UNEX User Manual

Yury V. Vishnevskiy

Version 2.2, 2026-07-22



Table of Contents

Introduction
Philosophy of UNEX
UNEX capabilities
External data
Conditions of program usage
In case of problems
Support
Basics of usage
General conventions
Installation
Running UNEX
Input syntax
Control flow
GOTO
STOP
Data input
Global
Molecules
Images
Data samples
Molecular geometry
Z-matrices
Cartesian coordinates
Special commands
Atomic properties
Potential energy functions
Vibrational data
Quadratic force constants
Cubic force constants
Vibrational frequencies
Vibrational normal coordinates
ED terms
ED scattering factors
ED data sets
ED sector function
Data processing
Image data

Calibration

o N o M ™ MMM WL W WO PFEF PP

o o O U otttk 1t dDd DWW W WRN PR
0 A W O N N O W W O vV © N o o 0o w Ul o

71
A1
71



ED sector A4

ED data reduction 75
Histograms J7
Averaging 78
ED response function 78
Models for ED intensity 79
Dynamic models 81
Mixtures of molecules 82
ED background lines 83
Multiplicative background 84
Additive background 85
Extraction of background and molecular intensity 85
Other operations with background 89
Averaging of ED data 89
Combining of ED data 91
Other operations with ED data 92
ED radial distribution functions 94
ED standards 99
ED terms 103
Calculation of ED terms 103
Setting ED terms 105
Rotational constants 105
Models of rotational constants 105
Operations with rotational constants 106
Vibrational analysis 106
Force constants 106
Thermodynamics 107
Data samples 108
Refinement of molecular parameters 110
Types of parameters and their grouping 110
Least squares minimization 112
Optimization of functional factors 119
Iteratively reweighted minimization 119
Global methods 120
Statistical modeling 121
Data printing 126
General information 126
Molecular symmetry 127
Rotational constants 127
Vibrational data 127

Geometrical parameters 128



Potential energy functions

ED scattering factors

ED data

ED terms of molecules

ED standards

ED sector functions

ED response functions

Refinement data
FAQs, Tips and Troubleshooting

Frequently asked questions
History of UNEX development
References

Index

131
132
132
134
135
135
135
136
137
137
138
151
157



Introduction

UNEX is a program environment for investigation of molecular structure . It provides methods
for processing of data from  experimental methods for obtaining results with best possible
accuracy and precision . At the current stage the full support of  gas electron diffraction (GED[1,
2, 3]) method is provided, starting from calibration  of instruments and data reduction to the
refinement  of molecular structure. Additionally, rotational constants from microwave [4] and
high-resolution molecular spectroscopy [5] can be used solely or in combination with GED data for
determination of molecular geometry.

Cite UNEX as

Yury V. Vishnevskiy, 2026, UNEX 2.2, https://unex.vishnevskiy.group  [latest access
date]

UNEX is created in an independent research project. It does not originate from any
other programs. Nevertheless, many implemented in UNEX methods and
algorithms are inspired by and based on investigations of other authors, see
respective references for details.

If you are reading an offline version of this manual, it may well be already
outdated. Check the online version, when in doubt!

The aim of this manual is not to teach how to investigate molecules but only to

n describe UNEX functionality. Please remember that incorrect or not optimal
settings and inappropriate usage of different methods can lead to erroneous
output! You are responsible for your results!

Philosophy of UNEX

¥ Exploration of experimental possibilities for investigation of molecular structure.
¥ Development of the gas electron diffraction (GED) method and its automation.
¥ Extending procedures for molecular structure refinement from spectroscopic data.

¥ Providing abilities to carry out detailed and controlled studies due to flexibility of the methods
and their fine tuning.

¥ Elaboration of joint approaches for molecular structure investigations.

UNEX capabilities

¥ Investigation of molecular structure by means of GED method.
¥ Refinement of geometrical parameters from rotational constants.
¥ Combined refinements on the basis of GED data and rotational constants.

¥ Definition of molecular geometry in terms of Z-matrix.


https://unex.vishnevskiy.group

¥ Both internal geometrical parameters and Cartesian coordinates can be used as parameters.
¥ Support for dummy atoms in geometrical models of molecules.

¥ Semi-rigid and dynamic models in GED.

¥ Numerical and analytical parametric forms of potential functions.

¥ Support for relaxation of geometrical parameters, GED amplitudes and corrections.

¥ Modelling of any mixtures of molecules with semi-rigid and dynamic GED models.

¥ Powerful methods for least squares minimization.

¥ Flexible restraints and rigid constraints may be applied to model parameters.

¥ Robust minimization with iteratively reweighted experimental data.

¥ Automatic calculation of uncertainties for dependent parameters.

¥ Global minima search by grid scanning and randomization.

¥ Multidimensional scanning of refined parameters is possible.

¥ Monte-Carlo simulations of parameter distributions.

¥ Automatic determination of molecular point group symmetry.

¥ Multiplicative and additive GED backgrounds using splines and polynomials.

¥ Automatic calculation of GED scattering factors and atomic intensity.

¥ No limits on GED data in refinements.

¥ Non-equal steps for GED intensity curves are allowed.

¥ GED data reduction from images of diffraction patterns.

¥ Calibration of electron wavelength using GED gas standards: benzene C «Hs, CO,, CS, CCl|,.
¥ Refinement of sector functions from GED gas standard intensities and sector images.
¥ Calibration of scanners.

¥ Refinement of response functions for detectors.

¥ Statistical thermodynamics with modified scaled models.

¥ Flexible and convenient input format.

¥ Methods with efficient usage of multiprocessor and multi-core systems.

¥ Versions of the program are available for Linux, FreeBSD, Windows and macOS.

External data

UNEX has built-in constants and data from different external sources. Fundamental physical
constants are used from the CODATA2022 collection  [6]. The relative atomic masses of isotopes have
been taken from the AME-2020 work of Wang et al. [7]. Scattering factors for the diffraction of
electrons were taken from the 2004 (third) edition of the International Tables for Crystallography
Volume C [8].



Conditions of program usage

UNEX is distributed for free. Conditions of its distribution are of "AS IS" type. You use this program
on your own risk. Before downloading and using UNEX you must accept the license agreement, see
files license.html , license.pdf or license.txt

In case of problems

If you think youOve found a bug or some incorrectness in UNEX the first thing to do is to check
everything including your commands, control keywords and data. Second, make sure you are using
the latest version of UNEX. If you still cannot find the source of the problem it is possible to write an
e-mail to the main UNEX developer (see below). Before you do so, it is highly recommended to
isolate the problem and to send a smallest possible input file generating erroneous or suspicious
results.

Support

For questions, comments or bug reports you can use one the following E-mail addresses of the main
UNEX developer, Dr. Yury V. Vishnevskiy

yu.v.vishnevskiy@gmail.com
yu.v.vishnevskiy@yandex.ru
yu.v.vishnevskiy@mail.ru



Basics of usage

General conventions

Reading this manual you can meet numbers expressed using scientific notation and symbol e, for
example 5.5e13. This corresponds to base-10 exponentiation, so the number above is equivalent to
5.5!110 **. Note, UNEX can read numbers in scientific notation.

In many examples you can see triple dots E . This does not reflect the input format but just
indicates that further data may follow. Otherwise the examples would be too long.

Installation

UNEX program is distributed together with some supplementary programs, testing files,
documentation and other parts. For the installation there is no need to do any special actions,
simply copy all files from the distribution to any suitable directory. It is recommended to place

them to one dedicated directory listed in the environment variable PATHso that the executable can
be called from any directory in the system. If all UNEX files are in one place then it is also easier to
update them by replacing old files in this particular directory. Checking for new versions and
updating can be also performed automatically by starting the special script update.sh (in Linux and
other UNIX-type operating systems) or  update.cmd (for Windows). Note, automatic update may not
work for different reasons. First, it requires access to internet for checking the availability of new
versions. Second, the scripts use some system utilities, which must be already installed. Finally, the
automatic update may possibly not work due to some major changes in the procedure. In this case

you need to download the newest version of UNEX and install it manually.

Running UNEX

UNEX is a command line program. In order to use it, an input file should be prepared first (for
details see below). Starting UNEX without any input file prints general information about its usage.

In the simplest case real usage UNEX requires only one command line parameter, the name of the
input file. After starting UNEX the input file remains unmodified and an output file is created,
which contains all results in text form. If you do not indicate the output file name explicitly in the
command line, then UNEX automatically creates one named similar to the input file with added
underline symbol together with a number and an extension log . The number indicates version of
the output and it increases each time when run UNEX with the same input file. Thus, in this mode
output files are never overwritten. Alternatively, you can define in command line the name for the
output file explicitly.

All available command line options are listed by running UNEX with the -h or
--help options.

Input syntax

Input data and commands for UNEX are provided in normal text files (not to mix up with files
produced by text processors like OpenOffice). Data fields are used for introducing input



information. For their arrangement the so-called tags are used, i.e. a logically complete fragment of
data is placed between two certain words which are called tags. In general they may contain any
letters. A standard practice is to use constructions like

<myinfo>
Here goes my info/data...
</myinfo>

Here <myinfo> and </myinfo> are examples of opening and closing tags, respectively. In spite of
considerable number of different commands and field types, all these elements follow similar
pattern, which is easy to understand and use. The sequence of commands is naturally important. It

is not recommended to use very long strings in input files.

The lexical structure of UNEX input follows the principles:

¥ Commands are constituted by capital letters and must end with the colon symbol

¥ Keywords start from capital letter. A value must be assigned to a keyword using the = symbol
without whitespaces.

¥ Keyword options, if defined as strings, start from small letters.

¥ Global keywords are usually organized in groups. For example, keywords related to least-
squares refinements of model parameters start with Lsq prefix.

The syntax for setting keywords is simple, like

Keyword=value

The values can be strings, integers or floating point numbers. Usually keywords accept only one
value. Some other keywords can accept list of strings separated by the semicolon ; symbol, for
example

Molecules=mol1;mol2;mol3

The syntax for commands is usually complex, with indication of possible mode, processed objects,
sources of input data and control parameters in form of keywords.

COMMAND:MODE [argumentl,argument2, ...] [Keywordl=valuel Keyword2=value2a;value2b]

For example

BASE:READ,<BASE>,</BASE>

Here the first word BASEHSs the name of the command. After the colon symbol . goes the mode which
can also be understood as a subcommand. Here for BASHEhe mode REAIB used, which indicates that



UNEX must read some basic information. The other two arguments are tags pointing to the start
and the end lines of the respective field containing the basic information. Thus, UNEX will try to
find the field and read the corresponding information from the input file between the following
tags

<BASE>
Basic info goes here...
</BASE>

Note, whitespaces are allowed so, for example, the following syntax is also possible:
BASE: READ <BASE>,</BASE>

Some other commands must contain an identifier of the object to be processed or for which some
information must be read, for example

ZMATRIX: READ,mol,<ZMAT>,</ZMAT>

will read a Z-matrix for the molecule already defined as mol.

Any line in the input file can be commented out. For this in the very first position of the line you
should type the symbol #. It is also possible to place a comment after command or keyword, for
example

# Run UNEX command in the next line
COMMAND: # This should start some procedure

Control flow

GOTO

GOT©ommand is used for unconditional jumps to commands coming after particular label. Labels
are defined using the command LABELThe following example demonstrates the principle.

GOTO: MYLABEL
COMMANDL1:
LABEL: MYLABEL
COMMAND?2:

In the demonstrated code, when the  GOT@ executed, all subsequent commands (in the example
only COMMANEBYEe skipped until the required label (here is MYLABILs found, which is defined in the
command LABELAfter this point the execution is continued, so that COMMANS®&tarted.



STOP

STORommand terminates execution of UNEX.



Data input

In the next subsections we describe commands and keywords, which are required primarily for
introducing and definition of data.

UNEX has limited abilities for using namespaces. Therefore many commands and most of the
keywords are composed of several words. For compactness they are often abbreviated. Most
frequent abbreviations used in command and keyword names are:

¥ Mol'N"molecule or molecular

¥ Isotop "N"isotopologue or isotopomer

¥ Imd'N"image

¥ Ptrn "N"pattern

¥ GeoftiN"geometry

¥ Calc"N"calculation

¥ EDN"electron diffraction

¥ TrmN"(ED) term

¥ Std"N"standard

¥ Rot"N"rotation(al)

¥ CoriN"constant

¥ RotGTN"rotational g-tensor

¥ RotA RotB RotC'N'"rotational constant A, B and C, respectively.

¥ Vib"N"vibration(al)

¥ Cor'N"correction

¥ XYZN"Cartesian coordinate(s)

¥ PASN"principal axes system

¥ SytN"symmetry

¥ Freq'N"frequency

¥ RDFRdf'N"radial distribution function

¥ ThermdN"thermodynamic(s)

¥ PEN"potential energy

¥ Fun¢'N"function or functional

¥ Se¢N"(ED) sector

¥ RespN'"response

¥ Exp'N"experiment(al)

¥ Stdev'N"standard deviation

¥ Covar'N"covariance(s)



¥ PDFN"probability distribution function
¥ Scat"N"scattering

¥ Itot "N"(ED) total intensity

¥ Imol"N"(ED) molecular intensity
¥ Bgr'N"(ED) background

¥ Lvl"N"level(led)

¥ Conf'N"conformer or conformation
¥ PCIN"pseudo-conformer dynamic (ED model)
¥ Lsq'N"least squares

¥ Ref'N"refinement

¥ McN"Monte-Carlo

¥ SintN"simulation

¥ PrmiN"parameter

¥ Grg'N"group

¥ RedgN"regularization

¥ Rst"N"restrain(ing)

¥ Surv'N"survey(ing)

¥ RandN"random(ization)

¥ Pol"N"polynomial

¥ PowN"power

¥ Spl"N"spline

¥ Val"N"value

¥ Init "N"initial(ization)

¥ Min"N"minimal

¥ MaxN"maximal

¥ Iter "N"iteration(s)

¥ Der'N"derivative

¥ ConvN"convergence

¥ Tol"N"tolerance

¥ Thr"N"threshold

¥ Abs'N"absolute

¥ AddN"addition(al)

¥ Grd'N"gradient

¥ Rel"N"relative

¥ WgtN"weight(ed)



¥ Wir'N"window
¥ LarmiN"lambda
¥ Ep$'N"epsilon
¥ Incr "N"increment
¥ Decr'N"decrement
¥ Coef'N"coefficient
¥ NurtN"number or numeric
¥ Hist "N"histogram
¥ Src"N"source
¥ Inp"N"input
¥ Out'N"output
¥ Imp'N"import
¥ Fac'N"factor
¥ Sf"N"scale factor
¥ Frac"N"fraction(al)
¥ ModN"modification
¥ Def'N"default
¥ Aprx"N"approximation
¥ Infl "N"inflection (point)
¥ Ninfl "N"number of inflection points
¥ PSPN"power spectral density
¥ RBPSN"relative background PSD
¥ SVPN"singular value decomposition
¥ GetiN"generate or generation
¥ Excl"N"exclude
¥ Mult"N"multiplicity
¥ DegetiN"degeneracy
¥ Err"N"error
¥ Appl"N"apply
Note, some specific fields already define namespace so keywords in these fields must not use

particular prefixes. For example, in molecule-specific fields the prefix Mol is not used, and the bare
prefix Geonndicates molecular geometry.

Global

In most cases UNEX input files begin with introduction of some basic and global information. For
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this purpose the BASEommand is used:

BASE: READ otag,ctag

The BASE field can contain various global control keywords. Depending on the job type different
keywords can be important. The keyword Molecules is used most often whenever models of
molecules are created and manipulated, for example in structural analyses. See section Molecules
on how to read in molecule-specific keywords.

Sometimes it is useful to apply different settings on different stages of the job. This can be achieved
by calling the BASEommand several times, for example

BASE: READ <BASE1>,</BASE1>

# At this point LsqlterMax is equal to 20
BASE: READ <BASE?2>,</BASE2>

# From here on LsqlterMax is equal to 30

<BASE1>
ELsqlterMax=20
</BASE1>

<BASE2>
ELsqlterMax=30
</BASE2>

Below is the list of keywords valid in the BASE field:

¥ Basic keywords

Molecules

Name(s) of molecule(s) participating in the current model. (Warning, using this keyword
implies that defined earlier molecules will be deleted!) In simple cases only one molecule is
defined here. Several molecules can be defined, for example in order to model a mixture. In

this case the names of molecules are separated by the semicolon symbol ;. UNEX will try to
find a special field for each molecule defined here. The opening and closing tags of such
fields must correspond to the names of molecules, for example:

<BASE>
Molecules=mol1
</BASE>

T [T T

# Special field for moll
<mol1>
# moll-related info goes here...

m> > [m»

11



E </moll>

AddMolecules

Name(s) of molecule(s) to be added to the current model. Using this keyword does not lead to
deleting of the defined earlier molecules.

Images

Name(s) of image(s) to be processed. UNEX can handle uncompressed Intel TIFF 8/16-bit
grayscale files. Special fields for each image are expected, where image-related parameters
can be defined, including the path to the corresponding image file. If the image-specific
information field is not provided, then UNEX assumes that the name of the image
corresponds to the name of file. After this keyword all old images will be deleted.

AddIimages

This is a keyword for adding new images to the list of the already existing.

DataSamples

Name(s) of data samples to be processed.

AddDataSamples

Names of data samples to be added to the list of already existing.

¥ Related to rotational constants

12

RotAExpStdev
RotBExpStdev
RotCExpStdev

Global values of standard deviations (in MHz) for experimental rotational constants. Default
values are 1.0.

RotAExpStdevLocallgnore
RotBExpStdevLocallgnore
RotCExpStdevLocallgnore

Boolean flags (trueffalse), which allow to control whether local molecule-specific keywords
RotAExpStdeyRotBExpStdevand RotCExpStdevare ignored. By default all three settings are off
(i.e. equal to false ), which means that the respective molecule-specific keywords operate
normally.

RotAExpStdevVFrac
RotBExpStdevVFrac
RotCExpStdevVFrac

Global values of standard deviations for experimental rotational constants expressed as
fractions of respective experimental rotational constants. No default values exist for these
keywords.



RotAExpStdevFac
RotBExpStdevFac
RotCExpStdevFac

Factors for standard deviations of experimental rotational constants A, B and C. Initialized
standard deviations will be multiplied by these factors. By default all of them are equal to
1.0.

RotAExXpPDFPrm2StdevFrac
RotBExpPDFPrm2StdevFrac
RotCExpPDFPrm2StdevFrac

If initialized, from these values second parameters of respective PDFs for experimental
rotational constants are calculated. For details, see analogous molecule-specific keywords.

RotAVibCorPDFPrm2AFrac
RotBVibCorPDFPrm2AFrac
RotCVibCorPDFPrm2AFrac

If initialized, from these values second parameters of respective PDFs for vibrational
corrections of rotational constants are calculated. For details, see analogous molecule-
specific keywords.

RotGTaaRShift
RotGTbbRShift
RotGTccRShift

Global values of relative shifts (in fractions of unit) for the components Oaa» 9o @nd g, of
molecular rotational g tensors. Individual relative shifts for each molecule are initialized
using these values. By default they are equal to 0.0.

RotGTaaPDFPrm2AFrac
RotGTbbPDFPrm2AFrac
RotGTccPDFPrm2AFrac

If initialized, from these values second parameters of respective PDFs for rotational g tensor
components are calculated. For details, see analogous molecule-specific keywords.

¥ Refinement of parameters

LsqlterMax

Maximal allowed number of iterations for least-squares method in LSQFUNC:MINIMIZEhe
default value is 20.

LsqDampType
Type of damping in the least-squares method of parameter refinement. There are three
options:

# const"N"constant damping factor. The respective constant parameter must be defined
using the LsgDampPrnkeyword.

# linear "N"damping factor increases linearly from minimal to maximal value. This is

13
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default option. The minimal, maximal values and step size must be defined using
LsgDampPrmilsgDampPrnahd LsgDampPrnkgywords, respectively.

# sigmd'N"damping factor increases sigmoidally. The parameters may be defined by using
the LsgDampPrmilsgDampPrnahd LsqDampPrnk&ywords.
LsgDampPrm1
LsgDampPrm2
LsgDampPrms3

Parameters of damping function. By default they are all negative, which indicates automatic
initialization to UNEX default values depending on the type of the function.

LsgFuncTol
LsgAddTol
LsqGrdTol

tolerance values for the relative functional change, maximal relative addition to refined
parameters and maximal weighted gradient of the LSQ functional. All three parameters are
used as convergence criteria in the least-squares procedure for parameter refinement. By
default they are all negative, indicating that UNEX must automatically choose appropriate
values.

