyfile. In this case the basins will not be
recalculated (and written on disc again), thus saving tintedisc space.

For a molecule the outer basins extend into infinity. Of cepirsan actual calcu-
lation those basins extend just till the border of the chag@&hregion. Obviously, it
is hard to compare such basin volumes in some reasonablétwwagms to be con-
venient first to crop the region around the molecule by ceitamdensity surface, a
kind of envelope. The electron density isovalues used aré-iM° bohr 3. The
cropping is invoked by the keywoictop followed by the name of the grid file uti-
lized for the isosurface generation and the cropping vaNith this, all grid points
outside the cropped region will not be searched for basihgs]it avoids the time
consuming basin search in regions of low gradients as wie#l.résult for the above
controlfile is shown in Fig. 2.1.

If the keywordintegrate is given, then the property from the file named after the
keyword will be integrated over each basin. In case of edecttensity use a grid
with the grid point distance less than 0.1 bohr (better 0.@&rbto get reasonable
charges (and basins). Alternatively, the file from a DGrithement can be used.
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Fig. 2.1 Electron density basins fors€3NO, cropped by 0.001 boh? electron density isosur-
face. Blue: oxygen basin; green: nitrogen basin; blaclbaabasins; gray: hydrogen basins

Remark 2.2For electron density based on Gauss-type orbitals theayvertegrals
over basins can be calculated (keyworcerlap, cf. Sec. 2.7.1). In the subsequent
evaluation of the fluctuation also the basin populationscaraputed analytically.
The remaining error in the basin population is due to the fofitine basin borders
derived from a discrete grid (i.e., small cubes).

The keywordoutput is followed either by the name of thmutputfile or by the
character ‘.’ (as in the above example). In this caseotitputfile name will be gen-
erated from thgropertyfile name. In both cases the string ‘.bas’ will be appended
to the generic file name. Thus, for the above example the outitibe written to
the file C3H3NQHF_6-31G.g03.rha.bas

After the basins are determined a grid file will be createdhweiich grid point
assigned to its basin by an integer number. The name of thiétingsbasinfile
will be generated from thpropertyfile name. Alternatively, the name for tib@sin
file can be chosen using the keywaesult followed the generic file name. In both
cases the string ‘.bsn’ will be appended to the generic filesarhebasinfile is
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written in the DGrid formatX coordinate runs first). The format can be changed
with the keywordormat.

All available keywords are summarized in Sec. 2.8.

2.2.1 Attractors

The attractors, the prerequisite for a basin, are searchedeodiscrete grid. This
often yields much more discrete local maxima than actuallgrgby the attractors
of the vector field. There are two possibilities for the DGsrdgram to decide how
to proceed, depending on the presence obthssfile.

Remark 2.3The location of thdvasisfile is given in thepropertyfile — bear in mind
that thebasisfile must be present at the given location!

2.2.1.1 Case: unknowrbasisfile

This is usually the case for solid state calculations oréftthsisfile was not found
by DGrid (in which case a warning will be printed into the auttpJsing the key-
word attractors prints the actual list of discrete local maxima on the grige(list
length depends on the additional parameters, see keatwadtors in Sec. 2.8). It
supplies the following information:

DISCRETE MAXIMA
Loc.max basin i j ok value min.dist  value diff. X y z atom dist
1 1 92 160 80 232.7108 257 129.5149 -2.054 0591  0.000 o1 0.02
2 2 175 161 80 155.6372 241 52.4413 2.086 0.876  0.000 N3 0.02
3 3 108 110 80 117.4279 1.98 117.0010 -1.114 -1.860  0.000 C5 0. 00
4 4 135 188 80 103.1959 1.96 102.7652 0.013 2111  0.000 c2 0.02
5 5 159 111 80 100.9773 1.95 100.5468 1.429 -1.665  0.000 ca 0.0 2
6 6 131 227 80 0.4307 1.96 -102.7652 -0.297  4.046  0.000 H6 0.06
7 7 184 81 80 0.4305 1.95 -100.5468 2763 -3.092  0.000 H7 0.05
8 8 80 82 80 0.4269 1.98 -117.0010 -2.432 -3.337  0.000 H8 0.03

Local maxima written to the file locmax.str

The above result is for theontrol file rho_basins.inpincluding the keywordat-
tractors and thebasisfile removed form the directory (thus unknown for DGrid).
Loc.maxis the running number of the local maximum. The vabasinindicates to
which basin the local maximum belongs.

Remark 2.4After the trajectory search the basins will be renumberesitending
order of the volume size.

The indexes j k are the grid coordinates of the local maximum, whepegsz
are the corresponding Cartesian coordinatakieshows the function value (here
the electron density) at the grid position. The local maxaragiven in descending
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order with respect to the function valuesin.distis the distance to the closest local
maximum (given in the same units as the grid parametead)e diff.is the value
difference between the local maximum and the closest loeaimum.atomshows
the symbol of the closest atom (at the distadiss).

Using the keywordattractors creates the fildocmax.strwith the coordinates
of the local maxima written in the STR format (for visualipet, cf. the Appendix
C). In this case, no search for the basins is performed. Fds rom solid state
calculations, where the wave function information is neegi, it is a good idea first
to start with the keyworattractors and check the total number of basins found on
the discrete grid. Then, with the keywaaittractors still active, the number of basin
can be reduced (without actually performing the time coriegrtrajectory search
— for the basin search the keywoattractors needs to be commented out). The
local maxima will be written to the output as well as into tHe focmax.str The
number of attractors written out can be changed appenduitj@ahl parameters to
the keywordattractors, cf. the Sec. 2.8.

Remark 2.5To start the basin search the keywattractors must not be active!

2.2.1.2 Case: usingpasisfile

In this case all local maxima on the discr@gt®pertygrid will be tested by DGrid
using the Hessian search and assigned to the corresporttiata. Using the key-
word attractors disables the basin search. Instead, the topology sectjpeaap in

the output (here corresponding to the local maxima on pusviage, now for a run
with the basisfile included):

PROPERTY: rho[r] spin = both pair = unknown

ATTRACTORS I'N RE G IO Nx**

Nr. Basin X y z value Laplacian curvature

-2.0618 0.5748 0.0000 291.3237 - o1
2.0869 0.8955 -0.0000 192.1030 - N3
-1.1101 -1.8596 0.0000 118.3147 - Cs
0.0000 21211 -0.0000 118.3135 - c2
1.4135 -1.6748 -0.0000 118.3130 - C4
-0.3026 4.0665 0.0000 0.4320 -19.1959 -6.6123 -5.9828 .6008
2.7803 -3.0966 0.0000 0.4315 -19.1470 -6.5836 -5.9880 .5753
-2.4073 -3.3406 0.0000 0.4289 -18.9880 -6.5374 -5.9233 - 6.5272

NG A WN e
NG A WN R
&5 &

The string ‘rhol[r]’ together with the spin-pair informatichow that the attractors
were searched in the total electron density field. For eathcabr the Cartesian
coordinates are printed, followed by the property valuehat dttractor position.

In the above example the value of the property Laplacian isalveays given, be-
cause some attractors correspond to positions closer tB&r6hr to a nucleus (cf.
keywordclose-atomdistance Sec. 1.8.2). Instead of the three curvatures only the
atomic symbols are printed.

Remark 2.6To start the basin search the keywatttractors must not be active!
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In both cases, with or without the presence of asisfile, the number of basins
can be larger then requested (for instance large numberreftl-D basins for

heavier elements). Then, the total number of basins canceed in three ways
(also simultaneously):

e using the keywordc¢ompactify dist vdiff:

local maxima closer then the distandist and differing in the function values
by less thervdiff will be reduced to single attractor. If omittediff is set to the
property value range.

e using the keywordtbp=iso’:
local maxima insidéso-localization domains will be merged into single attractor

e using the keyworeli_core:

local maxima inside the respective atomic core defined byE[ihternal table)
will be merged into single basin.

In DGrid the integration of a property is done numericallyamequidistant grid.
Thus, the precision depends on the mesh size and can be tsutbjage errors.
In case of electron density — the standard charge deteriminatespecially in the
atomic core regions. There are 3 possibilities to comperfsathe errors:

e using the keywora@ore_charge

in a small sphere around each atom the electronic chargplecesl by a value
from an internal table (data computed from the basis setdavhénti and Roetti
for the atoms N - Xe, as well as from relativistic ADF [1] cdlations for the
atoms Cs-Lu). Of course, the atomic coordinates need todwf@a in this case
(either by thepic_file directive or from the property file in the DGrid format.

e using the refinement procedure (see Sec. 3.5). The file nametfre refinement
procedure is given after the keywardegrate (see the help usindgrid -u ).

e For Gauss-type orbitals see remark 2.2.

The grid from a solid state calculation often runs over tHeumit cell. Then, using
the assignmentoordinates=relative’ gives all positions in the output relative to the
grid parameters. Otherwise the positions are given in wsisl in thegropertyfile
(i.e., absolute positions). If translation or mirror syningés given at the borders of
the grid, then using the assignment:

symmetry=translation ijk

or
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symmetry=mirror

ik

39

utilizes the respective symmetry in thej , andk direction (i.e., the first, second
and third dimension). At least 1 symbol for the direction trhespresent. After the
basin search all symmetry equivalent basins are addedchemgantd shown as single

basin.

Remark 2.7The last command in theontrolfile is the keywordend. All data after
this keyword will be ignored. Without thend keyword the data will be read till end

of file.

2.3 Basinfile

After the basin search each grid point is assigned to its\dasan integer number.
The data are written on separdtasinfile. It has a header followed by the basin
values. The format of the header is similar to the one foptbeertyfile. Following

is the example file&C3H3NQHF_6-31G.g03.rha.bsn created by thecontrol file
rho_basins.inpmentioned in the introduction:

BASINFILE created by DGrid version 4.5

;job was executed on:

property_grid=C3H3NO_HF_6-31G.g03.rho_r

basis_from_program:

basins_for: rhor]

GAUSSIANO3

spin=both

19-08-2009

Wed Aug 19 15:06:44 2009

basis=C3H3NO_HF_6-31G.

pair=unknown

Property basins cropped by 0.001000 C3H3NO_HF_6-31G.g03.

“C3H3NO HF  6-31G

:atom X y
o) -2.0618 0.5748
C 0.0000 2.1211
N 2.0869 0.8955
C 14135  -1.6748
C 11101 -1.8596
H -0.3077 4.1025
H 2.8049  -3.1219
H 24310  -3.3680

Energy= -244.50273 Hartree

z

0.0000
-0.0000
-0.0000

-0.0000
0.0000
-0.0000
-0.0000
0.0000

Electrons= 18 alpha

+

18 beta

g03

rho_r isosurface
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lattice vectors

a b c
1.000000 0.000000 0.000000
y: 0.000000 1.000000 0.000000
z: 0.000000 0.000000 1.000000
origin Vi V]
X: -6.1931 13.228691  -0.873034
y: -7.6570 0.751150 15.375234
z: -4.0000 0.000000 0.000000
points: 266 309

2 Basin evaluation

v_k
0.000000
0.000000
8.000000

161

The first readable information is a line beginning with thingt ‘BASINFILE’ and
the DGrid version. Next lines contain the date and time ofcédeulation, followed
by the name of theropertyfile used to determine the basins, the name of the quan-
tum chemical package that producedtfasisfile followed by the name of thieasis
file. In the next line is the name of the calculated property #e chosen spin and
pair-spin. This is followed by a line with the information@lt the cropping of the
grid region. Bear in mind that DGrid reads this grid for croygp Thus, it should be
available at the given address.
The title (line starting with double colon) is followed byetatomic coordinates
as well as well as the energy of the system and number of etectiThe next part
contains the information about the grid region. The lattieetors are meaningful
only for solid state calculation. The lattice data are fwkal by the coordinates of
the grid origin together with the three vectors describimg tcomputed region and
the number of points in each direction.
The last part of the header gives some information aboutdlmb. It shows the
volumes and the maximal grid value in the respective basingedl as a descriptor
indicating to which atom the respective basin can be ateithu

:basin  volume maximum

X

1
2
3
4
5
6
7
8

40.542 0.4307
41.243 0.4269
42.715 0.4305
62.999 103.1959
78.960 100.9773
79.533 117.4279
99.673 232.7108
116.216 155.6372

-0.297
-2.432
2.763
0.013
1.429
-1.114
-2.054
2.086

y z
4.046  0.000
-3.337  0.000
-3.092  0.000
2111  0.000
-1.665  0.000
-1.860  0.000
0.591  0.000
0.876  0.000

131
80
184

159
108
92
175

i j k descriptor

227 80 H6
82 80 H8
81 80 H7
188 80 Cc2
111 80 C4
110 80 C5
160 80 o1
161 80 N3

Remark 2.8The basin descriptors were not given in the previous vession

This section is followed by integer values according to thsib the given point
corresponds to. The grid points run in théirection first. The data line below shows
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that there is a ‘basin’ number zero. This corresponds to tlieppints outside the
molecular envelope.

: start of data

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

It is always a good idea to visualize the basins, cf. Fig. talsee whether there
are some unusual artifacts. Special visualization teclgsghould be utilized (this
creates surfaces around blocks of constant data valuégypéndix A.2).

Remark 2.9If the only possibility to visualize the basins is to creaesurfaces of
basin values then bear in mind that, for instance, the i$asewith (basin) value 3
is not only found around the basin 3, but also between theabdsand 4, 2 and 4,
etc.

2.4 Output file

The output of the basin evaluation includes the informagibaut the files read in,
the calculation progress and some statistics. The proghe#sg the basin search
is shown by a scale, giving the number of points which arestesthis check is
repeated till the zero-flux surfaces do not move anymoresrAfie basins are de-
termined the integration section starts. If thiegrate keyword was not given, then
just the volumes of each basin will be determined.

If there is a property file assigned by threegrate command, like the electron
density gridC3H3NQHF_6-31G.g03.rha in the control file rho_basins.inp the
corresponding property will be integrated over each bdsirthe outputfile first
the structure data are given, followed by the informatioowlreplaced charge if
the core_charge keyword was used. For each basin its volume, the integrdief t
property over this volume (usually the charge), the propeatue at the attractor
position (maximum of the scalar property that was used tmdéfie basins) as well
as the attractor position itself are given:

rhol[r] rholr]
BASIN VOLUME INTEGRAL  MAXIMUM <X>  <Y> <z>  ATOMS DIST ECCNT

1 40.542 0.8673 0.4320 -0.303 4.067 0.000 H6 0.04
2 41.243 0.8795 0.4289  -2.407 -3.341 0.000 H8 0.04
3 42715 0.9063 0.4315 2.780 -3.097 0.000 H7 0.04
4 62.999 49641  118.3135 0.000 2.121 -0.000 C2 0.00
5
6
7
8

78.960 56659  118.3130 1.413 -1.675 -0.000 C4 0.00
79.533 56153  118.3147 -1.110 -1.860 0.000 C5 0.00
99.673 9.0038  291.3237 -2.062 0.575 0.000 O1 0.00
116.216 7.9439  192.1030 2.087 0.895 -0.000 N3 0.00

TOT 561.881  35.8460
Volume difference: -1070.519

Basin data written on file C3H3NO_HF_6-31G.g03.rho_r.bsn



42 2 Basin evaluation

The above output shows that the QTAIM basins for the hydregee slightly posi-
tive (around +0.1 each), whereas the carbon atoms are ntapaesitive (especially
C2, cf. basin 4). The oxygen and nitrogen basins are botlesiregative charged).

If the basisfile is not present then the attractor positions and propeatyes
correspond to the closest grid point. For each attractoclibsest atom (or atoms,
see below) as well as the distance to this atom are given ératiove example
the distance is always zero for atoms other then hydrogeause in this case the
attractors of electron density coincide with the atomicifi@ss).

Remark 2.10When the basins are cropped by an isosurface (keywang) then
the sum of the basin volumes is less then the total grid regatume. In that case
the line ‘Volume difference:’ will be appended.

Following is the output example for the ELI-D basins of theHgNO molecule
(cropped by the 0.001 boht density isosurface):

rho[r] ELI-D[r]
BASIN VOLUME INTEGRAL MAXIMUM <XX> <Y> <Z> ATOMS DIST ECCNT

1 0.268 21288 13.1296 -2.062 0.575 0.000 O1 0.00

2 0453 21099 14.9864 2.087 0.895 -0.000 N3 0.00

3 0.813 20952 17.1006  1.413 -1.675 -0.000 C4 0.00 -

4 0.813 2.0920 17.2159 0.000 2.121 -0.000 Cc2 0.00

5 0.818 2.0942 17.2365 -1.110 -1.860 0.000 C5 0.00 -

6 5462 1.1927 15295 -1.633 -0.561 0.000 O1-C5 1.21-1.40 O. 014
7 5802 1.2585 15247 -1.101 1296 0.000 0O1-C2 1.20-1.38 0.0 01
8 10.919 1.6965 1.6748 1.797 -0.386 0.000 N3-C4 1.31-1.34 0. 044
9 40.696 2.8040 1.6768 1.051 1.501 0.000 N3-C2 1.20-1.22 0.0 03
10 71.845 2.2711 7.6437 -2.501 -3.442 0.000 H8 0.10 -

11 73.889 2.2487 7.5734 2.883 -3.195 0.000 H7 0.11

12 78.033 2.3838 7.9725 -0.329 4.216 0.000 H6 0.12

13 85.723 4.7544 1.6749 -3.091 0.870 0.000 o1 1.07

14 91.854 3.0218 1.9272 3.314 1.377 0.000 N3 1.32 -

15 94.491 3.6944 1.7583 0.145 -1.876 0.000 C5-C4 1.26-1.28 0 .108

TOT 561.881 35.8460
Volume difference: -1070.519

Basin data written on file C3H3NO_HF_6-31G.g03.elid_r_t_ tr.bsn

Now there are much more basins then in the previous exampig tiee electron
density field (where eacp-basin can be attributed to one of the 8 atoms). The
first 5 basins show the atomic cores of oxygen, nitrogen, amidon, with ELI-D
attractors at the corresponding atoms, D#ST=0.0Q cf. also the colored basins in
Fig. 2.2. The cores are populated roughly by 2.1 electrons.

