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TWO

INSTALLATION AND OPERATION

Attention: Ordinary users do not need to read the installation and compilation related content, and can directly

skip to BDF program running and BDF graphical interface o

2.1 Installation instructions

2.1.1 Hardware environment

In principle, BDF can be compiled and installed on any Unix and Unix-like operating system. We have tested
compilation on some common hardware and software environments. For other hardware platforms, users may encounter
some problems due to limitations and defects of the operating system and compiler version. In most cases, users can
eventually compile and install BDF software successfully by setting the correct compiler flags and system software paths

according to their hardware environment.

To compile the BDF software, one needs at least 2 GB of free disk space, depending on the installation method (e.g.,
CMake keeps the target file), and the actual size after compilation is about 1.3 GB. To run the test cases of the BDF,
one should provide at least 1 GB of disk space for caching the intermediate data of the calculation, depending on the size
of the calculation system and the integration method used. The amount of cache space required depends on the size of
the computational system and the integration method used (the disk space required for the direct integration algorithm is
much smaller than for the traditional mode of storing two-electron integrals). In general, for calculations using the direct

integration algorithm, more than 4 GB of disk space should be provided for data caching.

2.1.2 Software environment configuration
The minimum requirements for compilers and mathematical libraries for direct compilation and installation from
the source code of a BDF are:
e CMake version 3.15 and above (compile with cmake)
* C++ compiler (supports C++03 and above syntax)

¢ C compiler
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¢ BLAS/LAPACK math library, the interface needs to be a 64-bit integer

* CMake version 3.15 and above (compile with cmake)

¢ Python 2.7 and above. Python 2 is not compatible with Python 3, and Python 3 is not yet fully adapted

Usually use GCC 4.6 and above to compile normally.
Optional:

¢ C/C++, Fortran compiler for Intel Parallel Studio XE Cluster
* Optimized BLAS/LAPACK library (such as Intel’ s MKL, AMD’ s ACML, OpenBLAS, etc.)
* To compile the parallel version of BDF, Openmpi 1.4.1 or above is required

¢ Compiling BDF for GPU requires OpenCL 1.5 or above, and AMD’ s Rocm or Nvidia’ s Cuda

2.2 Cmake compile BDF

2.2.1 1. Intel FORTRAN compiler and GNU GCC / G + + compiler are mixed, linked
to MKL math library, and OpenMP parallel support

# Set up the compiler

$ export FC=ifort

$ export CC=gcc

$ export CXX=g++

# cmake is automatically executed by the setup command

$ ./setup ——fc=${FC} —-—cc=${CC} ——cxx=5{CXX} —-bdfpro —-—-omp —--int64 --mkl sequential
51

# Build the BDF in the build directory

$ cd build

# Use the make command to compile BDF, specifying 4 CPUs in parallel with the -j4.
—parameter

$ make -7j4

# Install BDF

$ make install

# After copying BDF PKG Pro under build to any path, write the correct path in bdfrc,.
—such as:

$ BDFHOME=/home/user/bdf-pkg-pro

# Run command

$ SBDFHOME/sbin/bdfdrv.py —-r **.inp

4 2. Installation and Operation
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2.2.2 2. GNU compiler gfortran/gcc/g++, links to MKL mathematical libraries,
OpenMP parallel support

Set up the compiler
export FC=gfortran
export CC=gcc

#
$
$
$ export CXX=g++
# cmake is automatically executed by the setup command
$

./setup ——fc=5{FC} ——cc=5{CC} ——cxx=5${CXX} —-bdfpro —-omp --int64 —--mkl sequential
—S1
# Build the BDF in the build directory
$ cd build

# Use the command make to compile BDF, specifying 4 CPUs in parallel with the -—j4.
—parameter

$ make -j4

# Install BDF

$ make install

# After copying BDF PKG Pro under build to any path, write the correct path in bdfrc,.
—such as:

$ BDEFHOME=/home/user/bdf-pkg-pro

# Run command

$ SBDFHOME/sbin/bdfdrv.py -r **.inp

2.2.3 3. Intel compiler ifort/icc/icpc, linking MKL mathematical libraries, OpenMP
parallel support

# Set up the complier
$ export FC=ifort

$ export CC=icc

$ export CXX=icpc

# cmake is automatically executed by the setup command

$ ./setup ——fc=5{FC} ——cc=5{CC} ——cxx=5{CXX} —-bdfpro ——omp —--int64 —--mkl sequential
—$1

# Build the BDF in the build directory

$ cd build

# Use the command make to compile BDF, specifying 4 CPUs in parallel with the -3j4.
—parameter

$ make -7j4

# Install BDF

$ make install

# After copying BDF PKG Pro under build to any path, write the correct path in bdfrc,.

—such as:

(continues on next page)
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(continued from previous page)

$ BDFHOME=/home/user/bdf-pkg-pro
# Run command

$ SBDFHOME/sbin/bdfdrv.py -r **.inp

Warning:

1. Gee compiler version 9.0 and above, mixed with Intel FORTRAN compiler, link program error, because the
OpenMP version of Intel FORTRAN compiler lags behind GNU compiler. Therefore, GNU 9.0 and above

compilers currently do not support mixed compilation of GNU and Intel compilers.

2. Intel FORTRAN version 2018 compiler has many bugs and should be avoided.

2.2.4 4 Compile bdfpro and require to generate HZW license file

The main steps are the same as those in the previous three cases. When running the setup command, you need to

add a parameter ——hzwlic, such as:

#Cmake is automatically executed by the setup command
$./setup ——fc=${FC} —--cc=${CC} —--cxx=${CXX} —--bdfpro --hzwlic --omp —--int64 —--mkl_

—sequential $1

After running the make install command, the following output will be given:

Please run command '/home/bsuo/bdf-pkg-pro/bdf-pkg-pro/bin/hzwlic.x /home/bsuo/bdf-
—pkg-pro/build/bdf-pkg-pro' to generate HZW license!

Here, /home/bsuo/bdf-pkg-pro is the bdfpro source file directory, /home/bsuo/bdf-pkg-pro/
build/bdf-pkg-pro is the binary installation directory of bdfpro. Run command:

/home /bsuo/bdf-pkg-pro/bdf-pkg-pro/bin/hzwlic.x /home/bsuo/bdf-pkg-pro/build/bdf-pkg-

—Ppro

After that, LicenseNumber.txt is generated in the /home /bsuo/bdf-pkg-pro/build/bdf-pkg-pro/

license directory.

6 2. Installation and Operation
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2.3 Program operation

BDF needs to run under a Linux terminal. To run BDF, one needs to prepare an input file, the exact format of which

is described in later sections of the manual. The BDF installation directory under tests/input contains some BDF input

examples. Here we will use the test cases that come with BDF as an example and briefly explain how to run BDF first.

Running BDF will use a number of environment variables :

Environment vari-
able

Instructions

Must be set or not

BDFHOME

Specify the installation directory of BDF

Yes

BDF_WORKDIR

The working directory of BDF, that is, the execution directory of the

No, set automati-

current task cally
BDF_TMPDIR Specifies the cache file storage directory for BDF Yes
BDFTASK BDF calculation task name, if entered as h2o.inp, task name is h2o No, set automati-

cally

2.3.1 Run BDF standalone and execute the job with a shell script

Assuming that the user directory is /home/user, BDF is installed in /home/user/bdf-pkg-pro. After prepare the input

file ch2-hf . inp ,you need to prepare a shell script and enter the following

#!/bin/bash

BDFHOME=/home /user/bdf-pkg-pro

BDF_TMPDIR=/tmp/$RANDOM

export

export BDF_WORKDIR=./
export

ulimit -s unlimited
ulimit -t unlimited
export OMP_NUM_THREADS=4
export OMP_STACKSIZE=512M

$BDFHOME/sbin/bdfdrv.py -r $!

Name the script run.sh, use

follows.

“chmod +x run.sh” to give permission to execute the script, and then execute it as

# Create a new folder named test in /home/user

S mkdir test
$ cd test

(continues on next page)

2.3. Program operation
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(continued from previous page)

# Copy /home/user/bdf-pkg-pro/tests/easyinput/ch2-hf.inp to test folder
$ cp /home/user/bdf-pkg-pro/tests/easyinput/ch2-hf.inp
# Run the submit command in the test directory

$ ./run.sh ch2-hf.inp &> ch2-hf.outs&

Hint: When BDF prints the output to standard output, you need to use the redirection command > to direct to the file
ch2-hf.out.