LsgStopLowFunc

Value of functional, which is enough low to stop LSQ procedure and consider it as converged.
The default value is 0.0.

LsgRelFuncMinFunc

Minimal allowed value of LSQ functional in calculation of relative change of LSQ functional
for convergence testing. The default value is 1.0e-8.

LsgRelAddMinPrm

Minimal absolute value of refined parameter, which can participate in calculation of relative
additions for convergence testing. The default value is 1.0e-6.

LsqWgtGrdMinFunc

Minimal allowed value of LSQ functional in calculation of weighted gradient for convergence
testing. The default value is 1.0e-8.

LsgLamincrMax

Maximal allowed number of consecutive increments of parameter Lambdain Levenberg-

Marquardt method for minimization of non-linear least-squares functionals. Default value is
10.

LsgLamDecrFac

Decrement factor for parameter  Lambdan Levenberg-Marquardt method. Default value is 0.1.

LsgLamincrFac

Increment factor for parameter Lambdain Levenberg-Marquardt method. Default value is
10.0.



LsgLamVallnit

Initial value of parameter  Lambdan Levenberg-Marquardt method. Default value is 0.01.

LsgLamValMin
LsqLamValMax

Minimal and maximal allowed values for parameter Lambdain Levenberg-Marquardt
method. Default values are 1.0e-50 and 1.0e50, respectively.

LsqEDTrmAmplSfRef

Turns on ( =true) or off ( =false, default) refinement of scale factors for ED vibrational
amplitudes. Ratios of amplitudes within each group remain constant if scale factors are
refined, otherwise differences between amplitudes remain constant within one group.

LsgMethod

method for minimization of least squares functional in LSQFUNC:MINIMIZEhe available
options are:

# levmar"N"Levenberg-Marquardt, default.
# goldsec"N"golden section method.

LsqSurvSeed

Seed (integer number) for random number generator used in LSQFUNC:RANMB&MmMand.
Default value is 0, meaning automatic generation of seed, if required.

LsgNumDerTolMin
LsgNumDerTolMax

During least-squares procedures various derivatives may be calculated numerically. The
accuracy of the numerical differentiation is adjusted dynamically. These two keywords
define the allowed range of tolerances for relative errors of numerical derivatives. Default

values are 1.0e-5 and 1.0e-10, respectively.

LsqIRIterMax

Maximal number of macro iterations in iteratively reweighted LSQ minimization
LSQFUNC:IRMINIMIZhe default value is 10.

LsgFuncEDImolAlpha
LsqFuncRegPrmAlpha
LsqFuncRotConAlpha
LsgFuncMolGeomRstAlpha

Global factors for the parts of LSQ functional corresponding to ED molecular intensities,
regularization, rotational constants and restraining geometrical parameters. Default value
for all of them is 1.0.

LsqAbsWeighting

Turns on ( =true) or off ( =false , default) using absolute weights in LSQ method for calculation
of standard deviations of refined parameters. The weights are calculated from standard
deviations of experimental dataas o2

15



LsqCalcFuncContrib

Controls the calculation of contributions from different parts of LSQ functional into refined
parameters using W1 [9] (if the keyword is =w) or W2 [10] (=w2 methods. By default this is

turned off ( =nong. If enabled, the calculation is performed at the end of the LSQFUNC:MINIMIZE

procedure.

LsqCalcExpErrExclFunc

This keyword defines the types of parts of the LSQ functional which should be excluded from
calculation of experimental errors of refined parameters. The idea and the method are
described in [9]. The types are defined using similar literals as in the LSQFUNt©mmand but in
lower-case format. Combinations of types can also be provided concatenating literals with

the ; symbol as usually. By default regularization and molecular geometry restraining parts

of LSQ functional are excluded.

LsqPrint

Flags for printing particular information in LSQFUNC:MINIMIpEDcedure. Can accept values
fellips  (for LSQ functional (hyper)ellipsoid), sensib (first order sensibility analysis) and none
for none of the above.

¥ LSQ Monte-Carlo simulations
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LsqMCCyclesMax

Maximal allowed number of cycles in Monte-Carlo procedure LSQFUNC:MCMINIMIZBe
default value is 0, so the user must set the required number of cycles explicitly.

LsgMCSeed

Seed for the random number generator (RNG) in Monte-Carlo procedure. The default value is
zero, which indicates that UNEX must initialize the RNG to a unique value based on current
time and process ID. If you want to obtain deterministic results then you have to define the
seed using this keyword.

LsgMCCalcRotCon

Calculate (=true) or do not calculate ( =false, default) rotational constants during the MC
simulation.

LsqMCApplyStdev

Turn on ( =true, default) or off ( =false ) the application (i.e. assignment) of determined in
LSQFUNC:MCMINIMitARdard deviations to respective refined parameters.

LsgMCApplyBias
Turn on ( =true, default) or off ( =false ) application of determined in the simulation biases to
respective refined parameters.

LsgMCApplyCovar

Turn on ( =true, default) or off ( =false) application of determined in the simulation
covariances to respective refined parameters.



LsgMCConvRelMeanThr

Threshold for convergence of relative mean values of parameters. Default value is 0.0001.

MCConvRelStdevThr

Threshold for convergence of relative values of standard deviations. Default value is 0.01.

LsgMCConvTestWin

The size of the "window" (number of cycles) for convergence testing. This number of cycles
in the generated data will be used for testing of the convergence. The default value is
negative, i.e. is determined automatically.

LsgMCHistNBins

Number of bins in histograms used for integration of determined distributions. Default value
is 0, indicating that no integration will be performed.

¥ ED intensity

EDItotModel

Default model for the total ED intensity. This also controls the type of background used for
calculation of the total intensity. The available options are mbgr albgr and a2bgr. The default
option is mbgr For details see Models for ED intensity

EDImolAnhTrmModel

Model for anharmonic terms of distances in calculation of ED molecular intensity. Available
options are asym(asymmetry parameters, default) and morse(Morse parameters). For details
see chapter Models for ED intensity

EDIntDeltaSMin

Minimal allowed difference between s-values. Default value is 1e-7 A ™.

¥ ED scattering factors

EDScatFacEIMethod

Method for calculation of ED elastic scattering factors.
# pwTab’IN"the method of partial waves using old tabulated factors. This option is available
only for historical reasons.

# pwTab2N"the method of partial waves using factors from Table 4.3.3.1 in [8]. This is
default.

# born1Pot1"N"first Born approximation for the scattering amplitude of a screened atomic
Coulomb potential (Eg. 11 in [11]).

# born1Pot1C1N"similar to born1Potl plus correction (Eq. 13 in  [11]).

# born1TabIN"first Born approximation for the scattering amplitudes using tabulated
values from Table 4.3.2.3 [8] (see also the original paper [12]) and corrected for
relativistic effects as described in ~ [11].

# born1Tab1CWN"similar to born1Tablplus correction (Eq. 13 in  [11]).
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EDScatFaclnelMethod

Method for calculation of ED inelastic scattering factors.

# none'N"do not calculate inelastic scattering factors.

# morseTabIN"Morse approximation using old tabulated factors. This option is available
only for historical reasons.

# morseTab2N"Morse approximation using factors from Table 4.3.3.2 in [8]. This is default.

EDScatFacSMin
EDScatFacSMax

Minimal and maximal  s-values (in A ™) for precalculated scattering factors. Default values are
0.0 and 60.0, respectively.

EDScatFacSStep

Step size on the s-scale (in A™) for precalculated scattering factors. Default value is 0.1.

¥ ED background

EDBgrAprxType

Type of approximating function for background lines. Available options are

# spline "N"cubic spline, this is default,

# polynomiN"simple polynomial,

# chebPolynortN"orthogonal Chebyshev polynomial.
EDBgrSpINInflMax

Maximal number of inflection points for ED background lines when approximated with
splines. The default value is 3.

EDBgrPolPow

Global value of the polynomial power for ED background lines. By default it is 3.

EDBgrPrintRaw

Turns on ( =true) or off ( =false , default) printing of raw (before smoothing) background in the
EDIMOL:GETEpt®cedure.

EDBgrSmoothReduced

Turns on ( =true) or off ( =false, default) smoothing of the reduced (divided by the sector
function and atomic scattering) multiplicative background in EDIMOL:GETE&GMmMand.

EDBgrRefScalelterMax

Maximal number of iterations (by default 0) in the refinement of the scale factor for sSM(s) in
the EDIMOL:GETEp®cedure. For the case of additive backgrounds this keyword just turns on
(any positive value) or off ( =0) the refinement of the t factor for the total intensity.

EDBgrRefScaleTol

Relative change (0.001 by default) in scale factor as convergence criterion for procedure of
refinement of sM(s) scale factors in the or t-factors of the total intensity in EDIMOL:GETEXP
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procedure.

EDBgrPSDStrRMin
EDBgrPSDStrRMax

Minimal and maximal interatomic distances in the molecular model when power spectral
density of background line is analyzed. By default these parameters are negative, which
indicates automatic determination of the corresponding values.

EDBgrPSDStrRMinShift
EDBgrPSDStrRMaxShift

Shifting factors for the automatically determined minimal and maximal interatomic
distances in the molecular model for the analysis of background line PSD. Default values are
-0.2 and 1.0, respectively.

EDBgrPSDNoiseThr

Default threshold (in dB) for relative power spectral density of noise for background lines.
The default value is -20.0.

EDBgrPSDNoiseThrFac

Default factor of importance for the noise threshold EDBgrPSDNoiseThihe default value is
0.01.

EDBQgrPrintPSD

Turns on ( =true) or off ( =false , default) printing of the power spectral density for background
and experimental intensity in the EDIMOL:GETEpt®cedure.

EDBgrPSDInitScan

Number of steps when scanning spline functional value at the initial stage of background
smoothing procedure with PSD threshold.

¥ ED sector

EDSecModelType
EDSecRegModelType

Type of model for sector function and regularization sector function, respectively. Possible
values are rpn, sinpn and const. For explanation see below section related to introduction of
sector functions. Defaultis  rpn.

EDSecPrmA
EDSecRegPrmA

Parameter A in the model for (regularization) sector function. Default value is 21.

EDSecPrmN
EDSecRegPrmN

Parameter n in the model for (regularization) sector function. Default value is 3.0.

19



EDSecPrmRmax
EDSecRegPrmRmax

Parameter r... (in mm) in the model for (regularization) sector function, see chapter ED
sector function . The default value is 100.0.

¥ ED standards

20

EDStdDefType

Default type of standard if it is not indicated explicitly in the input of ED intensities. Possible
values are CCl4 C6HBCOand CS2The default setting for this keyword is ~ CCl4

EDStdLsqglterMax

Maximal number of iterations in least-squares refinement of parameters from ED gas
standard data. The default value is 100.

EDStdSecRegAlpha

Factor for regularization of refined sector function. By default it is 0.0, which indicates the
absence of regularization.

EDStdBgrRegAlpha

Factor for regularization of refined background functions. Default value is 0.0.

EDStdBgrRegValue

Regularizing value for background. Default value is 0.0.

EDStdLsqRefPrm

Parameters to be refined in EDSTDsing LSQ method. The available options are  lam, sec, bgr,
itotsf and respf, which correspond to the electron wavelength, sector function, background

line, scale factor for total intensity and response function. Several options can be combined

using ; symbol, for example EDStdLsgRefPrm=lam;se®y default nothing is enabled.

EDStdLsgPrint

Additional types of information to be printed in EDSTD:LSQMf¥ocedure. The options are
correlat and fellips , corresponding to correlations between refined parameters and LSQ
functional (hyper)ellipsoid. By default nothing is enabled.

EDStdDBgrRegAlpha

Prefactor for least-squares term calculated as sum of squares of second derivatives of
background lines. By default this factor is zero meaning that this term is not included.

EDStdScanlter

Number of iterations in scanning of electron wavelength in EDSTDBy default it is zero, i.e.
scanning is not performed.

EDStdScanLamMin
EDStdScanLamMax

Minimal (default value is 0.039 A) and maximal (default value is 0.120 A) values of electron
wavelength in scanning.



EDStdRefLamlterMax

Maximal number of iterations in refinement of electron wavelength. Default number is 50.

EDStdRefLamTol

Convergence tolerance in relative change of refined lambda. Default value is 1.0e-4.

EDStdSeclInitRStep

Step size (in mm) for the automatically initialized reduced sector function in LSQ refinement
in EDSTDefault value is 1.0 mm.

EDStdSeclnitRMin
EDStdSeclInitRMax

Minimal and maximal allowed r-values (in mm) of the auto-generated reduced sector
function for refinement in EDSTDDefault values of these keywords are negative, which
means that the corresponding parameters should be determined automatically.

EDStdLsqgBgrInit

The source of initial approximation for additive background in EDSTD:LSQMIN he
background can be calculated and smoothed using the current model ( mode| default) or
taken from respective data set ( data).

EDStdBgrRefScalelterMax

Maximal number of iterations for refinement of scale- or t-factors in background procedures
used from EDST.[Default number is 30.

EDStdLsqgBgrCor

Correct refined in EDSTD:LSQMiddckground if it gets negative. By default this is turned off
(=false ).

¥ ED radial distribution functions

EDRdfType

Method for calculation of radial distribution curves. There are three options: old, classic
(this is default) and modern For details see description of the EDRDE&ommand.

EDRdfMultR

The keyword determines whether the Fourier curve is multiplied ( =true, default) or not
(=false ) by r. Multiplication by r produces a better approximation to the P(r) function, but
also increases the difference curve.

EDRdfRMax

Maximal value of r (in A), for which radial distribution curves are calculated. By default it is
determined automatically depending on the maximal interatomic distance in the model.

EDRdfRStep

Step size along r-scale for calculation of radial distribution functions. Default value is 0.01 A.
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EDRdfPruneRlen

Allowed distance between points along the radial distribution function. Default value is 0.02
A. The value 0.0 turns off the pruning.

EDRdfAdaptiveR

Turns on ( =true) or off ( =false , default) the usage of the adaptive method for choosing points
on the r$-scale for calculation of radial distribution functions.

EDRdfDamp

Coefficient in an exponential function used for multiplying of molecular intensity before
Fourier transformation. By default it is calculated according to exp(—EDRdfDamp X sZ,,) = 0.1,
where s, is the maximal s-value of the transformed molecular intensity function.

EDRdfModGf

This key enables ( =true, default) or disables ( =false ) the division of molecular intensity
functions by a g-function (by default corresponding to a term with maximum contribution)
before Fourier transformation.

EDRdfModGfAtoms

Types of atoms (for example =C;Q, for which the corresponding g-function must be
calculated and used for modification of molecular intensity before Fourier transformation if
EDRdfModGf=trueBy default this is initialized automatically so that the pair of atoms available

in molecule(s) of the model have highest atomic numbers. Note, in some cases this may be
not optimal and requires manual tuning.

EDRdfTrmDifR

Influences results of the PRINT:EDTERM®mmand with Format=urdfplot . This parameter
defines maximal allowed difference between distances of degenerate terms in calculation of

their contributions. By default this key is negative, which turns off the searching for
degenerate terms.

EDRdAfTrmModAmpl

Influences results of the PRINT:EDTERMSmmand with Format=urdfplot . Turns on ( =true,
default) or off ( =false) the division of calculated term contributions by the respective
amplitudes.

EDRdfIntegMethod

Method of numerical integration: trapezoidal (default, fast) or romberg(slow but potentially a
bit more accurate).

EDRdfCalcStdev

Turns on ( =true) or off ( =false , default) calculation of standard deviations for experimental
radial distribution functions.

EDRdfMClter

Number of iterations in Monte-Carlo procedure for calculation of standard deviations for
experimental radial distribution functions. Default value is set 0, turning off this procedure.



EDRdfCalcStdevPrintTime
Time interval in seconds for printing progress of calculation of RDF standard deviations. The
default value is 60 seconds.

EDRdfNConcat

Number of common points (by default 11) for experimental and model molecular intensity
curves when they are concatenated in RDF procedure. The larger this number the greater is

the overlap of the intensity curves.

¥ ED patterns

EDPtrnReflterMax
Maximal number of iterations in the least-squares procedure of the IMAGE:EDPTRNREFINE
command. The default value is 50.

EDPtrnRefWritelmg

Enables writing of image files with refined asymmetric additive background ( =bgr), intensity
curve ( =intcurve ) and weights of processed image pixels ( =weights), or disabling all of them
(=nong. The options can be combined, for example  EDPtrnRefWriteImg=bgr;intcurve;weights .
By default only images of intensity curves are created.

EDPtrnRefPrint
Enables printing of various data. The available options are: intr "N"print refined intensity in
points on the r-scale (in mm) instead of s; intcrl "N"print correlations between intensity
values; allcrl "N"print correlations between all refined parameters; dhist "N"print histogram
of the data actually utilized in refinement; noné'N"print nothing of the above.

EDPtrnRefSec3ThetaCor
Apply ( =true, default) or not ( =false ) the sec’(! ) correction to the refined intensity curve.

¥ Thermodynamics

ThermoTemperature

Temperature in Kelvins. This parameter affects calculations related to GED with dynamic
models and calculations of thermodynamic functions with the MOLTHERNK@nmMand. The

default value is 298.15 K.

ThermoPressure

Pressure in standard atmospheres (atm). It is used in calculations of thermodynamic
functions. The default value is 0.986923267 atm, which corresponds to 1 bar (14.5038 psi, 100

kPa).
¥ Mathematical

MathSVDTol

Factor for calculation of threshold value for minimal singular number in SVD decomposition
procedure. The threshold value determined as product of this factor and maximal singular
number. Singular numbers less than the threshold value are discarded. Default value is 10
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times machine double precision, which usually corresponds to 2e-13.

MathSVDIterMax

Maximal number of iterations in SVD procedure. Default value is 30.

¥ Printing of data

PrintStdevFac

Factor for printed standard deviations of parameters. By default it is 1.0.

PrintXYZPAS

Boolean keyword for turning on (when true ) or off ( false , default) printing of Cartesian
coordinates in principal axes system (PAS).

PrintSymUnigAtoms

Defines whether symmetrically unique atoms should be printed ( =true) or not ( =false,
default) by the PRINT:MOLS¥dmmand.

PrintStdevZMat

Defines whether standard deviations of Z-matrix parameters should be printed ( =true) or not
(=false , default) by the PRINT:ZMATRE6mmand.

PrintF3cBlockCols

Maximal number of columns in each block of cubic force constants printed by the
PRINT:MOLVIBF8G8mmand. The default value is 5.

¥ Other

RotConDerPrmStep

Starting step size for parameters in calculation of numerical derivatives of rotational
constants. The default value is 1.0e-8. For small molecules 1.0e-10 is usually better.

MolGeomRstDerPrmStep

Starting step size for parameters in calculation of numerical derivatives of restraining
geometrical parameters. The default value is 1.0e-6.

MolGeomGenBondTol

Parameter to control detection of bonds between atoms. If the distance between atoms is less
than the sum of their covalent radii plus ist MolGeomGenBondTiaction then a bond is
recognized. The default value is 0.15.

EDTrmRaDerPrmStep

Starting step size for parameters in calculation of numerical derivatives of interatomic
distances. The default value is 1.0e-6.

PrmCalcStdevUseCovar

Turns on ( =true, default) or off ( =false ) the usage of covariation matrix in calculations of
standard deviations for dependent parameters.
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MolPEFuncEUnits

Potential energy units on input, when data are introduced in numerical form with MOLPEFUNC
Possible values are

# au'N"atomic units
# kcal "N"kcal/mol
# kJ"N"kJ/mol, default

MolSymTol

Tolerance factor in detection of molecular symmetry elements. By default it is equal to 1.0.
The less this factor is, the more accurate must be the molecular geometry for determination
of the full symmetry.

There are special keywords with prefixes HashAbsEpsand HashRelEps indicating absolute and
relative (in fractions of unit) precision for various types of data used in calculating of hashes. They
are required only for testing purposes and thus not documented here.

Molecules

For each molecule declared in BASEa special field must be defined, which contains some general
information about the molecule. The starting and ending tags of this field must be constructed as
<name_of_molecule>and </name_of_molecule> respectively. For example, for a molecule mymolthe
corresponding field is

<mymol>
# mymol-specific info goes here...
</mymol>

Possible keywords in field of molecule:

Formula

Empirical formula of the molecule, for example Formula=C6H120®his is a mandatory keyword.
MoleFracVal

Mole fraction of the respective molecule in a mixture, if several molecules are defined in BASE

The value must be in range 0.0-1.0. For the last molecule listed in BASEhis keyword is irrelevant
because its mole fraction is calculated automatically.