The basins 6-9 correspond to the O-C and N-C bonds, resplgctiith ELI-D
attractors each time located between two atomic nuBIEST shows the distance
to the particular neighbors. The attractor number 6 is katdt21 bohr from oxy-
gen and 1.40 bohr from carbon. It is not located exactly atriterconnection line
between the atoms, because the eccentricity (perpenditistance to the O1-C5
line) ECCNT=0.014bohr (the attractor number 7 is already located practicatly
the interconnection line).

The basins number 10-12 are attributed to the C-H bondsubea the absence
of hydrogen cores in the ELI-D representation (thus, frormepte ELI-D analysis
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one cannot distinguish between the part that could be atéibseparately to the
hydrogen atom).

Similarly to the basins number 10-12 the ELI-D attractorsiber 13 and 14 are
located around single nucleus. A closer inspection of thia deveals that the corre-
sponding basins describe lone-pairs, cf. the ELI-D diagraiig. 2.2. Interestingly,
there is just single oxygen lone-pair basin populated b él&ctrons (not split into
two separate parts, like in water molecule).

The distance of the property maximum to closest atoms tegeilih the eccen-
tricity is used to set up the basin descriptors (respegtitred ‘ATOMS’ column in
the output). It works in the following way. If the basin prapemaximum (i.e., the
basin attractor) lies within the tabulated ELI-D core raglitlhen the corresponding
atomic symbol is assigned to the respective basin. If thmlzdisactor is positioned

Fig. 2.2 ELI-D for C3H3NO. Gold colored (irreducible) 1.45-localization doma(tt$’ and ‘Lp’
mark the hydrogen and lone-pair domains, respectivelyeBidygen core basin; green: nitrogen
core basin; black: carbon core basins
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between two atoms and the angle between the atom-atomantezction line and
the attractor-atom line is less than°4ben the basin descriptors is formed by the
corresponding atomic symbols with a period in between. @tise, in thebasin
file, the symbol ‘LP’ (for lone-pair) is used.

Remark 2.11The basin descriptors should serve as a hint or help. It i;terided
to be used as a rigid classification.

2.5 Search for critical points

The integration section in the output is closed with theiinfation about the file to
which the basin data are written. Thiasinfile can be used for further evaluations.
An important application is the search for the critical geifollowed by the eval-
uation of some quantities at those points found. Indbetrol file below (modified
rho_basins.indile) the densitybasinfile is used with the keyworgdroperty and the
commandopology:

TITLE

::C3H3NO density basins

‘KEYWORDS

property =C3H3NO_HF_6-31G.g03.rho_r.bsn
output=.

topology
icl_graph=full

end

Now, the basins are not recomputed by DGrid (what would beretise the case for
the density grid file, i.e., it is possible to run the basirrekammediately followed
by the critical point search in single job). Instead, they directly read from the
basinfile C3H6.HF_3NO-31G.g03.rha.bsncreated in previous run. The headers
in the outputfile will be the same as already discussed (with a ‘Volumetisac
included). Additionally, the ‘“Topology’ section will appein theoutputfile. The
first part of this section shows all electron density attes:t

ATTRACTORS I'N RE G IO N»»*x

Nr. Basin X y z value Laplacian curvature

1 7 -2.0618 0.5748 0.0000 291.3237 - o1

2 8 2.0869 0.8955 -0.0000 192.1030 - N3

3 6 -1.1101 -1.8596 0.0000 118.3147 - C5

4 4 0.0000 21211 -0.0000 118.3135 - c2

5 5 1.4135 -1.6748 -0.0000 118.3130 - C4

6 1 -0.3026 4.0665 0.0000 0.4320 -19.1959 -6.6123 -5.9828 -6 .6008
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3 2.7803 -3.0966 0.0000 0.4315 -19.1470 -6.5836 -5.9880 -6 .5753
2 -2.4073 -3.3406 0.0000 0.4289 -18.9880 -6.5374 -5.9233 - 6.5272

© ~

This part is followed by the information about the saddlenp®{points with 2 neg-
ative and 1 positive principal curvatures):

***% (3-1) SADDLE POINTS I'N REGION *x*x

Nr. Basins X y z value Laplacian curvature elip |V|/G H

7016 021 3.1104 -0.5867

4 07730 1.6246 0.0000 0.3740 -1.2348 0.3154 -0.8486
5 0.2027 -1.7737 0.0000 0.3307 -0.8849 0.3332 -0.6832 5349 0.28 3.7726 -0.3460
1 -0.2059 3.4012 0.0000 0.2858 -1.0035 -0.7896  0.5492 7631 0.03 8.8533 -0.2875
2 -1.9621 -2.8230 0.0000 0.2824 -0.9697 -0.7670 0.5333 - 0.7360 0.04 8.2561 -0.2812
5
3
4
6

cogs

1.6778 -0.6139 0.0000 0.2802  -0.7099  -0.5397  0.3406 .5108 0.06 3.3400 -0.3099
22983 -2.5931 0.0000 0.2798 -0.9333  -0.7398  0.5286 7221 0.02 7.5816 -0.2751
-0.6802 1.5630 0.0000 0.2619  -0.1784 0.6952 -0.4217 4519 0.07 2.1419 -0.3589
-1.4000 -1.0226 0.0000 0.2446  -0.0688  -0.3527  0.6643 - 0.3803 0.08 2.0563 -0.3226

I R
S0 6

PN U A WN R

The column ‘Basins’ shows between which basins the saddig fslocated (the
numbering from the ‘Volume’ section is used). The Cartegiasition of the saddle
point as well as the property value (here the electron d@raitd its Laplacian at
this position together with the corresponding principalMetures are given in next
columns. From the above data it can be seen that the dengitsdian is negative
at all bond critical points of the oxazole molecule.

The ellipticity at the saddle point is given ags/c, — 1, with the two (negative)
curvatures; andc, perpendicular to the interaction path, wheréty > |c;|. The
virial ratio |V |/G is computed from the positive definite kinetic energy denGit=
OO (r,r") and the local potential energy density is se¥ te- %sz —2G[11]. The
energy density at the saddle point is givenHby- G+ V.

Similar table is given for the ring critical points (pointstiv 1 negative and 2
positive principal curvatures). For the oxazole molechég¢ is 1 ring critical point:

L (3.+1) RING POINTS I'N REGION *=xx
Nr. Basins X y z value Laplacian curvature ellip |V|IIG H
1 8- 7 0.0141 0.0039 0.0000 0.0514 0.4363 0.2378  0.2551 -0.05 67 0.07 0.9104 0.0090

The column ‘Basins’ shows only two of the basins touchingating point (instead
of all five). The ellipticity is computed similar to the saddboint ellipticity, but
using the two positive curvatures.

The last table includes data for the minima (no data fgid4NO — the electron
density minimum is at infinity) in the region. The closinganfnation in the ‘Topol-
ogy’ section shows the Euler characteristic inside the pedpegion:

Euler characteristics (inside cropped grid):

-> 8 (Attr) - 8 (Bcp) + 1 (Rcp) - O (Min) = 1
showing that the Poincare-Hopf sum is fulfilled. This neetl b the case if just
part of the system was calculated. As mentioned above, theagplies only to the
computed (cropped) region.

The commanditl_graph=full’ direct the program to create the interconnection
lines (ICLs) between the saddle points and the attractonefisis between the ring
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Fig. 2.3 p-basins (cropped by the 0.001 boRiisosurface of electron density) and the molecular
graph for GH3NO. Hydrogen basins are in gray, the nitrogen basin is gredéored (the oxy-
gen and carbon basins are not shown). Red spheres: attsragteen spheres: saddle points; blue
sphere: ring critical point

critical points and the minima (parameter ‘full’, cf. Sed820, page 65). The result-
ing data are written to the filE3H3NQHF_6-31G.g03.rha.bsn.graph.stin the
STR format. In case of electron density the diagram formethbylines from sad-
dles to the attractors is called molecular graph [5]. Fig.shows (program Avizo)
the molecular graph for oxazole, together with the nitrogad hydrogen basins
(cropped with 0.001 boh? isodensity surface). It can be seen that in the saddle
points (small green spheres) are located in the zero-flulases (basin borders).
The ring critical point (blue sphere) is located within thelecular ring. The blue
line follows the gradient path to the minimum in the direntif the negative prin-
cipal curvature (only the part till the grid border is dravenitais a long way into the
infinity). It can nicely be seen that the trajectory runs gltime edge of the nitrogen
basin.

Instead of computing the ICLs directly after the topologglenation it is possible
to perform this task with an utility, cf. Sec. 3.6). Commaegtout the icl_graph=full’
command would result in a topology run with all the data diéscrabove, but with-
out the ICLs. The critical points would be saved in a file nar@&H3NQHF_6-
31G.g03.rha.bsn.cp.stri.e., without the data for the lines. With this file the inter
connection graph can be computed using:
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dgrid C3H3NOHF_6-31G.g03.rha.bsn.cp.str full

In case of the density evaluation of the oxazole moleculétbelogy and ICL graph
is a short calculation. However, for larger systems and nesmllating functions
with high gradients, liké12p or ELI-D, with large number of critical points it can
turn into a time consuming task. Then it is better first to parfthe search for the
critical points, check whether the Euler characterissdbé desired one (depending
on the region or periodicity) and then create the ICL grap¥tsch can take lot of
time as well).

In case of ELI-D there are much more basins then in case ofrefedensity.
Especially if heavy elements are involved one encountergthblem of resolving
the large number of inner shell basins connected with hugeeu of critical points.

Remark 2.12DGrid is working on an equidistant grid of data. Thus, it cainre-
solve details hidden between the grid points. Strong @sigls in atomic regions
can be taken into account only by appropriately fine meshe&4tl0.05 bohr mesh
should be used to properly resolve the core-valence sépafat heavier elements.
Even then, due to the very high gradients and curvatureslgtegmination of criti-
cal points can fail.

To avoid the complicated as well as time consuming searcbrfiical points in
the core region of heavier atoms it is possible to excludertgion from the search.
In case of ELI-D tabulated shell radii are utilized with tre/kwordELI _core. Then,
the procedure will not search for critical points within ttwre region, cf. Table 2.1.

Table 2.1 Core regions with ELIcore keyword

Atoms Core shells
Li—-Ne [ 1st

Na—Ar — 18ty ond

K s 1St+ 2nd+ 3rd
Ca-Cu — 18ty ond

Zn—Kr — sty ond 4 3rd

Rb — 18ty 2nd 4 grd 4 g4t
Sr-Ag — 1ty ond 4 3rd
Cd—Xe — sty pnd 3rd 4 gth
Cs-La — sty pnd 3rd 4 gth
Ce-Lu — 15t gnd 4 3rd
Hf-Au — 15ty ond 4 3rd | gth
Hg-Rn — 1st + ond + 3rd + Ath + gth

The radii can be found in the constructor of the class 8, respectively in Ref. [21]

The reason for the choice of th& and 29 shell as the core region for the series Ca—
Cu is the observation that the structurization of the pémalte atomic shell seems
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to be important [22] (and similarly for other series). Théical points within the
core-valence separation will be searched, whereas eaemeggion will be replaced
by a single unit, called ‘core’ and treated as an attracttvérdetermination of Euler
characteristic.

As an example let us utilize theLI _core keyword in the evaluation of ELI-D
of the oxazole molecule. Of course, in this case the cor@negiplace really just
a single attractor (thus, the same result would be givenhferevaluation without

ELI _core). The followingcontrolfile:

TITLE

::C3H3NO ELI-D basins

‘KEYWORDS

property =C3H3NO_HF_6-31G.g03.elid_r_t_tr.bsn
output=.

ELI_core
topology

end
yields a ‘Topology’ section similar to the one for the evdioa of the electron
density shown above. However, the table for the attrac®rsoiv followed by a
table with the data for the core region:

*x** ATOMIC CORES I N REGI1 O N**x

Nr. Atom Basin X y z value radius
1 C5 5 -1.1101 -1.8596 0.0000 17.2365 0.4350
2 Cc2 4 0.0000 21211 -0.0000 17.2159 0.4350
3 c4 3 1.4135 -1.6748 -0.0000 17.1006 0.4350
4 N3 2 2.0869 0.8955 -0.0000 14.9864 0.3600
5 o1 1 -2.0618 0.5748 0.0000 13.1296 0.3000

For the 5 atomic cores the corresponding atomic symbols asth mumbers are
given, followed by the position of the atom with the ELI-D valas well as the
radius used. For ELI-D there are also 11 minima found in themated region:

* k% MINIMA I'N REGION **x

Nr. X y z value Laplacian curvature VIIG H

1 -1.9212 0.9616  0.0000 0.6680 33.7741 0.8159  32.1033 0.854 9 1.0338 -0.7313
2 -21364 0.1696  0.0000 0.6674 33.6895 0.8103  32.0236 0.855 6 1.0330 -0.7088
3 20331 0.8449 0.4841 0.6409 24.5150 0.8422 0.1686  23.5042 0.9834  0.1377
4 2.0331 0.8449 -0.4841 0.6409 24.5150 0.8422 0.1686  23.504 2 0.9834  0.1377
5 0.4958 24271 -0.0000 0.6290 17.6058 16.9168 0.6421 0.047 0 0.9498 0.1645
6 1.4679 -1.6105  0.5859 0.6281 16.8136 0.3210 0.1148 16.377 8 0.9455 0.1603
7 1.4679 -1.6105 -0.5859 0.6281 16.8136 0.3210 0.1148 16.37 78 0.9455  0.1603
8 -0.8764 -2.3950  0.0000 0.6230 17.6142 0.6679 16.7976 0.14 86 0.9456  0.1755
9 -0.3759 1.9230 -0.4179 0.6201 16.8560 16.4229 0.3485 0.08 46 0.9330  0.1893
10 -0.3759 1.9230 0.4179 0.6201 16.8560 16.4229 0.3485 0.08 46 0.9330  0.1893
11 -1.3781 -1.3290 -0.0000 0.6118 18.3150 0.2749  18.0045 0. 0357 0.9115  0.2545
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Euler characteristics (inside cropped grid): 10 (Attr) - 29 (Bcp) + 26 (Rcp) - 11 (Min) + 5 (Core) = 1

Topology data written to the file C3H3NO_HF_6-31G.g03.eli d_r_t_tr.bsn.cp.str

The addition of the 5 cores yields the proper Euler charistierThe data for the
critical points are written to the filE3H3NQHF_6-31G.g03.elid _t_tr.bsn.cp.str
which can be used to create the ICL graphs for the oxazolequlele

dgrid C3H3NQHF_6-31G.g03.elid_t_tr.bsn.cp.str full

The resulting ELI-D ICL-graphs are not very complicatedshbioth ICL graphs
(from saddles to attractors and from rings to minima) can tmeve at once, cf.
Fig. 2.4. The core spheres in the figure have the radius givéimei above table of
atomic core regions.

Fig. 2.5 shows the same ICL graphs like Fig. 2.4. AdditiondIELI-D basins
are shown (corresponding to the C-O and C-N bonds). The afehe basins
(the ELI-D zero-flux surfaces) are colored according to the[E value at the given
position. It can nicely be seen, that the ELI-D maxima (2-elisional; rank 2, signa-
ture -2) in the zero-flux surfaces correspond to ELI-D sagdiets (3,-1), whereas

Fig. 2.4 ELI-D ICL graphs for GH3NO. The small colored spheres have following encoding:
red - attractors; green - saddle points; blue - ring critmaihts; black - minima. The hydrogen
positions are marked by gray spheres. The gold colored IGhgaward the attractors, whereas
the blue ones run toward the ELI-D minima. The large rosereal spheres are the respective core
regions. The rose-colored stick are used to highlight thiecutar structure
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Fig. 2.5 ELI-D basins and ICL graphs for ££13NO. The small colored spheres have following
encoding: red - attractors; green - saddle points; blueg ciitical points; black - minima. The
hydrogen positions are marked by gray spheres. The goldezbl€Ls run toward the attractors,
whereas the blue ones run toward the ELI-D minima. The lange-colored spheres are the re-
spective core regions. The rose-colored stick are usedgtdight the molecular structure. The
3 ELI-D basins (corresponding to the C-O and C-N bonds) alered according the the ELI-D
value at the zero-flux surface

the ELI-D saddle points in the zero-flux surface (again 2atisional; rank 2 signa-
ture 0) correspond to the ring critical points (3,+1).

Remark 2.13The search for critical points is using certain threshotdgjfadient,
curvatures, etc. in DGrid. If the critical points are in reg$ below the thresholds,
then they cannot be detected. For instance in almost sheggions around atoms
in a molecule, which of course cannot be perfectly spherfeabever the changes
in gradient and curvatures are close to numerical instegdsli Even if the Euler
characteristics is the proper one, there still could be sortieal points missing
(bear in mind that if an attract@nda bond critical point was not found the Euler
characteristics remain unchanged).
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2.6 Superbasins

In some cases it is desirable to unify basins into singlerfeated or disconnected)
object, so called superbasin. Be it all the core basins of@n,aome basins in the
valence region or even basins of different chemical groups.

First DGrid must identify all the basins in the computed oegiand write
the basin data into theasin file, cf. previous section. Then, for instance, the
C3H3NQHF_6-31G.g03.rha.bsnfile can be read with thproperty keyword and
the integration of electron density over basins perfornBed.in contrast to the ex-
ample at page 41, now with each C and H basins unified into alsagie:

TITLE

::C3H3NO density superbasins

‘KEYWORDS

property =C3H3NO_HF_6-31G.g03.rho_r.bsn
integrate=C3H3NO_HF_6-31G.g03.rho_r

output=.

superbasins

C2-H6 = 4 1
C4-H7 =5 3
C5-H8 =6 2
superbasins_end

end

The definition of the superbasins starts with the keywsrderbasins It must be
the only keyword on the line. The block must be closed withkégwvordsuper-
basinsend. Within the block each superbasins is given a descriptgr, €£2-H6’
for the first C-H group followed by the equal sign and the bamimbers of the
constituting basins. Any basins can be chosen to form a bapers.