2.3.2 Submitting BDF jobs using the PBS job management system

An example script for a PBS submission BDF job is as follows:

#!/bin/bash

#PBS —-N jobname

#PBS -1 nodes=1:ppn=4

#PBS -1 walltime=1200:00:00
#PBS —-g batch

#PBS —S /bin/bash

#### Set the environment variables #######
#module load tools/openmpi-3.0.1-intel-socket

#module load compiler/intel-compiler-2020

#### Set the PATH to find your applications #####
export BDFHOME=/home/bbs/bdf-pkg-pro

# Specify the temporary file storage directory where BDF runs
export BDF_TMPDIR=/tmp/SRANDOM

# Specify the Stack memory size for OpenMP
export OMP_STACKSIZE=2G

# Specify the number of available OpenMP threads, which should be equal to the number.
—defined by ppn

export OMP_NUM_THREADS=4

#### Do not modify this section ! #####
cd $PBS_O_WORKDIR

SBDFHOME/sbin/bdfdrv.py —-r Jjobname.inp

8 2. Installation and Operation
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2.3.3 Submit BDF jobs using Slurm job management system

An example script for slurm to submit a BDF job is as follows:

#!/bin/bash

#SBATCH ——-partition=vé_384
#SBATCH —J bdf.slurm

#SBATCH -N 1

#SBATCH —-ntasks-per-node=48

#### Set the environment variables #######
#module load tools/openmpi-3.0.1-intel-socket
#module load compiler/intel-compiler-2020

#### Set the PATH to find your applications #####
export BDFHOME=/home/bbs/bdf-pkg-pro

# Specify the temporary file storage directory where BDF runs
export BDF_WORKDIR=./
export BDF_TMPDIR=/tmp/SRANDOM

# Specify the Stack memory size for OpenMP
export OMP_STACKSIZE=2G

# Specify the number of available OpenMP threads, which should be equal to the number.
—~defined by ppn
export OMP_NUM_THREADS=4

#### Do not modify this section ! #####
SBDFHOME/sbin/bdfdrv.py -r jobname.inp

Important:

1. The problem with stacksize.The Intel Fortran compiler requires a large amount of stack memory for programs to

run, and the default stacksize is usually too small and needs to be specified by ulimit -s unlimited.

2. OpenMP Number of threads in parallel. OMP_NUM_THREADS is used to set the number of threads in parallel
for OpenMP. BDF relies on OpenMP parallelism to improve computational efficiency. If you are using the Bash
Shell, you can use the command export OMP_NUM_THREADS=N to specify the number of OpenMP parallel

threads to use. to use N OpenMP threads to accelerate the computation.

3. OpenMP available heap memory, users can use export OMP_STACKSIZE=1024M to specify the
size of the heap memory available to each thread of OpenMP, and the total heap memory size is
OMP_STACKSIZE*OMP_NUM_THREADS.

2.3. Program operation 9
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2.3.4 QM/MM Computing Environment Configuration

We recommend using Anaconda to manage and configure the QM/MM computing environment ( see ).

* Configure the runtime environment in anaconda

conda create —name yourEnvname python=2.7
conda activate yourEnvname

#Configure Cython and PyYAML

conda install pyyaml #or pip install pyyaml

conda install cython

* Installation and configuration of pDynamo-2

BDF pDynamo-2 has been built into the sbin directory of the installation directory, so run the following commands

in the sbin directory to install and configure in the sbin directory to install and configure :

cd pDynamo_2.0.0
cd installation

python ./install.py

After the installation script is run, two environment configuration files, environment_bash.com, environ-
ment_cshell.com are generated. Users can load this environment file in their . bashrc via source to set up the runtime

environment.

Note: The compilation process automatically selects the C compiler, for MAC systems it is recommended to install the
GCC compiler using homebrew and add CC=gcc-8. Other versions of the gcc compiler correspond to gee-6 or gee-7,
etc. Other versions of the gcc compiler correspond to gec-6 or gec-7, respectively. The version above gce-8 is not tested

at the moment.

When pDynamo-2 is run, the gmmmrun . sh file in the sbin directory is called by default to perform QM calculations.
When configuring the environment, you need to make sure that the sbin directory is in the system PATH. You can add it

with the following command.

export PATH=/BDFPATH/sbin:S$PATH

 The final step is to specify the BDF program temporary file storage folder, either by running the following command,

or by setting the variable in the environment variable in the environment variable.

export PDYNAMO_ BDETMP=YourBDF_tmpPATH

10 2. Installation and Operation
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To check if pDynamo is installed correctly, you can run the examples that come with the software, which are located

in the pDynamo_2.0.0/book/examples directory, by running the following command

python RunExamples.py

2.3. Program operation 11
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THREE

INPUT AND OUTPUT FORMATS

3.1 Input format of BDF

There are three types of BDF input file formats: easy input, advanced input, and mixed input. Easy input is easy
to use and does not require the user to know much about the details of the calculation, which is a low threshold for
beginners. Advanced input provides powerful control over BDF calculations, with precise control over each calculation
module. Mixed input of BDF is a way to add some advanced computational functions to the BDF simple input and
add fields that precisely control the behavior of BDF computational modules as defined by the advanced input format,
while keeping the BDF simple input convenient and beginner-friendly. In short, BDF hybrid input is a combination of
BDF simple input and advanced input. For beginners, most computational tasks can be accomplished using only BDF
simple inputs. For users who have a basic understanding of quantum chemistry theory and want to learn and use the more

advanced features of BDF in depth, they can learn to use the advanced input of BDF.

Note: Inputs other than **file names* , shell commands and environment variable names , such as BDF module

names , keywords and keyword values , are not case sensitive.

3.1.1 Easy input for BDF

The BDF simple input format is described in detail using the single-point energy calculation of water molecules as

an example

#!H20.bdf
/3-21G

Geometry # Enter atomic coordinates, in unit Angstrom

O 0.00000 0.00000 0.36827
H 0.00000 -0.78398 -0.18468
H 0.00000 0.78398 -0.18468

End Geometry

The BDF easy input consists of 3 input blocks:

13
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First input block

The first input block is a single line, starting with # ! followed by the name of the input script, e.g. # ! name .bdf

, which can be a description text.
Second input block

starts with the second line and ends with the line before Geometry . This input block, which can consist of
multiple lines, is the command control line of the BDF, and is used to specify what computational tasks the BDF does.
It can consist of multiple lines, and can be used to specify some basic computational control parameters such as basis
group, generalization, charge number and spin multiplicity. The content of the command line is separated by spaces for
the different keywords. The keywords and their values are separated by equal signs. A keyword without a value is itself
a control keyword. Keywords can have one value or multiple values separated by commas. Keywords can have multiple

lines. If # appears in a line, the line after # is a comment statement.
Third input block

Starting from the Geomet ry line and ending at the End Geomet ry line, enter the geometry of the molecule, as

described in the input format of the molecular structure.

Tip:

¢ The third line in this example is an empty line, a blank line in the BDF input, except between the defined molecular
coordinates Geometry ... End geometry, all other blank lines are non-essential, but for readability, it is

strongly recommended that users use blank lines to separate different input blocks and different modules.

Advanced input for BDF

The BDF advanced input is the input mode set during the initial development of the BDF and is characterized by

module-guided computation + module parameter control in the following format

Sbdfmodulel
# Comment
Keywordl
value # inline comment
Keyword?2

value

Send

%cp SBDFTASK.scforb S$BDF_TMPDIR/SBDFTASK.inporb
$Sbdfmodule?2
Keywordl

value

Keyword2

(continues on next page)
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(continued from previous page)

value

Send

The description is as follows.

e This input contains two BDF computation modules, bdfmodulel and bdfmodule?2 (this is only an ex-
ample, there are not really modules named bdfmodulel and bdfmodule? [¥#5iHk). A computation task

may contain more than one BDF module.

* Module-directed computation: means that two computation modules are executed sequentially to complete
the computation. The input to each module starts with $Sbdfmodule and ends with the first subsequent
occurrence of the $end keyword, and between $bdfmodule and $end are the control keywords and their
values for that module. where bdfmodule is the name of the BDF calculation module, such as COMPASS

, XUANYUAN, SCF', etc.

¢ BDF module parameter control: Each module controls its computation behavior by its own keywords, and
the parameter control input uses the keyword + value , where the keyword value starts from the next line
of the line where the keyword is located, and can be a single line or multiple lines depending on the specific

keyword.

The advanced input format of BDF requires a certain understanding of quantum chemical theory and the specific
functions of each calculation module of BDF. bdfdrv.py written in python language, calls different calculation modules
sequentially to complete complex calculation tasks. to complete the complex computational tasks, each module through

the temporary files and environment variables to exchange data between.

Here, we take water molecules as an example to describe in detail the BDF advanced input format.

#Example for BDF advanced input

Scompass

Title

Geometry

O 0.00000 0.00000 0.36827
H 0.00000 -0.78398 -0.18468
H 0.00000 0.78398 -0.18468

End geometry

Basis # basis sets
Group # C2v point groups, which can be entered without input, are automatically.
— judged by the program, and are often used to specify D2h and its subgroup.

—calculations for higher-order groups.

Send

(continues on next page)
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(continued from previous page)

$xuanyuan

Send

Sscf
RHF # restricted Hatree-Fock

Send

$cp SBDF_WORKDIR/SBDFTASK.scforb SBDF_TMPDIR/$BDFTASK.inporb
S8GiE

RKS # restricted Kohn-Sham

DFT
# B3LYP functional, Notice, it is different with B3lyp in Gaussian.
Guess
Readmo # Read orbital from inporb as the initial guess orbital
Send

The input file shown above contains four computational modules, COMPASS . XUANYUAN and two SCF . COM-
PASS is used to read in the input molecular coordinates, basis functions and other information, and store them as data
structures inside BDF. An important task of COMPASS is the processing of molecular point groups, including the de-
termination of molecular symmetry and the generation of symmetry-adapted orbitals. XUANYUAN is used to calculate
single and double electron integrals. The SCF module is then called twice to perform self-consistent field calculations,
once for the RHF (Restricted Hatree-Fock) and RKS (Restricted Kohn-Sham).