MoleFracRefGrp

Group number for mole fraction. In order to refine the mole fraction a positive integer group
number must be defined using this keyword. Note, this must be unique number, since mole
fractions cannot be refined in groups with other parameters.

EDModel

ED model of the molecule. Possible values are  semirigid (default) and psconfdyn. The latter
indicates the pseudo-conformer-based dynamic model and the required pseudo-conformers
must be defined using the PseudoConfkeyword.
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PseudoConfs

List of names of pseudo-conformers for usage in ED dynamic model of the molecule. Syntax is
the same as for Molecules in BASE

AddPseudoConfs
Additional pseudo-conformers for the dynamic ED model. This keyword can be used if names of
all pseudoconformers cannot be conveniently defined by PseudoConfs

PseudoConfNum

Total number of pseudo-conformers in the ED dynamic model of the molecule. By default this

equals to the number of pseudo-conformers defined using PseudoConfskeyword. However,
additional pseudo-conformers can be automatically generated and populated if PseudoConfNum
has larger value.

PEDegen

Degeneracy of the molecule on the potential energy surface. This parameter is relevant to
pseudo-conformers in ED dynamic models. The default value is 1.

PEDegenlInitChild

Initialization value for degeneracy of child pseudo-conformers relative to this molecule.

PEFuncType

Type of potential function used in the dynamic model of the molecule. The possible options are

¥ spline "N"cubic spline, no fittable parameters. This is default.
¥ cos1'N"parametric function Vg+ Y %[1 —cos(iF)].

¥ cos2'N"parametric function Vo + 3 Vicos(iF).

(F - a2
gaus<'N"parametric function, sum of gaussians 2 VieXp( 27 )

1

¥ polynomiN"parametric function, polynomial > ViFL
For details on how to introduce potential functions see Potential energy functions

PEFuncCoefNum

Total number of parameters in potential function including free term if applicable. Makes no
sense in case of splines.

PCDRelaxPolPow

Power of relaxational polynomials used for generation of additional pseudo-conformers in ED
dynamic models. Default value is 4.

EDModellmolPCD

The model for molecular intensity function when pseudo-conformer dynamic ED model is used.
Possible options are integral (default) and sum For details see section Models for ED intensity

SpinMult

Spin multiplicity of the molecule. The default value is 1.
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EnergyEl

Electronic energy in Hartree. No default value (initialized to zero) exists.

ThermoModel

Type of model for thermodynamic functions. The available options are

¥ sRRH®"rigid rotator - harmonic oscillator approximation with possibly scaled vibrational
frequencies.

¥ msRRHON"modified scaled RRHO with correction for entropy as implemeted in [13, 14].

¥ msRRHOR'modified scaled RRHO with corrections for internal thermal energy from [15] and
for entropy from [13, 14].

For details see section Thermodynamics .

ThermoFreqCutoff

Cut-off value (in cm ™, by default equals to 0.0) for vibrational frequencies in calculation of ZPVE
and thermodynamic functions. Frequencies below or equal to this value are ignored.

ThermoFreqScale

Scaling factor (1.0 by default) for vibrational frequencies in calculation of ZPVE and
thermodynamic functions.

ThermoMSRRHOWCutoffl
ThermoMSRRHOWAIphal

Cut-off vibrational frequency value " (incm ™, default is 50.0) and #-factor (default value is 4.0) in
the weighting function for entropy in the msRRHO-1 and msRRHO-2 methods. Note, in the
earlier publication [13] the same frequency cut-off parameter was denoted as $ o, See equation 8
therein.

ThermoMSRRHOWCutoff2
ThermoMSRRHOWAIpha2

Cut-off vibrational frequency value " (in cm ™, default is 50.0) and #-factor (default value is 4.0) in
the weighting function for enthalpy in the msRRHO-2 method [15].

RotConModel

Type of model for rotational constants. The available options are

¥ rrpam'N"Rigid rotor - point atomic masses.

¥ rrpam-vibc "N"Rigid rotor - point atomic masses with vibrational correction.

¥ rrpam-vibc-elcl "N"Rigid rotor - point atomic masses with vibrational and electronic
corrections. This is the default option.

For details see section Models of rotational constants

IsotopMols

Names of other molecules related to this molecule as isotopologues or isotopomers. Each of them
must have its own field just like a normal molecule. This keyword is generally used in
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refinements of molecular structures from rotational constants of parent molecule and its
isotopologues and/or isotopomers. Usage of this keyword discards defined earlier isotopomers
and isotopologues.

AddIsotopMols

Names of molecules which are to be added to the list of the already defined isotopologues and
isotopomers.

RotConlnpUnits

Input units for rotational constants. Possible values are

¥ cniN"em™
¥ MHAN"MegaHertz, this is default setting.

RotAExpVal
RotBExpVal
RotCExpVal

Values of experimental rotational constants in units defined by the RotConlnpUnits keyword of
the current molecule.

RotAExpStdev
RotBExpStdev
RotCExpStdev

Standard deviations (in units defined by RotConlnpUnits) of the corresponding experimental
rotational constants. These values are used for calculation of weights in least-squares functional.
There are no default values for these keywords.

RotAExpStdevVFrac
RotBExpStdevVFrac
RotCExpStdevVFrac

Standard deviations of the experimental rotational constants expressed as fractions of the
values of the correspodning rotational constants. There are no default values for these
keywords.

RotAEXpPDFType
RotBExpPDFType
RotCExpPDFType

Type of probability density function (PDF) for experimental rotational constants A, B and C. For
the available options see section  Statistical modeling . The default option is shNormal
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RotAExpPDFPrm1
RotAEXpPDFPrmz2
RotBExpPDFPrm1
RotBExpPDFPrmz2
RotCExpPDFPrm1
RotCExpPDFPrm2

Parameters of probability density functions (PDF) for experimental rotational constants A, B and

C. The meaning of parameters depends on the type of PDF (see  RotAExpPDFTypnd analogous
keywords). The values are expected in units defined by RotConlnpUnits. The default values are
Zero.

RotAExpPDFPrm2StdevFrac
RotBExpPDFPrm2StdevFrac
RotCExpPDFPrm2StdevFrac

Second parameters of PDFs of experimental rotational constants expressed as fractions of
respective standard deviations. For example, by setting RotAExXpPDFPrm2StdevFrac=0He second
parameter of the PDF will be calculated as 10 % of the already defined standard deviation
(usually introduced by the  RotAExpStdewkeyword). These are molecule-specific keywords. If they
are not defined, then analogous global keywords are checked. Note, the calculation is performed

only if the PDF parameter is not yet defined, for example by using RotAEXpPDFPrm2

RotAEXpPDFGrp
RotBExpPDFGrp
RotCExpPDFGrp

Group numbers for PDFs of experimental rotational constants A, B and C, respectively.

RotAVibCorVal
RotBVibCorVal
RotCVibCorVal

Vibrational corrections (in units defined by RotConlnpUnits) for rotational constants. For the
definition of the corrections see section  Models of rotational constants

RotAVibCorPDFType
RotBVibCorPDFType
RotCVibCorPDFType

Types of PDFs for vibrational corrections to rotational constants A, B and C. The available
options are the same as for RoOtAExXpPDFTy§see above). Default is shNormal

RotAVibCorPDFGrp
RotBVibCorPDFGrp
RotCVibCorPDFGrp

Group numbers for PDFs of vibrational corrections to rotational constants A, B and C,
respectively.
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RotAVibCorPDFPrm1
RotAVibCorPDFPrm?2
RotBVibCorPDFPrm1
RotBVibCorPDFPrm2
RotCVibCorPDFPrm1
RotCVibCorPDFPrm2

Parameters of probability density functions (PDF) for vibrational corrections to rotational
constants A, B and C. The values are expected in units defined by RotConlnpUnits. The default
values are zero.

RotAVibCorPDFPrm2AFrac
RotBVibCorPDFPrm2AFrac
RotCVibCorPDFPrm2AFrac

Second parameters of PDFs for vibrational corrections to rotational constants A, B and C
expressed as fractions of vibrational correction absolute values. For example, a vibrational
correction %B;, = -10.0 is already introduced using RotBVibCorVal=-10.0. Then, a fraction f = 0.1
can be introduced using the RotBVibCorPDFPrm2AFrac=0Keyword, which means 10 % of the
vibrational correction absolute value. From this the second parameter of the PDF will be
calculated as p, =1-10.0] ! 0.1 = 1.0. This is equivalent to setting manually RotBVibCorPDFPrm2=1.0
Note, there are analogous global (defined in ~ BASEkeywords. If defined, the global value will be

in effect if local is not provided. Also bear in mind that already defined PDF parameters are not
recalculated from fraction keywords, neither local nor global.

RotGTaaVal
RotGTbbVal
RotGTccVal

Values of rotational g tensor components g.., 9u, and g... By default all of them are zero.

RotGTaaRShift
RotGTbbRShift
RotGTccRShift

Relative shifts (in fractions of unit) for the components Jaar Qoo @Nd g, Of the rotational g tensor.
They can be used for correcting of the respective g tensor components, see Models of rotational
constants for details. The definition of the shift is

RShift = g— glcgolrrected

By default the molecule-specific shifts are initialized to be equal to the global shifts defined using
the same keywords in the BASHield.

RotGTaaPDFType
RotGTbbPDFType
RotGTccPDFType

Type of probability density functions (PDF) for respective components of the rotational g tensor.
The available options are the same as for RoOtAEXpPDFTy{see above). The default is shNormal
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RotGTaaPDFGrp
RotGTbbPDFGrp
RotGTccPDFGrp

Group numbers for PDFs of respective components of the rotational g tensor.

RotGTaaPDFPrm1
RotGTaaPDFPrm2
RotGTbbPDFPrm1
RotGTbbPDFPrm2
RotGTccPDFPrm1
RotGTccPDFPrm2

Parameters of probability density functions (PDF) for diagonal components of the rotational
tensor. All are zero by default.

RotGTaaPDFPrm2AFrac
RotGTbbPDFPrm2AFrac
RotGTccPDFPrm2AFrac

Second parameters of PDFs for respective components of rotational g tensor, expressed as

fractions of absolute values of these components. The keywords function in the analogous way
as RotAVibCorPDFPrm2AFrdoes, see details therein.

MoleFracPDFGrp

Group number for the PDF of mole fraction.

MoleFracPDFType

Type of PDF for mole fraction. The available options are the same as for other PDFs. Default is
shNormal

MoleFracPDFPrm1
MoleFracPDFPrm2

Parameters of PDF for mole fraction of the molecule.

GeomAddDistance

Pairs of atoms which must be included as interatomic distances in autogenerated lists of internal
parameters, for example in  PRINT:MOLGEOMB&&/below).

Note, there is a particular scheme for initialization of standard deviations for experimental
rotational constants. The scheme is depicted below.
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. Local absolute value RotXExpStdev !
! (if not blocked by global RotXExpStdevLocallgnore) |

: Global absolute value RotXExpStdev !
! (initialized to nominal 1.0 MHz) \

Scaling by global RotXExpStdevFac

The highest priority have absolute values defined locally for particular molecules, using keywords
RotAExpStdeyRotBExpStdevand RotCExpStdevHowever, these keywords can be blocked by the global
keywords RotAExpStdevLocallgnoreand similar. If a standard deviation is not initialized at this level,

then the next lower level is tested as shown in the scheme. At the final stage the initialized value is

scaled by the value defined with the respective global keyword, one of RotAExpStdevFac
RotBExpStdevFaor RotCExpStdevFac

Similarly, there is a particular scheme for initialization of PDF parameters for experimental
rotational constants, vibrational corrections to rotational constants and diagonal components of
rotational g tensors. The scheme is as follows.

! Local absolute value ! (Highest priority)

! Global absolute value ! (Lowest priority)
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Here the highest priority have absolute values defined locally for particular molecules, using
keywords RotAExpPDFPrimRotAExXpPDFPrrnaid alike. Next, the local keywords for relative values are
checked, RotAExpPDFPrm2StdevFraRotAVibCorPDFPrm2AFraRotGTaaPDFPrm2AFrand alike. At the
next level global relative values can be used, if defined. Finally, global keywords for absolute values

are checked. If a parameter has been defined at some level, no further actions are performed at
lower levels.

Images

Images are defined in UNEX similar to molecules"N"i.e. image names are listed using the Images
keyword in BASEAccordingly, for each image can be defined a field with starting and ending tags
constructed from the name of this image. For example

<BASE>
Images=img1
</BASE>

# Special field for imgl

<imgl>

# imgl-related info goes here...
File=imgl.tif # Path to the file.
</imgl>

Valid keywords in image fields are:

File

Path to the file of the image. The path may be absolute or relative.

ResolutionX
ResolutionY

Resolution of the image along X- and Y- directions, corresponding to width and height of the
image. These keywords are not obligatory since TIFF files must already contain this information
and UNEX can read it. However, the nominal resolution values may not represent the real
resolution, for example due to imperfections in scanning device. In such cases true resolution
can be defined explicitly with these keywords.

BitsPerPixel

Number of bits per pixel. Normally this is determined automatically. If not, this can be defined
here. Allowed values are 8 or 16.

PixelValidMin
PixelValidMax

Minimal and maximal values of valid pixels. Only pixels within this range are processed. By
default these keywords correspond to the full range of possible pixel values.

PixellntModel

Model of pixel intensity. Determines how relative intensity is calculated from pixel value (see
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Image data ). The only implemented optionis  logri .

EDPtrnXc
EDPtrnYc

Coordinates of the center of diffraction pattern in pixels. In ED data reduction procedure these
values can be further refined.

EDPtrnXs
EDPtrnYs

Coordinates of the center of rotating sector device in pixels. Similarly to EDPtrnXcand EDPtrnYc
these values play role in ED data reduction and can be refined. By default they are equal to
EDPtrnXcand EDPtrnY¢ respectively.

EDPtrnLambda

Electron wavelength (in A) for the diffraction pattern used in the ED data reduction.

EDPtrnNtoD

Distance (in mm) from nozzle to detector in ED experiment.

EDPtrnStoD

Distance (in mm) from sector to detector in GED experiment.

EDPtrnRefPrm

Parameters to be refined from this ED diffraction pattern. The available options are int , center,
scenter, bgr and badpix, corresponding to ED intensity profile, diffraction pattern center, the
center of sector rotation, background and bad pixels. By default all types are enabled.

EDPtrnRefRMin
EDPtrnRefRMax

Minimal and maximal distances (in mm) from pixels to the center of the diffraction pattern in
ED data reduction. Pixels outside this range will not be processed.

EDPtrnRefSStep

Step size in A™ for s-values of intensity curves refined from ED diffraction pattern in data
reduction.

EDPtrnRefRStep

Step size in mm for r-values of intensity curves refined from ED diffraction pattern in data
reduction.

EDPtrnRefBgrNx
EDPtrnRefBgrNy

Number of anchor points for additive asymmetric background along the X and Y axes.

EDPtrnRefMaxBgrFracAvSignal

Maximal allowed value for the additive background expressed in fractions of the average signal
value on the diffraction pattern. The default value is negative, indicating atomatic setting of this
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parameter (see produced UNEX output). It is, however, recommended to set it explicitly
depending on the quality of the processed diffraction patterns.

EDPtrnRefFog

Intensity of pixel corresponding to the zero level of the measured electron diffraction intensity.
By default it is 0.0. Note, the units of this parameter must correspond to the units of pixel
intensity formula or standard values of scanner calibration or standard values of detector
calibration, depending on what is applied last.

EDPtrnRefUseSectorFunc

Turns on ( =true) or off ( =false , default) the usage of sector function in ED data reduction of this
diffraction pattern.

It is not strictly necessary to provide image information field with the path to the
image file. Instead, the image name can be equal to the respective file name, even
if it contains the relative or absolute path. If UNEX cannot find the corresponding
opening tag for the image information field, it assumes that the name of the image
file is the same as the name of the image itself. However, keep in mind that if you
already have an image information field then the path to the file must be defined
using the File keyword.

Data samples

In general case data samples are defined in UNEX similar to molecules. You need to use the
keyword DataSamplesand provide respective field(s). The code below demonstrates an example:

BASE: READ <BASE> </BASE>
STOP:

<BASE>
EDataSamples=ds1
</BASE>

<dsl>
EFile=ds1.dat
</ds1>

Keywords available for data samples are:

File
Path to the file with the data sample or where it will be written later. The path may be absolute
or relative.



StorageDisk
StorageRAM

Boolean keywords for controlling whether data are stored on disk and memory, respectively.
Both are false by default, when data sample is defined by =~ BASENote, automatically created data
samples by different procedures may have also different settings of these parameters.

A data sample can also be imported directly from file. For this the DATASAMPt@mmand must be
used with the mode IMPORT

DATASAMPLE: IMPORT sample.dat [ImpDS=ds]

With the optional keyword  ImpDSyou can explicitly define the name (identifier) for the imported

data sample, otherwise a new one will be created automatically. Old data from previously existing

data sample will be deleted. Note, importing data from file does not imply setting File=sample.dat
and StorageDisk=true . However, it effectively sets StorageRAM=true

Molecular geometry

Z-matrices

In UNEX geometrical structure of molecules can be defined by means of Z-matrices. For this
purpose ZMATRIBommand is used

ZMATRIX: READ,mol,<ZMAT></ZMAT>

Here READs the subcommand indicating to read a Z-matrix for the molecule mol. The rest are the
tags of the respective field in the input file. The format is rather flexible so that Z-matrices from

many other programs can be transferred without problems. Positions of atoms can be defined by
independent internal geometrical parameters (bond lengths, angles and torsional angles), Cartesian
coordinates or combination of both. Usually a Z-matrix consists of two sections, the main body of

the Z-matrix and the list of its parameters. Items in each line of Z-matrix can be separated by
spaces, commas and/or tabulation characters. Variable(s) can be used multiple times within one Z-
matrix. In the most general case, definition of an atom in the body of a Z-matrix is as follows:

number of atom, symbol of atom, atomic mass, 1st reference atom, 1st parameter, 2nd
reference atom, 2nd parameter, 3rd reference atom, 3rd parameter, type of definition

All items must be in one line. The number of the atom, atomic mass and type of definition are
optional. First three atoms require less reference atoms (see examples). Parameters can be
explicitly defined as floating point numbers (in this case they cannot be modified or refined later)

or as names of variables. The list of variables goes after the main body of the Z-matrix. In the very
end of the line the type of definition can be defined as an integer. The possible types are

¥ 0, default type, three internal parameters are used for the definition of atom position: bond
length, angle and torsional (dihedral) angle.

36



¥ 1 or -1, expected parameters are bond length, and two angles. There are two equivalent mirror-
symmetric positions of atom corresponding to this set of internal parameters, therefore this
type can be positive (+1) and negative (-1). The sign of the type corresponds to the sign of the
torsional angle constructed on the defined atom and 1st, 2nd and 3rd reference atoms.

¥ 2 or -2, similar to the type above, internal parameters are bond length, 2nd bond length and an
angle.

¥ 3 or -3, similar to the types above, internal parameters are three bond length to three reference
atoms, respectively.

¥ 4, expected internal parameters are bond length, 2nd bond length and a torsional angle.

In case of using Cartesian coordinates, positions of atoms are defined as

Number of atom, symbol of atom, atomic mass, first parameter, second parameter, third
parameter

Here the parameters are Cartesian coordinates of the atom. As in the case of bond lengths, angles
and torsional angles, explicit values of Cartesian coordinates or names of variables can be defined
here. If variables are used, a minus sign - can be prepended to a variable, indicating that in
calculations of the atom position negated value of the corresponding parameter must be used. Note,

it is impossible to use both Cartesian coordinates and internal geometrical parameters for
definition of the same atom. However, within the same Z-matrix different atoms can be defined
using both internal parameters and Cartesian coordinates.

Atoms can be also defined in centroids. For this the keyword centroid should be indicated after the
definition of the atom and a list of reference atoms should be given. See below for particular
examples.

The second part of Z-matrix is the list of variables, their values and, optionally, group numbers.
Values of bond lengths cannot be negative or equal to zero. Values for angles must be between 0 to
180 degrees. Extreme values (0 or 180) are possible only in some special cases. Torsional angles can
have any values.