Remark 2.14In contrast to a superbasin, so called basin set [22] is diyespecial
choice of basins. Basin set is join of sets of interconneb#sins where the basin
interconnection points are above or equal to a specifiec\{#the basin interconnec-
tion point is the position and property value correspondintpe basins connecting
saddle point). Thus, the basin set is always a connectedtolbjet every super-
basins is a basin set. In the left diagram of Fig. 2.6 the 6c2llzation domains are
shown (isosurfaces for the density value 0.3 bdhrlt can be seen that none of
the C and H density basins, as chosen in the alsowrol file, can form separate
basin set (by lowering the density to connect the C-H one aavoid that C-N is
already connected as well). However, the N and C as well asvhearbon basins
form (2 membered) basin sets to the interconnection vajue: 0.3, whereas the
hydrogen and oxygen basins remain separated. Loweringtheonnection value
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Fig. 2.6 Electron density isosurfaces forEB3NO. Left: 0.3-localization domains; the N-C and
C-C groups are within separate localization domain. Ri@l#81-localization domains; now the
N-C-H and C-C-H groups are within separate localization dios

to pic = 0.281 gives two 3-membered basin sets (NCH and CCH) and twoaepa
basins (H and O). For the corresponding basins cf. Fig. 2.1.

In the output an additional section preceding the basimmétion will appear:

Creating 3 superbasins:

SB Descriptor #  basins
1 C2-H6 1 4

2 C4-H7 3 5

3 C5-H8 2 6

showing that 3 superbasins were created, with correspgmidiscriptors. The num-
bers for the constituting basins are also repeated in theuauln the basin data
following this section the correspondence between thenbaaind superbasins is
highlighted:

rho[r] rhol[r]
BASIN VOLUME INTEGRAL MAXIMUM <> <Y> <zZ> ATOMS DIST ECCNT
1 S1 103.540 5.8314 0.4320 -0.303 4.067 0.000 H6 0.04
2 S3 120.776 6.4948 0.4289  -2.407 -3.341 0.000 H8 0.04 -
3 S2 121.675 6.5722 0.4315 2.780 -3.097 0.000 H7 0.04
4 S1 - - 118.3135 0.000 2.121 -0.000 C2 0.00
5 S2 - - 118.3130 1.413 -1.675 -0.000 C4 0.00
6 S3 - - 118.3147  -1.110 -1.860 0.000 C5 0.00
7 99.673 9.0038  291.3237 -2.062 0.575 0.000 O1 0.00
8 116.216 7.9439  192.1030 2.087 0.895 -0.000 N3 0.00
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TOT 561.881 35.8460
Volume difference: -1070.519

Basin data written on file C3H3NO_HF_6-31G.g03.rho_r.bsn .super

Here, for instance, S1 means basin belonging to the supenbasiber 1, i.e. su-
perbasin ‘C2-H6’. Observe that the total volume (as welltdtal integral) of the
superbasin number 1 is given for the volume of the first bagmitrer of the super-
basin. For the remaining members, in this case basin numbiegr is just a period
given instead of the volume and integral.

A new basinfile, including the superbasins, witbuperappended to the original
basinfile name is created. In this file the correspondence betweehdsins and
superbasins is given in the basin descriptor section. Figvigualizes the resulting
superbasin data file. Now there are only 5 basins insteadaif Big. 2.1, because
each of the previously separate C and H basins form C-H gretips superbasins.

Fig. 2.7 Density superbasins forsElsNO, cropped by 0.001 boh? electron density isosurface.
Blue: oxygen basin; green: nitrogen basin; dark gray: tré¢ superbasins;
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2.7 Overlap integrals

The integration of electron density over basins yields thsitb populations (the
average number of electrons within the region), which piesiinformation about
the atomic charges, respectively a hint when consideriagptind order (for ELI-
D basins). For the examination of chemical bonding it is ¢éiiest to analyze the
electron pair density as well. In Sec. 1.6 it was already maet that it is possible
to compute some pair-density properties, cf. Table 1.6 dvewthere the focus was
on the conditional properties. The reason was that the pisity itself is a 6-
dimensional function and one need to reduce 3 dimensiongtt@a @D-property
grid.

In this section we will deal with integrals of electron pa@rsity. For molecules
DGrid is using Slater-type or Gauss-type orbitals appratiny the wave function
by one or more determinants build up from the orbitals. Frbim Ansatz the 1-
matrix and 2-matrix is formed, providing the pivot for alktiproperty evaluations.

Remark 2.15In DGrid the 2-matrix is created formally by the reductiortioé de-
terminantal Absatz. It is not guaranteed that the 2-matdpprly describe the pair
interaction. For instance, starting from a DFT result yirddwavefunction repre-
sented by Kohn-Sham orbitals DGrid creates the 2-matrixstme way as for a
HF calculation, even if the DFT wavefunction is not meantrogerly describe the
local pair interactions, but ‘just’ the (correlated) etect density.

The electron pair densitga(r1,r2) is the diagonal part of the reduced 2-matrix
p2(rirb,rirz). The 2-matrix can be decomposed into same-spin and opgspsite
contributions, which in the orbital representation can bigten as:

n

1 n
P77 (rirs,rarz) =352 Rk 1a(r)e ()] @ (r) g (r2)] (2.1)

<) k<
and
1 n n . .
P57 (rirp,rars) = EZZ T8 ArDAT)E ) (r2). (2.2)
<] k<

Thus, the determination of the integrals of electron pairsity over basins are re-
duced to the calculation of the overlap integi@ls= [, @(r)@(r)dV of the molec-
ular orbitals over the basins. For this the factorizatiothefGauss functions can be
utilized.

Remark 2.16This factorization is necessary to achieve the speed upéogvalua-
tion. For this reasons the calculation of the overlap irabsjis performed in DGrid
only for Gauss-type orbitals and only if the grid is orienpatallel with the Carte-
sian axes.

First, let us compute for the oxazole molecule a electrorsiteigrid parallel
with the Cartesian axes:
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TITLE
. |

. |
::C3H3NO HF 6-31G parallel mesh

‘KEYWORDS

basis=C3H3NO_HF_6-31G.g03
result=C3H3NO_HF_6-31G_parallel

:CHOOSE THE DESIRED PROPERTIES

compute=rho

mesh=0.05 4.0 parallel
END

The resulting density grid is written to the fl&88H3NQHF_6-31Gparallel.rho.r.
The grid-box is parallel with the Cartesian axes which carsden already in the
output where the definition of the grid region is written:

REGION : origin = [ -6.450, -7.350, -4.000]

i = [ 13.250, 0.000, 0.000] |i = 13.250 by 266 points  d|ij = 5.0 00e-02
j=[ 0.000, 15.450, 0.000] [j| = 15.450 by 310 points  dlj| = 5.0 00e-02
k = [ 0.000, 0000, 8.000] |kl = 8.000 by 161 points  d|k| = 5.000 e-02

All three grid vectord, j,k have only one nonzemy,z component. To compute
the basins for the resulting density grid basins, cf. Se&t(@nveniently with the
0.001 cropping). For the density basins the overlap integir@ computed using the
following controlfile with the keywordoverlap:

TITLE

::C3H3NO overlap over density basins

‘KEYWORDS

property =C3H3NO_HF_6-31G_parallel.rho_r.bsn
integrate=C3H3NO_HF_6-31G_parallel.rho_r

output=.
overlap

end

The commandproperty =C3H3NOHF_6-31Gparallel.rhar.bsn’ tells DGrid where
to find the file with basins over which to compute the overlapgdnals. With the
assignmentihtegrate=C3H3NQHF_6-31G parallel.rhar’ the basis set is chosen
(namely the one used to compute the density grid).
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Remark 2.17With this combinationit is possible to compute the basirthwhosen
basis set and then determine the overlap integrals for erdiit basis set over those
basins. One could even createasinfile with artificial basins and then compute the
desired overlap integrals.

2.7.1 Fluctuation and delocalization indices

The output from the overlap run is written to a file with theemgion ‘ovl (instead
of ‘.bas). There the ‘Integration’ section is followed by a ‘Pairrggty analysis’
section. The progress for the calculation of the overlapgrdls of the primitive
functions (Smunu) and of the MOs (8) is shown by running arrows. After the
calculation of the overlap integrals is done the name of fleewfhere the overlap
tables are saved is given.

The resulting overlap integrals are used to immediatelyueda some indexes,
because the time demand for this is usually negligible coatpto the evaluation
of the integrals itself. First the table for the localizatindices is given

L — +
| Localization indices |
Fommmmmem e +

Basin Descriptor Q Daa Dbb Dab sigma2 lambda LI
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For each basin the descriptor and the electron populatipis(given. The popula-
tion is computed analytically and can be compared to the migaleesults in the
preceding ‘Integration’ section.

Remark 2.18The density integrals are computed analytically in thigisac How-
ever, the regions (basins) over which the integrationsarm®pned are still the same
ones formed from small cubes given by the grid mesh. Espedtal small basins
are coarse mesh one should not mistake the populationsexiéitt’ basin popula-
tions for which also an analytical determination of the zua surfaces would be
necessary (but the errors are very small).

In next columns the numbers of same-spin electron pairs @ddaDbb) as well
as opposite-spin pairs (Dab) are given. The numbers are giwéhe integral of the
corresponding pair densities, cf. Egs. 2.1 and 2.2, with boordinates confined to
the given basin region.
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The last 3 columns ‘sigma2’, ‘lambda’, and ‘LI’ shows the fiuation (variance)
in the average population of the respective region, theivelfluctuation, and the
localization index. Bear in mind that in literature somedsrdiffering symbols can
be found (Fradera [12] used alddor the localization index LI, respectively? for
the fluctuation, whereas Bader [7, 8] uged?2, Q) for LI, A for the fluctuation, and
A for the relative fluctuation). Table 2.2 should clarify theaning of the symbols
as used by DGrid.

Remark 2.19The indices ‘sigma2’, ‘lambda’, and ‘LI are given as totalues
summed up over the spin components.

Table 2.2 Localization and delocalization indices

Index Description Equation

N(Q) average population i Jap(r)dr

D (Q) aa-pairs inQ Jfo PS4 (ra,r2)dr1dr;

DB (Q) aB-pairs inQ [ P%B(ry,ra)dr1drp

DB (Q) Ba-pairs inQ [ P5%(re,r2)dr1drp

D(Q) average number of pairs i@ D9 (Q) +DPB(Q) + D (Q)+DP(Q)
F(Q) N2(Q)—2D(Q)?2

0?(Q) fluctuation in population i (N3 — (N3, =N(Q) —F(Q)
D(Q,Q") r{inQ,roin Q' Jodri forpo(ri,r2)dra
F(Q,Q") ryinQ,ryin Q' N(Q)N(Q')—2[D(Q,Q")

Q charge N(Q)

Daa aa-pairs DY (Q)

Dbb BB-pairs DPB(Q)

Dab opposite-spin pairs D (Q)+DFY(Q)

sigma2 fluctuation 0%(Q)

lambda relative fluctuation 0?(Q)/N(Q)

LI localization index F(Q)

3(A,B) delocalization index F(Q,Q")°

D(A,B) pairs between regionsandB D(Q,Q")

2 Number of pairs normalized td(N — 1) /2. InQ: D(Q) = 3 [N3(Q) - F(Q)]

b often defined af (Q, Q') +F(Q’,Q)

The information about localization is followed by table afldcalization indices
0(A,B), summed up over the spin components. The delocalizatiandéadtan be
connected with the number of electrons shared between giesba
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S ——— +
| Delocalization indices |
L —— +
Basin 1 2 3 4 5 6 7 8
1 X 0.000 0.000 0.444 0.005 0.005 0.023 0.027
2 0.000 X 0.001 0.005 0.019 0.459 0.021 0.005
3 0.000 0.001 X 0.003 0.464 0.022 0.006 0.020
4 0.444 0.005 0.003 X 0.026 0.054 0.455 0.760
5 0.005 0.019 0.464 0.026 X 0.795 0.071 0.562
6 0.005 0.459 0.022 0.054 0.795 X 0.464 0.058
7 0.023 0.021 0.006 0.455 0.071 0.464 X 0.107
8 0.027 0.005 0.020 0.760 0.562 0.058 0.107 X

The delocalization indice§(A, B) between the basins are given only e B.
The diagonal values in the tabla & B) are the localization indices LI. Following
sum rule is valido?(A) > A+ 0(A,B), respectively half of the sum depending on the
definition of the delocalization index, see Table 2.2. Sungmnip the delocalization
indices for basin 8 yields 1.539, which is less th&f(8) = 1.569 in the table of
the localization indices. This discrepancy is due to thepiiog of the basins. The
missing part is the delocalization between the basin 8 aaddbion outside the
0.001-envelope (which contains 0.157 electrons, cf. tted tharge in the localiza-
tion table).

The last two tables in the output show the number of sameasmiopposite-spin
pairs formed between the basins.

[ - +
| Same-spin pairs |
B +

Basin 1 2 3 4 5 6 7 8

0.012 0.190 0.196 0.852 1.222 1.212 1.934 1.704
0.190 0.014 0.199 1.090 1.235 1.006 1.968 1.744
0.196 0.199 0.016 1.126 1.053 1.263 2.040 1.792
0.852 1.090 1.126 4.570 7.019 6.949  10.953 9.485
1.222 1.235 1.053 7.019 6.168 7.553 12,706  10.962
1.212 1.006 1.263 6.949 7.553 6.020 12.407 11.124
1.934 1.968 2.040 10.953 12.706  12.407 16.340  17.820
1.704 1.744 1.792 9.485 10962 11.124 17.820 12.585

O~NOU~WNPEF

303.334 same-spin pairs

For a closed-shell calculation the number of same-spirtreleairs within a basin
(the diagonal part of the table) is twice the ‘Daa’ value ia thble of localization
indices. The total number of same-spin pairs for oxazol¢i82 17) /2= 306. The
difference between this value and the one found is againaltiestcropping of the
basins. The same applies to the number of opposite-spirapdithe total number
of electron pairs.
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2.7.2 Overlap over superbasins

The same procedure for the calculation of the overlap imalsgrith the successive
evaluation of the fluctuation and delocalization indices ba applied to the super-
basins, cf. Sec. 2.6. There are two possibilities to perfewnh calculation.

e Either create théasinfile with the desired superbasin in advance by a separate
job, see for example theontrolfile on page 51. Then the overlap integrals can be
computed with theontrolfile from page 55 using thieasinfile name.bsn.super

e The originalbasinfile is used with thegroperty keyword, but the ‘superbasin’
input section, cf. example on page 51, is included intoctbratrol file.

In both cases the data in the ‘Pair density analysis’ setitifbe given only for the
superbasins, i.e., for all basins accumulated in particdaerbasin only a period
will appear instead of data:

L +
| Localization indices |
Fommmmmmem e +
Basin Descriptor Q Daa Dbb Dab sigma2  lambda LI
181 H6 5.833 3.143 3.143 8.506 1.394 0.239 4.439
2 S3 H8 6.496 4.022 4.022 10.549 1.486 0.229 5.010
3 S2 H7 6.570 4145 4145 10.791 1.567 0.238 5.003
4 S1 Cc2 - - - - - - -
5 S2 C4
6 S3 C5 - - - - - - -
7 o1 9.001 8170 8.170  20.256 1.169 0.130 7.832
8 N3 7.943 6.292 6.292 15772 1.569 0.198 6.374

35.843

The correspondence between the basins and superbasiiptt@sds similar to the
one for the ‘Integration’ section as described in Sec. 2t& $ame applies to the
table of delocalization indices:

L — +
| Delocalization indices |
Fommmmmmm e +
Basin 1 2 3 4 5 6 7 8
1 X 0.064 0.035 - - - 0.478 0.786
2 0.064 X 0.837 - - - 0.486 0.063
3 0.035 0.837 X - - - 0.077 0.582
4 - - - X - - - -
5 - X -
6 - - - - - X - -
7 0.478 0.486 0.077 - - - X 0.107
8 0.786 0.063 0.582 - - - 0.107 X

Observe that the localization index (LI) for the superb&informed by the basins
number 1 and 4) is not just the sunb31= 0.350+ 3.201 of the LI(1) and LI(4),
cf. table on page 56. One needs to add the delocalizatioogsd(1,4) = 6(4,1),
cf. table on page 58 as well,551+ 2 x 0.4444= 4.439. Thus, it is possible to
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compute the superbasin localization indices from the oae#he original basins,
however with inconvenience increasing with the number afrmparticipating on
the superbasin.

The overlap matrix file contains only the overlap matricestf® superbasins
(and the unchanged basins).