The input to each computation module follows the “keyword + value” format, i.e., a keyword, such as Group in
COMPASS , is given followed by a value for that keyword, in this case C (2v) . . Some keywords are used for logical
control, such as RHF in the first SCF module, which specifies that the SCF module performs the RHF calculation, and no
additional input values are needed for such keywords. Some of the keywords require multiple lines of input, as described

in the keyword descriptions for each module.

Between the first and second SCF module, there is a line starting with % . Here, we insert a shell command that
performs a task of copying a file. The $SBDFTASK.scforb file generated by the first SCF calculation and placed in
BDF_WORKDIR is copied to BDF_TMPDIR and renamed to $BDFTASK.inporb . In the second SCF module, we
specify the keyword guess , with the value readmo, i.e., read in the molecular orbitals as an initial guess. In the BDF
advanced input, the lines starting with % are shell command lines. The lines starting with # or containing # in the input,

all the contents after the # are comment statements.

The following flowchart of BDF modules and calculations gives the order in which each module is called.

Tip:

¢ A complete computational task requires multiple calls to the BDF computational modules. The order in which
the modules appear in the advanced input is given by the BDF module and calculation flow diagram . The
general calculation task will only involve a small part of the module shown in the figure above, for example, most

calculation tasks do not require the AUTOFRAG module, and the first calculation module is actually COMPASS ;
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the BDF module and calculation flow diagram
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Only for iOI-SCF and FLMO calculations should the AUTOFRAG module appear (and be placed before COMPASS

) to automatically slice the numerator, and then COMPASS and other computational modules should be called to

finish the job.

e For example, if the molecular structure is optimized by the Kohn-Sham method, the COMPASS mod-
ule preprocesses the molecular structure and the basis group, and then the BDFOPT module calls the XU-
ANYUAN->SCF->RESP modules several times in sequence to optimize the molecular structure by calculating

the single electron integral, the self-consistent field energy and the gradient of energy to the nucleus coordinates.

¢ For the actual calculation, the concise input file of the BDF is translated into the advanced input format of the BDF

and stored in a hidden file .bdfinput in a temporary folder specified by BDF_TMPDIR .

The following BDF modules and menus give the names and functions of the BDF modules.

Table 3.1: BDF Module and menu

Module name

Function

AUTOFRAG Automatic molecular fragmentation, driving IOI-SCF and flmo calculations
COMPASS Molecular structure, basis set and symmetry pretreatment
XUANYUAN | Atomic orbital integral
BDFOPT Molecular geometry optimization
SCF Hartree-Fock and Kohn sham self consistent fields
TDDFT Time dependent density functional calculation
RESP Hartree-Fock, Kohn sham and TDDFT gradients
GRAD Hartree-Fock gradients
LOCALMO Molecular orbital localization
NMR Calculation of nuclear magnetic shielding constant
ELECOUP Electron transfer integral, energy transfer integral, localized excited state
MP2 Mgller-Plesset second-order perturbation theory
Table 3.2: BDF advanced input description table
Input Description
$modu- modulename is the control input for the BDF calculation module, all modulenames are available in the
lename -+ $BDFHOME/database/program.dat file
$end
# Lines starting with # or following # in each line are comment statements
* * is placed at the beginning of the line only, and the lines starting with * are commented out
% The lines starting with % and ending with % are shell commands, usually used to process intermediate
files
&database Some complex calculations, such as FLMO, require information such as the definition of molecular
- &end fragments, which is usually placed between &database and &end. Please refer to test062
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3.1.2 Mixed input for BDF

Mixed input combines the simplicity of BDF input with the advanced input format, providing the convenience of
BDF simple input and the precise control of BDF computational modules, which is useful when performing complex

computations. .

The basic structure of a BDF Mixed input file is as follows:

#!name.bdf
Method/functional/basis sets Keyword Keyword = option Keyword = option 1, option 2

Keywords = Options

Geometry
Molecular structure information

End Geometry
Smodulenamel

# Comment statements
SEnd

Smodulename?

SEnd

A mixed input file can be divided into 4 input blocks, the first three of which are formatted for the simple input
mode of BDF and the fourth input block, which is what remains after End geometry , is in the same format as the
advanced BDF input and is used to provide precise control over the behavior of specific BDF calculation modules, and

these parameters are added to the corresponding BDF calculation modules with the highest control priority.

The BDF hybrid input format is described in detail using the cation of water as an example.

#!H20+.bdf
/3-21G iroot=4

Geometry

O 0.00000 0.00000 0.36827
H 0.00000 -0.78398 -0.18468
H 0.00000 0.78398 -0.18468

End Geometry

$Sscf
Charge # Specify the charge number as +1
1
molden # Export molecular tracks as molden format files

Send
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The above example adds a line starting with $scf and ending with $end to control the SCF module, in addition
to the required BDF simple input. This input is a mix of BDF simple and advanced inputs, and in the input of the SCF
module, with the keyword charge set to 1 for calculating H;O™ ions and the mo 1 den keyword controlling the output of
the converged SCF track to a molden format file, can be used to visualize molecular structure, orbitals, electron density,
analyze wave functions, or calculate single-electron properties. It should be noted that in the second command line of the
hybrid input format, charge = -1 can be used to control the calculation of H,O™ anions, but if the charge keyword
is also used in the later input of the scf module, the latter has the highest control priority and will override the input in the
command line. In other words, in the mixed input format, the advanced input keyword for each BDF calculation module

has the highest control priority.

3.2 Input format of molecular structure

The molecular structure input of BDF starts from Geometry and ends at End geometry , and can be entered

in three ways: Cartesian, Internal, or specified xyz file format.

Warning: The default unit for BDF input coordinates is A. If you need to enter the molecular structure in
atomic units, you need to use the keyword unit=Bohr . In BDF’ s simple input mode, unit=Bohr is placed in
the second control line. In case of advanced input mode Use the keyword unit in the Compass module and specify

the value as Bohr, see the example below.

Specify the molecular coordinate units in the control line of the concise input, and enter a bond length of 1.50 Bohr

for the H, molecule.

#! bdftest.sh
HF/3-21G unit=Bohr

Geometry
H 0.00 0.00 0.00
H 0.00 0.00 1.50
End geometry

In the advanced input mode, control the molecular coordinate units

Scompass
Geometry
H 0.00 0.00 0.00
H 0.00 0.00 1.50
End geometry

Basis

Unit

(continues on next page)
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(continued from previous page)

Send

3.2.1 Input of Cartesian Coordinate Format for Molecular Structure

Geometry # default coodinate unit is angstrom

O 0.00000 0.00000 0.36937
H 0.00000 -0.78398 -0.18468
H 0.00000 0.78398 -0.18468

End geometry

3.2.2 Input of internal coordinate format for molecular structure

The internal coordinates are entered in the format of defined key length, key angle, and dihedral angle, where the

key length is in angstroms and the key angle and dihedral angle are in degrees. Input Examples of input modes are as

follows.

Geometry

atoml

atom2 1 R12 # R12 is the bond length between atoms 2 and 1

atom3 1 R31 2 A312 # R31 is the bond length between atoms 3 and 1, and.

—A312 is the bond angle defined by atoms 3, 1 and 2

atom4 3 R43 2 A432 1 D4321 # R43 is the bond length between atoms 4 and 3, and.
—ad32 is the bond angle defined by atoms 4, 3 and 2, D4321 is the dihedral angle.
—~defined by atoms 4, 3, 2 and 1

atom5 3 R53 4 A534 1 D5341 # R53 is the bond length between atoms 5 and 3, and.
—~ab34 is the bond angle defined by atoms 5, 3 and 4, D5341 is the dihedral angle.
—~defined by atoms 5, 4, 3 and 1

End Geometry

Specifically, for water molecules, the internal coordinates are entered as follows.

Geometry
0
H 1 0.9

H 1 0.9 2 109.0
End geometry
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Internal coordinate input, using variables to define the value of internal coordinates as follows ( Coordinate variables

are currently only supported for simple input! ) :

Geometry

)

H 1 R1

H 1 R1 2 A1l # Define the intramolecular coordinates, and the coordinate.

—values are replaced by variables

R1 = 0.9 # Defines the value of the coordinate variable
Al = 109.0
End geometry

Warning:

* Note that the definition of internal coordinates should be kept on a blank line, and the values of internal

coordinates and coordinate variables should be separated by a blank line.

Internal coordinate format input, potential energy surface scan as follows (currently only simple input supports

potential energy surface scan! ):

Example 1: Coordinate input for H,O , potential energy surface scan, bond length starting at 0.75 A. The bond

length is calculated in steps of 0.05 A, with 20 points from smallest to largest.

Geometry

)

H 1 R1

H 1 R1 2 109 # The intramolecular coordinates are defined, and the OH bond.