Group number of a parameter is an integer value indicating the group, in which the parameter can
be refined. Differences between values of parameters within one group are fixed during
refinement. It is impossible to combine in same group

¥ bond lengths and (torsional) angles,

¥ Cartesian coordinates and bond lengths,

¥ Cartesian coordinates and (torsional) angles.
In ED dynamic models, non-rigid coordinates (for example, torsional angles) must be labeled with
negative group numbers. This is a special case, not an indication of a refinable parameter. In

dynamic models there is no need to specify groups in Z-matrices for each pseudo-conformer, it is
enough to specify group numbers only for parameters of the first pseudo-conformer.

Examples of Z-matrices:
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1. Simplest example

Figure 1. Molecular structure of H ,0,.

2 1480 1 120.0

H
O 1 0.960
@)
H 3 0.960 2 120.0 1 120.0

This is a simplest example. First three atoms are defined in a special way, the fourth one is
defined in a general way. To specify the first atom no parameters are required, position of the
second atom is determined by the HNO bond length, position of the third atom is determined by
the ONO bond length and the HNONO angle. The fourth atom is determined by a triple of
parameters: a bond length, an angle and a torsional angle. The values of all parameters are
given explicitly in the Z-matrix body. However, in many cases it is more convenient to define
variables in a second part of Z-matrix and use them in the first part:

Py

H
O 1 Roh

O 2 Roo 1 Aooh

H 3 Roh 2 Aooh 1 Fhh

Roh=0.960 1
Roo=1.480 1
Aooh=120.0 2
Fhh=120.0 3

In this example it is also demonstrated how group numbers are assigned to parameters. Here

two bond lengths Rohand Rooare in group 1, the angle Aoohis in group 2 and the torsion angle
Fhhis in group 3. The parameters with assigned group numbers can be processed and refined,
for example in  LSQFUNC:MINIMIgEcedure.

2. Alternative way for definition of third atom
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Figure 2. Molecular structure of H ,0.

Usually (see first example) position of third atom is determined by a distance to second atom
and by an angle to the first atom. Here is an example of an alternative way for definition of the
third atom, where a distance to the first atom and an angle of 3N1KN2 atoms are used:

H
O 1 Roh

H 1 Rhh 2 Ahho
Roh=0.960
Rhh=1.663

Ahho=30.0

3. Definition of third atom by means of two distances

1.508

Figure 3. Molecular structure of cyclopropane.

CcC

C
C1R
C1Rcc 2 Rcc 3

Rcc=1.508



4.

5.
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Only distances can be used to define position of atoms. For a third atom only two distances are
required. Here to define position of the third carbon distances to the first and to the second
carbons are used and a special integer key  3is given in the very end of the corresponding line.

Definition of atoms with distance and two angles

14

Figure 4. Molecular structure of carbon tetrachloride.

Cl

C 1R1

Cl 2R1 1A1

Ch2R1 1A1 3A1 -1
Cl 2R1 1A1 3A1 1

E R1 1.7724
E Al 109.47122063
Here is an example of carbon tetrachloride defined with T ¢ Symmetry. The last two chlorine

atoms are defined using bond lengths and angles, represented as Rland Alvariables. This type
of definition is indicated with 1 or -1 keywords in the very end of the corresponding lines. The
sign of this keyword always corresponds to the sign of the respective torsion angle XNANBNC,
where X is the defined atom and A, B and C are the first, second and third anchor atoms,
respectively. In this example positions of the last two atoms are determined by exactly the same
parameters but with two different by sign keys land -1.

Definition of atoms using two distances and one angle



Figure 5. Fragment of a molecule with 5-membered ring.

©

C1Rcc

O 2 Rco 1 Acco

C3Rco 2Acoc1F1

N1 Rcn 4 Rcn 3Anco 2

ERcc 1.51
ERco 1.53
ERcn 1.40
EAcco 106.0
EAcoc 108.0
EAnco 90.0
EF1 0.0

In this example the 5-th atom is defined using two distances CINN5 and C4NNS5 (both equal to
Rcn) and an angle O3NC4NN5 (parameter  Ancq. This type of definition is indicated by the
integer key 2 in the very end of the line. Sign of this parameter corresponds to the sign of the

torsional angle NSNC1NC4NO3. In this case the configuration with parameter
symmetrically equivalent to the presented structure.

6. Definition of atoms using two distances and a torsional angle

Figure 6. Fragment of another molecule with 5-membered ring.

-2 would be
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C1Rcc

C 2 Rcc2 1 Accc
C3Rcc 2AccclF1
N1Rcn 4Rcn 3F2 4

ERcc 1.5152
ERcc2 1.53
ERcn 1.40
EAccc 106.0
EF1 0.0
EF2 90.0

This is an example of geometry definition of a five-membered ring in envelope conformation

with symmetry C .. Here the 5-th atom is defined using two distances C1NN5 and C4NN5 (both
equal to Rcr) and a dihedral angle C3NC4NC1KN5 (parameter  F2). This is indicated by the key 4
in the very end of the respective line. There is no -4 type since the geometrical configuration is
already defined by the sign of the dihedral angle.

7. Definition of atoms using three distances

Figure 7. Tetrahedral structure of P, molecule.

P

P 1 Rpp

P1Rpp 2Rpp g
P1Rpp 2Rpp 3Rpp -3

ERpp 1.60
This is an example of a Z-matrix for the tetrahedral P + molecule with only one independent
geometrical parameter within T 4 point group. The third atom is defined as in example 3. The

fourth atom is defined using three distances and a key -3. The sign of the key defines
geometrical configuration and corresponds to the sign of the dihedral angle P3NP2NP1NP4.

8. Using Cartesian coordinates
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Figure 8. Structure of cubane carbon skeleton.

XX Yy 2z
XX Yy 2z
XX -yy zz
XX Yy -zz
Yy zz
XX Yy -2z
XX -yy -2z
XX =Yy -2z

O0O0O0O0O0O000
%
X

Exx=0.8
Eyy=0.8
Ezz=0.8

In UNEX it is possible to define molecular geometry using Cartesian coordinates within Z-
matrix. In this example a cubane carbon skeleton is defined using only Cartesian coordinates.

Here formally three independent parameters are used: xX, yy and zz. However, for the

octahedral symmetry they are all equal and can be reduced to just one parameter. Note also the
usage of minus signs before variables in some places.

9. Mixing Cartesian coordinates and internal parameters
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10.
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Figure 9. Molecular structure of cubane.

XX Yy 2z
XX Yy zz
XX -yy zz
yy -2z

XX -yy 2z

XX Yy -2z

XX -yy -2z

XX Yy -2z
H 2 Rch 3 Rch 4 Rch -3
H1Rch6 Rch7Rch 3
H3 Rch4 Rch 8 Rch 3
H 1 Rch 5 Rch 7 Rch -3
H 2 Rch 4 Rch 8 Rch -3
H5 Rch 6 Rch 7 Rch -3
H 2 Rch3Rch8 Rch 3
H1Rch5Rch6Rch 3

O0O0O0O0000O0
x
X

Exx =0.8
Eyy=0.8
Ezz=0.8
ERch=2.4

In UNEX it is also possible to define molecular geometry using Cartesian and internal
coordinates together. The cubane skeleton from the previous example is supplemented here
with hydrogen atoms using the 3 type of definition (three distances). This is only for
illustration purposes. In real practice for this molecule in the case of octahedral symmetry it
would be more simple to use Cartesian coordinates for definition of hydrogens just like for
carbons.

Dummy atoms



Figure 10. Molecular structure of NH ; with a dummy atom.

X

N11.0

H 2 Rnh 1 Ahnx

H2 Rnh 1 Ahnx 3 Dx
H2 Rnh 1 Ahnx 3 -Dx

Rnh=1.1
Ahnx=110.0
Dx=120.0

Dummy atoms can be utilized for definition of molecular structure. The
for them. Also note the possibility to apply negative sign to the dihedral angle

11. Centroids

1 RCH

1 RCC 2 120.0
3RCH1120.0 2 0.0
3 RCC1120.0 4180.0
5RCH3120.0 4 0.0
5RCC 3120.0 6180.0
7RCH5120.0 6 0.0
7 RCC5120.0 8180.0
9RCH 7 120.0 8 0.0
9 RCC 7 120.0 10 180.0
H11 RCH9120.010 0.0
Xcentroid 1357911

OITOITIOITIOIOIO

RCH=1.08105 1
RCC=1.39157 2

X symbol must be used

Dx
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12.

13.

14.
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Here the last dummy atom is defined in the centroid of the ring of atoms 1,3,5,7,9 and 11.
Explicit numeration of atoms

If default numbering is not acceptable atom numbers can be given explicitly in Z-matrix:

5X

IN51.0

2H1Rnh 5 Ahnx
3H1Rnh 5 Ahnx 2 Dx
4H1Rnh 5 Ahnx 2 -Dx

Rnh=1.1
Ahnx=110.0
Dx=120.0

Here the first defined dummy atom is in fact the 5-th in the list of atoms.
Definition of atomic masses

By default UNEX uses masses of the most stable isotopes of atoms. However, masses of
individual atoms can be defined right in Z-matrix, like in the example for D ,O below

H 2.0141
O 1 Roh
H 2.0141 2 Roh 1 Ahoh

Roh=1.0
Ahoh=109.0

Definition of standard deviations for parameters

In UNEX there is a possibility to define values of Z-matrix parameters together with their
respective standard deviations. This can be useful if you want to calculate propagation of the
defined specific errors to some other dependent geometrical parameters. In the example below

the distance Rnhhas the value 1.1 and standard deviation 0.001, the angle Ahnxis defined to be
110.0 degrees with standard deviation 0.2, while the parameter Dxis defined with a standard
deviation equal to 0.0. For the latter it is also possible just to omit the value 0.0. Note, for
calculation of errors for other dependent geometrical parameters it is necessary to assign group
numbers to parameters in Z-matrix, otherwise they will not participate in calculation even if

their standard deviations are not zero.

X

N11.0

H2 Rnh 1 Ahnx
H2Rnh 1 Ahnx 3 Dx
H2Rnh 1 Ahnx 3 -Dx



Rnh=1.1 0.001 1
Ahnx=110.0 0.2 2
Dx=120.0 0.0

Cartesian coordinates

In some cases to perform required computations it is sufficient to define molecular structure only
in the form of Cartesian coordinates. For this purpose the MOLXYémmand can be used:

MOLXYZ: READ mol otag,ctag Format=fmt

Here molis the name of molecule, otag and ctag are opening and closing tags of the corresponding

data field to be read. The keyword  Formataccept options unex gaussian and orcavpt2.

The first format unexis the most flexible. In the most complete form each line defines atom number,

atom symbol, mass (in amu) and Cartesian coordinates:

<xyz>
10 16.0 0.000000 0.000000 0.115719
2H 1.0 0.000000 0.748790 -0.462876
3H 1.0 0.000000 -0.748790 -0.462876
</xyz>

Numbering must not be sequentially ordered. The following is also possible:

<XyZ>
3H 1.0 0.000000 -0.748790 -0.462876
10 16.0 0.000000 0.000000 0.115719
2H 1.0 0.000000 0.748790 -0.462876
</xyz>

In the simplest form, the numbering and masses can be omitted. In this case the sequentially

ordered numbering and default masses are assumed.

If masses are not given in the data field explicitly and the structure has been
already defined earlier, then the original masses are not altered.

Default units for Cartesian coordinates are Angstroms. With the local CoordUnits keyword also

Bohrs can be used:

<XyZ>

CoordUnits=bohr

@] 0.00000000 0.00000000 0.12236619
H 0.00000000 1.41500832 -0.97102012
H 0.00000000 -1.41500832 -0.97102012
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</xyz>

Otherwise CoordUnits=angstromis assumed.

The other possible format is
program, for example

<Xyz2>

E 1 1
E 2 6
E 3 17
E 4 17
E 5 17
</xyz2>

0

0
0
0
0

gaussian. It can be used for reading data printed by Gaussian [16]

0.000000 0.000000 1.539305
0.000000 0.000000 0.458150
0.000000 1.678636 -0.084082
1.453741 -0.839318 -0.084082
-1.453741 -0.839318 -0.084082

Note, Gaussian can print Cartesian coordinates with or without atomic types (integer zeros in the
example above). Both cases are recognized by UNEX automatically, so the following data can be
read using exactly the same command:

<xXyz2>

E 1 1
E 2 6
E 3 17
E 4 17
E 5 17
</xyz2>

The other format option is

0.000000 0.000000 1.539305
0.000000 0.000000 0.458150
0.000000 1.678636 -0.084082
1.453741 -0.839318 -0.084082
-1.453741 -0.839318 -0.084082

orcavpt2. In this format the Orca program [17] prints Cartesian

coordinates to VPT2 output files (not to mix up with the general output), for example:

# Atomic coordinates in Angstroem

3

O 8 15.994914620

H 1 1.007825032
H 1 1.007825032

0.00000000000 -0.06428314752  0.00000000000
0.75034709185  0.51011010004  0.00000000000

-0.75034709185  0.51011010004  0.00000000000

Accordingly, UNEX can read the coordinates from the correspodning file using a command like

MOLXYZ: READ mol mol.vpt2 Format=orcavpt2

or by placing the data directly into UNEX input file between some tags. Note, UNEX can recognize

this format only if the string

# Atomic coordinates in Angstroem is found.

Upon reading of data the atoms can be automatically renumbered using the Renumbeikeyword,
which must be given inside the data field:
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<Xyz1>
Renumber=1-2;2-3;3-1

EC 12.0 -1.03693735 -0.02315941 0.76526551
EC 12.0 0.02512688 -1.12502827 0.77820594
EC 12.0 0.02512688 -1.12502827 -0.77820594
</xyz1l>

Here the renumbering works as C1%C2, C2%C3 and C3%C1.

MOLXYebmmand can be executed when structure for the given molecule has been
already defined with a Z-matrix. In this case parameters of the Z-matrix are
recalculated using the input Cartesian coordinates. However, Z-matrices can imply
geometrical restrictions like symmetry, equality of parameters, etc. In such a case
the Z-matrix might be incompatible with the introduced Cartesian coordinates and
the updated parameters cannot fully reproduce the input geometrical structure.

Special commands

UNEX implements several commands for introducing geometrical parameters of molecules for
some special purposes. These are:

¥ MOLGEOMRISdefinition of restraining geometrical parameters, see the chapter Least squares
minimization
¥ MOLGEOMRRdefinition of parameters for printing, described in the chapter Data printing .

¥ MOLGEOMCRNEfinition of conformational basins, see the chapter Calculation of ED terms .

Atomic properties

As soon as atoms of a molecules are initialized in UNEX, it is possible to modify their properties
with the  MOLAT@bmmand:

MOLATOM: SET mol Atoms=numlist [Keywords]

Here Atomsdefines a single atom number or a list of atom numbers to be processed. Currently the
only property, which can be modified, is the atom mass. For this the keyword Massis used, for
example:

MOLATOM: SET mol Atoms=3 Mass=2.0

will set mass equal to 2.0 for the atom 3. The numbering starts from 1. A range of atoms can be
processed, for example:

MOLATOM: SET mol Atoms=1-10 Mass=13.0
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multiple ranges and combinations of single numbers and ranges are possible:

MOLATOM: SET mol Atoms=1,3-7;10-15;20;25 Mass=2.0

Potential energy functions

In order to construct a dynamic model for molecular part of electron diffraction intensity a
potential function must be introduced. This can be done using the MOLPEFU8EInmMand:

MOLPEFUNC: READ mol otag,ctag Form=fo [Format=fmt]

here mol is the name of molecule, otag and ctag are opening and closing tags of the data field as
usually, the keyword Formaccepts options numeric and parametric and the optional keyword  Format
can accept only unex

With Form=numeridhe potential energy function in numeric form can be introduced, for example:

MOLPEFUNC: READ mol <pot>,</pot> Form=numeric

<pot>

E 0.0 52.759317
E10.0 52.265898
E20.0 50.701285
E30.0 47.791786
E40.0 43.252047
E50.0 37.535062
E60.0 31.751394
E70.0 23.594173
E80.0 13.194505
E90.0 5.294997
100.0 1.090070
110.0 0.000000
</pot>

Here in the first column are the values of the geometric parameter corresponding to the dynamic
coordinate In the second column are the respective energy values. Their units can be defined by
MolPEFuncEUnitkeyword in BASEAfter reading the data UNEX performs two major actions. First, all

the values are shifted so the the minimal value equals to zero. Second, the data are approximated

with a function. Type of the function depends on the PEFuncTypsetting in the field of the respective
molecule. If it is a parametric function then the PEFuncCoefNukeyword should be set to a proper
value. Note, this keyword defines total number of parameters in the potential function including

free term, if applicable. For example, the combination PEFuncType=cosdnd PEFuncCoefNumdafines
the following potential energy function (note the numeration of parameters V):

\% 1%
V=V0+71[1—003(le)]+72[1—®3(2xF)]
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Similarly, for PEFuncType=polynoand PEFuncCoefNumtte potential function will be

V=Vy+VF+V,F?+V3F3+V,F*

The model gaussfor potential function has no free term and the combination PEFuncType=gausand
PEFuncCoefNumgves
(F =) (F = Ay)?
V =V,exp —21 + V,exp —22
2wy 2ws
The data field in this format may contain two special keywords: PrmVallnit and PrmRefGrpThe first

one is for setting initial values for parameters of the model potential function. They are used in
approximation procedure. Generally, for cosine series they are not required but for a sum of
Gaussians it is very advisable to set them to some reasonable values, which will be refined further

by UNEX upon introducing the numeric form of the function. The other keyword, PrmRefGrpis for
setting group numbers for those parameters, which should be refined in LSQFUNC:MINIMIZA&ad
related commands. The example below demonstrates both keywords

<p0t>
PrmRefGrp=0-31;1-32;2-33;3-34;4-35;5-36
PrmVallnit=0-53.0;1--0.3;2-1.0;3-2.0;4--2.8;5-1.0

0.0 -2104.2041440921
-10.0 -2104.2043320255
-20.0 -2104.2049279551
-30.0 -2104.2060361246
-40.0 -2104.2077652201
-50.0 -2104.2099427046
-60.0 -2104.2121455875
-70.0 -2104.2152525088
-80.0 -2104.2192135333
-90.0 -2104.2222222971
-100.0 -2104.2238238691
-110.0 -2104.2242390548
-120.0 -2104.2240176886
-130.0 -2104.2236761259
-140.0 -2104.2234703951
-150.0 -2104.2234587732
-160.0 -2104.2235955815
-170.0 -2104.2237665581
-180.0 -2104.2238429817
</pot>

[T T [T [T> [T [Te [T [T [T> T T T T T T T T T TP

Several important points can be mentioned for this example.

¥ The energy values are given in atomic units so ~ MolPEFuncEUnits=ashould be defined in BASE

¥ This potential is best described with a sum of two Gaussians, so PEFuncType=gausshould be
defined in the molecular data field.

¥ Two Gaussians require in total six parameters, so  PEFuncCoefNumsBould be defined.
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¥ PrmRefGrp defines group numbers for the potential function parameters in format
ParameterNumber-GroupNumbér this example the parameters get group numbers 31N36.

¥ PrmVallnit  defines initial values for the potential function parameters in format
ParameterNumber-Value For the negative values the format includes second minus sign
ParameterNumber--Value In this example the initial values for parameters are 53.0 for V,, -0.3 for
%, 1.0 for w,, 2.0 for V,, -2.8 for % and 1.0 for w,. See above for the example of analytical
expression of the sum of two Gaussians.

¥ Numbering of parameters in ~ PrmRefGrmand PrmVallnit starts from zero.

¥ Not necessarily all parameters should be declared in PrmRefGr@and PrmVallinit .

With the PRINT:MOLPEFW®@mMand you can check current values of the potential
function parameters and their group numbers.

The other option, Form=parametric, is for the case of introducing particular values of parameters for
the potential energy function. The following example demonstrates the usage of this format.

<p0t>

0 0.0
115 101
2 0.2 102
3 0.001

4 0.04 103
</pot>

In this data field at least two columns must be provided. The first column is for parameter indices,

the second column contains values of respective parameters. The optional third column can contain
refinement group numbers for the parameters. In this example the introduction of values for the

first five parameters is done. As in the examples above the keys PEFuncTypand PEFuncCoefNunere
must also be defined before reading the data. Additionally, group numbers 101, 102 and 103 are
assigned to parameters 1, 2 and 4, respectively. Note, the numbering of parameters starts from zero.

The scheme for the numbering is described above. In particular, for the gauss model the special
scheme is used: the parameters 0, 1 and 2 correspond to  V, % and w of the first Gaussian in the sum.
The next tripple, 3, 4 and 5, corresponds to the parameters V,, % and w, (parameters of the second
Gaussian) and so on.