2.7.3 Domain-averaged Fermi-hole

Running thecontrol file given on page 55 creates a new input file (withij‘a’
appended, i.eC3H3NQHF_6-31Gparallel.rhor.bsn.sija) containing tables with
the overlap integrals over the basins:

OVERLAP computed by DGrid version 4.5 28-08-2009

;job was executed on: Fri Aug 28 13:44:41 2009
for_basin_grid=C3H3NO_HF_6-31G_parallel.rho_r.bsn

basis_from_program: GAUSSIANO3 basis=C3H3NO_HF_6-31G. go3

property:  Sij[r] spin=alpha pair=unknown

Precision = 0.0000000
Basin: 1

MO 1 2 3 4 5 6 7 8 9 10

1 0.000000

2 -0.000000 0.000000

3 0.000000 0.000000 0.000006

4 -0.000000 0.000000 0.000000 0.000000

5 0.000000 0.000000 0.000000 0.000000 0.000000
6

7

8

0.000001 -0.000001 0.000066 -0.000001 -0.000001 0.00161 0

-0.000003 0.000002 0.000055 -0.000000 -0.000000 0.00125 6 0.001540

-0.000000 0.000002 -0.000245 0.000003 0.000002 -0.00589 3 -0.005172 0.022260
9 0.000007 -0.000008 0.000256 -0.000003 -0.000001 0.00649 4 0.004948 -0.023900 0.026959
10  -0.000002 -0.000002 0.000513 -0.000004 -0.000002 0.012 676 0.011566 -0.048502 0.051805 0.106563
11 -0.000000 0.000003 -0.000342 0.000004 0.000002 -0.0086 21 -0.007742 0.032845 -0.035287 -0.072040
12 0.000000 0.000000 0.000000 0.000000 0.000000 -0.000000 -0.000000 0.000000 -0.000000 -0.000000
13 -0.000004 -0.000000 0.000519 -0.000003 -0.000001 0.013 335 0.012486 -0.051462 0.054821 0.113780
14 0.000007 -0.000010 0.000374 -0.000003 -0.000001 0.0099 36 0.008217 -0.037325 0.041454 0.081804
15 0.000001 -0.000001 0.000195 -0.000000 0.000001 0.00506 6 0.004368 -0.019266 0.021154 0.042552
16 0.000000 0.000000 0.000000 0.000000 0.000000 -0.000000 -0.000000 0.000000 -0.000000 -0.000000
17~ -0.000004 0.000005 -0.000142 0.000000 -0.000001 -0.003 938 -0.003489 0.015147 -0.016774 -0.033600

18  -0.000000 -0.000000 -0.000000 -0.000000 -0.000000 0.00 0000 0.000000 -0.000000 0.000000 0.000000

The header start with the descriptor OVERLAP. In next lirtes file name of the
basinfile as well as the information about the basis set and spiivénghere only

one spin-channel is given because of closed-shell datsf).ofibasin number for
which the overlap were computed is given. The ‘Precisiofgiimation has meaning
only for numerical calculations. For each of the selectesirtzaa table of overlap
integrals follow. In the above example there are 18 MOs. TNerlap data can be
further utilized, for instance, to compute the domain-aged Fermi-hole (DAFH)
[24], cf. Table 1.6 on page 14. To compute DAFH the overlapgrdls as well as
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the basin to which one of the pair density coordinates is nendfare introduced to
DGrid with the keywordverlap_matrix in the controlfile:

TITLE

:C3H3NO HF 6-31G

‘KEYWORDS

basis=C3H3NO_HF_6-31G.g03
overlap_matrix=C3H3NO_HF_6-31G_parallel.rho_r.bsn.s ij_a 7

:CHOOSE THE DESIRED PROPERTIES

compute=DAFH alpha
mesh=0.1 4.0
END

This would compute data grid for DAFH where one electron isfiteed to the oxy-
gen density basin (number 7). The DAFH can be also averagadaosuperbasins
(using the correspond overlap matrix file for the supertsasiee previous section).

2.8 Keywords

In this section the keywords for the DGridntrol file concerning the basin evalua-
tion are described in alphabetical order. The keywordsead in case insensitive.
The DGrid program is now inclusive the Basin part, i.e., thkeglation and exam-
ination of basins is performed by DGrid. However, there i @stseparatecontrol
file needed for the analysis.

The keywords are given either as variables, like egrgperty=', or as stand-
alone expressions, likehd. Some of them are followed by 1 or more numbers,
e.g., top=0.8". If float number should be given then one must reallyuinfioat
numbers, otherwise the input routine will throw an error sage. Thus, the com-
mand top=1" would not be valid, because ‘1’ is an integer number.

Often more keywords can be input in single line. But it is &eto put every key-
word in separate line, because sometimes additional datassumed per default.
Some data even need to be written in rigorous sequence. $tante the symmetry
operation during the basin search usingshmmetry keyword. Table 2.3 summa-
rizes the available keywords.
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Table 2.3 Keywords and parameters available for the basin evaluation

Keyword Description Value

attractors write local maxima to file first, last (integersfalilt 1-50)
close-atomdistance=  distance to nucleus float number (default 0.1)
compactify unify local maxima distance, value-diff (floats
coordinates relative,cell

corecharge include core charge

crop crop basins with isosurface file name for the properts fie
eli_core reduce basins inside core

end end of input

extrapolateborder extrapolate border points

format= result file format (basins) cubdgrid , grace, Imto
gravity basin center of gravity

icl_graph= create ICL graphs bcp, rep, full

integrate= integrate property grid file name
localizationdomains  search for localiz. domains two isovalues (floats)
output= specify output file output file name

overlap overlap integrals over basins

property= scalar field defining basins grid file name

reducedstep= step for trajectories step (float), default 0.04 bohr
result= specify result file name generic name of the proffédety
structure= specify coordinates file name file name with ataroordinates
superbasins set up superbasins list terminated by superbad
symmetry= using symmetry mirror, translation

top= first cut field valuerfaximum) (float)
topology analyze critical points

Default values are given iypewriter

font

2.8.1 Attractors

With the keywordattractors the search for the basins is disabled. Instead, only the
attractor positions will be searched and printed to the wiighen thebasisfile

is accessible. If théasisfile is unknown to DGrid, cf. page 36, then a separate
file namedocmax.stiwill be created, containing the positions of the discretalo
maxima written in STR format (cf. Appendix C). Only first 50ckd maxima will

be printed (this is true also for the output into themax.stifile). To output another
number of local maxima use the command:

attractors <from> <to>

where <from> and <to> are integers giving the first and last maximum to be
printed.
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2.8.2 Close-atondistance

The keywordclose-atomdistanceis followed by the distancedist>. At the dis-
tance<dist> from the nucleus the search for a critical point stops. THaudevalue
is 0.01 bohr.

close-atomdistance=<dist>

The reason is to avoid discontinuities or very large gradietose to the nucleus.

2.8.3 Compactify

With the keywordcompactify all attractors (respectively the local maxima) closer
than<dist> (in units used for the grid definition) and differing in propevalue by
less than<vdiff > will be assigned to the same basin, cf. page 38:

compactify <dist>  <vdiff>

Especially if the wave function information is not preseatt,is usually the case for
solid state calculations, there can be large nhumber of elisdocal maxima. The
keyword compactify enables a grouping of otherwise large number of (possibly
artificial) basins. The default value ferdist> is twice the grid point distance. The
default value forcvdiff > is the property range.

2.8.4 Corecharge

The keywordcore_charge is used to invoke the inclusion of precomputed core
charge into the integration procedure, see also page 38adtmieved integration
precision is less then using the grid refinement (howevés,tthe only possibility

in DGrid to enhance the integration precision if theesisfile is not present, like for
solid state calculations).

Remark 2.20For Gauss-type orbitals and grids parallel with the Caatesixes the
analytical integration can be performed using the keyvowetlap.
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2.8.5 Crop

The keyworccrop is followed by the name of thgropertywhich is used to crop the
basins. This can also be a UNIX path to this file.

crop=<XY _prop> <iso>

The basins created by DGrid using the field given byptaperty keyword will be
cropped by the isosurface based on the field frodY _prop> file with the isovalue
<iso> (default is 0.001). The basins must be created during thénoinread in).
As an example cf. thp-basins in Fig. 2.1 on page 35 cropped by the 0.001 bbhr
isosurface of the oxazole electron density.

Remark 2.211f the cropping procedure is not used then the outer basirssifmlec-
ular system extend to the borders of the computed regioradliy computed basins
can be conveniently cropped after the basin search usinB®@rél utility ‘crop’,
see Sec. 3.9.

Of course, with the cropping procedure part of the volumégide the cropping
isosurface) will not be considered for the integration. €muently, the sum of the
basin volumes will not recover the total volume of the conegutegion, cf. the line
‘Volume difference’ for a run with theontrolfile rho_basins.inpg(from theexample
directory, see also page 34) in the corresponding outpu$erf. 2.4:

TOT 561.881 35.8460
Volume difference: -1070.519

which shows the missing volume (the sum of the the total basinme and the
volume difference yields the total grid-box volume of 168Bohf). The charge
in the excluded region (1070.519 béhwill not be considered by the integration
routine.

If a large grid-box around the molecule is used and electearsitly basins are
searched, then due to the very low density (and density gmédihe search takes
much more time because of corrections. In this case it igbttcut off the regions
of low density with thecrop command. If the default value removes more volume
than demanded, use lower isovalue, for instance 1le-5.

2.8.6 Elicore

The keywordeli_core is used to force a unification of core basins with attractors
closer to the nucleus than the tabulated radius (given byetHeD radius of the
inner core atomic shell, cf. page 38). Additionally, DGriobs not search for critical
points in the core region defined as 0.75*ELI-D radius, cfed?.
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2.8.7 End

The keywordend is the last keyword in theontrol file that will be parsed. Any
information after this keyword will be ignored.

2.8.8 Format

The keywordformat is followed by the descriptogfmt> for the format of the
resultfile:

format=<fmt>

Table 2.4 Format descriptors

<fmt> Format

cube — CUBE [2]

dgrid — DGrid basinfile
grace — Grace [3]

Imto — TB-LMTO-ASA [16]

Remark 2.22In both the Cube and Grace formats the property values aen dyy
float numbers. Routines which expect grids of integer va(likes the basin evalua-
tion) could fail.

2.8.9 Gravity

Using the keywordjravity changes the output section, where the volumes of basins
are given, cf. page 41. Then, the property values are givethécenter of gravity
of the corresponding basin.

2.8.10 IclLgraph

The keywordgravity can be used in a ‘topology’ run, cf. Sec. 2.5. After the caitic
points are found the routine searches for the interconmetities (ICLs):
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icl_graph=<icl>

Table 2.5 ICL descriptors

<icl> Trajectories

bcp — from saddle to attractor
rcp — from ring to minimum
full — like bcp and rcp

The routine creates the desired ICL graphs and writes thelotwdes each 0.04 bohr
to an output filename.bsn.graph.strsing the STR format. Because the search for
the critical points can be heavily time demanding ( and theutation of the trajec-
tories as well) it is possible to perform the creation of & graphs using a utility,

cf. Sec. 3.6.

2.8.11 Integrate

The keywordntegrate is followed by the name of thpropertyfile with a grid of
values to be integrated over the basins. This can also be X Path to this file.

integrate=<XY _prop>

The data in theropertyfile must be written in one of the formats known to DGrid
(dgrid, Imto, cube). If théntegrate keyword is omitted, then only the basin volumes
are determined and printed out. If theegrate keyword is given, but theroperty
keyword is omitted then only the total integral within thedgbox region will be
determined.

2.8.12 Localizationdomains

With the keywordocalization.domainsthe search for basins is disabled. Instead,
regions enclosed by isosurfaces (of field given by pheperty keyword) will be
determined. It has the following syntax:
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localization.domains <isol> <iso2>

If the value<iso2> is not given, then the command yields isosurfaces enclosing
separate regions of values higher or equéol>, i.e., the<isol>-localization
domains will be determined. Setting both valugisol> and <iso2> restricts the
(separate) regions to function values betweéspl> and <iso2>.

2.8.13 Output

The keywordoutput is followed by the generic name of tlmtputfile. This can
also be a UNIX path to this file.

output=<XY _test>

Theoutputfile name will be generated by appending the string ‘.bashéogeneric
name (i.e., ‘XY.test.bas’ for the above example). If the name of dogputfile is
not explicitly given by theoutput assignment then the output will be written to the
console. Using the assignment:

output=.

generates theutputfile name from the name of th@opertyfile by appending the
string ‘.bas’ to it.

2.8.14 Overlap

The keywordoverlap can be used only for Gauss-type basis set. Additionally, the
grid-box must be oriented parallel with the Cartesian axdsKeyword mesh
Sec. 1.8.11):

overlap

For each basin the overlap integr8ls= [, @@ dV will be computed and the ta-
bles written to a file (with string ‘.sij’ appended) for pdsie evaluation by other
programs. Additionally, the localization and delocaliaatindices will be computed
and written to the output, cf. Sec. 2.7.1.
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2.8.15 Property

The keywordproperty is followed by the name of thpropertyfile with a grid of
scalar data. The corresponding gradient field defines thiadahe name can also
be a UNIX path to this file.

property=<XY _prop>

The data in th@ropertyfile must be written in one of the formats known to DGrid
(dgrid, Imto, cube). If theroperty keyword is omitted then only the total integral of
the integrated property (given by tirdegrate keyword) within the grid-box region
will be determined.

If the property keyword is followed by the name oflzasinfile then the basin
search will be disabled. Instead, the basins will be diyeethd from thebasinfile
(thus saving time).

2.8.16 Reducedtep

With the keywordreduced step the search for critical points (and the interaction
paths) can be done with reduced maximal step, avoiding jurapgeen regions:

reduced step=<step>

The default value fox step> is 0.02 bohr.

2.8.17 Result

The keywordresult is followed by the generic name of tibasinfile. This can also
be a UNIX path to this file.

result=<XY _test>

Thebasinfile name will be generated by appending the string ‘.bsnhtodeneric
name (i.e., ‘XY.test.bsn’ for the above example). If the name ofltlsinfile is not
explicitly given by theresult assignment then theasinfile will be generated from
the name of th@ropertyfile by appending the string ‘.bsn’ to it.
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2.8.18 Structure

The keywordstructure is followed by the name of thgtructurefile. This can also
be a UNIX path to this file.

structure=<XY _struct>

Using thedgrid format (andcubeformat as well) the atomic positions are already
included in thepropertyfile. However, using thémto format this information is
missing. Then, the keywostructure reads this information from external file. This
can also be an LMTO-PIC file (atomic symbol, atomic radius dredxyz coordi-
nates in 1 line for each atom). Otherwise the data must begrivthe STR format
(described in Sec. C.6).

2.8.19 Superbasins

The keywordssuperbasinsandsuperbasinsend (on separate lines) mark a block
containing the definition of superbasins, one definitionlimer.

superbasins
<supi>= <nrl> <nr2>

<supj>= <nr3> <nrd>
superbasinsend

Each superbasin is given by a descriptssupi> (any string). The equal sign is
followed by a list of basin numbersnr1> (known from previous basin job) forming
the superbasins. The superbasins must not overlap. Thebsigpe descriptor and
the correspondence between the basins and superbasibs wititten into the new
basinfile (with ‘.super’ appended).

2.8.20 Symmetry

The keywordsymmetry is followed by the descriptoxsym> for the symmetry
operation and the direction in which the operation is acting
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symmetry=<sym> i | Kk

Table 2.6 Symmetry descriptors

<sym> Format
translation — translate in given direction
mirror — mirror at the start and end of the grid region

There must be at least one of th& descriptors for the directions. The vectors
corresponding to the directions are defined ingrapertyfile).

2.8.21 Top

The keywordop is used to merge basins into larger sets:

top=<val>

Each attractor has its corresponding basin. However, ibd®sfile is absent (e.g.
for solid state calculation) often larger number of disedetcal maxima are found
around the attractor position. With ttep value <val> DGrid ‘cuts’ out all grid
points with property values higher than tiog value and assign a basin to each sep-
arate closed region. Thus, choosing the valtien the Fig. 2.8 will mark all values
above the/1 line and assign the points to the first basin. After that @émrbsearch
proceed the usual way to determine the remaining basinsgas the top value
V2 would first mark two separate regions and assign basinsttai avoiding pos-
sible spurious basins around the second attractor (if thvere no spurious basins
then the result would be the same as fortthygvalueV1).

Sometimes it is desirable to merge few basins into a singk (oreating a
basin set, when the basins have common scalar field isosuifiacsuperbasins
see Sec. 2.6). Wit 3 as the top value the third basin would form a separate region
However, the first and second basin would merge togetherélues above the3
line yield a single region). In this way it is possible coniestily merge together lot
of basins and analyze such sets of basin as autonomous parts.
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First basin
Second basin
V2 v Third basin
V3

Fig. 2.8 Usage of theop keyword. The vertical lines mark the basin borders (saddietg)

2.8.22 Topology

Using the keywordopologyinvokes the topological analysis:

topology

It can be included in theontrol file either at the stage of the basin search or after
the search, in which case the keywgnaperty is followed by abasinfile from
previous run.

To perform the topological analysis the program needs tessthe basins. The
reason in just in the structure of the program, i.e., to irvtile search for the at-
tractors as well as to get access to basin descriptors. Fetaéletl description of
the results see Sec. 2.5. The topology section creates aiffile (with the ending
‘cp.str’) in which the critical points are saved in the STRrf@at or, if the search
for the ICL graph was invoked with thiel_grap keyword, a file (with the ending
‘graph.str’) with the positions of the critical points aslias the ICL paths (in case
of electron density — bond paths). The connection graph eamsialized with suit-
able interface (for the program Avizo see Sec. A.2). In cdgbeelectron density
evaluation the corresponding connection graph is calledlecular graph, cf. Fig
2.3.






Chapter 3
Utilities

The DGrid utilities are called from the command line with flelowing general
syntax:

dgrid filename <kwr> <par>

The possible choices of keyworeskwr> and one or more parametetpar> de-
pend on the input file (given by thidename, which can be an output file from
quantum chemical program,lasisfile, grid file, or basinfile, respectively. The
DGrid utilities work without thecontrol file. Quick reference to the syntax is given
by the command:

dgrid -u

3.1 Conversion of QM package output

As described in previous sections, the DGrid program neddsfile to evaluate
the chosen properties. Thasisfile is written in a specific format, cf. section 1.5,
and must be created in advance from data supplied by the wmamtechanical
packages.

73
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3.1.1 ADF

In case of the program ADF [1] the formatted TAPEftename.kf(using the
‘dmpkf’ utility of ADF) must be convert into thdasisfile using the DGrid com-
mand:

dgrid filename.kf

yielding thebasisfile namedfilename.adfFor localized orbitals computed with
ADF the command must be extended as follows:

dgrid filename.kf locorb

In this case théasisfile will be namedilename.adfoc.

3.1.2 Gaussian

In case of Gaussian [13] the formatted Checkpoint fillename.fchi{using the
‘formchk’ utility of Gaussian) must be convert into thasisfile using the DGrid
command:

dgrid filename.fchk

yielding thebasisfile namedilename.g98respectivelyfilename.g03Another pos-
sibility is to use the information in the Gaussian WFN file:

dgrid filename.wfn

yielding thebasisfile namedfilename.gwf

Remark 3.1In contrast to théasisfile created from the Checkpoint file ttide-
name.gwfdoes not contain virtual orbitals (as those are not presettte WFN
file).

Remark 3.2Even for a Gaussian calculation yielding at once both theckhaint
and the WFN files the resultingasisfiles will be different! The reason is that in
the WFN file the basis is already decontracted (and so wilhbedata in the corre-
spondingbasisfile). In contrast, théasisfile created from the Checkpoint file has
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contracted basis and the decontraction is performed iallgrduring a DGrid job.
However, the property values from a DGrid calculation wélthe same, regardless
which route is chosen.

Remark 3.3IMPORTANT!