—length is defined as the variable R1

R1 0.75 0.05 20 # Starting value of R1, scanning step size, number of scanning.
—points. Note to keep the blank line of the previous line

End geometry

Example 2: Concise input for H,O potential surface scan with bond length starting at 0.75 A. The bond length is
calculated in 0.05 A steps from smallest to largest 20 points. SCF takes the initial guess track via Read.

#! h2oscan.bdf

/3-21G Scan Guess=readmo

Geometry
o]
H 1 R1

(continues on next page)
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H 1 R1 2 A1l # The intramolecular coordinates are defined, the OH bond length.

—~is defined as the variable R1, and the Hoh bond angle is Al

Al = 109.0 # Define the value of the key angle, taking care to leave the.

—previous line blank

R1 0.75 0.05 20 # Define the starting value of OH bond length R1, scanning step.

—size and scanning points.

End geometry

3.2.3 Read the molecular coordinates from the specified file

Geometry
file=filename.xyz # Needs to be the file filename.xyz under the current job, only.

—xyz format is supported for input.

End geometry

3.2. Input format of molecular structure
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3.3 BDF output files

File Description
extension
.out Master output file

.out.tmp Sub-output files for structural optimization and numerical frequency tasks (output containing calculation

steps for energy, gradient, etc.)

.pesl Molecular structure (E), energy (Hartree) and gradient (Hartree/Bohr) for each step of the structure

optimization and numerical frequency task

.egradl Energy (Hartree) and gradient (Hartree / Bohr) of the last step of structural optimization and numerical

frequency task

.hess Hessian matrix (Hartree/Bohr”2)

.uni- Unimovib input file for thermochemical analysis
movib.input

.nac Non-adiabatic coupling vector (Hartree/Bohr)
.chkfil Temporary documents

.data- Temporary documents

punch

.optgeom | Molecular coordinates in standard orientation (Bohr). For the task of structural optimization, it is the

molecular coordinate of the last step of structural optimization

finaldens | Density matrix for the last step of SCF iteration

finalfock | Fock matrix for the last SCF iteration

.scforb Molecular orbitals for the last SCF iteration

.global.scforbFLMO/iOlI calculates the molecular orbitals of the last SCF iteration

frag- Output file related to the subsystem calculation of the FLMO/iOlI calculation

ment*.*

.ioien- 10Ol calculation of subsystem composition information for step 1 and subsequent macro iterations
large.out

Some computational tasks may produce other output files not listed above, which are generally temporary files.

3.4 Common units and conversions in quantum chemistry

Most of the internal operations of quantum chemistry programs use the atomic unit (a.u.) system. This eliminates the
need for unit conversions in various computational formulas, making the code simple and avoiding additional operations
and loss of precision. Quantitative programs also generally use the atomic unit system when outputting intermediate data,

but most of the data with chemical significance are converted to the usual units.

* Energy 1 a.u. = 1 Hartree
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e Mass 1 a.u. =1 m . (electron mass)

o Length 1 a.u. = 1 Bohr = 0.52917720859 A

* Electricity 1 a.u. = 1 e = 1.6022x10 " C

* Electron density 1 a.u. = le/Bohr

* Dipole moment 1 a.u. = I e - Bohr = 0.97174x10 ?2 V/m 2 = 2.5417462 Debye

¢ Electrostatic potential 1 a.u. = 1 Hartree/e

e Electric field 1 a.u. = 1 Hartree/(Bohr - e) = 51421 V/A

3.4.1 Energy unit conversions

1 unit = Hartree kJ - mol ! kcal - mol ! | eV cm !
Hartree 1 2625.50 627.51 27.212 2.1947x10°
kJ - mol ! 3.8088x10 4 | 1 0.23901 1.0364x10 2 | 83.593
kcal - mol ' | 1.5936x10 3 | 4.184 1 4.3363x10 % | 349.75
eV 3.6749x10 2 | 96.485 23.061 1 8065.5
cm ! 4.5563x10° | 1.1963x10 2 | 2.8591x10 3 | 1.2398x10* | 1
3.4.2 Length unit conversions

1 unit = | Bohr A nm

Bohr 1 0.52917720859 | 0.052917720859

A 1.88972613 | 1 0.1

nm 0.188972613 | 10 1

3.4. Common units and conversions in quantum chemistry
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QUICK START

This chapter introduces the basic use of the various functions of the BDF, and gives basic examples of calculations

and analysis of data readings for specific calculation functions.

This chapter introduces the basic use of the various functions of the BDF, and gives basic examples of calculations

and analysis of data readings for specific calculation functions.

4.1 First example RHF calculation for H20 molecules

Hartree-Fock is the most basic algorithm in quantum chemistry. In this subsection, we will guide the user through
a BDF calculation and analyze the input and output information by using an example of Hartree-Fock calculation for a
water molecule. Here, we first give the concise inputs to the BDF, and in order to understand the difference between the

concise and advanced input modes of the BDF, we also give the advanced input file for each concise input.

4.1.1 Preparing Inputs

First, prepare the input file for the Hartree-Fock calculation of the single-point energy of water molecules, named

h2o0. inp, with the following input:

#!bdf.sh
HF/3-21G

Geometry

)

H 1 R1

H 1 R1 2 109.

R1=1.0 # input bond length with the default unit angstrom
End geometry

The input is interpreted as follows.:

 The first line must start with # ! followed by a string named bdf . sh, this can be any letter and array of

words into a string, can not contain special characters other than . in addition to the special characters. The
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first line is the system reservation line, the user can use this string to mark the calculation task.

» The second line, HF /3-21G is the calculation parameter control line for the BDF. HF stands for Hartree-
Fock, and 3-21G specifies that the calculation uses the 3—21G basis group. The key parameter control line

can be multiple consecutive lines.

¢ The third row is an empty line and can be ignored. It is entered here to distinguish between different inputs

and to enhance the readability of the input, and is recommended to be kept by the user.

¢ The fourth and tenth lines are Geometry and End geometry , respectively, marking the start and end

of the molecular geometry input, and the default unit of coordinates is angstrom.

* The fifth through ninth lines enter the structure of the water molecule in the internal coordinate mode. (See

Internal coordinate format for molecular structure input for details)

This simple input corresponds to the advanced BDF input as follows :

Scompass
Geometry

0

H11.0

H11.0 2 109.
End geometry
Basis

# set basis set as 3-21g

Send

$xuanyuan

Send

Sscf
RHF # Restrictive Hartree-Fock Method
Charge # The charge of the molecule is set to 0, and the default calculation is.
—for neutral molecules with zero charge
0
Spinmulti # spin-multiplicity 2S+1, the default calculation is for double electron.
—system
1
Send

As can be seen from the advanced input, BDF will execute the modules COMPASS ; XUANYUAN and SCF
in order to complete the single-point energy calculation of the water molecule. COMPASS is used to read in the basic
information such as molecular structure, basis functions, etc., determine the symmetry of the molecule, rotate the molecule
to the standard orientation (Standard orientation, see the BDF use of group theory), generate the symmetry-adapted

orbitals, etc., and store such information into the h2o.chkfil . The keywords in COMPASS are

¢ The molecular structure defined between Geometry and End geometry;
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e Basis defines the basis group as 3-21G;

After executing the COMPASS module, BDF uses the XUANYUAN module to calculate the single and double
electron integrals. Since the BDF defaults to the SCF method of repeated calculation of double electron integrals, i.c.
Integral Direct SCF .

Finally, the BDF executes the SCF module to complete the Hartree-Fock based self-consistent field calculation.
» The RHF specifies the use of the restricted Hartree-Fock method;
e Charge specifies that the charge of the system is 0;
e Spinmulti specifies that the spin multi of the system is 1.

Here RHF is a mandatory keyword, and Charge and Spinmulti can be ignored for the restricted method.

4.1.2 Performing the calculation

To perform the calculation, a shell script named run. sh is prepared and placed in the directory where the input

file h2o. inp is located. The contents are as follows.

#!/bin/bash

# Set the BDF installation directory

export BDFHOME=/home/bsuo/bdf-pkg-pro

# Set the BDF temporary file storage directory
export BDF_TMPDIR=/tmp/SRANDOM

# Set the available heap memory to be unrestricted, which may be limited by system.
—administration if computing in a supercomputing environment

ulimit -s unlimitted

# Set the available computation time to be unlimited, which may be limited by system.
—administration if computing in a sSupercomputing environment

ulimit -t unlimitted

# Set the number of OpenMP parallel threads
export OMP_NUM_THREADS=4
# Set the OpenMP availale heap memory size

export OMP_STACKSIZE=1024M

# Perform BDF calculations, note that the default output is printed to standard output
$BDFHOME/sbin/bdfdrv.py -r h2o0.inp

The above isa Bash Shell script that defines some basic environment variables and executes the calculation using

$BDFHOME/sbin/bdfdrv.py. The environment variables defined in the script are:

* BDFHOME ariable specifies the directory where BDF is installed.
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e BDF_TMPDIR variable specifies the BDF runtime temporary file storage directory.

e ulimit -s unlimitted sets the available stack area memory for the program to be unlimitted.

e ulimit -t unlimitted sets the program execution time to be unlimited.

e export OMP_NUM_THREADS=4 sets the number of OpenMP threads available for parallel computation.

e export OMP_STACKSIZE=1024M sets the available Stack area memory for OpenMP to be 1024 megabytes.