It is possible to execute several MOLPEFUNC:REABMands for introducing different values of
parameters and/or group numbers if required. Also it is not necessary to set all parameters in the
data field. It is possible to define values only for selected parameters. In this case the other
parameters will not be affected.

There is no general scheme for units of parameters for all types of parametric

potential functions. Thus UNEX reads values of parameters without any internal
# conversion. It is userOs responsibility to provided such numeric values so that the

potential function gives energy in kJ/mol for a dynamic coordinate in radians.
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Vibrational data

Quadratic force constants

Quadratic (also known as harmonic) force constants in Cartesian coordinates are introduced with
the MOLVIBF2Zs©mmand:

MOLVIBF2C: READ mol otag,ctag Format=fmt

where the keyword Formatmust correspond to the input format. Several formats are implemented:

free , gauarch, orcahess, cfourlog , cfourfcm and cfourfja64 . The option free is used when data are not
formatted in any particular manner. In this case UNEX reads floating point numbers line by line

from left to right and correspondingly fills the lower-left triangle of the force constants matrix. The

data must be provided in Hartree Bohr  * units. For example, data for a triatomic molecule can look
like

<data2>

-0.00011

E0.00000 0.69921

E0.00000 0.00000 0.47159

E0.00006 0.00000 0.00000 -0.00006

E0.00000 -0.34961 0.20819 0.00000 0.38113

E0.00000 0.27346 -0.23580 0.00000 -0.24082 0.22485

E0.00006 0.00000 0.00000 0.00001 0.00000 0.00000 -0.00006
E0.00000 -0.34961 -0.20819 0.00000 -0.03153 -0.03264 0.00000 0.38113
E0.00000 -0.27346 -0.23580 0.00000 0.03264 0.01095 0.00000 0.24082 0.22485
</data2>

or

<data3>

E -0.00011233 0.00000000 0.69921020 0.00000000 0.00000000
E 0.47159438 0.00005616 0.00000000 0.00000000 -0.00006270
E 0.00000000 -0.34960510 0.20818553 0.00000000 0.38113336
E 0.00000000 0.27346025 -0.23579719 0.00000000 -0.24082289
E 0.22485174 0.00005616 0.00000000 0.00000000 0.00000654
E 0.00000000 0.00000000 -0.00006270 0.00000000 -0.34960510
E -0.20818553 0.00000000 -0.03152826 -0.03263736 0.00000000
E 0.38113336 0.00000000 -0.27346025 -0.23579719 0.00000000
E 0.03263736 0.01094545 0.00000000 0.24082289 0.22485174

</data3>

The gauarch format is used for reading archive entry in the very end of Gaussian [16] output files.
Here is an example for water molecule (a part of Gaussian output obtained from a calculation with
Freq keyword):
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<data>
E1\1\GINC-CHEOPS10401\Freq\RPBE1PBE\6-31G(d,p)\H201\YVISHNEV\04-Nov-201
E5\0\WP PBE1PBE/6-31G(d,p) Freq\\H20\\0,1\0,0.,0.,0.118417\H,0.,0.7569
E23,-0.473669\H,0.,-0.756923,-0.473669\\Version=EM64L-G09RevD.01\State=
E1-A1\HF=-76.3369645\RMSD=8.979e-09\RMSF=4.171e-06\ZeroPoint=0.0217171\
EThermal=0.024552\Dipole=0.,0.,-0.8151838\DipoleDeriv=-0.7285751,0.,0.,
E0.,-0.4461319,0.,0.,0.,-0.3542551,0.3642876,0.,0.,0.,0.223066,0.078652
E,0.,0.1104485,0.1771276,0.3642876,0.,0.,0.,0.223066,-0.078652,0.,-0.11
E04485,0.1771276\Polar=3.0234315,0.,7.2833047,0.,0.,5.4419574\PG=C02V |
EC2(01),SGV(H2)]\NImag=0\\-0.00011233,0.,0.69921020,0.,0.,0.47159438,0.
E00005616,0.,0.,-0.00006270,0.,-0.34960510,0.20818553,0.,0.38113336,0.,
E0.27346025,-0.23579719,0.,-0.24082289,0.22485174,0.00005616,0.,0.,0.00
E000654,0.,0.,-0.00006270,0.,-0.34960510,-0.20818553,0.,-0.03152826,-0.
E03263736,0.,0.38113336,0.,-0.27346025,-0.23579719,0.,0.03263736,0.0109
E4545,0.,0.24082289,0.22485174\\0.,0.,-0.00000976,0.,0.00000261,0.00000
E488,0.,-0.00000261,0.00000488\\@

</data>

Instead of copying data to UNEX input file it is also possible to read the data
directly from other files. For this, the respective name (occasionally with relative
or full path) of file must be provided instead of two tags:

MOLVIBF2C: READ mol calculation.log Format=gauarch

This option is also available for MOLVIBF3@ee below) and many other commands
in UNEX.

For this format there is a possibility to define which particular archive entry will be parsed by
UNEX. For this, the keyword GauArchEntry must be used. For example, if you have a multi-job
Gaussian output file and want to read the data from the second archive entry, then you must use

MOLVIBF2C: READ mol calculation.log Format=gauarch GauArchEntry=2

Otherwise by default only the first entry is be parsed and processed.

The format cfourfcm is used for reading force constants as they are written by the Cfour program
[18] in FCMiles, for example:

<datal>

2 12

E -0.0000000000 0.0000000000 0.0000000000
E 0.0000000000 0.0000000000 0.0000000000
E 0.0000000000 -0.0000000000 0.0000000000
E 0.0000000000 0.0000000000 0.0000000000
E 0.0000000000 0.0000000000 2.0658524394
E 0.0000000000 0.0000000000 -2.0658524394
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E 0.0000000000 0.0000000000 0.0000000000
E -0.0000000000 0.0000000000 0.0000000000
E 0.0000000000 0.0000000000 0.0000000000
E 0.0000000000 -0.0000000000 0.0000000000
E 0.0000000000 0.0000000000 -2.0658524394
E 0.0000000000 0.0000000000 2.0658524394
</datal>

Note, in this format Cfour prints full matrix of force constants and UNEX reads all the data.

The other format option  cfourlog is used for reading harmonic force constants from Cfour log files.
The respective data may look like

E CL#lx ClL#ly ClL#lz CL#2x Cl#2y ClL#2z

ECL#1 x 0.037440

ECL#1y 0.000000 0.150729

ECL#1z 0.000000 -0.080107 0.094084

ECL#2 x 0.005503 0.000000 0.000000 0.037440

ECL#2y 0.000000 -0.042209 -0.004598 0.000000 0.150729

ECL#2z 0.000000 0.004598 0.007082 0.000000 0.080107 0.094084

It is important to check the molecular orientation, for which the Hessian is printed
in Cfour log. Also, the numbering of atoms in the Hessian can be different from
that in the input file!

=

The cfourfja64 format option is suitable for Cfour formatted job archive files ( FJOBARQGwhich are
produced by the Cfour program using 64 bit integers. In this format the data starts with the string
D2EZOR[Br example (only few lines are shown):

D2EZORDR

E -1619558400 1052094016 0 0
E 0 0 -1800863744 -1096438098
E 0 0 0 0

E -1800863744 -1096438098 0 0
E 0 0 0 0

E -1541880946 1072243206 0 0
E 0 0 -1542781662 -1076289018
E 961544973 1070820251 0 0
E -1542781662 -1076289018 961544973 -1076663397
E 0 0 0 0

Using the orcahess format it is possible to read force constants in Cartesian coordinates as they are
printed by Orca [17] program in *hess files after the keyword
lines are shown here):

$hessian. For example (only first few
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$hessian

0 1 2 3 4
0  8.0292682091E-01 8.3460223548E-14 9.7340153014E-17 -4.0146341046E-01 -3.0732160356E-01
1 8.3460223548E-14 5.4244904491E-01 -1.9508314770E-16 -2.4246471749E-01 -2.7122452246E-01
2 9.7340153014E-17 -1.9508314770E-16 2.5021344996E-09 1.2784996001E-16 9.5383934231E-17

[T [y [mp My ©

Cubic force constants

Cubic force constants in Cartesian coordinates are introduced with the MOLVIBF3®mmand:
MOLVIBF3C: READ mol otag,ctag Format=fmt

In this case the only available format is gauarch, which expects Gaussian archive entry with cubic
force constants in Cartesian coordinates, printed by Gaussian with job type Freqg=cubic. Note, you
can control from which entry to read the data using the GauArchEntrykeyword in the same way as
for the MOLVIBF2Zs®mmand (see above).

Cubic force constants in normal coordinates can be read into UNEX with the MOLVIBF3®ddmmand:
MOLVIBF3N: READ mol otag,ctag Format=fmt

The available formats are idxval and orcavpt2. The first one, idxval , is used for reading indexed
values, one per line like in the example:

<cubic>

E 7 7 7 311.3047211506
E 7 7 8 338.7184194394
E 7 8 8 -38.5261283132

E 8 8 8 -1848.3145392607
E 7 9 9 -246.5539755370
E 8 9 9 -1854.0526848303
</cubic>

In each line the first three integers are indices (i, j, k) of normal modes. The numbering starts from

1. First 6 (5 for linear molecules) modes correspond to rotations and translations and must not be
provided. After the indices the corresponding force constant is given. By default they are expected

in cm ™ units. However, using the local keyword Units it is possible to define the units explicitly. It
has two options, hartree-amu-Bohr (corresponds to units Hartree amu *? Bohr™®) and cm (means
reduced values in cm ™). The units can also be defined in the command line. For example, to read
data in cm ™ from the external file  cubic.dat one can do

MOLVIBF3N: READ mol cubic.dat Format=idxval Units=cm
Note, UNEX assumes force constants equal to zero for combinations (i, j, k) not given in the input.
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Also, in this mode it makes no sence to provide on input multiple equivalent ( i, j, k), for example
both (7, 8, 9) and (7, 9, 8), as they correspond to the same value of the force constant due to
symmetry properties. The last read value will be used by UNEX.

The option Format=orcavpt2 is used for reading force constants from Orca vpt2 files. UNEX locates
the string # Cubic]i][j][K] force field in 1/cm and reads the following data.

Vibrational frequencies

Harmonic vibrational frequencies are introduced with the MOLVIBFREQ@MmMand

MOLVIBFREQ: READ mol otag,ctag [Format=fmt]

The only available formatis  unex which expects the data in the form

<freqs>
7 1775.8172
8 4113.7584
9 4212.0880
</freqs>

where in each line the mode number and respective frequency in cm " is provided. Note, the
numbering of modes starts from 1 and the first 6 (5 for linear molecules) correspond to rotations
and translations. The mode numers are optional, one can also provide the data as

<freqs>
E1775.8172
E4113.7584
E4212.0880
</freqs>

In this case the numbering is done automatically.

Vibrational normal coordinates

Vibrational normal coordinates can be read using the MOLVIBNg©@mmand:

MOLVIBNC: READ mol otag,ctag Format=fmt [Basis=bas]

UNEX supports two formats: orcahess and cfourfja64 . The optional keyword Basis is used for
defining the type of coordinates, which constitute the basis for the normal coordinates. At present
the only available option is  cmwindicating mass-weighted Cartesian coordinates.

With the orcahess format it is possible to read the modes appearing in Orca *hess files after the
keyword $normal_modedhe respective part may look like
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Using the cfourfja64

$normal_modes

99

> [ > [ me e e e me me me e me e me o me me mem

0w ~NOoO 0k WNPE O

0o ~NOO Ol WN PP O

0 1
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00

b 6

0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00

2
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00

7

2.1663493053E-17
7.0212439058E-02
-2.6011329560E-18
4.3256186384E-01
-5.5715827254E-01
1.0703631299E-16
-4.3256186384E-01
-5.5715827254E-01
-6.5754660800E-17

3 4
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00

8

-2.6137484626E-17

-5.0516880408E-02
7.1419641812E-18
5.8140271968E-01
4.0086768384E-01

-1.2062467606E-16
-5.8140271968E-01
4.0086768384E-01
7.2771131778E-18

0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00

7.0336524903E-02
-3.0959555454E-17
-1.0336224485E-17
-5.5814293360E-01
-4.3128047986E-01
2.0674220999E-16
-5.5814293360E-01
4.3128047986E-01
-4.2699682611E-17

0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00
0.0000000000E+00

format normal modes can be read from Cfour formatted job archive files

FIJOBARG they are created by a 64-bit integer version of Cfour. The data in this format starts from
the string NORMCOfaIbwed by a list of signed integers. Here is an example (with shortened data

field):

<ncoord>

NORMCORD

E -866626241 1070475579 -1492162202 -1098255852
E 1998126717 -1096612452 -1408212297 1070475562
E 341220828 -1098255824 1455666656 -1096612443
E -1406332546 1070475562 342250045 -1098255824
E -1754433024 -1096612461 1288255770 -1096613896
</ncoord>

Naturally, you must not necessarily copy the data to the UNEX input file. Instead, the name of the
file with the data can be indicated as a source:

MOLVIBNC: READ mol FJOBARC Format=cfourfja64

Vibrational modes can be scaled (multiplied by a factor). For introducing only scale factors there is
a special format sfac
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<modsc>

7-1.0
8-1.0



9-1.0
</modsc>

In this example the scale factors (each equal to  -1.0) are given for vibrational modes 7, 8 and 9.
Note, the first six (five for linear molecules) modes correspond to translations and rotations and the
numbering starts from 1.

ED terms

A term in ED is a pair of atoms with associated parameters like distance, vibrational amplitude,
correction and asymmetry (anharmonic, phase-shift) constant. They are required for calculation of
molecular intensities. All these parameters can be introduced with the EDTERMSmmand:

EDTERMS: READ mol otag,ctag [Format=fmt]

where the optional Formatkeyword can accept values unex (this is default), shrink or eldiff , which
correspond to UNEX, Shrink and EIDiff programs, respectively.

Below is an example of data field in the most complete UNEXormat:

<ampl>

#al a2 r_a I corr a gl or
#

O1 H2 0.9591 0.0675 -0.0126 2.0000
01 H3 09591 0.0675 -0.0126 2.0000
H2 H3 15063 0.1125 -0.0129 1.0000
</ampl>

N R e
B ww

Here each line includes a pair of atoms, the  r, distance between these atoms, vibrational amplitude

[, vibrational correction  corr, asymmetry constant a, group number gl for the amplitude and group
number gr for the distance. The format is flexible, allowing omitting some parameters as shown
below. Distances, amplitudes and corrections must be given in A. By default the type and units for
asymmetry constants depend on the current setting of the global EDImolAnhTrmModdéeyword (for
details see chapter Models for ED intensity ). For EDImolAnhTrmModel=asyhe default expected type is
here asymmetry parameter & and the expected units are A °. In case of EDImolAnhTrmModel=mortee
expected type is Morse parameter and the units are A . However, it is possible to define explicitly
the type and units for the input  a-parameters with the local keyword  AsymUnitsas in the example:

<ampl>

AsymuUnits=kA3

O1 H2 0.9591 0.0675 -0.0135 8.0e-6
O1 H3 0.9591 0.0675 -0.0135 8.0e-6
H2 H3 15063 0.1125 -0.0137 1.8e-6
</ampl>
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The setting kA3indicates here that the input  a-values are in fact asymmetry constants ~ &in A°®. If the

global keyword EDImolAnhTrmModea$ set to morse then these values are converted internally to
Morse constants according to the formula

6 K
AT
where | is the respective amplitude taken from the same current input. Another option is kpm3if &
are given in pm °. Yet another option is AsymUnits=c3pma3indicating that the input values are Cs
parameters from the cumulant approximation [19]. They are converted internally to asymmetry

parameters as & = 10°c,/6. Again, if EDImolAnhTrmModel=morsthan Morse constants are calculated
automatically as described above. Also it is possible to indicate explicitly the input of Morse
constants in A ™ by defining AsymUnits=smoAmillf at this point the current setting is
EDImolAnhTrmModel=asyrthen the input Morse constants are automatically recalculated into
asymmetry parameters & according to the formula above.

If you do not need to assign group numbers (when it is not intended to refine amplitudes and/or
distances), there is no need to set them to zeros explicitly. Instead, they may be simply omitted

<ampl>

#ALLAL2 r a I corr a

#

Ol H2 0.9591 0.0675 -0.0126 2.0000
Ol H3 0.9591 0.0675 -0.0126 2.0000
H2 H3 15063 0.1125 -0.0129 1.0000
</ampl>

However, for the refinement of only r, distances, group numbers for both amplitudes and distances
must be provided explicitly, for example:

<ampl>

#AtLAL2 r a I corr a glgr

#

Ol H2 0.9591 0.0675 -0.0126 2.0000 0 1
Ol H3 0.9591 0.0675 -0.0126 2.0000 0 1
H2 H3 15063 0.1125 -0.0129 1.0000 0 2
</ampl>

If a-parameters are zero, they can also be omitted. Note, the group numbers may still be defined,
for example:

<ampl>

#AtLAL2 r a I corr a gl

#

Ol H2 0.9591 0.0675 -0.0126 1
Ol H3 0.9591 0.0675 -0.0126 1

H2 H3 1.5063 0.1125 -0.0129
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</ampl>

If the vibrational correction is zero and the respective a-parameter is also zero, then both numbers
may be omitted. However, if the correction is zero but the a-parameter is not zero, then both
numbers must be defined explicitly:

<ampl>
#AL A2 r_a I corr a gl
#
Ol1 H2 0.9591 0.0675
Ol1 H3 0.9591 0.0675 1
H2 H3 1.5063 0.1125 0.0000 1.0000
</ampl>
Another format option is  shrink . It is implemented for reading data produced by the Shrink [20]

program. Specifically UNEX expects data as it is printed by Shrink in tables for the second
approximation:

<ampl>

#Amplitudes and corrections at 0010 K, second (harmonic)
#approximation, local centrifugal distortions included;

#<dr()> are deviations from equilibrium distances

#

# Atoms Distance Amplitude <dr(loc)> <dr(har)> K

#

1 01 H2 0.9591 0.0675 0.0011 0.0000 0.00365 1
2 O1 H3 0.9591 0.0675 0.0011 0.0000 0.00365
3 H2 H3 1.5063 0.1125 0.0001 -0.0038 0.01201 3
</ampl>

N

From the given data UNEX reads amplitudes (from the fifth column) and corrections (Shrink prints

them in the column K in the second approximation they correspond to rm-r.). The values in
columns <dr(loc)> and <dr(har)> are ignored. Note, in Shrink output the integers in the last column

are simply indices of the corresponding atom pairs. In contrast, UNEX interprets them as group
numbers. In reality it is very unlikely that one would leave them as they are. Normally you need to

delete this column and assign group numbers manually, if required. Also, two integer numbers can

be provided if groups for both amplitudes and distances need to be defined.

If you want to use anharmonic corrections from Shrink, the column Kmust be substituted with the
column r_e-r_a from the very last table produced by Shrink, so the format remains for UNEX
unchanged. In the example below corrections to equilibrium structure are used and the integers

are removed.

<ampl>

1 01 H2 0.9591 0.0675 0.0011 0.0000 -0.0126
2 O1 H3 0.9591 0.0675 0.0011 0.0000 -0.0126
3 H2 H3 1.5063 0.1125 0.0001 -0.0038 -0.0129
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</ampl>

The third available format  eldiff is for introducing data produced by the EIDiff [21] program. Here
is a shortened example of such data field:

<ampl>

#At.pair Num Re Rg Ra Dr Dr(har) Dr(kin) Dr(dyn) Ampl. c3/6

Cl1-C2 (1)1.7609 1.7687 1.7672 0.0078 0.0027 0.0009 0.0042 0.0517 2.59 555
Cl1-CI3 (1) 2.8755 2.8857 2.8841 0.0102 0.0018 -0.0017 0.0101 0.0668 3.76
</ampl>

Vibrational corrections are calculated from the input data as differences ReRa Amplitudes and
asymmetry parameters c3/6 are read as they are given. Note, the input  c3/6 values in pm ° are
converted internally to asymmetry parameters & in A®. However, they can be internally further

converted to Morse parameters if the ~ EDImolAnhTrmModkéyword is set to morse As usually, optional
integers in the very end of lines are the group numbers for refinements of the respective
amplitudes and distances.