In case of ROHF (restricted open-shell) calculation Gau3 does not write prop-
erly the basis set data to the WFN file. In the WFN file from sualtuation all
orbitals are doubly occupied, i.e., the information abbetgpin polarization is not
given. One need to change after the conversion manuallydtigpation for the sin-
gle occupied orbitals. The data in the WFN file from an UHF ghtion are fine.

3.1.3 Molpro, Molcas, Turbomole

For the programs Molpro [34], Molcas [4], and Turbomole ttesib data output
must be written in the Molden [27] format. Such output fillkname.moldein
Molden format must be convert into tiasisfile using the DGrid command:

dgrid filename.molden

producing thebasisfile namedfilename.mdrespectivelyfilename.mpfilename.mc
and filename.tnfor the recognized programs. In case of the program Turbemol
include in the Molden output file manually as the second lieestring:

[TURBOMOLE]

otherwise the normalization will not be the proper one.

Remark 3.4For natural orbitals from spin-polarized calculation treewapation is
declared only as the-spin channel. DGrid distributes occupations larger then 2
equally between the spins. Occupations smaller or equadgsigned to the majority
spin.

3.2 Basis file conversion

An olderbasisfile can be converted into the new format using the DGrid comuina
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dgrid basisfilename wrt

This yields a copy of théasisfile namedbasisfilenamel written in new format. If
the system energy or the number of electron were not preseheiolder file then
the corresponding data will be set to zero.

3.3 Structure file

With the DGrid command:

dgrid basisfilename str

a structure file will be created from thmasisfile. It contains the information about
the atomic positions, cf. section C.6 in the Appendix C (hasvewithout the color
code and connections part). The resulting file naimesisfilename.sttan be used
by an external program to visualize the molecular structure

3.4 AO contributions

The atomic orbital expansions of the molecular orbitals@aieted by the DGrid
command:

dgrid basisfilename <thres> <occ>

where<thres> (float number) is the threshold for the AO coefficients (th&adk
value for the threshold is 0.1) artbcc> the threshold for the MO occupation (with
the default value 0.0). For instance:

dgrid C3H3NQHF_6-31G.g03 @5

prints out each molecular orbital from thmsisfile C3H3NOHF_6-31G.g03 as
a linear combination of atomic orbitals with coefficientsatfsolute value larger
or equal 0.05 and MO occupation larger than 0.0 (which is #fauwdt value for

<occ>):
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***************************

AO expansion coefficients above the threshold of 0.0500 (oc cup > 0.0000)

***************************

input from GAUSSIANO3 basis file C3H3NO_HF_6-31G.g03
entitled: C3H3NO HF 6-31G

Total energy = -244.5027 hartree

NONE # 1: occup = 2.00000000 Energy = -20.6521

09959 O 1 (s )

NONE # 2: occup = 2.00000000 Energy = -15.5905

09962 N 3 (s )

NONE # 18: occup = 2.00000000 Energy = -0.3677

00768 O 1 (pz ) 00722 O 1 (pza) 03026 C 2 (pz ) 02363 C 2 ( pza)
-0.1675 N 3 (pz ) -0.1454 N 3 ( pz_a) 03077 C 4 (pz ) 0.2474 C 4 ( pz _a)
03764 C 5 (pz ) 03033 C 5 (pza)

The virtual orbitals will not be printed for the defautbcc> value. The printing of
virtual orbitals can forced by any negative value favcc> (for instance -1.0).

3.5 Grid refinement

The integration done by the DGrid program is performed nuca#y on the prop-
erty grid from a previous run. The precision of the integnattrucially depends on
the grid mesh size, which should not exceed 0.1 bohr, better use a 0.05 bohr
mesh. Of course, the fine the mesh the better the integratsutt will be. However,
decreasing the grid point distance by 1/2 increases thertotaber of grid points
by the factor 8.

Higher mesh resolution is needed only in regions of highlg-tinear behavior
of the integrated property. DGrid can perform a refinementhef grid mesh by
computing additional points in such regions. This is don¢heyDGrid command:

dgrid gridfilename refine <prec>

where<prec> is a float number for the precision of the integration. It iaected
with the maximal change for the integral contribution in xl§determined by the
mesh distances) around each of points chosen by the program.

For instance, the integration of the electron density gdid pohr mesh) saved
in the file C3H3NQHF_6-31G.g03.rha (created in a DGrid job using theontrol
file rho.inp) yields the total charge of 35.9901 electrons in the gridaregthe total
number of electrons for £3NO is 36). The result for this light molecule (and
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0.05 bohr mesh) is close to the expected number, but the nuofitsgnificant
figures is certainly larger then the precision of the intdgra Now, the electron
density grid can be refined using the DGrid command:

dgrid C3H3NOHF_6-31G.g03.rha refine 0.1

which performs the refinement with the precision df @lectrons. With the above
command the corresponding output will be written to the otend~ollowing is the
information concerning the refinement:

Refine grid for inhomogeneity > 0.100000

Sum of absolute inhomog. = 0.09300

0 414

[ ] *oem] x| - "]
|>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>|

5796 values computed. Integrals written to file C3H3NO_HF_ 6-31G.g03.rho_r.rfn
Sum of absolute changes = 0.0652327

It can be seen, that the DGrid refined the cells around 414poomputing 5796
additional values. The refinement data (refined integralgifial points chosen by
program) are saved in the fi@3H3NQHF_6-31G.g03.rha.rfn (i.e., the original
file will not be changed). The subsequent integration usiogrdrol file with:

integrate = C3H3NQHF_6-31G.g03.rha.rfn

yields the total charge of 35.9846 electrons in the gridaegihis is a small de-
crease by 0.0055 electron with respect to the original gedim

Performing a deeper refinement using the precision parardi& results in
much higher number of additional points to be computed. Ia tase the cells
around 65 173 points are refined by additional 1 201 286 podtsourse, the
time demand increases adequately. The subsequent ibdagusing the refined
data gives 35.9807 electrons, i.i., lowering by 0.0039tebecwith respect to the
0.1 refinement.

The impact of the refinement procedure is much higher for tians with
highly non-linear behavior, for instance for the electramsity of heavier atoms
or for the density Laplacian. With an appropriatentrol file the density Lapla-
cian can be computed yielding the fil8H3NQHF_6-31G.g03.lapho_r with data
grid of 0.1 bohr mesh size (and 4 bohr border). The integrallasfsity Lapla-
cian over the whole space equals zero. The integral overdimpated region (ca.
1639 boh? around the gHzNO molecule) should only slightly deviate from zero.
However, the numerical integration yields1230404 bohr®. The refinement of
the density Laplacian grid with the precision parameterde€reases the integral to
—0.0917 bohr® (computing additional 1 062 752 points).
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Choosing the precision parameter 0.1 changes the totajraitéo the value of
—0.0865 bohr® (computing 6 580 850 points). The change with respect to ibe 1
refinement is already very smalA (= 0.0052). Decreasing the precision parameter
further to 0.01 yields the total integral of the density Lagn of—0.0875 bohr®
(i.e., lowering by 0.001) over the computed region (at thpesse of computing
the huge amount of additional 23 914 342 points). The exdoevar the integral
of the density Laplacian over the box region is of course ®ob zbecause of the
remaining small positive contribution outside the box.

It is clear that the refinement procedure can be used this vithyreasonable
evaluation time for higher precision only for molecules gamsed of light atoms.
Another possibility is to preform the refinement only ovepate basins, thus sav-
ing evaluation time. This will be shown in next section on &@mple of integrals
of the local source function.

Remark 3.5For electron density based on Gauss-type orbitals theayvertegrals
over basins can be calculated (keywoverlap, cf. section 2.7.1). In the subsequent
evaluation of the fluctuation also the electron populatiothie basins is computed
analytically. The remaining error in the basin populatisue only to the form of
the basin borders derived from a discrete grid (i.e., smades).

3.5.1 Evaluation of the Source Function

The source function contributids(r, Q) is defined as the integral of the local source
LS(r,r’) [6, 14]

h__1 ()
LS(r,r") = yrra ] (3.1)
over given regiom2
1 D)
S(r,Q)_—ET/Q o (3.2)

It shows, how the regiof participate on the reconstruction of the electron density
at the chosen reference positiarPositive values o8(r, Q) mark the regiom2 as a
source, negative values as a sink.

To compute the local source field, the reference positiodsiteebe specified in
the control file. The specification is done with the keywaef_point followed by
the Cartesian position. Following is an example for the ol@molecule:

:C3H3NO HF 6-31G

basis=C3H3NO_HF_6-31G.g03
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output=.

:CHOOSE THE DESIRED PROPERTIES

compute=LS

ref_point= -1.4000 -1.0226 0.0000
mesh=0.05 4.0
END

The reference position is usually a saddle point in the mdaalensity. The above
position is the electron density saddle point between th@at01-C5, cf. the saddle
point Nr.8 in the output of the ‘Topology’ run on page 45, irtS2.5. The mesh size
is set to 0.05 bohr. This is the recommended value to getriiettin borders (zero-
flux surfaces). In the resultingrid file for the local source contains the following
lines:

property: Local-sourcelr] spin=both pair=unknown
Ref_point= -1.4000 -1.0226 0.0000 ref_density= 0.24458

Thus, thegrid file bears not only the information about the reference posibut
also the density at that position. The (exact) integral ef lttcal source over the
whole space should recover this value. As the computed magiust a part of
total space and the integration is done numerically, tregiral will deviate from the
density at the reference position. As proposed by Gatti4, the source function
contributionS(r, Q), i.e., the local source integrals over the basins, are den
DGrid as percentage source contribution to the densityeatdference point.

Integrating the above local source field from the G@H3NQHF_6-31G.g03.lg
yields value much larger than the densityry,) = 0.24458 bohr? at the saddle
point. It gives 1531% (!) of the expected value. Refining theal source grid by
the precision parameter 0.1 (computing additional 632 83iftg) yields by inte-
gration 102.13% of the reference density. Increasing tkeigion with the refine-
ment parameter 0.01 (evaluating 3 795 276 additional ppietovers by integra-
tion 100.54% of the reference density. Further increaskeptecision (refinement
parameter 0.001) does not significantly change the recuyefithe density at the
reference position (100.51% — at large distances there f®ege depletion, i.e.,
positive electron density Laplacian; those remaining gbutions from the missing
volume will reduce the recovering value to 100%).

The above procedure just shows a test of the quality of thecedunction. In
the analysis of the source function contribution one isrggted, how particular
basins contribute to the density at the reference (saddla}.fOne possibility is to
refine the total local source grid and then perform an inteégraf that grid over
the basins. The basins can be created by a separate run ei@8H3NQHF_6-
31G.g03.rhar grid , cf. page 34 (0.05 bohr mesh size, cropped by 0.001 ohr
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density isosurface), yielding tHeasinfile C3H3NQHF_6-31G.g03.rha.bsn The
controlfile for the source function contributions with the refineddbsource grid
(refinement parameter 0.01) and the mentidn&sinfile reads as follows:

::C3H3NO source function contribution over density basins

property =C3H3NO_HF_6-31G.g03.rho_r.bsn
integrate=C3H3NO_HF_6-31G.g03.Is_r.rfn

output=.
END

DGrid reads the basin data directly from th&sinfile without the time consuming
basin search. ThHe3H3NQHF_6-31G.g03.lg.rfn file contains not only the refine-
ment data but also the name of the local-source grid file, whidl be read in by
DGrid. Following is a part of theutputfile:

Local-source[r] rholr]
BASIN VOLUME INTEGRAL  MAXIMUM <X> <Y> <Z> ATOMS DIST ECCNT

R 40.542 1.4633 0.4320 -0.303 4.067 0.000 H6 0.04
R 41.243 5.2369 0.4289 -2.407 -3.341 0.000 H8 0.04
R 42715 1.7967 0.4315 2.780 -3.097 0.000 H7 0.04
R 62.999 2.2427 118.3135 0.000 2.121 -0.000 C2 0.00
R  78.960 6.5979 118.3130 1.413 -1.675 -0.000 C4 0.00
R 79.533  42.6020 118.3147 -1.110 -1.860 0.000 C5 0.00
R 99.673  41.2473 291.3237 -2.062 0.575 0.000 O1 0.00 -
R 116.216 3.7839 192.1030 2.087 0.895 -0.000 N3 0.00 -

O~NOUTRAWN PP

TOT 561.881 104.9707

Volume difference: -1070.519

Each basin number is followed by an ‘R’ showing that the irdégd data were
refined for the basin. The volume difference at the end is tthat the basins were
cropped. Thus, part of the volume of the box-region was nosicered. The impact
of the cropping is that the recovering of the electron dgradithe reference position
amounts to ca. 105%.

It can be seen that all the atomic basins are contributingasice of the density
at the saddle point between the oxygen and carbon nr. 5, waih gontributions
from the the neighboring basins (basins nr. 6 and 7).

In the above example the evaluation of the source functi@neatoo expensive.
With this advantage it was possible to refine the whole logafee grid. This is not
the case when heavy atoms and large basis sets are involugdreSinement could
take hours! Then it is possible to perform the refinement é@al source in the
desired basins only. In this case the command for the refineimeludes théasin
filename and reads as follows:
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dgrid gridfile  refine <prec> basinfile <bast> <bas2- ...

where<basl> <bas2- etc. is a sequence of integer numbers for the chosen basins
inside which the refinement will be performed.

As an example let us take the same data as before, but peHeisotrce function
evaluation for the basins number 7 and 8 (the oxygen andga@tratomic basins):

dgrid C3H3NOHF_6-31G.g03.l¢ refine 0.01
— C3H3NOHF_6-31G.g03.rha.bsn 7 8

The information about the basins is included in the resgltiefinement file. For
the above refinement 826 616 additional points were comp(afethe 3 795 276
points for the refinement with the same precision parametepeited previously
in the total box-region). Taking closer look on the partatipn of basin number 8
(nitrogen) on the recovering of the saddle point electromsitg shows a change
from 3.78% to 3.83%:

Local-source[r] rholr]
BASIN VOLUME INTEGRAL  MAXIMUM <X> <Y> <Z> ATOMS DIST ECCNT
1 40.542 1.4646 0.4320 -0.303 4.067 0.000 H6 0.04
2 41.243 5.2395 0.4289 -2.407 -3.341 0.000 H8 0.04
3 42.715 1.7981 0.4315  2.780 -3.097 0.000 H7 0.04
4 62.999 50.6511 118.3135 0.000 2.121 -0.000 C2 0.00
5
6
7
8

78.960  28.8798 118.3130 1.413 -1.675 -0.000 C4 0.00
79.533 1416.7646 118.3147 -1.110 -1.860 0.000 C5 0.00
99.673  41.2407 291.3237 -2.062 0.575 0.000 O1 0.00
116.216 3.8260 192.1030 2.087 0.895 -0.000 N3 0.00

R
R

TOT 561.881 1549.8644

The reason for this change is that now the precision paraisetalid for the integral
of just two basins, i.e., the relative precision is lowen #e integral of the whole
box-region the precision is roughly 0.01 of 0.24 (saddlepdensity), i.e., ca. 4%
error, whereas for the chosen basins (recovering aroundafa¥te saddle point
density) it corresponds to 0.01 of ca. 0.11, i.e., around 8%.€The results are safe
by using the precision parameter of 0.001 for both routexdDfse, this increases
the amount of computed points.

The stability of the integration should be checked with @sed precision of the
refinement. Especially, when heavier atoms are involved.

3.6 ICL graph creation

Performing the search for critical points without the keydial _graph, cf. Sec. 2.5,
yields a file (with the extension ‘.cp.str’) with the coordies of the critical points.
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Using this file, the interconnection line (ICL) graph can beated using the com-
mand:

dgrid filename.cp.str <icl>

where<icl> is one of ‘bcp’, ‘rcp’, or ‘full’. With ‘bep’ the interconneton lines
from saddle points to the attractors will be created. Usig'‘ creates the ICLs
from ring critical points to the minima (cages), whereadl*ftreates both graphsin
one run. The resulting data (the coordinates of the crifioaits as well as the steps
along the ICLs) are written in the STR format to a file with agh.str’ appended.

3.7 Operations on single grid

The utility operates on data of a singheopertygrid. It is invoked by the DGrid
command:

dgrid  gridflename opl

DGrid reads in thgrid file and asks for the desired operation which can be one of:

Available operations:

+ - X ->  number
/ - over ->  number
mirror translation inversion -> {i, j, k, in, jn, kn}
convert -> {cube, dgrid, grace, Imto}
spin -> {alpha, beta, both, singlet, triplet}
pair -> {alpha-alpha, beta-beta, triplet-pair}
sqr crop reduce

elf2eli elizelf
trp2aa aaz2trp

save quit

The chosen operation is performed at each grid position.eSointhe operations
need additional parameters. After the operation is donejdésvaits the next oper-
ation. The transformed grid data are held in the memory. Theqalure is finished
either by exiting the program without saving the data (comdnguit’) or by sav-
ing the data (commandéave) in which case the resulting grid will be written to the
file with the same name as the original file with an appendiec#fig the chosen
operation. Following is the description of the operations.

The operations+, —, x, /, 7, over needanumber as a parameterin
the input line. For instance the command 5’ will multiply the property value at
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each grid point by 5. Withdver 2’ the value 2 will be divided by the property value
at each grid point. The operaticqr takes the square root of each grid value and
need no additional parameters.

The operationsrhirror , translation, inversion’ perform the given symmetry
operation of the grid. An additional parameter, which is ohigjk ’, respectively
‘injn kn 'is needed, determining at which position the operatiorcting. Thus,
the commandrhirror j ’ will mirror the grid in thej -direction at the origin of the
j -axis, whereagnirror jn ’will perform the mirroring at the end of thie-axis. The
resulting grid will be twice as large as the original one. Toenmand inversion
k” will perform an inversion of the grid in thie-direction around the grid midpoint
of theij -plane. This utility can be used for molecules or solid wite tnentioned
symmetry to save computational time, for instance, to camjust one octant for a
homonuclear dimer and enlarge the grid by mirroring.

The operationspin andpair are used to set the appropriate value for the spin
and pair-spin variable in a grid file.