The command to perform the calculation is

$ ./run.sh h2o0.inp &>h2o0.outé&

Since BDF prints the default output to the standard output, we use the Linux redirect command here to redirect the

standard output to the file h20. out .

4.1.3 Analysis of the calculation results

After the computation, the files h2o.out , h2o.chkfil , h2o.scforb will be obtained.
* h20.out is a text file, user readable, storing the BDF output printing information.

* h2o0.chkfil is a binary file, not user readable, used to pass data between different modules of the BDF; h2o.

chkfil is a binary file, not user readable, used to pass data between different modules of the BDF.

* h2o.scforb is a text file, user-readable, storing information on molecular orbital factors, orbital energies, etc.

for self-consistent iterations of scf, mainly used for restarting or as initial guess orbits for other scf calculations.

If the input file is in BDF simple input mode, h2o . out will first give some basic user setup information,

= BDF Control parameters

1: Input BDF Keywords
soc=None scf=rhf skeleton=True xcfuntype=None
xcfun=None direct=True charge=0 hamilton=None

spinmulti=1

2: Basis sets

['3-21g"]

3: Wavefunction, Charges and spin multiplicity

charge=0 nuclearcharge=10 spinmulti=1

5: Energy method

scf

7: Acceleration method

(continues on next page)
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(continued from previous page)

ERI

8: Potential energy surface method

energy

Here, the
e Input BDF Keywords gives some basic control parameters.
* Basis set gives the basis set used for the calculation.

e Wavefunction, Charges and spinmulti gives the system charges, total nuclear charges and spin
multiplicity (2S+1).

* Energy method gives the energy calculation method.
e Accleration method gives the two-electron integral calculation acceleration method.

e Potential energy surface method gives the potential energy surface calculation method, here it is a
single point energy calculation.

Subsequently, the system executes the **COMPASS**module, which gives the following prompt:

R I b b b b I b b b b 2 b b b S b b S b b b b b b b b I b b b b 2 b b b b 2 b b b b b b b I I b b b b 2 b b b i

Start running module compass

Current time 2021-11-18 11:26:28

R R R I b I b S b e S S e S b b b b b b b S b b b b I b b b S SR S b S S b b b b b b b b b b S b b3

The Cartesian coordinates of the input molecular structure in Bohr are then printed, as well as details of the basis

functions for each type of atom

Atom Cartcoord (Bohr) Charge Basis Auxbas Uatom Nstab Alink Mass
O 0.000000 0.000000 0.000000 8.00 1 0 0 0 E 15.9949
H 1.889726 0.000000 0.000000 1.00 2 0 0 0 E 1.0073
H -0.615235 1.786771 0.000000 1.00 2 0 0 0 E 1.0073

End of reading atomic basis sets

Printing basis sets for checking

(continues on next page)
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Atomic label: O 8

Maximum L 1 6s3p ————> 3s2p NBF = 9
#-—-—>s function
Exp Coef Norm Coef Con Coef
322.037000 0.192063E+03 0.059239 0.000000 0.000000
48.430800 0.463827E+02 0.351500 0.000000 0.000000
10.420600 0.146533E+02 0.707658 0.000000 0.000000
7.402940 0.113388E+02 0.000000 -0.404454 0.000000
1.576200 0.355405E+01 0.000000 1.221562 0.000000
0.373684 0.120752E+01 0.000000 0.000000 1.000000
#-——>p function
Exp Coef Norm Coef Con Coef
7.402940 0.356238E+02 0.244586 0.000000
1.576200 0.515227E+01 0.853955 0.000000
0.373684 0.852344E+00 0.000000 1.000000
Atomic label: H 1
Maximum L 0 3s ———-> 2s NBF = 2
#-——>s function
Exp Coef Norm Coef Con Coef
5.447178 0.900832E+01 0.156285 0.000000
0.824547 0.218613E+01 0.904691 0.000000
0.183192 0.707447E+00 0.000000 1.000000

Subsequently, the molecular symmetry is automatically determined and the rotation to the standard orientation mode

is decided according to the user settings.

Auto decide molecular point group! Rotate coordinates into standard orientation!
Threshold= 0.10000E-08 0.10000E-11 0.10000E-03

geomsort being called!

gsym: CO02V, noper= 4

Exiting zgeomsort....

Representation generated

Binary group is observed

Point group name C(2V) 4

User set point group as C(2V)
Largest Abelian Subgroup C(2V) 4
Representation generated

Cl2|V] 2

Symmetry check OK
Molecule has been symmetrized

Number of symmery unique centers: 2

(continues on next page)
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Atom Cartcoord (Bohr) Charge Basis Auxbas Uatom Nstab Alink Mass
0 0.000000 0.000000 0.000000 8.00 1 0 0 0 E 15.9949
H 1.889726 0.000000 0.000000 1.00 2 0 0 0 E 1.0073
H -0.615235 1.786771 0.000000 1.00 2 0 0 0 E 1.0073

Atom Cartcoord (Bohr) Charge Basis Auxbas Uatom Nstab Alink Mass
¢ 0.000000 -0.000000 0.219474 8.00 1 0 0 0 E 15.9949
H -1.538455 0.000000 -0.877896 1.00 2 0 0 0 E 1.0073
H 1.538455 -0.000000 -0.877896 1.00 2 0 0 0 E 1.0073

Careful users may have noticed that the coordinates of the water molecules here are different from the ones entered.
Finally, COMPASS generates symmetry adapted orbital and gives the integrable representations to which the dipole and
quadrupole moments belong, printing a multiplication table for the C (2v) point group, giving the total number of basis

functions and the number of symmetry adapted orbital for each integrable representation.

Number of irreps: 4
IRREP: 3 4 1
DIMEN: 1 1 1

Irreps of multipole moment operators

Operator Component Irrep Row
Dipole x B1 1
Dipole y B2 1
Dipole z Al 1
Quadpole XX Al 1
Quadpole Xy A2 1
Quadpole VA% Al 1
Quadpole XZ B1 1
Quadpole VZ B2 1
Quadpole 2% Al 1

Generate symmetry adapted orbital
Print Multab
1 2 3 4

2 1 4 3
3 4 1 2
4 3 2 1

(continues on next page)
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Symmetry adapted orbital

Total number of basis functions: 13 13
Number of irreps: 4

Irrep : Al A2 B1 B2

Norb : 7 0 4 2

Here, the C (2v) point group has 4 one-dimensional integrable representations, labeled A1, A2, B1, B2, with

7, 0, 4, 2 symmetrically matched orbitals, respectively.

Attention: Different quantum chemistry software may use different molecular standard orientations, resulting

in some molecular orbitals being labeled with different integrable representations in different programs.

Finally, the COMPASS calculation ends normally, giving the following output.

KK AR R A AR A AR A A A AR A A A A A A A AR A AR A A A AR A A A A A A A A KR A AR A A A A AR AR AR A AR A A A AR A A A A A AR A AR Xk K

Total cpu time: 0.00 S
Total system time: 0.00 s
Total wall time: 0.02 s

Current time 2021-11-18 11:26:28

End running module compass

KK AR A A A A A A A AR A AR A A A A A A A A A A AR A A A A A A A A A A A A AR A AN A IR A I A A A A A I A A A AR A AR A A A AR AR AR A Ak kK

Note: For each module execution of BDF, there will be informaton about the start of the execution and the time printed
after the end of the execution, so that it is convenient for the user to locate exactly which calculation module has made an

€rror.

The second module executed in this example is XUANYUAN, which is mainly used to calculate single and double
electron integrals. Here, the XUANYUAN module only calculates and stores single-electron integrals and special double-
electron integrals that require pre-screening of the integrals. If not specified, the BDF defaults to the direct calculation of
the double electron integral to construct the Fock matrix. If user write in compass module the key word Saorb, double
electron integral will be calculated and stored. The output of the XUANYUAN module is relatively simple and does not

require special attention. Here, we give the most critical output.
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[aoint_1le]
Calculating one electron integrals
S T and V integrals
Dipole and Quadupole integrals

Finish calculating one electron integrals

Timing to calculate l-electronic integrals

CPU TIME (S) SYSTEM TIME (S) WALL TIME (S)
0.017 0.000 0.000

Finish calculating le integral
Direct SCF required. Skip 2e integral!

Set significant shell pairs!

Number of significant pairs: 7
Timing caluclate K2 integrals.

CPU: 0.00 S¥Ss 0.00 WALL: 0.00

From the output we see that the single-electron overlap, kinetic and nuclear attraction integrals are computed, and
also the dipole and quadrupole moment integrals are computed. The two-electron integral calculation is ignored because

the input requires the default integration to be calculated directly by SCF (Direct SCF).

Finally, the BDF invokes the SCF module to perform the RHF self-consistent field calculation. Information of

interest are:

Wave function information

Total Nuclear charge 3 10
Total electrons 8 10
ECP-core electrons 3 0
Spin multiplicity (2S+1) 1
Num. of alpha electrons : 5
Num. of beta electrons 5

The nuclear charge number, the total electron number, the core electron number for the pseudopotential calculation,
the spin multiplicity, and the alpha and beta electron numbers are given here, and the user should check that the electronic
states are correct. Then, the scf module first calculates the atoms and generates the initial guess density matrix for the

molecular calculations.