If due to some reason the numbering of atoms in the input data does not coincide with the already
defined numbering (for example, in Z-matrix), the Renumbekeyword can be used:

<ampl>

Renumber=1-2;2-3;3-1

1 O1 H2 0.9591 0.0675 0.0011 0.0000 -0.0126
2 O1 H3 0.9591 0.0675 0.0011 0.0000 -0.0126
3 H2 H3 15063 0.1125 0.0001 -0.0038 -0.0129
</ampl>

It works in the same way as in the case of reading Cartesian coordinates. Namely, in the example
above the following renumbering will be done: 01%02, H2%H3 and H3%H1. This keyword works
with all format types. Note, multiple Renumbekeywords can be defined in the same data field and
UNEX will process all of them. This can be useful when large amount of atoms must be renumbered
and the corresponding list would be too long for a single line.

As already mentioned integer numbers in the very end of lines are interpreted by UNEX as group
numbers for amplitudes so that they can be refined. In case of dynamic ED models, the group
numbers can be defined only for the first pseudoconformer in the PseudoConfslist (see above).
Group numbers for amplitudes of other pseudoconformers are assigned automatically and coincide

with those for the first pseudoconformer.

In UNEX it is possible to refine r, distances independently, resulting in a so-called
geometrically inconsistent structure. For this, corresponding group numbers for la
distances must be defined as shown above.

Upon reading ED terms UNEX can automatically check values of parameters for symmetrically
equivalent ED terms and symmetrize them, if required. This is done by using the keyword
Symmetrize for example:
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EDTERMS: READ mol otag,ctag Format=unex Symmetrize=true

In this case UNEX will automatically determine the symmetry of the molecule mol (the geometry of
the molecule must be already defined) and the groups of symmetry-equivalent terms. The values of
amplitudes, corrections and asymmetry constants for equivalent terms will be symmetrized
(averaged) if they differ. In case of significant differences, warning messages will be printed.

EDTERMSN be called multiple times for the same molecule. In this way parameters

of terms can be updated. Moreover, group numbers can also be updated. For this,

the respective integer numbers must be defined explicitly. If no group number is
defined, the old value will be still in effect. In doubt you can call PRINT:EDTERMS
see the current active parameters and settings for all ED terms.

ED scattering factors

For calculation of theoretical molecular contribution to the total electron diffraction intensity
scattering factors are required. In chapter Models for ED intensity these factors are denoted as f
-functions, which characterize scattering ability of atom pairs. Also in some cases it is convenient to
operate with so called g-functions defined as the ratio

Q=L
Iat

where |, is the atomic contribution to the total electron scattering intensity. In UNEX calculation of
all these functions can be done using the EDSCATF&@mmand:

EDSCATFAC: CALC mol Lambda=angstroms [Voltage=kvolts]

where with the keyword ~ Lambdahe electron wavelength in A is indicated. Alternatively the energy

of electrons can be defined in the form of accelerating voltage (in kilovolt units) using the Voltage
keyword. The electron wavelength and accelerating voltage are recomputed in each other
internally in UNEX using the formula (4.3.1.33) in [8]. For example the command

EDSCATFAC: CALC mol Lambda=0.05

calculates scattering factors for  mol and the electron wavelength 0.05 A. This is equivalent to the
command

EDSCATFAC: CALC mol Voltage=56.9871877

The methods for calculation of elastic and inelastic scattering factors are globally defined using the
keywords EDScatFacEIMethoénd EDScatFaclnelMethod respectively. For electrons with energies 10-
100 kV the options pwTabZnd morseTabZre recommended. In this case UNEX uses built-in tables  [8]
of inelastic factors and scattering aplitudes and phases defined for the accelerating voltages 10, 40,
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60, 90 kV and for s-values up to 60 A ™. Two-dimensional cubic splines are used for calculation of
required parameters from tabulated values. Note, for accelerating voltages outside the 10-90 kV
range the scattering aplitudes and phases are calculated by cubic extrapolation. This may be
inaccurate for energies significantly deviating from the stated range. For MeV electrons the
recommended options are bornlTablCland morseTab2 respectively. Note, the EDSCATFAGmMMand
can be called multiple times for the same molecule. The corresponding functions will be
recalculated for requested parameters.

ED data sets

UNEX has a special system for referencing of ED data sets. Each set can contain several data types,
including experimental total, molecular and background intensities, atomic scattering and sector
function. Also for some of the functions the respective model counterparts can be present. Each set
has its unique identifier string, which is defined when reading the data for the first time. The
particular commands for working with ED data are described below.

The most important command for reading ED data is EDDATWith the syntax:
EDDATA: READ otag,ctag

where otag and ctag are opening and closing tags of the respective data field. The format of the data
is relatively flexible and can be best described by examples, like the one below:

<INT>
Set=edl Data=s;iTotExp
25 2.68973
2.6 2.54059
2.7 2.44547
2.8 2.32670
2.9 2.22836
3.0 2.16307
3.1 2.08206
3.2 1.98019
</INT>

There are two types of lines in the ED data field, keywords and actual numerical data. The most
important keyword is  Set, which is required for definition of the data set name and for which the
data must be read directly from the next coming lines. The name can used later as a data set

identifier in different commands and keywords. The other important keyword is Data. It defines the
data types to be read. In the example above two types are indicated, the s-values and experimental
total intensity. The respective numbers, in the order as defined by the Data keyword, are provided

after the keywords line. Below is the complete list of the data types implemented for reading:

¥ s"N"s-values in A 7,
¥ iTotExp"N"experimental total intensity,

¥ iTotExpStdev"N"standard deviations of the experimental total intensity,
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¥ iBgr "N"background intensity,

¥ iMolExp"N"experimental molecular intensity,

¥ iMolExpStdeVv'N"standard deviations for the experimental molecular intensity.

The requirements for the input data are as follows:

¥ The values for s and total intensity must be positive,

¥ s-values must be sorted in ascending order,

¥ there must be no equal

More than two data types can be introduced at the same time. Here is an example for
experimental total intensities and respective standard deviations:

<INT>

Set=ed1 Data=s;iTotExp;iTotExpStdev

™ > e My mp e mpy mp

6.2000000000
6.4000000000
6.6000000000
6.8000000000
7.0000000000
7.2000000000
7.4000000000
7.6000000000

</INT>

7.4146108106
7.1488355268
6.8938017418
6.6412539602
6.3619711300
6.1273418113
5.8921150540
5.6976865331

s-values, differences smaller than

0.0039183246
0.0021688941
0.0021065446
0.0020678461
0.0020204005
0.0019858103
0.0019449769
0.0019131756

EDIntDeltaSMin are not allowed.

s-values,

Apart from Set and Data there are other parameters of ED data sets, which can be defined using the
following keywords:

ImolSf

Scale factor for the molecular intensity curve. The default value is 1.0.

ImolSfRefGrp

Group number for refinement of the molecular intensity scale factor in

LSQFUNC:MINIMIaRd

alike procedures. If this parameter equals to a positive integer number then the respective scale

factor will be refined.

Lambda

Lambda"N"electron wavelength in A. Input

NewLambda

New value of electron wavelength in A. This should be defined together with

to recalculate input  s-values for the new value of the electron wavelength.

NtoD

Nozzle-to-Detector"N"the distance from diffraction point to detector in mm. Input

correspond to this value.

s-values must correspond to this value.

Lambdaf you want

s-values must
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NewNtoD

New nozzle-to-detector value in mm. Input s-values will be recalculated from the already
defined NtoDusing NewNtoD

StoD

Sector-to-Detector"N"the distance from rotating sector defice to detector in mm.

ItotSf

Scale factor for the total electron diffraction intensity, i.e. the t-factor, which is proportional to
the exposure time in the measurement of the corresponding diffraction pattern. This parameter

can be used in models for the total intensity. For description of models see introduction to the
theory of background lines.

BgrSpINInflMax

Maximal allowed number of inflection points for background line modeled as a spline. By
default the value of this keyword is negative, indicating that the global setting must be used, if
required (see keyword EDBgrSpINInfiMay.

BgrRelPSDThr

Threshold for the relative power spectral density when smoothing background.

BgrPolPow

Polynom power for the background line. If negative (this is default), then the global setting is
used, see the global keyword EDBgrPolPow

StdMol

Standard molecule. Set this parameter to  CCl4 C6HECS2or COIf the data set corresponds to one
of these compounds and you want to use it for determination of electron wavelength with the
EDSToommand.

LambdaPDFGrp

Group number for PDF of the electron wavelength. Positive value indicates that the electron
wavelength can be randomized in  LSQFUNC:MCMINIMIZE

LambdaPDFType

Type of PDF for the electron wavelength. The usual available options are applicable, see above.

LambdaPDFPrm1
LambdaPDFPrm2

Parameters for PDF of the electron wavelength in A.

BgrSplFuncPDFGrp

Group number for PDF of the functional used in procedure for approximation of background
lines with cubic splines. Positive group number indicates that the functional value can be
randomized in LSQFUNC:MCMININdZ& used for recalculation of the respective background line.

BgrSplFuncPDFType

Type of PDF for the functional of background spline. The usual available options are applicable,
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see above.

BgrSplFuncPDFPrm1
BgrSplFuncPDFPrm2

Parameters for PDF of the background spline functional.

ImolPDFGrp

Group number for PDF of the vector of experimental molecular intensity values.

ImolPDFType

Type of PDF for the vector of molecular intensity values.

ImolPDFPrm1
ImolPDFPrm2

Parameters for PDF of the vector of molecular intensity values.

LvlitotNInfIMax

Maximal number of inflection points allowed for spline used for levelling of the total intensity
and background.

LvlitotPolPow

Power of polynomial used for levelling of the total intensity and background.

StdBgrModelPow

Power of polynomial, which is used in EDSTD:LSQMIptocedure as a model for additive
background in least-squares refinement. The default value is 3.

ItotModel

Type of model for the total intensity, one of: mbgr albgr and a2bgr. For details see Models for ED

intensity and ED background lines .

DefltotExpStdev

Default value for standard deviations of the experimental total entensity.

DeflmolExpStdev

Default value for standard deviations of the experimental molecular entensity.

GenSMin
GenSMax
GenSStep

With these keywords the parameters (in A ™) can be defined, which activate a procedure for
automatic generation and initialization of s-values. In this case there is no need to provide all s-
values explicitly on input.

All used keywords must not necessarily be on a single line. You can place them on several lines.
This improves the overall readability, for example:

67



Set=ed11

Lambda=0.05 NewlLambda=0.0495 NtoD=400.0
ltotModel=albgr ImolSf=1.0 ItotSf=2.0
StdMol=CO2 StdBgrModelPow=3 BgrSpINInflIMax=3
Data=s;iTotExp

E 1.00000000 8.02269071e-01

1.20000000 8.71470370e-01

1.40000000 9.30156076e-01

1.60000000 9.70425409e-01

1.80000000 9.92880176e-01

2.00000000 1.00203360e+00

[T > T [T T M

The set of parameters, which should be defined for data sets depends on the
I particular application. Various procedures in UNEX may require different
parameters to be defined.

ED sector function

Rotating sector is a special device in electron diffraction experiment for levelling intensity of
scattered electrons so that the detector can measure it in wide range of angles without being
oversaturated. Thus, the sector modifies primary data, which is mathematically equivalent to a
multiplication of the primary intensity by some function. This function depends on the shape of the
sector and is called sector function .

In UNEX sector function is decomposed into two parts, an analytical model part and a possible
numerical correction. The model part is controlled by the EDSecModelTypekeyword. For

EDSecModelType=rghe model sector is
r n
F=Ax( )
I"max

. r A\
Sin
I'max

F=A

for EDSecModelType=singhe model is

F=AKX

and if EDSecModelType=contfte model is

The parameters A, n and r,, are controlled by the EDSecPrmE&DSecPrmahd EDSecPrmRmkeywords.
By default, the model sector functionis  EDSecModelType=rmescribed by the formula

r 3
F = 21'1(—)
100
The other part of the sector function is the so-called reduced sector function. By default it is

initialized to constant 1. However, it can be defined in the numerical form and the total sector
function is then calculated as
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S=Fxf

where S is the total sector function, F is the model sector function and f is the reduced sector
function.

In numerical form the sector function can be introduced with the EDSECTOG&Mmand

EDSECTOR: READ otag,ctag DataType=type FuncType=type

The keyword DataTypeis used for control whether we want to read the actual sector function ( sfunc)
or the regularization sector function ( sfreg). The other keyword FuncTypedefines the type of input
values, which can be total for the total function or  reduced for the reduced version, respectively.
For example, to input total sector function you need to use:

EDSECTOR: READ <SEC>,</SEC> DataType=sfunc FuncType=total

<SEC>

E1.0 0.00000463
10.0 0.00462963
20.0 0.03703704
30.0 0.12500000
40.0 0.29629630
50.0 0.57870370
60.0 1.00000000
</SEC>

The data field in the example above contains distances in mm from the center of sector and
respective values of the total sector function. The reduced sector function is then calculated from
these values based on the current model. To read a reduced sector function use

EDSECTOR: READ <rsec>,</rsec> DataType=sfunc FuncType=reduced

<rsec>

E8.250  1.8684053318
E8.500 1.7616089813
E8.750  1.6663497956
E9.000  1.5813559000
E9.250 1.5064034587
E9.500 1.4407076490
E9.750 1.3836521842
10.000  1.3344986762
<[rsec>

In the same manner the regularization sector function can be introduced by choosing
DataType=sfreg. This function can be used as regularization data in EDSTD:LSQMp¥ocedure for
refinement of sector function from ED intensity data. The model for the regularization sector
function is controlled by keywords with the EDSecRegrefix: EDSecRegModelTy@mnd others. By
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default they are initialized to the same values as for the actual sector function.

Together with the values of the sector function it is also possible to introduce respective standard
deviations. For this the data field must contain a third column with standard deviations:

<rsec>

E8.250  1.8684053318 0.1
E8.500 1.7616089813 0.2
E8.750 1.6663497956 0.2
E9.000 1.5813559000 0.2
E9.250 1.5064034587 0.2
E9.500 1.4407076490 0.2
E9.750 1.3836521842 0.2
10.000  1.3344986762 0.1
</rsec>

Note, if the total sector function is introduced then the standard deviations must also correspond to
the total sector function.

After introducing sector function it is possible to smooth it using natural B-splines. This can be done
by the command

EDSECTOR: SMOOTH DataType=type

Here again with the keyword  DataTypeyou need to choose the type of data, i.e. the sector function or
its regularization.
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Data processing

Image data

Traditionally measurements of ED patterns involve usage of two-step procedure: exposing a
detector (photo or IP) and its subsequent digitalization with a suitable scanner. Accordingly, there
may be two sources of systematic errors in obtaining intensity values. The first one is due to
imperfections in the scanner. The other is related to properties and limitations of the detector itself.
To take this into account in processing of ED images UNEX uses a multistep procedure. In its most
complete form the calculation of true intensity values for each pixel follows the scheme below:

| Pixel value |

¢ Intensity formula (model)

| Nominal intensity |

¢ Scanner calibration (wedge data)

| Corrected intensity |

¢ Detector calibration (responce function)

| True intensity |

Here, the pixel value (0"N"255 for 8-bit images or 0"N"65535 for 16-bit images) is first converted into
relative intensity value using a formula, defined by the keyword PixellntModel . Currently the only
implemented option is  PixellntModel=logri , which corresponds to the following formula

G
I= IOgloG—_J

where Gis the maximal grayscale value (255 or 65535), J is the grayscale value of the pixel. This
formula is for the min-is-white grayscale representation, which is internal default in UNEX.
Overexposed pixels with J=G are ignored. This option can be used for processing of scanned
photofilms and thus effectively produces values equivalent to optical densities.

Next, scanner calibration can be applied, if available. In case of using images of photofilms with
PixellntModel=logri  this corresponds to calculation of true optical densities.

Finally, detector calibration can be used, if respective responce functions has been loaded. Again,
for photofilms this corresponds to transformation of optical densities into intensty values.

Calibration

This type of calibration is used most of all for optical scanners or microphotometers, for calibration
of optical density. In this case it is represented as a relationship between the true density levels D
and those calculated from scanned pixel values. Calibration of optical density is usually done by
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scanning a special standard target, also known as optical wedge (see Figure below), which has areas

of different blackness with particular accurately known Dy values. Comparing the calculated from
scanned image D-values (PixellntModel=logri ) with respective known D.q-values shows how
accurate is the scanner. This data can be afterwards used as the scanner calibration for obtaining
accurate optical densities of pixels.

Figure 11. An example of standard target for calibration of optical density

First of all, information about areas on the image with particular standard optical densities must be
introduced using the IMAGEommand in the READCALIBARRd&de:

IMAGE: READCALIBAREA img otag,ctag

The format of the data between the tags is like in the example:

<wed>

0.05 444 42 2264 46270
0.20 1106 64 2 64 254 108 258
0.33 168 6 124 6 122 246 168 256
</wed>

Here in each line for the respective area the standard optical density D.q and pairs of coordinates (
X, y) of four corners are given in the order:

1. upper-right corner

2. upper-left corner

3. lower-left corner

4. lower-right corner

In UNEX the origin of the coordinate system for images is always in the upper-left
corner.

Then, the image of the calibration target can be processed with the IMAGEommand in the CALCCALIB
mode:

IMAGE: CALCCALIB img [MoveArea=bool] [ApplScanCalib=bool] [AppIDetCalib=bool]

The procedure can be influenced by the boolean MoveAreakeyword, which can be true or false
(default) and controls the possibility to adjust automatically the sizes and positions of standard
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areas. However, for noisy images it can be not reliable enough and thus by default is turned off. If
the coordinates of the corners were accurately defined, it is recommended to fix them by setting
MoveArea=false

The other two keywords, ApplScanCalib and ApplDetCalib, can be used for applying already
introduced into program respectively scanner and detector calibrations, before doing actual
calculation. By default these options are turned off (both are false ) but they can be useful in
different scenarios. For example, if equipment requires determination of both types of the
calibration. Then, at first the scanner calibration is calculated with

IMAGE: CALCCALIB imgl ApplScanCalib=false ApplDetCalib=false

The obtained data is introduced into UNEX with IMGSCANCAL(Bee below for details) and the
detector calibration is calculated as

IMAGE: CALCCALIB img2 ApplScanCalib=true ApplDetCalib=false

Note, imgl and img2 must be different images, obtained by scanning two special for particular
purposes standards.

After processing, a new image is created and saved under the name of the original image with
added _proc suffix and the .tif extension. This image shows areas taken into account and noisy
pixels excluded from processing. Results, including calibration data, are printed in the UNEX output
file. At the final stage of the procedure UNEX tries to fit the obtained calibration to a straight line
and reports on refined values of the linear function parameters and a coefficient of determination.

The latter must be equal to 1.0 in an ideal case and is below 1.0 for real calibration images.

The obtained calibration can be used later in processing of images, for example, in ED data
reduction. For this, the calibration curve in numeric form must be introduced in UNEX using the
IMGSCANCAIld@mmand:

IMGSCANCALIB: READ otag,ctag

The corresponding data field is simple as in the example:

<scalib>

# Dstd Dscanner
E 0.050 0.053

E 0.200 0.152

E 0.330 0.215

E 0.460 0.274

E 0.610 0.336

E 0.770 0.415

E 0.920 0.481

E 1.060 0.540
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</scalib>

Here in the first and second columns are standard and respective scanner values of optical
densities.

Similarly, detector calibration is read in UNEX with the IMGDETCAL&8®mMmand, for example:

IMGDETCALIB: READ <dcalib>,</dcalib>

<dcalib>

# Istd I

E 1.0 0.02
E 20 0.05
E 3.0 0.10
E 4.0 0.20
E 5.0 0.40
</dcalib>

where in the first column are standard values of (relative) intensity and in the second column are
values calculated from image, with possibly applied scanner calibration.

ED sector

For determination of sector function it is also possible to use images of the sector device. A sector
should be scanned with highest possible spatial resolution. The image must be in 8- or 16-bit
grayscale uncompresssed TIFF format. Before processing the image must be prepared so that pixels
of the sector surface have values corresponding to exactly black color and the rest of pixels must be

exactly while. Intermediate grayscale values are not allowed.

—

Figure 12. Original (left) and prepared for processing (right) image of sector device.
For the processing of the image, several parameters should be defined:

¥ Coordinates (in pixels) of the center of the sector.
¥ Range of distances (in mm) from the center of sector, which should be processed.

¥ Step size (in mm) for the processed distances.

Additionally, particular resolution values can be defined for the image, if they differ from the
nominal values. Note, UNEX determines numerically the total sector function, which has values in
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the range [0,1]. This function is converted to the reduced sector function on the basis of the current
sector model. Therefore it is advised to define explicitly the sector model, which fits your sector
most closely. Remember, the determined reduced sector function is valid only for the model, which
was defined in the processing of the sector image.

Below is an example of UNEX input for processing of a sector image.