The last operation which needs an additional parametarigert. It is followed
by the string determining to which format the grid file shobll converted. The
possible formats are given on page 24. Itis also possiblsddhis utility to convert
files written with older DGrid versions into the current 4dgrhat (in some cases
not all data will be available, like e.g. the energy of theteygs which will be set to
a default value).

Thecrop operation will ask for the name of the file containing the nealar struc-
ture (in STR or PIC format). Then all grid values within theraic radii (given in
the structure file) will be set to zero (cropped).

Thereduceoperation can be used only for grid files with odd number ohfsoi
in each direction (i.e., even number of intervals). The nendf grid points will
be reduced in such way, that every second point in each diregfll be removed
without changing the size of the region-box (doubling thesimsize).

With the operationglf2eli andeli2elf the ELF grid files can under specific con-
ditions formally be converted into ELI-D grid files (and vigersa). The conditions
are that the property must stem from a single-determinaveaéfunction, the oc-
cupations must not be fractional and in case of triplet-tiagmnly restricted basis
is allowed.

The operationgrp2aa and aa2trp convert ELI-D files for closed-shell calcu-
lation, in which case there is a simple conversion factowben the single spin-
channel and the triplet-coupled form of ELI-D [23].

3.8 Operations on two grids

Sometimes itis useful to add, subtract, multiply, or divide values in two grids, for
instance, to create a grid with promolecular electron dgmsi compute a density
difference maps. The operation can be accomplished by th@@Gmmand:
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dgrid  gridflenamel <oper> gridfilename2

DGrid reads in the twayrid files (which must have identical mesh size and grid
dimensions) and performs the required operation at eadipgsition. The possible
operations<oper> are summarized in Table 3.1.

Table 3.1 Operations on two grids

<fmt> Format

+ — add the grid values f1(x.y,2) + fa(X,y,2)
— — subtract the grid values f1(x,y,2) — f2(X,y,2)
X — multiply the grid values f1(x, Y, 2) * f2(X,Y,2)
/ — divide the grid values f1(x,y,2)/ f2(x,y,2)

The resulting grid values, with the same grid dimensionkastiginal ones, will
be written to the file namegrid.add grid.suh grid.mult, or grid.div, respectively.
The header of the resultirgyid file is identical with the header of the firgtid file
on the input line (only the title is changed). This means,tf@tinstance the spin
labels will be the ones from the firgtid file. Such data, if desired, must be changed
manually.

3.9 Cropped basins

This utility works on basin files created by the DGrid program, grids of integer
values yielding the basins.

For a molecule the outer basins extend to infinity, i.e., saa$ins are bounded
by the region-box chosen for the grid calculation. Howeitemight be useful to
crop the basins by an isosurface of another property fieldinfstance the elec-
tron density. Using the 0.001 bchdensity isosurface would correspond to basins
cropped by the ‘molecular envelope’. The procedure is agtisined by the DGrid
command:

dgrid basinfilename crop  <val> gridfilename

DGrid reads in both thdasinfile and thepropertyfile (the files must have the
identical grid dimensions and mesh size). Each basin giiiat patside the<val>-
isosurfaces (i.e., outside theval>-localization domains) will be set to zero (i.e.,
marked as no basin). The resulting croppedingrid, together with the information
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about the cropping isovalue and thepertyfile name, will be written to the file
with the same name as thasinfile with the string ‘crop appended.

The procedure yields the same result as a basin search witothmandrop
included in thecontrolfile, cf. Sec. 2.8.5. The utility can be used if one do not want
to perform a new basin search for different cropping isoeslu

3.10 Basin intersections

This utility works on basin files created by the DGrid program, grids of integer
values yielding the basins written in the DGrid format.

Basins computed for two different scalar fields yield twdefiént sets of space
partitioning. It can be of interest to examine, how a patécbasin from the first
set is intersected by the basins of the second set [25]. @§epnot all basins of the
second set will intersect the chosen basins. The inteoseatility has the following
syntax:

dgrid basinfilenamel intersect <bas> basinfilename2

DGrid reads in the twdasinfiles (which must have identical mesh dimensions).
In the firstbasinfile the basin numbetbas> is chosen. Then, the intersections of
this basin with the basins of the second set are determiredt&sulting basin grid
containing only the intersections of basin numkdras> is written to the file with
the same name as the fitssinfile with the string ‘<bas>_isect appended. The
extent (in percent) to which the basins of the second satsettthe chosen basin is
given in the output (written to the console). Of course &l ittersections together
have the same volume as the intersected basin.

For example, for the §H3NO molecule two grids for the electron density and
ELI-D, respective, will be computed using the followiagntrolfile (with the Gaus-
sian03basisfile C3H3NQHF_6-31G.g03rom theexampledirectory):

TITLE

::C3H6 HF 6-31G

‘KEYWORDS

basis=C3H3NO_HF_6-31G.g03

compute=rho
compute=ELI-D triplet

mesh=0.05 4.0

END
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Two grid files will be written, namel{C3H3NQHF_6-31G.g03.rha for the elec-
tron density andC3H3NQHF_6-31G.g03.elid_t tr for the ELI-D. The corre-
spondingbasingrids will be created with the followingontrol file (for the ELI-D

grid by changing the property file name accordingly):

TITLE

::C3H3NO basins

‘KEYWORDS

property=C3H3NO_HF_6-31G.g03.rho_r
crop =C3H3NO_HF_6-31G.g03.rho_r 0.001

END

Note that the basins will be cropped by the 0.001 isosurfateecelectron density.
The basin search yields the filB88H3NQHF_6-31G.g03.rha.bsnwith 8 electron
density basins, respectively the flI8H3NQHF_6-31G.g03.elid _t_tr.bsndescrib-
ing 15 ELI-D basins.

According to the QTAIM approach the electron density bgsifisFig. 2.1 on
page 35, describe the atoms in molecule [5]. Because noearunaxima are not
present in case of thesB3NO molecule, the number of the density basins corre-
sponds to the number of atoms. In case of ELI-D the number sihbas larger
than for the electron density, because there are sepasitslzarresponding to the
ELI-D attractors between the atoms (which can be assumedrad descriptors)
and around the oxygen and nitrogen core basins (lone-psdrigéors), cf. Fig. 2.2
on page 43.

There are always two possibilities for the intersectionysia depending on the
choice of the intersecting sef (ntersectB, or B intersectA). In the above case
either an ELI-D basins is intersected by the electron dghsisins or vice versa.

With the command:

dgrid C3H6.HF_6-31G.g03.elid_t_tr.bsn intersect 6
— C3H6.HF_6-31G.g03.rha.bsn

the ELI-D basin number 6, which corresponds to the ‘bondirbbstween the oxy-
gen and carbon C5, will be intersected by the electron debsisins. The output
will be written to the console. It prints the following infoation concerning the
intersection of the ELI-D basin:

Intersections of ELI-D[r] basin No. 6 (O1-C5):

rho[r]
basin  descriptor volume %

6 C5 0.939 17.19
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7 o1 4.523 82.82

5.462 100.00

Basin intersections written to file
-> C3H3NO_HF_6-31G.g03.rho_r.bsn.isect. C3H3NO_HF_6-3 1G.g03.elid_r_t_tr.bsn_6

The result shows that the ELI-D basin number 6 (O1-C5 bonidjéssected by two
density basins, namely the ones corresponding to the atdras@C5, respectively.
The density basin of the oxygen (the oxygen ‘atom’) parttépto almost 83% on
the ELI-D basin volume. The resulting basin intersectiorssaved in dasinfile
(with the long name documenting that the density basinssatéed the ELI-D basin
number 6), which actually contains the density basins withe region of ELI-D
basin nr. 6. The file can be used for the integration of themadensity to yield the
charges within each intersection. The intersection clsazga be connected with the
bond polarity [25]. In the case of the above intersectionatkygen contribute with
84.8% to the charge in the O1-C5 ELI-D bond basin, wherea€#heontribution
amounts to 15.2% only (@1+ 0.18= 1.19 electrons total). Thus, the bond can be
regarded as polar, with the oxygen as the more negative bgpdirtner.

Intersecting the ELI-D basin number 9, which can be assigoetie N3-C2
bond, with the electron density basins of the oxazole yistitmewhat different pic-
ture:

Intersections of ELI-D[r] basin No. 9 (N3-C2):

rhol[r]
basin  descriptor volume %
7 o1 1.139 2.80
8 N3 15.339 37.69
4 c2 24.218 59.51
40.696 100.00

Basin intersections written to file
-> C3H3NO_HF_6-31G.g03.rho_r.bsn.isect_ C3H3NO_HF_6-3 1G.g03.elid_r_t_tr.bsn_9

Now the larger volume contribution of 59.5% is given for tlalmon density basin.
Nevertheless, the integration of the electron densityiwithe intersections yields
more charge (58%) for the nitrogen density basin then forctirdon basin (1.64
electrons for N and 1.15 electrons for C). The N-C bond careganded as slightly
polar with the nitrogen as the more negative participang iftersection of the two
ELI-D basins by the electron density basins are shown inFiQ.
Other possibility is to intersect chosen electron densigi with the ELI-D

basins. Using the command:

dgrid C3H3NOHF_6-31G.g03.rha.bsn intersect 7
—  C3H3NOHF_6-31G.g03.elid_t_tr.bsn
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|

Fig. 3.1 ELI-D basins (cropped by the 0.001 bofirisosurface of electron density) oH3NO
intersected by electron density basins. Left: intersactbELI-D bond basin O1-C5. Right: in-
tersection of ELI-D bond basin N3-C5. The color coding iseb{axygen), green (nitrogen), black
(carbon), gray (hydrogen)

the electron density basin number 7, which correspondsadd#sin of the oxy-
gen atom, is intersected by the ELI-D basins. On the conbkelédllowing output

appears:

Intersections of rho[r] basin No. 7 (O1):

ELI-D[r]
basin descriptor volume %

1 o1 0.268 0.27
10 H8 0.706 0.71
12 H6 0.908 0.91

9 N3-C2 1.139 1.14
15 C5-C4 1.716 1.72

6 01-C5 4.523 4.54

7 01-C2 4.688 4.70
13 LP 85.723 86.00

99.673 100.00

Basin intersections written to file
-> C3H3NO_HF_6-31G.g03.elid_r_t_tr.bsn.isect_ C3H3NO_ HF_6-31G.g03.rho_r.bsn.7

The oxygen density basin (QTAIM basin) is intersected nyalryl 3 ELI-D basins,
with the largest contribution of the ELI-D oxygen lone-p@6%, marked LP). The
two other contributions of roughly 5% are the intersectiofishe density basin
with the respective O-C ELI-D bond basins. Observe that thielEcore basin of
the oxygen take up just a small fraction (ca. 0.3%) of the Q@Alasin volume
(however, containing 2.1 electrons). The 3 intersectisashown in Fig. 3.2.
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Fig. 3.2 Electron density basin (cropped by the 0.001 béhsosurface of electron density) for the
oxygen in the @GH3NO molecule intersected by ELI-D basins. The blue intefsaatorrespond to
oxygen lone-pair, the red and green intersections are duegipective C-O bond basins



Appendix A
Visualization with Avizo

DGrid doesnotperform visualization of any kind of the computed value fielgor
this a separate visualization tool (not included in the pge} is required. The value
fields from a DGrid calculation are written in a special fotmehich needs to be
recognized by the visualization tool of your choice. Therestbe an interface pro-
vided by you (for instance a program reading the data in D€ichat and writing
a file in the format suitable for the visualization tool). S®misualization tools un-
derstand the Cube format [2], which is supported by DGrid. the visualization
program Avizo there is a module for the DGrid data availablee module is de-
scribed in the following section.

A.1 Avizo module installation

Information about the visualization package Avizo can henfibat the web page of
the distributor, http://www.vsg3d.com. The program isestiol read many graphical
standards, but DGrid format is not included. To visualizerld@esults an interface
(module) is available as separate part of the DGrid packByere are 2 ways how
to implement the module:

e For 64-bit Linux version of Avizo precompiled module libyas available. The
installation is described in Sec. A.1.1.

e Otherwise, so called developer version of Avizo is needembtopile the source
code of the module. This route is described in Sec. A.1.2.

In both cases, the module set up is described only for thexbvweusion of Avizo.
However, the set up for the Windows version of Avizo is simitathe installations
described below.

91
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A.1.1 Precompiled Avizo module

The precompiled library for the interface is callifodgbas.scand works with the
64-bit Linux version (created and tested on SuSE 11.1 opegraystem). The [i-
brary must be copied into the following place in the Avizotrdwectory:

lib/arch-LinuxAMDG64-Optimize/

Additionally, so called resource file is needed. For the [@M@nodule it is thedg-
bas.rcfile. Put it into:

share/resources/

Now the interface should be available to Avizo. The usagh®fodule is described
in Sec. A.2.

Thelibdgbas.sdibrary is not included in the DGrid package. Send me an d-mai
if you want to install the precompiled module.

A.1.2 Compilation of Avizo module

To compile the module source the developer version of Avizndeded (which is
more expensive the evaluation version). Few step must bglebded in exact order.

1. Start Avizo and click Ol“lHelp ‘ — ‘ Development Wizard ‘ in the main menu.
A box will appear. SeIe#tSet local Avizo directory ‘ and click od Next |.

2. Choose your local Avizo directory (for instance, createdirectoryAvizoLocal

in the Avizo installation directory). Click o (Avizo will copy some files
into the local directory).

3. Selec* Add package to local Avizo directory‘ and choose the package name

dgbas Click on| OK |. Avizo informs you that new package was created.
4. Close the box and leave Avizo (exit).
5. You will find the local directory at the chosen locationr(fiastance AvizoLocal

in the Avizo installation directory). IdvizoLocalis the directorysrc including
the package directoygbas
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6. Copy the module source files from the DGrid package dirgawizo/srcinto
your local package directoryizoLocal/src/dgbgs

7. Start Avizo and click otheIp ‘ — ‘ Development Wizard ‘ in the main menu.
In the box selethreate build system ‘ and click o.

8. | GNUmakefiles | should be selected. Click .

9. Close the box and leave Avizo (exit).

At this stage all the makefiles should be prepared by Avizoctompilation. For
some reasons, unknown to me, one step is not performed by AV patch the
new module into the Avizo system the routiaglib is needed in thévizoLocal/bin
directory but not copied to this location. Thus, copy (resipely make a link):

bin/arch-LinuxAMD64-Optimize/taglib

from the Avizo installation directory into:

AvizoLocal/bin

Avizo will not recognize the DGrid format unless the resaufite dgbas.rcfrom
the DGrid package directoigvizois copied into your local package directohyi-
zolLocal/src/dgbas/share/resources

The last before the compilation is set the make variable piinwize’ on the
command line:

MAKE _-CFG=0Optimize
export MAKE.CFG

Now change to the local module directory:

cd Avizolocal/src/dgbas

and compile the module with the command:

gmake

The last message from the compilation should be ‘procedisidgbas.so’.
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Look in: ID /home/kohout/work/gaussian_03/oxazole/6-31G/05_mesh |v“ H = | fg l f=s |
l Name Size Date Format -
CIHINO_HF_6-31G.g03.rho_r 220319548 17.08.2009 14:11:10
C3HINO_HF_6-31G.903.rho_r.bas 7840 24.08.2009 11:30:50 =
Kl Il I [»]
File name: | G3HINO_HF_6-31G.g03. o_r | [ Load ]
File type: | Al files (") 2l | Cancel |

Fig. A.1 Avizo selector box for grid files. The format of the grid filesist be recognized

A.2 Usage of Avizo module

For the usage of the program Avizo read the correspondingsugeide. After
successful compilation Avizo is ready for the DGrid form@t test it prepare
some property grid (for instance the electron density goidoikazole given in the
manuscript, cf. Sec. 1.6. page 7).

1. Start Avizo and click on the green butiddpen Data... |which opens a selector

box.
2. In the selector box the format of the grid file is marked a&tld’, cf. Fig. A.1.

3. Select the grid file. It will be read in and in the ‘Pool’ wimal of Avizo a green
box appears with the name of the grid file.

Remark A.1If the DGrid format was not listed in the selector box and arive
chosen, then there is possibly a problem with the modulaliasbn, respective the
location of thedgbas.rdile.

The visualization of slices or isosurfaces for the gridstiedisage of all the tool
is described in Avizo user’s guide. Although given in Avizanual, short guide how
to create basins frofpasinfiles will be given in Sec. A.3. In the following the focus
is on thestructuremodule, which is not part of Avizo and the description thusnuzt
be found in Avizo manual.

Grid files in DGrid format, respectively in Cube format, inde also the structure
data of the molecule or atoms within the unit cell (which ig tie case for the

Fig. A.2 Initialization of Avizo STR module. Left: Green box with tldectron density grid data.
Right: Creating yellow box with the structure data for themale molecule
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(Structure ) B |T|
& CPFS 07-09-2009:

& Tabs: ~ Atoms | Bonds | Polyhedra | Paths | Units | Transform / Save |
& color_atm: MoMc®NEH

& Labels: off @ on

8_ Radius: @ data unigque

8 scale: F— 103 !

@ Operate: | show | | hide | | set_radius | | remmfe| |al| :i

8_ New_radius: |0 |

3, Symbol: | |

& Coordinates: X i.U i y |0 z |U

B create atom: | Create |

Fig. A.3 Avizo STR module — Atoms tab

LMTO format). To visualize the structure click in the ‘Poelindow on the green
box representing the electron density grid. Click on|t8&ucture | button below

the button, cf. the left window in Fig. A.2 (if theStructure | button

is not present, rightclick on the green grid box and selerhfthe men —
). Yellow box representing the structure appears in the FReiadow,
cf. the right window in Fig. A.2. The click on the yellow stituce box shows the
available tools within structure module in the ‘Properti@gdow of Avizo. The
structure module tools are accessible via tabs.