[ATOM SCF control]
heff= 0

After initial atom grid

(continues on next page)
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Finish atom 1 O -73.8654283850
After initial atom grid

Finish atom 2 H -0.4961986360

Superposition of atomic densities as initial guess.

checking for possible linear correlations in the treatment of the basis functions.

Check basis set linear dependence! Tolerance = 0.100000E-04

It then proceeds to the SCF iterations, where after § iterations of convergence the accelerated convergence methods

such as DIIS and Level shift are turned off and the energies are recalculated.

Iter. idiis vshift SCF Energy Deltak RMSDeltaD MaxDeltaD Damping Times (S)
1 0 0.000 -75.465225043 -0.607399386 0.039410497 0.238219747 0.0000 0.00
2 1 0.000 -75.535887715 -0.070662672 0.013896819 0.080831047 0.0000 0.00
3 2 0.000 -75.574187153 -0.038299437 0.004423591 0.029016074 0.0000 0.00
4 3 0.000 -75.583580885 -0.009393732 0.000961664 0.003782740 0.0000 0.00
5 4 0.000 -75.583826898 -0.000246012 0.000146525 0.000871203 0.0000 0.00
6 5 0.000 -75.583831666 -0.000004768 0.000012300 0.000073584 0.0000 0.00
7 6 0.000 -75.583831694 -0.000000027 0.000001242 0.000007487 0.0000 0.00
8 7 0.000 -75.583831694 -0.000000000 0.000000465 0.000002549 0.0000 0.00
diis/vshift is closed at iter = 8
9 0 0.000 -75.583831694 -0.000000000 0.000000046 0.000000221 0.0000 0.00

Label CPU Time SYS Time Wall Time

SCF iteration time: 0.017 s 0.017 s 0.000 s

Finally, the energy contributions and the Viry ratios of the different terms are printed.

Final scf result

E_tot = -75.58383169
E_ele = -84.37566837
E_nn = 8.79183668
E_le = -121.94337426
E_ne = -197.24569473
E_kin = 75.30232047
E_ee = 37.56770589
E_xc = 0.00000000
Virial Theorem 2.003738

According to the Virial Theorem, the absolute value of the total potential energy of the system is two times the kinetic

energy of the electron for a non-relativistic system, where the Virial ratio is 2 . 003738. The energy of the system is:

e E_tot is the total energy of the system, i.e., E_ele +E_nn;
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e E_ele is the electron energy, i.e. E_le + E_ee + E_xcC;

e E_nn is the nuclear repulsion energy;

¢ E_le is the single electron energy, i.e. E_ne + E_kin;

* E_ne is the energy of attraction of the nucleus to the electron;

e E_kin is the electron kinetic energy;

* E_ee is the two-electron energy, including Coulomb repulsion and exchange energy.

e E_xc is the exchange-related energy, which is not O for DFT calculation.

The output of the energy printout is the occupancy of the orbitals, the orbital energy, the HUMO-LOMO energy

and the energy gap, as shown below.

[Final occupation pattern: ]

Irreps: Al A2 B1 B2

detailed occupation

1.00 1.00 1.00 O.

for iden/irep: 1 1
00 0.00 0.00 0.00

detailed occupation for iden/irep: 1 3
1.00 0.00 0.00 0.00
detailed occupation for iden/irep: 1 4
1.00 0.00
Alpha 3.00 0.00 1.00 1.00
[Orbital energies:]
Energy of occ-orbs: Al 3
-20.43281195 -1.30394125 -0.52260024
Energy of vir-orbs: Al 4
0.24980046 1.23122290 1.86913815 3.08082943
Energy of occ-orbs: B1 1
-0.66958992
Energy of vir-orbs: B1 3
0.34934415 1.19716413 2.03295437
Energy of occ-orbs: B2 1
-0.47503768
Energy of vir-orbs: B2 1
1.78424252
Alpha HOMO energy: -0.47503768 au -12.92643838 eV Irrep:

B2

(continues on next page)
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Alpha LUMO energy: 0.24980046 au 6.79741929 eV Irrep: Al
HOMO-LUMO gap: 0.72483814 au 19.72385767 eV
Here

* [Final occupation pattern:] gives the orbital occupation. Since we are performing a restricted
Hartree-Fock calculation, the occupation is given only for the Alpha orbit, which is given separately according
to the integrable representation. From this example, it can be seen that the first 3 of the A1 orbitals and the 1st of
the B1 and B2 orbitals are occupied by 1 electron each. Since this example is an RHF, the alpha and beta orbitals

are the same, so Al indicates 3 double-occupied orbitals, and B1 and B2 indicate 1 double-occupied orbital each.
e [Orbital energies:] The orbital energies are given separately according to the integrable representation.

e Alpha HOMO energy: gives the HOMO orbital energy in units au and eV; the integrable representation to
which the orbital belongs, in this case B2.

e Alpha LUMO energy: the LUMO orbital energy is given in units of au and eV; the integrable representation

to which the orbital belongs, in this case Al.
e HOMO-LUMO gap: gives the energy difference between the HOMO and LUMO orbitals.

In order to reduce the number of output lines, BDF does not print the orbital composition and molecular orbital coef-
ficients by default, but only gives the partial orbital occupation and orbital energy information according to the integrable
representation. Only partial orbital occupancies and orbital energy information are given according to the integrable

representation categories, as follows.

Symmetry 1 Al

Orbital 1 2 3 4 5 6
Energy -20.43281 -1.30394 -0.52260 0.24980 1.23122 1.86914
Occ No. 2.00000 2.00000 2.00000 0.00000 0.00000 0.00000

Symmetry 2 A2

Symmetry 3 Bl

Orbital 8 9 10 11
Energy -0.66959 0.34934 1.19716 2.03295
Occ No. 2.00000 0.00000 0.00000 0.00000

Symmetry 4 B2

Orbital 12 13

(continues on next page)
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Energy -0.47504 1.78424
Occ No. 2.00000 0.00000

The SCF module finally prints the results of Mulliken and Lowdin Bourdin analysis, with information on the dipole

moments of the molecules.

[Mulliken Population Analysis]

Atomic charges:

10 -0.7232
2H 0.3616
3H 0.3616
Sum: -0.0000

[Lowdin Population Analysis]

Atomic charges:

10 -0.4756
2H 0.2378
3H 0.2378
Sum: -0.0000

[Dipole moment: Debye]

X Y Z
Elec:-.1081E-64 0.4718E-32 -.2368E+01
Nucl:0.0000E+00 0.0000E+00 0.5644E-15
Totl: -0.0000 0.0000 -2.3684

Hint:

1. add the iprtmo keyword to the input of the SCF module with a value of 2 to output detailed information about

the molecular orbitals.

2. add the molden keyword to the input of the SCF module to output the molecular orbitals and occupancies as
a molden format file, which can be used by third-party programs for visualization or wave function analysis (such as

GabEdit, JMol, Molden, Multiwfn), to calculate wavefunction analysis , or calculate single electron property .
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4.2 Gaussian basis set

In order to solve the Hartree-Fock, Kohn-Sham DFT equations, it is necessary to expand the molecular orbitals into

linear combinations of single-electron basis functions.

i(r) = Crix1(r) + Caix2(r) + Csix3(r) + - + Cnixn (1)

In quantum chemistry calculations, the basis functions have only mathematical meaning, not physical meaning. The more
basis functions there are, the more accurate the result will be, but it also depends on how well the basis functions are set
up. The Complete Basis Set Limit (CBS) is reached when there are infinitely many basis functions, which is called a
complete set, and the molecular orbitals can be perfectly expanded. The actual use of a finite basis set does not reach the

CBS, and the resulting error in the calculation result is called the basis set incompleteness error.

As many basis functions as are used, as many molecular orbitals are produced, but only occupied orbitals, and lower
order non-occupied orbitals (valence level empty orbitals) are usually chemically meaningful. If the basis functions are
taken to be atomic orbitals, it is called linear combination of atomic orbitals (LCAO), but this is only a concept in structural

chemistry, and the basis functions used in actual calculations are not the real atomic orbitals.
The commonly used basis functions in quantum chemistry are as follows.

1. Gauss type orbital (GTO) basis functions: Most quantum chemistry programs use GTO basis functions because

they are mathematically easy to calculate two-electron integrals.

2. Slater orbital (Slater type orbital, STO) basis functions: Semi-empirical and used by a few quantum chemistry
programs (e.g. ADF). It is difficult to calculate two-electron integrals, but its radial behavior is closer to the actual
atomic orbitals than the GTO basis functions, so that only a small number of STOs are needed to achieve a large
number of GTO results.

3. Plane wave: A basis function specifically suitable for periodic calculations and much less cost effective than the

GTO basis function for isolated systems.

4. Numerical atomic orbital (NAO) basis functions: Few programs support them, typically Dmol3, Siesta. NAO basis

functions do not have an analytic mathematical form, but are described by discrete distributions of points.
The STO basis function was used in the early days of BDF software, and the GTO basis function is mainly used now.