BASE: READ <BASE>,</BASE>
IMAGE: CALCEDSECFUNC img
PRINT: EDSECTOR DataType=sfunc
STOP:

<BASE>

Elmages=img
EEDSecModelType=sinpn
EEDSecPrmN=2.0
EEDSecPrmRmax=60.0
EEDSecPrmA=1.0
</BASE>

<img>

EFile=sec.tif
EEDPtrnXc=5480
EEDPtrnYc=5160
EEDPtrnRefRMin=3.0
EEDPtrnRefRMax=60.0
EEDPtrnRefRStep=0.01
</img>

ED data reduction

UNEX implements procedures for ED data reduction, i.e. for transformation of 2D images of
measured diffraction patterns to profile curves of experimental electron scattering intensity
functions. Images must be in uncompressed 8- or 16-bit grayscale TIFF format with little-endian

byte order. For introduction of images in UNEX the Imageskeyword in BASHnust be used. The major

procedure for data reduction  [22] is started by command

IMAGE: EDPTRNREFINE img [ApplScanCalib=bool] [ApplDetCalib=bool]

where imgis the name of the image to be processed.

Before processing it is recommended to clean images. The cleaning procedure is essentially the
setting of absolute white grayscale level to pixels, which do not correspond to the diffraction
pattern itself (shadows, etc) or represent areas, which should not be processed due to any other
reason (defects, etc). The Figure below demonstrates on the left side an initial image of a diffraction
pattern with shadows due to construction elements in the diffraction chamber and the resulted
image after cleaning. Note, graphical software used for these purposes should not alter values of
valid pixels, change the bit depth or compress images. Check this before using the software in real
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investigations!
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Figure 13. Image of electron diffraction pattern before (left) and after (right) cleaning.

The other important issue in data reduction is the usage of correct calibration for the detector and
scanning device. If the scanner produces uncorrected images the calibration should be taken into
account on the stage of the data reduction. This includes the spatial calibration, i.e. setting the true
resolution values for the input image using keywords ResolutionX and ResolutionY in the image
information field. Note, the deviations of true from nominal resolution values can be different in
different scanning modes. This must be carefully investigated for the particular detector, scanning
device and scanning mode. The other part of calibration is the correction of output signal. This can

be controlled by the keywords  ApplScanCalib and ApplDetCalib in the actual command. For optical
scanners the calibration of optical density (scanner calibration) is especially essential. In this case
optical wedges are processed for obtaining calibration curve specific for the particular device (and
possibly for the particular mode of operation), which is then introduced in the input file for the

data reduction, see Calibration section. Use ApplScanCalib=true to take into account this type of
calibration. The other option must be turned on as ApplDetCalib=true if there has been introduced a
detector calibration. Both calibrations can also be used, as described in Image data .

In effect, calibration must be done for any type of detector and scanning devices, for example in
imaging plate (IP) technique. However, in this case instead of optical density the signal is calculated
from pixel values using other formulas and for calibration purposes appropriate standards are
required. However, if the obtained calibration data do not deviate from linear function, they must
not necessarily be used in ED data reduction.

The IMAGE:EDPTRNREFIptBcedure implements an iterative method [22] for refinement of
parameters of diffraction patterns. The maximal number of iterations can by adjusted with the
keyword EDPtrnReflterMax. For the processed image the following parameters should be defined:

¥ Nozzle-to-detector distance, EDPtrnNtoD

¥ Step size for the profile intensity grid, EDPtrnRefSStepr EDPtrnRefRStep

¥ Electron wavelength, EDPtrnLambda

¥ Minimal and maximal distances from the center of diffraction pattern, EDPtrnRefRMinand
EDPtrnRefRMax

¥ Initial values for the coordinates of the center of the diffraction pattern, EDPtrnXcand EDPtrnYc

¥ If required, initial values for coordinates of the sector center can be defined, see EDPtrnXsand

EDPtrnYs Otherwise they are initialized as equal to EDPtrnXcand EDPtrnYc

¥ Optionally the signal (optical density) of unexposed areas can be defined using the EDPtrnRefFog
keyword.
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¥ Parameters for the model of the additive background, EDPtrnRefBgrNx EDPtrnRefBgrNyand
EDPtrnRefMaxBgrFracAvSignal

¥ With the keywords PixelvalidMin and PixelValidMax it is possible to define a range of valid pixel
values.

Note, some of these parameters can have reasonable default values while other must be defined
explicitly. In the refinement a model of the pattern is created, which depends on the following
parameters:

¥ Coordinates of the diffraction pattern center.
¥ Coordinates of the center of rotating sector device.

¥ Values of total intensity on different distances from the center of diffraction pattern. They
constitute profile of the diffraction pattern.

¥ Values of background, defined on a grid (see keywords EDPtrnRefBgrNxand EDPtrnRefBgrNy of
the image.

Whether parameters of one or other type will be refined depends on the setting of the keyword
EDPtrnRefPrmintensity values are always refined. The program also detects invalid pixels and sorts
them out automatically. The result of this procedure can be checked by inspecting the created
image with weights of the pixels.

In the end of diffraction image processing IMAGE:EDPTRNRERS®IE create several images in TIFF
format with refined profile, background and weights for original image points. The images are
created, if the respective parameters were refined and the keyword EDPtrnRefWritelmg is set to
appropriate values. The names for images are constructed automatically as <imgname>_profile.tif ,
<imgname>_bg.tif and <imgname>_w.tif, where <imgnameis the name of the original processed image.
Note, these image files are created in the current working directory.

Histograms

UNEX can print histograms of images in numerical form, which can be useful for detailed analysis
of data. For this the following command should be used

IMAGE: CALCHIST img1,...

If at least one of the keywords PixelValidMin or PixelValidMax were defined for the processed
image, then a new image is created with the name <imgname>_lIvl.tif , where <imgname>is the
original image. In the created image the levels are adjusted by zeroing pixel values outside the
range from PixelValidMin to PixelValidMax whereas the values of other pixels are rescaled to the full
range depending on the bit depth of the original image. The figure below demonstrates the effect.
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Figure 14. Original image (left) and the image after adjusting levels (right).

Averaging

Averaging of images can be done with the command
IMAGE: AVERAGE img1,img2,...

where imgl and img2 are names of images, which should be defined in BASE with the keyword
Imagesas usually. At least two images must be provided. All of them must be of the same size, bit
depth, and photometric interpretation. The procedure does a pixelwise averaging of pixel values

and calculation of respective standard deviations. In the processing two new images are created

and saved in files <imgname>_average.tif and <imgname>_stdev.tif, which correspond to the
averaged image and the image representing standard deviations of pixels. The <imgnamess the
basename of the first processed image.

ED response function

In general, response function determines relationship between detector signal and level of
stimulus, which is detected. In ED the detector is irradiated by scattered electrons. For
photomaterials the response function is the relationship between measured optical density and

intensity of electrons. In analogy response functions exist for other types of detectors.

In UNEX there is a possibility to refine response functions from series of experimental total
intensity functions using the method of Kochikov [23]. For this, for following command should be
used:

EDRESPFUNC: REFINE edl,ed2,ed3,... [RespFuncPolPow=int]

where edl, ed? etc, are the identifiers of ED data sets with experimental total intensity functions,
which should be processed. The intensity functions must meet special requirements:

¥ They must be measured in equal conditions.

¥ They must be measured with different exposure times.

Also, the number of different exposures must be as large as possible. According to experience, the
best strategy is to measure background patterns with explicitly marked center (using primary
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beam; this is to increase reliability of data reduction) starting with some minimal exposure time

and doubling it (or increasing in some other strategy) for each subsequent measurement. This
should ensure stability of the primary electron beam and of the residual gas in the diffraction
chamber for the series of the measurements. The number of measurements should be as large as
possible and the measured patterns should contain signal values spanning as large as possible
range. Sector device is irrelevant for the procedure. Most importantly, sector function does not
change during the measurements. Note, for each intensity function participating in this procedure

the exposure time must be defined with the ItotSf keyword. The units can be any suitable for the
particular case, for example seconds. Most importantly, they must be proportional to the real time.

The other important issue is that the refined response function is defined in the form of a
polynomial. The degree of the polynomial can be defined using the option RespFuncPolPawBy
default it is 10. Note, the best value for this parameter depends on the particular detector and data
set. It can be determined only in trial-and-error procedure. Keep in mind that too large polynomial
degrees can lead to unstable and unreliable solutions. Too low degrees can poorly describe the
response function.

The refined response function is printed in numerical form in the end of the procedure. This data
can be read later for using in other calculations as

EDRESPFUNC: READ otag,ctag

where the numerical data must be located between corresponding opening and closing tags, for
example:

EDRESPFUNC: READ <resp>,</resp>

<resp>

E1.0 1.1
E2.0 2.1
E3.0 3.1
E4.0 4.1
</resp>

Here in the first column detector values are given and in the second column are the corresponding
intensity values. For example, in the case of a photomaterial as a detector, the first column contains
optical densities. The introduced response function can be used for correction of experimental total
intensity functions, see EDDATA:RESPC@Rmand. Note, the application of the response function can
be applied only to intensity functions numerically defined in units of detector values. Again, in the
case of photomaterias, intensity functions must be in units of optical density. After the applying of
the response function, the intenity is in units as defined in the second column of this response
function. Do not apply response function to the same intensity twice! The currently active response
function can be printed by PRINT:EDRESPFUNC

Models for ED intensity

Before describing the methods for processing ED intensity data, it is reasonable to introduce the
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basic concepts and ED data models implemented in UNEX.

In the independent atom approximation the total electron diffraction intensity can be defined [24]
as a sum of two contributions:

Lot = Imor + 1ot

where |, is its molecular part (i.e. function depending on molecular dynamics and geometry) and
l. is the atomic part"N"a function depending only on properties of atoms but not on their relative
positions. In reality the measured total intensity also contains some additional extraneous additive
background B:

Ligjw=Ipo+ 14+ B

Note, the total intensity and all its components are here per unit time, that is in fact they represent
flux parameters. In real experiments signal is accumulated over finite time, so in general case the
model for the total intensity must include a t-factor proportional to the exposure time:

It =1 X (Im01+Iat+B)

In this case I, can be directly compared with experimental data. If rotating sector is used, it
modifies the measured total intensity. Mathematically this can be defined using the sector function
Sas

Lot =t X SX (o1 + It +B) =t X SX I x(M+1+p)

where M is the reduced molecular scattering intensity and is the reduced additive background:

I mol 3

M =
Iat

B
Iat
This model of |, corresponds to the setting EDItotModel=albgr. For details on how sector function is
defined and calculated see chapter ED sector function .
The other possibility is

L=t XSX(Ipq+Ip) +B=txSxI i x(M+1)+B
which corresponds to the setting  EDItotModel=a2bgr.

In case of using multiplicative background (see the chapter Multiplicative background ) the model is
set to EDItotModel=mbgrand the total intensity is then calculated as

It0t=kXMx@+@

where Kk is the scale factor (the keyword ImolSf when introducing ED data) for the molecular
intensity M and ( is the multiplicative background.

Calculation of molecular intensity I depends on the setting of the keyword  EDImolAnhTrmModdf it
is equal to morsethen the formula is
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53161. )
. 1j
s20G ) Sm(s’” a, (ij) a(ij)T)

Imol=Zf(ij)XeXp_ 2 %

i>j ST, (ij)
where ij are the indices for the pair of atoms i and j, f is the scattering factor (see chapter ED
scattering factors ), | is the mean amplitude of interatomic vibrations, r, is the thermal-average

interatomic distance, a is the parameter of the Morse anharmonic potential. The summation is
performed over all pairs of atoms.

For EDImolAnhTrmModel=asyine model is
s212 .
(i) sin(sr, (y— K(pSS
7 ( a, (ij) ")) )

Imol=Zf(ij)xeXp

i>j STa, (

ij)

The symbols here have the same meaning as above, except that the asymmetry constants & are
used. This is the default approximation. Note, the C; constants from the cumulant approximation
[19] (as printed, for example, by the EIDiff program [21]) are related to & parameters as & = c,/6.

Dynamic models

The formulae above for 1, are for semi-rigid molecules. For non-rigid molecules dynamic models

can be constructed using pseudoconformers and defining a potential energy function (see chapter
Potential energy functions ). In this case the molecular intensity is calculated according to the
EDModellmolPCBetting for the respectively modeled molecule. If EDModellmolPCD=suhen |, is
defined as a weighted sum of molecular intensities of pseudo-conformers:

N
Il = ZPi X Imol(i)
i

here P, and |, are weighting factor and molecular intensity function for the pseudoconformer i.
The summation is performed over all N pseudoconformers. The pseudoconformers are considered

as semi-rigid and their respective .o are calculated as described above. UNEX explicitly
implements one-dimensional dynamic models, i.e. it is possible to choose one geometrical
parameter as a coordinate ) for large-amplitude vibrations. This is done assigning negative group
number (usually -1) to the respective parameter in Z-matrix of the first pseudoconformer (the
assignment for others is done automatically). All pseudoconformers have different fixed values of

this dynamic coordinate and it is excluded from all refinements. Its values are used for calculation

of potential energies of respective pseudoconformers. The weighting factors are calculated from
potential energies using a variant of Boltzmann distribution:

k. V(g))

i U

P, = aexp RT

where k; is the degeneracy factor of the pseudoconformer (see the keyword PEDegen Q is the
normalization denominator (sum of all P, calculated with  Q=1), V() ;) is the pontential energy of the
pseudoconformer with dynamic coordinate )=)i,, R and T are universal gas constant and
temperature, respectively.
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The other possibility is EDModellmolPCD=integral In this case the molecular intensity of a non-rigid
molecule is defined as the integral  [25]:

/(pnrili?lxp(d))Imol, sm(d))d d)

JPmaxp(p)d ¢

min

mol —

where |.qsm IS calculated using semi-rigid approximation. In UNEX the integration is done
numerically (using trapezoidal rule) from ) min 10 ) max defined by respective pseudoconformers.
Here P is the same Boltzmann distribution as above. The integral variant is computationally
slightly more expensive but also more consistent in comparison to the sumabove.

Mixtures of molecules

When the sample is a mixture of different species then the molecular and atomic scattering
intensities are defined as weighted sums

Imol=zxiXImol(i) Iat=ZXiXIat(i)
i i

where x; is the mole fraction of species i, l,qi and l,; are the molecular and atomic scattering
functions of species i. Values for mole fractions can be defined using keyword MoleFracVal in
information fields of respective molecules. Note, they must be in the range 0.0"N"1.0 and are
constrained as

Sx=1
i
The complete reduced molecular intensity M(s) is defined in UNEX as

_ Zixi X Imol(i)

M(s) =
> Xi X Lo i

which is generally not equal to the less accurate approximation

I

mol (i)

i at (i)

Below is an extreme example of 1:1 mixture of CH , and Cl, showing differences between the
accurate (implemented in UNEX) and inaccurate methods for calculation of the complete M(s) or
sM(s) function.
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Figure 15. Simulated reduced molecular intensity functions for the 1:1 mixture of CH 4, and Cl, using two

different formulae for sM(s).

The figures demonstrate that the later equation significantly overweights the contribution of CH 41N
the total sM(s). This can be even better seen on the corresponding radial distribution functions
below.

f(r) fir)

1:1 CH, + Cl, 1 1:1 CH, + Cl,

_ Z x Jnol i

z Xi Iat.i

Imol,i

M(s) M(s)= Z x,

Iat.i

0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45

Figure 16. Simulated radial distribution functions for the 1:1 mixture of CH , and Cl, using two different
formulae for M(s).

The figure on the left side correctly depicts the dominant contribution of Cl 4 Whereas the signals
from CH , can hardly be seen. On the right is the RDF from molecular intensity calculated using the
last inaccurate equation. Clearly the contribution of CH 4+ Is significantly overestimated.

Note, both methods are equal for models of mixtures of species with equal empirical formulae. For
example, this is the case for models of conformational mixtures.

ED background lines

Structural analysis in gas electron diffraction is performed on the basis of the molecular part of
total ED intensity. The molecular intensity is obtained by applying the background elimination
(extraction) procedure, which can be called simply as background procedure. In UNEX are
implemented models for two major types of backgrounds, the multiplicative and additive. The later
can be additionally defined in two variants. All of them are described below.

83



Multiplicative background

The model for the total intensity can be defined as (see the chapter Models for ED intensity )
Iiy=tXxXSXI X(M+1+p)

This can be further modified to

M
Itot=thxIatx(1+B)x(1+m>

From here an exact expression for the  sM function can be easily obtained as

Liogt — @
SM=(1+B)x ——Xs
()
where function ( is the so called multiplicative background (designated mbgrin UNEX), defined as

O=txSxI,x(1+p)

The advantage of the last expression for the  sM is that it has no sector function  Sin explicit form. If
the sector function is smooth (i.e. the sector device is of good quality) and experimental conditions

result in smooth background ' then the multiplicative background ( must also be smooth.
However, separation of the two smooth functions, " and ( is a very ill-posed problem and in real
practice an approximate formula is used for calculation of experimental sM function:
Itot -0
SM = ———Xs
()

This expression becomes exact if extraneous background is zero, which is never achieved in real
experiments. However, in structural analysis, when model sM functions are fitted to the
experimental data, scale factors ( ImolSf) for the sM curves are usually refined to compensate for

this problem. If experimental  sM curves are obtained by accounting for multiplicative background

as shown above then the refined scale factors  k can be defined as

, 1
1+p
Clearly, in real cases they are less than 1 due to positive ' . The smaller is the background, the closer

is k to 1. A refined scale factor larger than 1 is a strong indication of deficiency in the theoretical
model. It should also be mentioned that the presence of strong background does not necessarily

lead to significant inaccuracies in the obtained experimental sM curve. Much worse is a possible
deviation of the forms of the functions B and I, making ' non-constant in the range of observable
diffraction angles and, as such, not allowing for compensation with a single scale factor k.

Technically, multiplicative background is estimated on the basis of the calculated model molecular
intensity sM,.q. First, the model background is obtained from the equation

Iiot — Pmoq
SM g = -2 _—mad o

@mod

In real practice the calculated ( .. is not smooth and can contain oscillations due to inexact SM 104
and experimental noise from the total intensity loi- On the next step ( moq IS SMoothed using cubic
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splines [26] or fitted with a polynom by minimizing the functional

Qugr = 2 Wi ), moa — P, exp)2
i

The obtained in this way smooth line is traditionally called estimated experimental background (exp
and is used for extraction of the experimental molecular intensity from the total intensity as

sM _ Itot - (pexp

exp @exp

which can be afterwards used in structural analysis, for example in the least-squares method. Thus,
the background ( , is in fact model-dependent and, as a consequence, the so called experimental
molecular intensity  sM,,, is to some degree also model-dependent. To overcome this problem it is
recommended to refine the model on the basis of the retrieved SMe, for obtaining updated  sM o4,
which is then again used in the background procedure in order to get a more accurate SMe, for the
next refinement iteration. This procedure should be repeated until self-consistency.
Additive background
Two types of additive background can be modeled in UNEX. The first type is designated as albgr

and corresponds to the following definitions of the total intensity
ItOt = t X S X (Imol+Iat+B)

and of the background ' itself:
_ B
P L
For the second type, termed a2bgr, the model of the total intensity is

It0t=tXSX(Imol+Iat)+B

where B is the background.

Extraction of background and molecular intensity

From the structural point of view the most important part of the total intensity is the molecular
intensity. Accordingly, the background separation procedure, as a part of the molecular intensity
extraction, is implemented inthe ~ EDIMOtommand, namely inits GETEXmode:

EDIMOL: GETEXP ed [Keywords]

Here ed is the identifier of a ED data set, which contains a total intensity and must be processed.
With keywords you can control the procedure and tune the methods implemented within. Below is
the total list of keywords:

¥ ItotModel "N"the model for the total intensity, which includes the respective indicator of the
background type. Can be one of mbgr albgrand a2bgr.
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¥ BgrSrc"N"the source of the background data to be smoothed, the options are model(smoothing of
model background, default) and  data (smoothing input data).

¥ BgrSpINInfiIMax"N"maximal number of inflection points (integer number) on the smoothing cubic
spline.

¥ BgrSplFun¢'N"target functional value (a floating point number) of the cubic spline used for the
approximation of background.

¥ BgrPolPowN"polynomial power, the highest degree of a polynomial used for the approximation
of background.

¥ BgrCPolPoiW"symilar to BgrPolPowbut for Chebyshev polynomial.

¥ BgrRelPSDTHN"threshold (a floating point number) for the relative background PSD in
appoximation procedure.