A.2.1 Atoms tab

The buttons for th tab are shown in Fig. A.3.

e Color code is assigned for each atom type (‘Caltm’). With a click on the col-
ored square next to the atomic symbol the color code can begela

e With the buttons in the ‘Labels’ section the atomic symbala be switched on
and off.
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e Each atom type has a radius given in the STR file, cf. Sec. CT6i& determines
the radius of the corresponding spheres. If it is desire@poasent all atoms by

spheres of identical radius (0.5), switch on the bu in the ‘Radius’
section.

e With the selector ‘Scale’ the multiplier of the sphere radmiset.

e The ‘Operate’ buttons affect the selected atoms. \Mlhow\ and\ hide \ the
correspond atom can be made visible (or hi changes the radius

given in the STR file to new value, typed below in the ‘Neadius’ box.

e The bottom part of the toolbox is used to create a new atom.chbsen sym-
bol and coordinates are given in the corresponding boxeter Afressing the

button the new atom appears.

A.2.2 Bonds tab

The buttons for th tab are shown in Fig. A.4.

(Structure 3 .

& CPFS 07-09-2009:
Tabs: | Atoms | Bonds | Polyhedra | Paths | Units | Transform/Save |
Color_bnd: N e (e e e e e e e e e e e [

Range: | wvisualize : set

Set_diameter:  |oos

et diameter A | |
Min_length: é [o.1 |
Max_length: . |5

ax_leng A _ |
Visualize set: | Apply

Change bonds: |show|‘hideHcolceriamHremove|‘set| [an 2] [an] 2]

New_bond_color: |0 |

Fig. A.4 Avizo STR module — Bonds tab
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Different colors can be assigned to the bond cylinders @Ebhd’). With a click
on the colored square next to the color number the color cadée changed.

With the tabs visualize | and[ set | the bonds can be manipulated.

The| set | tab shows the selectors for the bond radius as well as themairind
maximal bond length region that will be visualized. Bondhwligngths outside
this region will be hidden (but created in the memory).

The manipulation of the bonds are performed with the butitotiee ‘Changebonds’
section. The manipulations affect only the chosen pairaiatypes. The effect
of | show| and| hide | buttons is the same as within the ‘Atoms’ tab. With the

button new color number, typed in the ‘Ndvon.color’ box below.

The ‘Operate’ buttons affect the selected atoms. \.{\Mhow| and| hide | the
correspond atom can be made visible (or hi changes the radius
giveninthe STR file to new value, typed below in the ‘Neadius’ box. The but-
ton assigns the diameter given in the ‘SBameter’ box to the selected
atom types pairs (and restricted to the chosen bond lengtorne The buttons

remove | and| set | either removes or creates bonds between the selected atom
types restricted to chosen bond length region.

With the tab the overall scaling for bonds is set.

A.2.3 Polyhedra tab

The buttons for thePolyhedra |tab are shown in Fig. A.5.

The button in the ‘Materials’ section sets the parameters atingito the
3 selectors below. The parameters (‘Specular’, ‘Shininessl ‘Transparency’)
applies to the polyhedron and face selected in the_®fthedra’ section (re-
spectively to all faces of a polyhedron).

To create new polyhedron select ‘new’ in the first selectahef Setpolyhedra’

section and type the sequence of symbols (accessible viaadngc labels, cf.
Sec. C.6.1) creating the first face into the ‘Vertices’ boshatlowest part of the
toolbox. In Fig. A.5 the molecular ring of the oxazole is cbosClicking on the

Apply | button of the ‘Creatdace’ section creates the ring pentagon (blue col-
ored).

In the ‘Setpolyhedra’ section the polygon (P’ can be selected. The polygon
‘P_1"is formed by single face ‘B’ (second selector, cf. Fig. A.5). Creating an-
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(Structure. by |

& CPFS 07-09-2009:

8 Tabs: | Atoms | Bonds | Polyhedra | Paths | Units | Transiom / Save |
@ color _poly: [ BN B B B B By B B BN B O B A |
8  Materials: |w

8 Specular: E ,Ui |

3 Shininess: E o |

% Transparency: J:i: :07 |

8 setpoiynedra: | show| | nide | cotor | [remove | [P1 2| [F1 2]

8 New_poly color: |0 1

8_ Create face: |M|

@ Vertices: |o1canzcacs

Fig. A.5 Avizo STR module — Polyhedra tab

other face with ‘P1’ selected would add the new face (marked?RRo the poly-
hedron ‘P1. The faces on a polyhedron need not to really form a polydredr
Itis just a convenient way to attribute the same parametelsi transparency,
etc.) to a set of faces. To create a face belonging to new palyigew’ must be
selected.

e The effect of the buttonkshow| and| hide| in the ‘Setpolyhedra’ section is

self explaining. With the butto a color number can be assigned to the
polyhedron, see the color buttons in the first section ‘Cploly’.

A.2.4 Paths tab

To visualize the interconnection paths first the file withdlaéa for the critical points
and the path points, written in the STR format, must be reaBig A.6 shows that
in this case the STR format must be recognized by the interfafter the file is
read the structure module can be started the same way aseiocdse molecular
structure data, cf. page 94. In contrast to the atomic datﬂ,the tab does
not contain atomic symbols but the symbols for the criticaihps (and cores), i.e.,
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Look in: lb /home’kohout/work/gaussian_03/oxazole'6-31G/05_mesh vH H g || = | LELE |

Name Size Date Format =
C3H3INO_HF_6-31G.g03.rho_r.bsn.cp.str 1333 24.08.2009 17:30:1 &
C3HINC_HF_6-31G.g03.rho_r.bsn.graph. str 26303 25.08.2009 1254

Kl I [»]

File name: | C2HINO_HF_6-31G.g03.tha_r.bsn.graph.str |[ Load ]

Filstype: | Allfiles () = ‘ Cancel |

Fig. A.6 Avizo selector box for STR files. The format of the STR files trhesrecognized

Attr, Bcp, Rcp Cage respectivelyCore Of course, if desired the critical points can
be connected by ‘bonds’ and the critical points can be usedrtises of polyhedra.

The buttons for th tab are shown in Fig. A.7.

e The ‘Colorpath’ section 3 colors are defined (to change by click on thered
square). First color is for ICLs from saddle poinBcf) to the attractorsAttr) —
termed in the toolbox ‘Bond’ paths, the second one for thesi@am ring critical
points Rcp to the minima Cage — termed here ‘Ring’ paths. The third color is
reserved for field trajectories starting from arbitrarynisi

e Each path has unique label, cf. Sec. C.6.5), which can bdifigelby switching
on the button in the ‘Pathabels’ section.

e With the ‘Scalep_diameter’ selector the diameter of the selected paths can be
scaled.

(Stucture2 ) B

& CPFS 07-09-2008;
Tabs: | Atoms | Baonds | Paolyhedra | Paths | L.Initsl| Transform / Save |
Color_path: W12 W W N N B B ®H & ®§ N
Path_labels: @ off (on

Scale p_diameter: ]&— |.0.5 |
Set paths: | show | |EJ | color | | diameter| |aJI -

New_diameter:

g |

r
L
Color_new_p: i

; |

Fig. A.7 Avizo STR module — Paths tab
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(Structure ) N

& CcPFs 07-09-2009:

8 Tabs: | Atoms | Bonds | Polyhedra | Paths | Units | Transform / Save
& Uunit: @ Bohr ) Angstrom

& Unit cell: @) off on

& cell_color: |

&  Diameter: ,&: ;_0.1

Fig. A.8 Avizo STR module — Units tab

e With the| color | and| diameter | buttons the color and diameter of the individu-
ally selected ICL segment can be set (first type the desirke@sdn the 2 boxes
below.

A.2.5 Units tab

The buttons for th tab are shown in Fig. A.8.

e If the structure data file was created by an external prognaseibup manually
then the units used there could differ from the one used f@gtid generation
(for instance, from a DGrid calculation the grid dimensians in bohr, whereas
the separate STR file with atomic coordinateAirgstrom). In the ‘Unit’ section
the atomic coordinates can be adjusted.

e With the next 3 sections the unit cell can be visualized. Thi cell data are

taken from the ‘Lattice vectors’ part of th@opertyfile, cf, Sec. 1.7. The color
and diameter of the cell cylinders can be set.

A.2.6 Transform/Save tab

The buttons for théTransform/Save |tab are shown in Fig. A.9.

e With the transform part the atomic coordinates can be desdriby new Carte-
sian coordinates. This is useful if the atomic coordinatses from external
source with the axes origin at some distant place. For thaitefi of the new
coordinates 3 positions must be given:
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(Structure )

& CPFs 07-09-2009;

& Tabs: | Atoms | Bonds | Polyhedra | Paths | Units = Transiorm / Save
8_ Origin: | |

8 Coordinate_1: X Yy @z

& Direction_1: | i

& Ccoordinate 2: X @y iz

& Direction_2: | |

& Transtorm: W|

8 Save: ®|

Fig. A.9 Avizo STR module — Transform/Save tab

In the ‘Origin’ section input 3 coordinates for the new damig

In the ‘Coordinatel’ section choose the new axis you would like to define.

In the ‘Direction1’ section input 3 coordinates for the direction to which the
axis points (from the new origin).

In the ‘Coordinate2’ section choose the second axis you would like to define.
In the ‘Direction2’ section input 3 coordinates for point within the plane
spanned by the two axes. The routine computes the new axéswatihin this
plane perpendicular to the first axis.

The third axis will be determined by the routine (startingnfi the origin nor-
mal to the plane spanned by the first 2 coordinates.

e All atomic coordinates will be transformed to the new axestam.

e To save the structure expressed in the new coordinate syfitdnon th
button in the ‘Save’ section. File selector box opens whieedfite name can be
chosen.

A.2.7 Saving networks in Avizo

The visualization with Avizo can be very complex with seveyad files intercon-
nected and few structures generated. When Avizo is closedlttole arrangement,

callednetwork is lost unless saved. The saving afetworkis performed Wit

— | Save Network As...
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In case of the structure module this will save only the infation about the module
itself, but not the actual (changed) structure data setuphnére part of the grid
information (i.e., within the green grid boxes). To save ¢thanged structure setup
(colors, bonds, paths, etc.) the grid files must be saved dgwi@ch will differ
from the grid data originally read into Avizo). For this cleeo'Avizo Script and
data file (pack & go)’ for the file format. The changed grid fileil be written to a
separate directory. Thus, the original grid files will be cloanged.

A.3 Basin visualization with Avizo

The basinfile contains a field of integer values which can be read intzdwith
the interface as described for the property grids on pag&pdcial route must be
followed for the visualization of the basins as separatiel siijects.

e After thebasinfile is read rightclick on the green box representingtibsingrid

and selectSurfaceGen | from the menu. Red box named ‘SurfaceGen’ appears

in the ‘Pool’ window.

e Click on| Apply | in the ‘Properties’ window of the ‘SurfaceGen’ box below the
‘Pool’ window. New green box appears in the ‘Pool’ window.

SurfaceVi

3 Draw Style: | shaded = ‘ ‘ more options -

@ Buffer: | Add ‘ | Hemcwel [ Glsar] [ Sh{meidel [ Draw |

3 Selection mode: |Materia] =

2  Materials: | Basin-2 s | &

@; Colors: @ normal | mixed I twisted () boundary ids | same

Fig. A.10 Avizo basin module
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¢ Rightclick on the new green box and seI from the menu. Yel-
low ‘SurfaceView’ box appears in the ‘Pool’ window.

e In the ‘Properties’ window corresponding to the ‘SurfacaVi box the basins
can be chosen in the section ‘Materials’, cf. Fig. A.10.

The basin visualization in Avizo is based on so called lateddifiwhich restricts
the number of basins to 256. For molecules this usually lisntaidifficulties.

A.4 Color map

For convenience the ‘standard’ ELF colormap (slightly nfiedi version of col-
ormap originally proposed by A. Savin) is included in thezo directory of the
dgrid-4.5package. The corresponding féémapmk.icolmust be copied to the lo-
cationdata/colormapf your Avizo installation. The colormap can be activated

with the| Load colormap... | button in the ‘Properties’ window of Avizo.







Appendix B
Visualization with OpenDX

Alexey |. Baranov

The visualization of DGrid generated data can be performid the freeware
OpenDX program. Two main parts are responsible for this:

e an OpenDX module, providing routines which read DGrid filenfiats and ex-
tend its built-in modules. The module itself is a single bynide.

e an OpenDX visual program providing simple GUI for end usdre Tisual pro-
gram itself is a text file which is read by OpenDX to create teeassary GUI
and do the proper visualization.

The OpenDX module installation is described in Sec. B.1y\#&mort introduc-
tion into OpenDX controls is done in Sec. B.2. The usage ofvtheal program is
described in Sec. B.3.

Detailed information about the visualization package @p¢rcan be found in the
Internet at http://www.opendx.org. In many Linux distritouns (e.g., openSUSE) it
is available via the software repositories (usually caipéndx or dx) so one may
easily install it using the package manager.

B.1 OpenDX module installation

An OpenDX module is made available as separate part of thédp@ckage. There
are 2 ways to deploy the module:

e Precompiled modules are available for x86-64 Linux or x@av8crosoft Win-
dows versions of OpenDX. They were tested on x86-64 Linwn&uSE 11.1
and on x86-32 Microsoft Windows Vista Premium. These binagdules are
not included in the DGrid package. Send a message to baracpfe@pg.de to
request the precompiled modules.

105
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e The module can be built from the source code provided witit@eid. The so
called ‘devel’ version of OpenDX (with header files and litiea included) needs
to be installed additionally to create the module from therse. The next Sub-
sec. B.1.1 describes how to built the module on the Linux rimech

B.1.1 Compilation of OpenDX module

Be sure that the ‘devel’ version of OpenDX is installed sd tha OpenDX header
files and libraries are available. Go to the folder:

dgrid-4.5/DXDGrid

and modify themakefileto specify the path to the OpenDX folder (BASE=). One
might need to modify as well the target platform when it is lniotux and the C/C++
compiler used when it is not GNU.

The module is built with the command:

make

The module calledxdgridshould appear in the folder.

B.1.2 Configuration of the startup script

An OpenDX start script must be configured before startingr@pé This script
calledstartdxdgridsets up all necessary command line options for OpenDX so that
the DGrid visual program can be executed.

The following files are used in the visualization of DGrid alatith OpenDX:

startdxdgrid(Linux) or startdxdgrid.ba{Windows) — launch script
dxdgrid(Linux) or dxdgrid.dll (Windows) — module binary code
dxdgrid.mdf— module description file

dxdgrid.net— visual program file

dxdgrid.cfg— visual program configuration file

ELF_mk.cm— classical ELF colormap

They all can be found idgrid-4.5/DXDGridfolder.

Following locations must be set up startdxdgridscript:
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OpenDX installation path (BASE=)

DGrid module filedxdgridpath (DXMODULES=)
Module description filelgrid.mdfpath (MDFEPATH=)
Visual program filedgrid.netpath (NET.PATH=)

It is recommended to add the location of the start script éoutser PATH environ-
ment variable.

Now OpenDX is ready for the DGrid format. Start OpenDX by typthe name
of the start script (possibly including the full path):

startdxdgrid

To test it prepare some property grid (for instance the mdaaiensity grid for oxa-
zole given in the manuscript, cf. Sec. 1.6. page 7).

B.2 OpenDX Controls

The DGrid-specific controls of visualization program ar@lemented as so called
control panels. There are four control panels — two for stmeclike data (Structure-
| and Structure-1l) i.e. molecular structures or intercection paths and two for
scalar property data, e.g, charge density or ELI-D basirgp@tty-1 and Property-
I1). They can be opened from the main menu of Image Windowgu&sh Fig. B.1):

Windows | — ‘ Open Control Panel by Name‘

General controls of OpenDX are accessible through otheuroptions (cf. Fig. B.1).
Most important among them are:

e |File —>‘Save Image‘or File | — | Print Image | — to save the image.

e |Execute —»‘ Execute on Change ‘— to activate on-the-fly visualization

o | Execute | — ‘ Execute Once ‘— to update the picture manually when on-the-
fly visualization is too slow.

@i@ FAle  Fzecule  Windows | Connection  Options Help
Open Control Panel by Hame I structure-1 [
Open All Colormap Editors Cr+E property-1
Open Message Window Structure-11
Property-11

Fig. B.1 Accessing Control Panels in OpenDX Image Window
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e |Execute| — | End Execution | — to abort the visualization when it takes too
much time.

Windows | — ‘ Open All Colormap Editors ‘ — to open colormap editor used
for coloring of the slices.

Windows | — ‘ Open Message Window ‘ — to open diagnostic message win-
dow.

Options | — | View Control |— to select some visualization options like the use

of perspective.
e |Options | — | Mode | — to select mouse behavior like rotate or zoom.

e |Options | — | Reset | — to reset the view.

e |Options —>‘Set Background CoIor‘—seIf explanatory.

‘ Options ‘—>‘ Rendering options ‘—to select rendering options. Whenever pos-
sible, choose the hardware rendering.

Detailed information about all these menu items can be fau@hapter 8. Graph-
ical User Interface: Menus, Options, and the Message Winaio@penDX User’s
Guide.

B.3 Visualization

1. Start OpenDX by typing the name of the start scsiprtdxdgrid

2. Inthe Image Window activate on-the-fly visualization radxy clicking
_>‘ Execute on Change ‘ (cf. Sec. B.2)

If on-the-fly visualization is too slow due to heavy data skt,not select this

menu. Instead, each time the picture is modified and need tedsawn, select

Execute | — | Execute Once | or press Ctrl-O | key combination to update the
drawing.

B.3.1 Visualizing molecular structures and graphs

B.3.1.1 Load

1. Open th control panel. (cf. Sec. B.2)
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Fig. B.2 Structure Control Panel

2. Press thez—] button to open a file selector box (cf. Fig. B.2).
3. Select the grid or STR file to be loaded (e€@3H3NQHF_6-31G.g03.rha).

If on-the-fly visualization was enabled, remark t menu item lights
green for certain time indicating the OpenDX is processitegdata.

4. To show the structure on the screen acti{/Sleaow Structure \ checkbox in the
Structure-1 | menu (cf. Fig. B.2). SelefExecute | — | Execute Once |or press

Ctrl-O | key combination to update the drawing, if on-the-fly vismation was
disabled. The structure will appear on the screen as a hdistick model (cf.
Fig. B.3).
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isosurface basin

molecular structure

_ lice
slice colorbar

Fig. B.3 OpenDX Image Window showing molecular structure, slicesisface and basin.