For GTO basis functions with orbital angular momentum L higher than p* (e.g., GTO basis functions such as *d . f,
etc.), there are two ways to represent them. One is written in the form of a Cartesian function (also called a right-angle

function).
Na'®yl 2 exp(—ar?), L=lz+ly+lz

Ithas (L + 1)(L 4 2)/2 components, e.g., the d function contains xx, yy, zz, Xy, Xz, yz. The other is written in the

form of a spherical function (also called a spherical harmonic function, pure function).
NYErlexp(—ar?)

It has 2L + 1 components, for example, the d function contains -2, -1, 0, +1, +2,
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The advantage of the Cartesian function is that it is easy to calculate the integral, but there are redundant functions;

whereas the spherical function corresponds to exactly (L + 1)(L + 2)/2 magnetic quantum numbers, so in quantum

chemistry programs the integral is usually calculated first under the Cartesian function and then combined into the integral

of the spherical function by a certain linear relation [53].

Attention:

1. most modern Gaussian basis sets are optimized under spherical basis functions, except for the older basis sets

such as Pople type.

2. Cartesian basis functions have no advantage in terms of accuracy or efficiency, especially for all-electron rel-
ativity calculations, which also lead to numerical instability, so spherical basis functions are always used in

BDF calculations.

3. Cartesian and spherical basis functions lead to different results. If the results of BDF calculations are repeated
with other quantum chemistry programs, it is necessary to check whether the spherical basis functions are

used, in addition to ensuring that the structure, method, and basis set are the same.

In the literature, data sets of optimized GTO basis functions for various atoms in different situations have been

created and given different names to be called by quantum chemistry programs. These named GTO basis function data

sets are called Gaussian Basis Sets., the Gaussian Basis Sets built into the BDF are mainly from the following Basis Set

Repository websites, and the original literature on the various Basis Sets can be found at the corresponding websites.

Basis Set Exchange [54] : All-electron basis sets, scalar ECP basis sets, can be exported in BDF format (note:

ECP basisets have to be manually repositioned for ECP data) . https://www.basissetexchange.org/

Stuttgart/Cologne pseudopotential basis set library: mainly SOECP basis sets, and a few early scalar ECP basis
sets. http://www.tc.uni-koeln.de/PP/clickpse.en.html

Turbomole basis set library:all-electron basis set, scalar ECP basis set, SOECP basis set. http://www.cosmologic-

services.de/basis-sets/basissets.php

Dyall Relativistic Basis Set: All-electron relativistic basis set. http://dirac.chem.sdu.dk/basisarchives/dyall/index.
html

Sapporo basis set library: all-electron basis sets. http://sapporo.center.ims.ac.jp/sapporo/
Clarkson University ECP basis set library: SOECP basis set. https://people.clarkson.edu/~pchristi/reps.html
ccECP Basis Set Library: Scalar ECP Basis Sets. https://pseudopotentiallibrary.org/

In addition, there are individual elements with built-in motifs from the original literature.

All-electron basis set Dirac-RPF-4Z and Dirac-aug-RPF-4Z, including s-. p-region elements [55], d-region ele-

ments [56], f-region elements [57]

Pseudopotential basis set Pitzer-AVDZ-PP ., Pitzer-VDZ-PP. Pitzer-VTZ-PP [58]
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e Ce-Lu[59], Fr-Pu[60], Am - Og [61, 62] in the pseudopotential basis set CRENBL (Note: the Am - Og basis

set on the Basis Set Exchange is wrong!)

* Am - Og [61, 62] in the pseudopotential basis set CRENBS (Note: the Am - Og basis set on Basis Set Exchange

is wrong!)
e Ac, Th, Pa[63] , U [64] in the pseudopotential basis set Stuttgart-ECPMDFSO-QZVP

BDF users can use either the standard basis sets from the BDF basis set library or custom basis sets.

4.2.1 All-electron basis sets

All-electron basis sets are divided into two categories: non-shrinking basis sets and shrinking basis sets. The former
can be used for both non-relativistic and relativistic calculations, but mainly for relativistic calculations, while the latter is

divided into non-relativistic shrinkage basis sets and relativistic shrinkage basis sets.

All-electron relativistic calculations use Hamiltonians such as DKH, ZORA, X2C, etc. that take relativistic effects
into account (see Relativistic effects ) , when it is necessary to use shrinkage basis sets optimized specifically for
relativistic calculations, such as the cc-pVnZ-DK series, SARC, ANO-RCC, etc. Most relativistic shrinkage basis sets
treat the nucleus as a point charge, but some do take into account the nucleus distribution size effect when doing the
shrinkage, which has the most pronounced effect on the shrinkage factor of the s and p asis functions. Accordingly, a

finite nucleus model must also be used in the calculation of molecular integrals. finite nucleus model ,

4.2.2 Pseudopotential basis sets

The Effective Core Potential (ECP) includes the Pseudopotential (PP) and the Model Core Potential (MCP). The PP
in quantum chemical calculations is not fundamentally different from the PP in plane wave calculations, except that it is
expressed in a concise analytic form. Most quantum chemistry software, including BDF, supports PP, but fewer quantum

chemistry software support MCP, so the names ECP and PP can be used interchangeably without ambiguity.

The pseudopotential basis set needs to be used in conjunction with the pseudopotential, and the basis functions
describe only the valence level electrons of the atoms. When heavier elements are involved in the system, the pseudopo-
tential basis set is usually used for them, while the normal basis set is used for the other atoms as usual. The Lan series,
the Stuttgart series, and the cc-pVnZ-PP series all belong to this set. For ease of recall, the pseudopotential basis sets of
some lighter elements are actually non-relativistic all-electron basis sets, such as the Def?2 series of basis sets for elements

before the fifth period.

The pseudopotential basis sets are divided into scalar pseudopotential basis sets and spin-orbit coupled pseudopo-

tential (SOECP) basis sets, depending on whether the pseudopotential contains a spin-orbit coupling term or not.
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4.2.3 Custom basis set files

The BDF can use non-built-in basis sets, where the basis set data is saved in a text format basis set file, placed in the

calculation directory, with the file name is the name of the base set to be referenced in the BDF.

Warning: The file name of the custom base set file must be in all capital letters | However, when referenced

in the input file, the case is arbitrary.

For example, create a text file MYBAS-1 in the calculation directory (note: if you create a text file under Windows

OS, the system may hide the extension .zxt, so the actual name is MYBAS-1.txt) with the following contents

# This is my basis set No. 1. # any blank lines and # leading comment.
—lines

# Supported elements: He and Al

WAL # a line beginning with four asterisks, .
—~followed by a base set of elements
He 2 1 # element sign, nuclear charge number, .
—highest angular momentum of basis function
S 4 2 # S type GTO basis function, 4 original.
—functions reduced to 2

3.836000E+01 # exponents of four S-type Gaussian.
—primitive functions

5.770000E+00

1.240000E+00

2.976000E-01

2.380900E-02 0.000000E+00 # Two colums of contraction factors, .

—corresponding to two contraction S-type GTO basis functions

1.548910E-01 0.000000E+00
4.699870E-01 0.000000E+00
5.130270E-01 1.000000E+00
2 2 2 # P type GTO basis function, two original.

—functions are reduced to two
1.275000E+00
4.000000E-01

1.0000000E+00 0.000000E+00
0.0000000E+00 1.000000E+00
RIEFEILS # four asterisks end the base set of he, followed by the.

—base set of another element, or end
Al 13 2
(ellipsis)

In the above basis set, the P function is not contracted and can also be written in the following form.
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(s function, ellipsis)

P

2 0

# 0 indicates non shrinkage,

—not required at this time
1.275000E+00
4.000000E-01

* % Kk %

(ellipsis)

and the shrinkage factor is.

For pseudopotential basis sets, it is also necessary to provide ECP data after the valence basis function. For example

KKk Kk ok

—note
Al
S
-0.
-0.
0
0
I
=0
-0
0
0
D
1
ECP
Al

—angular momentum,

# for the price basis function, the.

.0000000000
.0000000000
.0000000000
.0000000000

o = O O

# ECP data section

is the same as above
13 2
4 3
14.68000000
0.86780000
0.19280000
0.06716000
0022368000 0.0000000000
2615913000 0.0000000000
.6106597000 0.0000000000
.5651997000 1.0000000000
4 2
6.00100000
1.99200000
0.19480000
0.05655000
.0034030000 0.0000000000
.0192089000 0.0000000000
.4925534000 -0.2130858000
.6144261000 1.0000000000
1 1
0.19330000
.0000000000
10 2 # element

D potential 4

— function)
2 1.22110000000000 =
< below)
2 3.36810000000000 =3
2 9.75000000000000 -16
1 29.26930000000000 -6

soecp maximum

.53798100000000

symbol, number of core electrons, ECP maximum.
angular momentum (optional)

# ECP maximum angular momentunz(Du

# R power, exponent, factor (the same.

.45975600000000
.65534300000000
.47521500000000

(continues on next page)

44

4. Quick Start




BDF-Manual

(continued from previous page)

S potential 5 # S number of items projected
2 1.56310000000000 -56.20521300000000
2 1.77120000000000 149.68995500000000
2 2.06230000000000 -91.45439399999999
1 3.35830000000000 3.72894900000000
0 2.13000000000000 3.03799400000000
P potential 5 # P number of items projected
2 1.82310000000000 93.67560600000000
2 2.12490000000000 -189.88896800000001
2 2.57050000000000 110.24810400000000
1 1.75750000000000 4.19959600000000
0 6.76930000000000 5.00335600000000
P so-potential 5 # the number of items projected by.