¥ BgrAnchot'N"anchor point(s) for the smoothing background line.

¥ CalclmolExpStdeV'N"boolen keyword (can accept true or false ) for turning on or off the
calculation of standard deviations for experimental molecular intensity.

¥ CalcRBPSN"boolean keyword ( true by default) for turning on/off the calculation and analysis of
relative background power spectral density.

Note, by using one or another keyword you can choose which particular method of approximation

and smoothig will be used in the procedure. For example, setting BgrSpINInflMax=3 will use cubic
spline and maximal three inflection points as a smoothness criterium. This method has beed
described in literature, see details in [27]. By setting BgrPolPowyou choose a simple polynomial
smoothing.

Note, the keywords in this command are optional. If some setting is not provided, then it is taken
from the higher-level context. The overall priority scheme of settings (in the order from highest to
lowest) is as follows:

1. Local keywords in the EDIMOtommand.
2. Settings of the ED particular processed data set, see ED data sets chapter.

3. Global settings.

For example, the most important setting, the total intensity model, can be defined in the EDIMOL
command using the ItotModel keyword. If it is not indicated, the setting from the respective ED data

set is checked (the name of the respective keyword is also ItotModel ). If it is also not defined, then

the setting of the global keyword  EDItotModel is used. Note, not for all local keywords exist global or
specific for data sets analogs.

CalclmolExpStdev=true can be used if there are reasonable standard deviations (introduced on input
or calculated at run time) for the experimental total intensity, which should be propagated into
standard deviations of the extracted experimental molecular intensity.

BgrSplFunc can be defined for spline approximation as a particular functional value Q, for which
the spline must be calculated. However, it is usually not recommended, since there are no well
established ranges for these values.
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Another criterion for the background smoothness is its relative power spectral density in the range
of structural frequencies. This can be activated by using the BgrRelPSDThkeyword, for example

EDIMOL: GETEXP ed1 BgrRelPSDThr=-20.0

In this case a cubic spline will be used for approximation of the background and its smoothness will
be adjusted iteratively so that the final RelPSD will be not larger than the requested value (-20.0 in
the example above).

UNEX also provides a possibility to control approximation of background lines with help of anchor
points, which can be defined using the = BgrAnchorkeyword as triples of numbers. For example, the
command

EDIMOL: GETEXP edl BgrSpINInflMax=1 BgrAnchor=1.0/0.530/1.0;18.4/0.485/1.0

starts the procedure for the calculation of background for the intensity curve edl Here with the
BgrAnchorkeyword two triples of numbers are indicated. These are the anchor points. The format of

the keyword does not allow spaces or commas. The numbers must be separated by slashes / and
semicolons ;. In each triple the first number is the argument s-value, the second is the background
anchor value and the third is its weighting factor. Technically, the anchor points simply substitute

the corresponding points of (.4, SO the anchor s-values must be also in the intensity data set. The
procedure should approximate background so that its calculated values are close to anchor points.

The larger are the weights of the anchor points, the closer the approximated background line will

be to them. Note, this is true for cubic spline and simple polynomial approximations, but not for
Chebyshev polynomial approximation. Also the final result may be influenced by possible
constraint(s) on the amount of inflection points, polynomial order, etc. Finding optimal anchor

points is in general a manual trial-and-error procedure. The number of anchor points is not limited.

If several ED data sets are indicatyed in one command, they will be processed sequentially and
independently. For example, the command

EDIMOL: GETEXP edl11,ed12 BgrSpINInfiIMax=3

is equivalent to two sequential commands

EDIMOL: GETEXP ed11 BgrSpINInfIMax=3
EDIMOL: GETEXP ed12 BgrSpINInflMax=3

Unless BgrSrc=data is indicated, EDIMOL:GETER&culates model-dependent background because of
the usage of the model molecular intensity function. The recalculated background and, as a
consequence, the updated experimental molecular intensity can be used for refinement of model
parameters, including scale factor(s) k for the molecular intensity(-ies). In UNEX it is possible to
refine the best scale factors k internally in the EDIMOIlcommand. This is an iterative procedure,
which can be turned on by setting the global keyword EDBgrRefScalelterMaxto a some positive
value, for example 30. The convergence criterion of this procedure can be controlled by the
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optional global keyword EDBgrRefScaleTal

The accuracy of refined molecular parameters directly depends on the accuracy of the used
experimental molecular intensity function [28]. In turn, the molecular intensity is the result of the
background elimination procedure. Thus, it is very important that the background is reasonably
smooth, otherwise the frequencies in the experimental molecular intensity can be significantly
biased, leading to biased refined parameters. The quality of the background line depends on how
the total intensity is levelled. This property strongly depends on the form of the sector device used
in the experiment. Best of all if values of the total intensity are in a narrow range of values for all
observable diffraction angles. In this case the default procedure for smoothing of background lines
works well and the amount of inflection points serves as a good indicator of the background
quality. However, this criterion is not significant if the intensity curve changes too quickly along
diffraction angles. A possible solution of this problem is to smooth the reduced background,
obtained using division by the sector function and atomic scattering:

()
D roduced = S x I
a

where Sis the total sector function and I is the atomic intensity of the molecule. In the same way
the reduced variant of the total intensity is defined:

I _ Itotal
reduced — SxI
at

This requires setting EDBgrSmoothReduced=trwand introduction of sector function into UNEX. Note,
for this particular procedure the sector function must not be necessarily very accurate. It is enough

to define calculated values for your type of the sector. The most important is to ensure that this
function is smooth and together with the atomic scattering lead to a well levelled reduced-total
intensity. The figures below demonstrate a case for the total intensity of CCI 4 The first two show
results of the default procedure when only 3 inflection points are allowed. It is hardly possible to
assess the quality of the total background line (on the left side). However, in the reduced form (on
the right side) the relatively low quality of the background is evident because of significant
osciallations. In contrast, smoothing of the reduced background results in the line of much superior
quality as the figure below shows. It should, however, be noted that higher quality background
lines naturally lead to higher  R-factors, at that the overall stability of the inverse ED problem is
increased.

I(s), B(s)
I(s), B(s)

10 15 20 8,2,5“\5'1 30 35 40 10 15 20 3,354 30 35 40

Figure 17. Unmodified (left) and reduced (right) total intensity and background curves when
EDBgrSmoothReduced=false.
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Figure 18. Unmodified (left) and reduced (right) total intensity and background curves when
EDBgrSmoothReduced=true.

Examples of well levelled (as the result of suitable sector form and manual data processing) total
intensity curves and high quality background lines can be found in literature [29, 30, 31].

Other operations with background

Some operations with ED background are implemented in the EDBGBommand. In particular, it is
possible to calculate the (relative) power spectral density in the CALCRBPSiDde:

EDBGR: CALCRBPSD edid

where edid is the ED data set identifier with already available background intensity. Note, this is
currently implemented only for multiplicative type of background.

Averaging of ED data

In UNEX there is a possibility for averaging ED intensity curves with the EDDAT£ommand in the
AVERAGHDdE:

EDDATA: AVERAGE ed1,ed?[,...] Data=type GenSet=edid CalcStdev=bool

where edl, ed2 (more is possible) are the identifiers of the ED data sets to be used in averaging; Data
is used for indicating the type of data to be averaged, which can be iMolExp (experimental
molecular intensity) or  iTotExp (experimental total intensity);  GenSetindicates the ED data set id for
the output averaged data; CalcStdev is the boolean ( true or default false ) keyword for turning on
the calculation of standard deviations.

Note, averaged intensity values are calculated for s values of the first curve edl indicated in the
command. If points of the other curves are defined not in the same s values then interpolation with
cubic splines is used.

In addition to averaging of data and optional calculation of standard deviations this command also
calculates the so called experimental R-factors [32]. For each of the curve, participating in the
averaging procedure, individual experimental R-factors are calculated as
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where I(s;) is the i-th point of the intensity curve, for which the R-factor is calculated, Iav(s)) is the
corresponding point of the averaged intensity with weight w;, N is the total number of intensity
points. Here | can be total intensity or sM(s) depending on the type of the averaged data. Individual
experimental R-factors show how much each of the curves deviates from the average curve. This
information allows to sort out curves of low quality. An average value of individual Rexp is also
printed. Regarding weighting, UNEX calculates two types of experimental R-factors:

¥ with account of weights w, which are calculated from respective standard deviations of the
averaged curve as o072

¥ without weighting, assuming all  w; = 1.

Note, with the setting CalcStdev=false the standard deviations are not calculated so both types of
experimental R-factors are equal, unless standard deviations were calculated once before.

If molecular model is updated, for example in LSQ refinement, then it is not
recommended to recalculate the standard deviations in the intensity averaging
procedure. Model parameters may be highly correlated with data weights. If
experimental sM(s) are obtained using model background, then the calculated
standard deviations and refined model are correlated. In this case use
CalcStdev=true only once, for instance in the very beginning, if the initial model is
already reasonable.

Next, UNEX calculates total experimental  R-factor as

ML L wilIi(s ) = Tav(s )
Reyp = 1= —— x100%
21—1 Jl_leIaV(Sj)

Here summation is performed over all points of all M intensity curves. | can also be total or
molecular sM(s) intensity, depending on the averaged data type. The total experimental R-factor
allows to represent numerically the overall reproducibility of experimental data and their general

quality. Weighted and non-weighted (setting all w; = 1) total and average experimental R-factors are
calculated. Note, the weighted experimental R-factors are calculated even if the standard deviations
were not computed in this particular procedure. They could have been defined or calculated earlier

for the averaged data set. If uncertain, run PRINT:EDDAT®r the averaged data set to see the values
of standard deviations used for the calculation of the weighted experimental R-factors.

The advantage of experimental R-factors based on total intensities is that no molecular model is
needed for their calculation. However, the absolute values of such Re, are generally meaningless.
They can mostly be useful for comparison of data sets produced only by the same experimental
setup. In contrast, experimental  R-factors on the basis of sM(s) curves are directly comparable with
structural R-factors:
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where SM(Si)ey, and SM(si)meq are the experimental and model  sM(s), respectively.

.« indicates the level of disagreement of the model with experimental data, while Rex indicates

reproducibility of the experimental data. There can be several situations:

¥ Ry, >> R, the data are reproducible but the model cannot describe them and should be
improved.
¥ Ry <<R,: the model describes data too well, probably not reproducible data features are fitted

and better data are needed.

¥ Ry, AReXp: optimal solution if both values are small.

Note, if both Ry, and R, are large, then something went completely wrong, first of all in
experiment and/or in data reduction. Also note that weighted Ry, (named wRdin UNEX output)
should be compared with weighted  R,,,, likewise non-weighted R, should be compared with non-

weighted Re,.

Below are several examples of averaging commands.

¥ Simple averaging of total intensity curves edl, ed2 and ed3 A new data set is created

automatically (see UNEX output for id) and the average curve is placed therein.

EDDATA: AVERAGE edl,ed2,ed3 Data=iTotExp

¥ Same as above, but also standard deviations are calculated for the averaged data.

EDDATA: AVERAGE edl,ed2,ed3 Data=iTotExp CalcStdev=true

¥ Similar to the first example. Here the output average curve is accessible using the ed4identifier.
EDDATA: AVERAGE edl,ed2,ed3 Data=iTotExp GenSet=ed4

¥ Averaging of experimental  sM(s) curves.
EDDATA: AVERAGE ed1,ed2,ed3 Data=iMolExp

Combining of ED data

Another possibility of converting multiple ED curves into a single curve provides the
of the EDDATéommand:

COMBINfBode
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EDDATA: COMBINE ed1,ed?[,...] Data=type GenSet=edid CalcStdev=bool

the identifiers and keywords have here the same meaning as in the AVERAQHRode. However, in
contrast to AVERAGWhere output s points are taken only from the first input curve, the combining
procedure creates a curve with  s-values present in all input data sets. Thus, curves with different S

-ranges can be combined together. For the overlapping areas averaged values are calculated. If
standard deviations were initialized for the respective input data sets, weighted averaging is used,
where weights are calculated as inverse squares of the respective standard deviations. The Figure
below demonstrates how COMBINkorks for two experimental ~ sM(s) curves obtained from different
nozzle-to-detector distances. The respective command was

EDDATA: COMBINE edl,ed2 Data=iMolExp GenSet=ed3

0 z
3 3
5 10 15 20,, 25 30 35 40 5 10 15 20,4, 25 30 35 40
s, A s, A

Figure 19. Original (left) and combined experimental sM(s) curves (right).

Note, in COMBINEperimental R-factors are calculated in a similar manner is in AVERAGS&ee above).
There are, however, some peculiarities. The weighted R-factors are also calculated if standard
deviations were not requested for calculation. However, in contrast to AVERAGS&tandard deviations
are still calculated internally, used for computation of wRexp, but are not saved for the averaged
data set. Also it should be noted that standard deviations are set to 1e99if only one data set has
contribution to the combined data in the respective point.

Multiple calls with  CalcStdev=true may be dangerous if sM(s) are calculated using
model-dependent background and the model is updated on the basis of data taking
standard deviations into account. See comments above, in data averaging section.

Other operations with ED data
The EDDATéommand can be used in other different modes for ED data processing.

For example, in the mode MODIFthe data can be respectively modified:

EDDATA: MODIFY ed1,[ed2,ed3,...] ModType=mtype Data=dtype [Other keyword(s)]
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where edl and possibly ed2 and so on are identifiers of ED data sets to be processed, dtype is the
type of data to be modified (currenly allowed iTotExp and iMolExp), end mtype is the type
modification, which can be one of

¥ s4Mult"N"multiplication by the  s* function.

¥ iNorm'N"calculates integral value of the requested data and normalizes it on the integral value.

¥ secRedDiVN"divides the requested data by the reduced sector function.

¥ spIDiv "N"the data are approximated by a cubic spline and divided by this spline. By default the
number of inflection points for the spline is zero and can be changed by using the additional
SpIDivNInfl keyword.

¥ scaleToFirst "N"scaling data sets so that they best fit the first one, which remains unchanged.
This mode expects several data sets on input.

¥ tScale "N"experimental total intensities are divided by t-factors from their respective data sets.

¥ smooti'N"smoothing using natural B-splines.

Note, the only modification type currently available for iMoIExp is smooth

If standard deviations were defined for the processed data, for example for the
. experimental total intensity, then their values are also modified accordingly.

The other available mode is RESPCQRhich is used for correcting experimental total intensity
functions with the detector responce function. The syntaxt is simple:

EDDATA: RESPCOR ed1[,ed2,...]

Several data sets can be processed at once. The response function must be already available in
UNEX. It can be obtained by refinement or introduced with the EDRESPFUB@nmand, see ED
response function for details and examples.

The COPYMOD®hde is used when it is required to copy model data to the experimental data, thus
making them equal. The syntax is as follows:

EDDATA: COPYMODEL ed1[,ed2,...] Data=dtype

where dtype can be iTotExp and iMolExp, for copying to experimental total and molecular
intensities, respectively. Several data sets can be processed at once.

The ADDNOISRode, as the name says, implements the adding of noise to the existing data:

EDDATA: ADDNOISE ed1[,ed2,...] Data=dtype PDFType=ptype

where dtype can be iTotExp and iMolExp, experimental total and molecular intensities, respectively;
ptype is the type of the probability density function, for which the only currently implemented
option is normal.
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Finally, there is a SETmode, which is useful for changing different settings of ED data sets on the fly
when UNEX runs:

EDDATA: SET edl[,ed21] Keywords

where in place of the word  Keywordsyou can define the actual keywords with respective required
settings. The keywords here can be exactly the same as at the reading of ED data sets with the
command EDDATA:READr example, the following

EDDATA: SET ed1,ed2 ItotModel=a2bgr

will change in the data sets edland ed2the model for the total intensity to  a2bgr.

ED radial distribution functions

Radial distribution functions in UNEX are calculated and printed by the EDRDEommand:
EDRDF: CALC [edl1,ed2,...]

Optional argument(s) of the command form a list of one or more ED intensity data sets with
initialized molecular intensity functions. The calculation is essentially a sine-Fourier
transformation of the respective experimental and model molecular intensity curves:

F(r)= /SmaXImol(s)sin(sr)d S

min

If several curves are provided in the list of arguments, they are concatenated before Fourier
transformation, for example

EDRDF: CALC edl,ed2

Note, the curves must have common range of  s-values. The concatenation procedure includes
relative scaling of curves, re-interpolation to common argument values (if required) and weighted
averaging in common ranges of argument. Next, there are three general modes for calculation of
radial distribution functions, which directly influence the minimal and maximal values of
integration argument s. The modes, controlled by the EDRdfTyp&eyword in BASE, are as follows:

¥ old, the most simple method, takes (combined) experimental sM(s) curve and performs
integration in the range of  s-values in which this curve is defined. The resulting radial
distribution function usually looks not nice since integration starts from Smin NOt equal to zero.

¥ classic , a more advanced method, in which experimental sM(s) curve is supplemented with
respective model curve on the left side before integration. This is done in order to get an
"experimental" curve, which starts from s=0. This, in turn, stabilizes integration and improves
the overall appearance of the radial distribution function. Note, this makes sense if model sM(s)
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function fits well the experimental data. On the right side the experimental curve remains
unchanged and integration is done till maximal s value for which the curve is defined. This can
lead to problems with integration since at maximal experimentally achievable s-values of 30-40
A™ sM(s) functions are numerically not enough converged to zero. To overcome this problem

the experimental sM(s) can be multiplied by an exponential function for damping, see keyword
EDRdfDanip BASE. Note, this procedure leads to broadening of peaks on the radial distribution
function and to reduction of its resolution.

¥ modern the most advanced method proposed by Atavin [33], which supplements experimental
sM(s) with model data not only on the left side as in the classic variant but also on the right
side, so that s, is as large as possible (60 A ™ in current implementation). This allows to avoid
usage of damping exponential function and, as a result, leads to improved resolution of F(r).
However, to obtain good results the model function must fit experimental data well.

Note, the concatenation of model and experimental sM(s) curves in classic and moderntypes of RDF
requires some overlap of these functions. The extent of the overlapping can be adjusted using
keyword EDRdfNConcat

Below are some examples of RDFs for benzene using different options of EDRdfType

A B C
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Figure 20. Types of radial distribution functions for benzene.

Here the variants A, B and C correspond to the settings EDRdfType=moder&DRdfType=classic and
EDRdfType=oldrespectively.

classic and modernmethods improve appearance of radial distribution functions
by supplementing experimental sM(s) functions with model data. Thus, the
obtained experimental RDF curves are in fact semi-experimental. Keep this in
mind during their analysis.

Below is the graphical representation of the influence of damping function on the RDF in case of
benzene when EDRdfType=classicand experimental data available only up to 30 A ™. If the damping
is turned off, i.,e. EDRdfDamp=0Q.@he RDF has multiple false peaks. An optimal value of damping
factor removes these peaks. Too large value of the damping factor increases widths of true peaks so

that the resolution of RDF is too low.
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Figure 21. Influence of damping in calculation of radial distribution functions for benzene.

The cases A, B and C were obtained with the settings EDRdfDamp=Q.CEDRdfDamp=0.002&nd
EDRdfDamp=0.pfespectively.

The next issue in calculation of RDF is connected with representation of contributions of different

terms in sM(s) functions. In a crude approximation the contribution of a pair of atoms to diffraction

pattern is proportional to the product of their atomic numbers. The respective RDF in this case can

be easily analysed. In reality, however, contributions of atomic pairs to diffraction patterns are not
constant on the s-scale and are not even linear (this property is characterized by scattering factors).

As a consequence, the calculated RDF is difficult to analyze. Fortunately, ratios of scattering factors

for different types of atoms are much closer to constants than the scattering factors themselves.
UNEX provides a possibility to divide the integrated molecular intensity by a scattering factor in a

form of g-function, which is controled by the EDRdfModQeyword in BASE. This can improve the
appearance of the obtained RDFs. By default for this purpose UNEX chooses a g-function for the
pair of atoms with maximal product of atomic numbers. Note, however, that this logic can fail in
molecules containing atoms with very different atomic numbers. In this case some g-functions can
go through zero and change the sign. Accordingly, RDF cannot be obtained by integration of
molecular intensity modified by such a g-function. In this case an optimal  g-function can be chosen
manually by using EDRdfModGfAtorkeyword.

In case of benzene the influence of EDRdfModGs as follows:

Figure 22. Testing the modification of radial distribution functions of benzene.

In these examples the variant A has been obtained by using the combination of keywords
EDRdfModGf=truand EDRdfModGfAtoms=Cyariant B only single keyword EDRdfModGf=falseand for C
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