B.3.1.2 Navigate

e Torotate the structure, go t@ptions — | Mode | menu of the Image Window

(cf. Sec. B.2) and sele item. Alternatively key combination

can be pressed. Then the structure can be rotated with therlefjht mouse
button pressed.

e Toselectthe areato k@omedgo to| Options | — | Mode |and seledtPan/Zoom
item. Alternatively Ctrl-G | (under Windows: Ctrl-Space |) combination can be

pressed. Then the structure can be zoomed/unzoomed byirsgldee proper
area with the left or right mouse button pressed.

B.3.1.3 Modify

e To modify theatom properties, select it from the dropdown 'isttom to modify ‘
(cf. Fig. B.2), set up new color and radius and p . Atom labels can
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also be shown to identify the atoms. To do this, actiy&ieow Labels | check-

box and adjust label size. The label size is the same forakhtoms.

Remark B.1Please pay attention that both the color (color coordinatest be
in the range from -0.999999 to 0.999999) and radius of thmatdl be set to
the values from that control panel even if they were not tedch

e To modify theconnectionsdrawn, select the connection partner atoms from the
dropdown Iistsl Atom1| and|Atom2| (cf. Fig. B.2), set up allowed distance

range and pre%s!\pply .

The color and diameter of connections can be modified as Wethodify them,
just set up new values. The color and diameter are the sanadl ftve connec-
tions.

B.3.1.4 Some remarks to the visualization of critical poins and
interconnection paths

To visualize the interconnection paths first the file withdlaéa for the critical points
and the path points, written in the STR format, must be readfier the file is read
the graph can be visualized the same way as in case of theutaistructure data,
cf. page 108. In contrast to the atomic data, nov* fKem to modify ‘ list does not
contain atomic symbols but the symbols for the critical p®{and cores), i.eAttr,
Bcp Rep Cage respectivelyCore.

e For the molecular graphs the CPs are treated like atoms. @gemndify their
color and size and plot the labels. For different CPs of theestype (i.e. at-
tractors Attrl and Attr2) it is not possible to set different colors or radii, these
parameters are always the same for all the CPs of certain type

e One may control the visualization of interconnection libesveen critical points
via| Connection Parameters ‘controls. To hide certain interconnection line, set
maximal distance to zero and pr. To visualize certain interconnection
line, select the line endpoint CPs and set minimal distan@eto and maximal
distance to any nonzero number and p. By default all the intercon-
nection lines are visualized. It is not possible to set upaigit connection line
between tho CPs, they can have a connection only if the imt@®@ction path was

found by DGrid and written into STR file.
The color and diameter are the same for all the interconmetties.
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Fig. B.4 Property Control Panel

B.3.1.5 Loading second structure file

The| Structure-Il |control panel (cf. Sec. B.2) allows to load a second streottith
either molecular structure or CPs and interconnectiongp@ly.,C3H3NQHF_6-

31G.g03.rharbsn.graph.sfyin addition to the structure loaded with tH&tructure-| |
control panel. This can be useful for the comparison betvw&erdiagrams or for

plotting CP graph and molecular structure in the same tirhe} $tructure-Il | con-
trol panel has the same control.
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B.3.2 Visualizing scalar properties

1. Open theProperty-1|control panel (cf. Sec. B.2).

2. Ifgridfile (e.g.,C3H3NQHF_6-31G.g03.rha) is already loaded with Structure-
| control page, one can activate the checkhdse Property from Structure-I
to visualize the charge density field from this grid file (dfy./B.4).
Alternatively, thg—— button of the* Read Property from ‘field may be pressed
and the desired grid file selected.

3. ¢ To visualize theslice of the scalar property, specify at least one non-zero nor-

mal to the slice plane in th (cf. Fig. B.4). To modify the

normal, select it from the list and set new normal componesitsy the num-
ber controls below the list. In the same way one may modifycth@dinates

of the point on the slice plane in the rigi8lice points |list. Finally activate

the| Show slices and colorbar | checkbox to show slices on the screen (cf.

Fig. B.3). Arbitrary many slices can be plot at the same tire'mg;
button.

To select another colormap or modify current colormap usedlioces open
the menq Window | — ‘Open All Colormap Editors ‘ (cf. Sec. B.2). De-
tailed information about Colormap Editor can be found in &dtion 8.1Col-
ormap Menu Bapof OpenDX User’s Guide.

Remark B.2The ‘holes’ that can appear on the slice marks the regionsavhe
the scalar property value is outside of the colormap valngea

e To plot theisosurfaceof the scalar property, specify at least one isosurface
value in thé Isosurface values | list (cf. Fig. B.4). To modify the isosurface
value, select it from the list and set new value using thercbbtlow the list.

In the right window one specifies the isosurface colors. Talifigghe color
select it with the mouse in tHesosurface colors \ list and then modify the
color coordinates. When no color is specified for certaisustace, the de-
fault color will be used. Finally activate tﬂwShow isosurfaces | checkbox to
show isosurfaces on the screen (cf. Fig. B.3). Arbitrary yriaosurfaces can

be plot at the same time usi button.

e If the basinfile containing a field of integer values showing basin number
of each grid point is read, theasins can be visualized as separate solid
objects. To visualize théasins specify at least one basin number in the
Basin numbers| list (cf. Fig. B.4). To modify the basin number, select it
from the list and set new number using the control below thke In the
right window one specifies the basin colors. To modify th@ceklect it with
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the mouse in th list and then modify the color coordinates.

When no color is specified for certain basin, the default calil be used.

Finally activate the Show basins | checkbox to show basins on the screen

(cf. Fig. B.3). Arbitrary many basins can be plot at the saime usin o
button.

B.3.2.1 Loading second property file

The| Property-II | control panel (cf. Sec. B.2) allows to load a second scalap-{r
erty (e.g.,C3H3NQHF_6-31G.g03.elid _t_tr) in addition to the property loaded

with the| Property-I | control panel. TheProperty-Il | control panel has the same
controls as Property-1 |.

B.3.2.2 Some remarks to the properties plots

e All the color coordinates must be in the range from -0.999999 999999

e The| Show bounding box‘ can be activated to show the bounding box of the
region inside which the scalar property was calculatedH(cf. B.4).

Remark B.3This box is correct only for orthogonal grids. For non-ogbaal
grids it shows orthogonal region which is larger than reglae of the property
calculated.

e Any added slice, isosurface or the basin can be deleted Wwéhappropriate

button (cf. Fig. B.4).

e Colorbar from the Slice plot can be switched off with tiéde colorbar | button
(cf. Fig. B.4).

When closing OpenDXDO NOT save the visualization program. Doing this may
affect the control panels. The visual program and its conditjen file are made
write-protected to avoid saving.



Appendix C
Comments to property calculations

C.1 Grid mesh

For the visualization (with an external program) a distaofc@.1 bohr between the
grid points (0.1 bohr mesh size) is sufficient. However, dolylight elements (Li
— F) the precision of numerical charge integration is satigfry for such mesh.
For a steep property with lot of critical points (like ELI-Dr density Laplacian)
a 0.05 bohr mesh (or better) is recommended. For heaviereelsnimetals) even
much more dense mesh would be necessary, however, creagieghid files. In this
case, use a 0.05 bohr mesh with additional refinement peeimith therefine
utility, cf. section 3.5. This approach is possible onlyhi¢basisfile is present (i.e.,
not possible yet for solid state calculations). For Gayps-thasis set analytical
charge integration can be used, cf. Sec. 2.7.

C.2 Orbitals

The orbital amplitude is computed with the assignmeoinpute=phi <spin>.
Only 1 orbital (keywordoccupation) and particular spin channel must be chosen.
In momentum space (keywombacemomentum) the orbitals have in general a
real and an imaginary part. The respective part can be cheisierthe assignment
wf_part=real, respectivelyf_part=imaginary. The default value (i.e., without the
appropriate choice) iseal . This differs from the calculation of orbital density,
where the default value for the orbital part is to use botal aad imaginary part.
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C.3 Spin density

For the spin density, computed with the assignnmoempute=rho-spin, cf. Table 2
on page 13, both spin parts are needed. Thus, the spin desilsibg not computed
if a particular spin part is chosen.

C.4 ELI

In case of ELI-D, computed with the assignmeontpute=eli-d <pair>, three re-
sults are possible, depending on the choice of the pairepimponent. Choosing
the keyword ‘alpha-alpha’ respectively ‘beta-beta’ foe fpair-spin yields the ELI-
D for the corresponding same-spin electron pairs [19]. bheaspective cases the
electron density of corresponding spin will be sampled.

ELI-D for triplet coupled electron pairs is computed withetkeyword ‘triplet-
pair’ for the pair-spin. In this case the charge of tripletipled electrons is sampled.
Note that the value of ELI-D for triplet pairs is influenced te total number of
electrons of the system, see Ref. [23].

In ELI-D for triplet-coupled electrons both spin parts aneluded. The formula
used in DGrid is derived for restricted basis only. Bear indpihat for unrestricted
basis (like for spin-polarized system computed with ADRE formula is not the
correct one (as in this case the expectation valug’ofields an improper value,
contaminated by higher multiplets). In case of unrestdidtasis ELI-D for triplet-
coupled electrons will be evaluatdthweveythe density and the pair-volume func-
tion of triplet-coupled electrons is computed accordinggs. 5 and 37 of Ref. [23],
which is just a way to show an ELI-D value.

The other variant of ELI, namely ELI-q (cf. Ref. [23]), is dexd from the space
partitioning based on fixed charge. If both spins should bliged it must be spec-
ified that the partitioning is based on the fixed charge oflstacpupled electrons,
i.e., with the commandompute=ELI-q singlet’, in which case the singlet-coupled
electron pairs are sampled. It is still possible to complgevariant ELIA, which is
derived from space partitioning based on fixed product-gpin and3-spin charge,
cf. Ref. [20].

C.5 ELF, LOL

The assignmentsompute=ELF alpha’, respectivelycompute=ELF beta’, result
in the calculation of ELF according the formula of Becke ardtj&combe [9]. If
both spin channels are chosen (i.eqrpute=ELF’), then ELF for the total density
will be computed according the ‘spin-polarized’ formulf,Table 2 as well as Eq. 9
in Ref. [21]. The assignmentompute=ELF-cs’ yields for the total density the ELF
computed according the ‘closed-shell’ formula, cf. Tables2well as Eq. 7 in Ref.
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[21]. The ‘spin-polarized’ formulation follows the ideaahELF is based on kinetic
energy densities, whereas the ‘closed-shell’ formula isemelated to the electron
pair densities and can be, in certain sense, rationalized ELI for triplet-coupled
electron pairs [23].

With the assignmentcompute=ELF-Kirshnitz’ (with or without the spin de-
scriptor) the ELF variant of Tsirelson [31] is computedslbased on kinetic energy
density approximated by the Kirshnitz formula.

In case of LOL, computed with the assignmeobmpute=LOL’, single spin
channel should be chosen to comply with the definition of Sdemand Becke
[28].

C.6 STR format

The STR format is used to support structure information feualization. The data
are written in sections into a file. The data start with theisas, termed ‘UNITS’,
‘GRID_DESCRIPTION’, and ‘SCALE"

UNITS

BOHR 1

GRID_DESCRIPTION

FILENAME C3H3NO_HF_6-31G.g03.elid_r_t_tr
ELI_CORE 1

SCALE

ATOMIC_RADIUS 1.0
BOND_DIAMETER 0.5
BOND_MIN 0.1
BOND_MAX 5.0
PATH_DIAMETER 0.5

The ‘GRID.DESCRIPTION’ section is used for the ICL graphs. The datalwan
evaluated by chosen visualization tool (and are actuaklyl ly the module written
for the programs Avizo and OpenDX). This header is followgdome or more
sections called:

e ATOMS —  spheres

e CONNECTIONS — cylinders

e UNIT_CELL — unitcell

e POLYHEDRA —  polyhedra and polygons

e PATHS —  cylinders connected to form a path
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Each section is followed by a separate part defining the saleed in the corre-
sponding section (always using the same scheme, e.g., TIdVS’ section is fol-
lowed by the ATOMBUTTONS’ part, the ‘CONNECTIONS’ section is followed
by the ‘CONNECTIONBUTTONS’ part, etc.).

The last keyword in the file must be the string ‘END’.

C.6.1 ATOMS

In this section the data for spheres representing atomspmasaddle points, etc.
are given. Following is an example for thgl3NO molecule, written out by the
Avizo visualization program:

ATOMS

.:atom radius X y z vis
0.1 0.551  -2.0618 0.5748 0.0000 1
C2 0.451 0.0000 21211 -0.0000 1
N_3 0.503 2.0869 0.8955  -0.0000 1
c 4 0.451 1.4135 -1.6748 -0.0000 1
C5 0451  -1.1101  -1.8596 0.0000 1
H_6 0.095  -0.3077 41025 -0.0000 1
H_7 0.095 2.8049  -3.1219 -0.0000 1
H_8 0.095 -2.4310 -3.3680 0.0000 1
ATOM_BUTTONS

:atom r g b

e} 0.2300 0.2300 0.9700

C 0.3300 0.3300 0.3300

N 0.0000 0.8400 0.1700

H 0.6700 0.6700 0.6700

The (atomic) symbol is a 5 character string possibly folldvey ‘_<num>’ digit
differentiating between atoms with identical symbols slfallowed by the radius
and the Cartesian position of the sphere. The last numbevrsstiw visibility (O -
not rendered by the visualization tool; 1 - visible). The @QW_BUTTONS’ section
gives the RGB colors for each atomic symbol. If the ATGBUTTONS' partis not
present, which is the case if the structure file is createld thiZ commanddgrid
basisfilestr ’ (cf. Sec. 3.3) then the visualization tool must choose s aefault
values.

C.6.2 CONNECTIONS

In this section the data for the cylinders (usually repréagrthe bonds) are given:
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CONNECTIONS

:connection diameter x1 yl z1 x2 y2 z2 vis ¢
O-C_1-2 0.100 -2.0618 0.5748 0.0000 0.0000 2.1211 -0.0000 1 1
O-C_1-5 0.100 -2.0618 0.5748 0.0000 -1.1101 -1.8596 0.0000 1 1
C-N_2-3 0.100 0.0000 2.1211 -0.0000 2.0869 0.8955 -0.0000 1 1
C-H_2-6 0.100  0.0000 2.1211 -0.0000 -0.3077  4.1025 -0.0000 11
N-C_3-4 0.100  2.0869 0.8955 -0.0000 1.4135 -1.6748 -0.0000 11
C-C_4-5 0.100 1.4135 -1.6748 -0.0000 -1.1101 -1.8596 0.000 0 1 1
C-H_4-7 0.100 1.4135 -1.6748 -0.0000 2.8049 -3.1219 -0.000 0 1 1
C-H_5-8 0.100 -1.1101 -1.8596 0.0000 -2.4310 -3.3680 0.000 0 1 1

CONNECTION_BUTTONS
:col r g b

1 1.0000 0.4900 0.4900

The connection symbol shows which atoms are connected @afsb some cho-
sen label). It is followed by the diameter as well as the pwsé# of the start and
end points of the cylinder (bond). The last numbers show fhibility (O - not

visible in the visualization tool; 1 - visible) and color nber. The ‘CONNEC-

TION_BUTTONS' part gives the corresponding the RGB colors.

C.6.3 UNIT_CELL

In this section the data for the unit cell are given (from whibe unit cell can be
constructed):

UNIT_CELL
diameter x1 yl z1 X2 y2 z2 col
A: 0.100 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 1
B:  0.100 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 1
C: 0.100 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 1

UNIT_CELL_BUTTONS
:col r g b

1. 0.8600 0.0900 0.0900

For the three vector, B, C the diameter as well as the positions of the start and end
points of the cylinders are given. The last number shows ther ©f the cylinder,
given by the RGB values in the ‘UNLCELL_.BUTTONS’ section.

C.6.4 POLYHEDRA

In this section the data for polyhedra build up from polyg{fases) are given:

POLYHEDRA
: faces vis col spec shin transp

Polyhedron 1 1 1 0.0000 0.0000 0.6000
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FACE vertices:

-2.0618

0.0000
2.0869
1.4135

-1.1101

5
0.5748
21211
0.8955
-1.6748
-1.8596

POLYHEDRA_BUTTONS

.col

r

g

1:

C Comments to property calculations

0.0000
-0.0000
-0.0000

-0.0000

0.0000

b

0.9220 0.8980 0.4750

For each polyhedron the number of faces is given, followedhieyvisibility and
color number (see the ‘POLYHEDRBUTTONS'’ section) together with the data
concerning the shininess and transparency of the faceb.fgee has its own sub-
section giving the number of vertices and the correspon@iagesian coordinates
(the face in the example is a pentagon formed by the ring atufitise oxazole
molecule).

C.6.5 PATHS

In this section the data for the ICL trajectories runningnirthe saddle point to the
corresponding attractor (respective from ring criticahp®to the minima) are given
(cf. Sec. 2.5):

PATHS

name

points

vis col diameter

Path

B1-A2

X

36

y

0.7730
0.7908

2.0833

name

1.624593
1.615388

0.897110

points

1 1 0.02
A

0.000000
0.000000

0.000000

vis col diameter

Path

B1-A4

21

y

0.7730
0.7553

0.0045

1.624593
1.633799

2.117934

1 1 0.02
z

0.000000
0.000000

0.000000
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PATH_BUTTONS
.col r g b

1: 1.0000 0.5000 0.0000
2: 0.0000 0.7500 1.0000
3: 0.7500 1.0000 0.0000
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For each path a separate subsection is written. It conthm®@ame of the path
and the number of points, which connected by cylinders fdrengath. The label
‘B1-A2’ stands for the path from the saddle point number 1i¢hhs between the
nitrogen and carbon CG2-basins, cf. the table on page 45) to the attractor number 2
(the nitrogen, cf. the table on page 44). If ICL graph for timg points is present,
then the path descriptors start with ‘R’ instead of ‘B’. Atddnally, color number 2

is chosen for this paths.

This is followed by the visibility, color, and diameter oftlpath. Then the Carte-
sian coordinates of each point of the path are given, 1 perTihe ‘PATHBUTTONS’

section gives the RGB colors of the paths.

C.6.6 END

The STR format is terminated by the string ‘END’.

And this is also the end of the User’s Guide
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