—P so. Scalar ECP does not have this part

2 1.82310000000000 1.51243200000000 # Scalar ECP does not have this part
2 2.12490000000000 -2.94701800000000 # Scalar ECP does not have this part
2 2.57050000000000 1.64525200000000 # Scalar ECP does not have this part
1 1.75750000000000 -0.08862800000000 # Scalar ECP does not have this part
0 6.76930000000000 0.00681600000000 # Scalar ECP does not have this part
D so-potential 4 # the number of items of D so.
—projection. Scalar ECP does not have this part
2 1.22110000000000 -0.00138900000000 # Scalar ECP does not have this part
2 3.36810000000000 0.00213300000000 # Scalar ECP does not have this part
2 9.75000000000000 0.00397700000000 # Scalar ECP does not have this part
1 29.26930000000000 0.03253000000000 # Scalar ECP does not have this part

* Kk kK

For scalar ECP, the SOECP highest angular momentum is 0 (which can be omitted and not written), and it is not

necessary to provide the data for the SO projection part.

Once the above data is saved, the MYBAS—1 base set can be called in the BDF input file, which is achieved by the
following hybrid input mode.

#!bdfbasis.sh
HF /genbas

Geometry

End geometry

$Compass
Basis
mybas-1 # give the name of the base set file in the current directory. It.

—1s not case sensitive here

(continues on next page)
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SEnd

The custom base set must be entered in BDF’ s mixed mode. In the second line the input base set is set to genbas,
and the custom base set file name needs to use the keyword Basis in the COMPASS module with a value of mybas-1,
which means that the base set file named MYBAS—-1 is called.

4.2.4 Basis set designation

Use the same BDF built-in basis set for all atoms

In simple input mode, the basis set is specified in method/generic/basis set ormethod/basis set.
Here, the basis sets are the BDF built-in ones listed in the previous sections base set names, and the input characters

are case-insensitive, as follows.

#! basisexample.sh

TDDFT/PBEO/3-21g

Geometry
H 0.000 0.000 0.000
Cl 0.000 0.000 1.400

End geometry

#! basisexample.sh

HF/lanl2dz

Geometry

H 0.000 0.000 0.000
Cl 0.000 0.000 1.400

End geometry

In case of advanced input mode, the basis set used for the calculation is specified in the compa s s module using the

keyword basis, for example

Scompass

Basis

Geometry
H 0.000 0.000 0.000
Cl 0.000 0.000 1.400

End geometry
Send

where 1anl2dz calls the built-in LanL.2DZ basis set (registered in the basisname basisname file), which is

case-insensitive.
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Specifying different basis sets for different elements

You have to use the mixed input mode, i.e. set the basis set to genbas in Methods/Generic/Bases, and add

the COMPASS module input, specifying the basis set using the basis-block -end basis keyword.

If you specify a different name for a different element, you need to put it in the COMPASS module’ s ba-
sis-block ---end basis block. where the first line is the default base set and the subsequent lines specify other
base sets for different elements in the format element= base set name * or *elementl, element2, ---,element n= base set

name ,

For example, an example of using different basis sets for different atoms in mixed input mode is as follows.

#! multibasis.sh

HF /genbas
Geometry
H 0.000 0.000 0.000
Cl 0.000 0.000 1.400

End geometry

Scompass
Basis-block
lanl2dz
H = 3-21g
End Basis

Send

In the above example, the 3-21G basis set is used for H, while the default Lan.2DZ basis set is used for Cl which is
not additionally defined.

In case of advanced input, the following is used.

Scompass

Basis-block

lanl2dz
H = 3-21g
End Basis
Geometry
H 0.000 0.000 0.000
Cl 0.000 0.000 1.400

End geometry
Send

Assigning different basis sets to different atoms of the same element

The BDF can also assign different base sets with different names to different atoms of the same element, which need

to be distinguished by an arbitrary number after the element symbol to distinguish them. For example
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#! CH4.sh

RKS/B3lyp/genbas

Geometry
C 0.000 -0.000 0.000
H1 -0.000 -1.009 -0.357
H2 -0.874 0.504 -0.457
H1 0.874 0.504 -0.357
H2 0.000 0.000 1.200

End geometry

Scompass

Basis-block

6-31g
Hl= cc-pvdz
H2= 3-21g

End basis
Send

In the above example, the cc-pVDZ basis set is used for the two hydrogen atoms of type H1, the 3-21G basis set for
the two hydrogen atoms of type H2, and the 6-31G basis set for the carbon atoms. Note that the symmetry equivalent
atoms must use the same basis set, which will be checked by the program; if the symmetry equivalent atoms have to use

different basis sets, the symmetry can be set to a lower point set symmetry by Group or turned off with Nosymm.

4.2.5 Auxiliary basis sets

The method using density fitting approximation (RI) requires an auxiliary basis set. the Ahlrichs family of basis sets
and the Dunning correlation consistency basis set as well as other individual basis sets have specially optimized auxiliary
basis sets. the auxiliary basis sets can be specified in BDF by the RI-J, RI-K and RI-C keywords in compass. RI-J is
used to assign coulomb fitting basis set, RI—K is used to assign coulomb exchange fitting basis set, RI—C assign coulomb
correlation fitting basis set. The auxiliary basis sets supported by BDF are stored in the corresponding folder under the
$BDFHOME /basis_library path,

High-level density fitting bases can be used on lower-level bases, e.g. cc—-pVTZ/C can be used to do RI-J on
cc—pVTZ, and for pople series bases such as 6-31G** that do not have a standard auxiliary base, cc—pVTZ/J can
be used to do RI-J or RIJCOSX. Conversely, a high-level orbital basis set combined with a low-level auxiliary basis set

introduces a more significant error.

$SCompass

Basis

RI-J

(continues on next page)
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Geometry
© 1.08411 -0.01146 0.05286
H 2.17631 -0.01146 0.05286
H 0.72005 -0.93609 0.50609
H 0.72004 0.05834 -0.97451
H 0.72004 0.84336 0.62699

End Geometry
SEnd

In the above example, the de £2—-SVP basis set was used to calculate the CH4 methane molecule, while the def2-SVP

standard Coulomb fitting basis set was used for accelerated calculations.

Hint: The RI calculation function of BDF is used to accelerate wave function calculation methods such as MCSCF .,
MP2 etc. It is not recommended for users in SCF . TDDFT, etc. The MPEC method does not depend on redundant
functions and is comparable to the RI method in terms of computational speed and accuracy. The MPEC method does

not depend on the redundancy function and is comparable to the RI method in terms of speed and accuracy.

4.3 Exchange-dependent generalized functions supported by BDF

The density flooding theory (DFT) of the BDF supports restricted, unrestricted and restricted open-shell Kohn-Sham
calculations, referred to as RKS, UKS and ROKS, respectively. The inputs are close to those of RHF, UHF and ROHF.
The key is to specify the exchange-related generic functions. bdf supports a variety of generic functions such as LDA,
GGA, Meta-GGA, Hybrid, RS Hybrid and Hyrid Meta-GGA.

Attention:

1. VWNS5 is used for the LDA correlation term of B3LYP, while VWN3 is used for the LDA correlation term
of GB3LYP corresponding to B3LYP in the Gaussian program 2,

2. For range-separated generalized calculations, the rs values must be set manually in the Xuanyuan module
(see the list of keywords in the xuanyuan module ) , wB97, wB97X, CAM-B3LYP and LC-BLYP have rs
values of 0.40, 0.30, 0.33 and 0.33, respectively,

3. For the two-hybrid generalized function calculation, an MP 2 module must be added after the SCF module (see

example test116 in the example description ) and the final result is read from the output of the MP2 module.

4. User-defined generalized functions can be implemented in the SCF module by adjusting the proportion of HF
exchange terms and the proportion of MP2 related terms in the generalized function using the facex and

facco keywords (see the list of keywords in the SCF module ) .
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5. BDF uses libxc, in principle supports all the general functions included in libxc, but it takes time to refine and

add. Users can give us feedback on the required generic functions so that we can add them as needed.

Note that while all general functions support (without dispersion correction) single-point energy calculations for the
ground state, some functions are only partially supported by the general function are supported. The following is a list of

the general functions supported for various computational tasks.

4.4 Self-consistent field methods: Hartree-Fock and Kohn-Sham

The self-consistent fields of the BDF include the Hartree-Fock and Kohn-Sham methods.

4.4.1 Restricted Hartree-Fock Method

An example of the Restricted Hartree-Fock method (RHF) was mentioned in the first example section and will not

be repeated here.

4.4.2 Unrestricted Hartree-Fock method

For systems with unpaired electrons, the UHF method is required, and the restricted open-shell Hartree-Fock (RHF)
method can also be used, see later. For odd-electron systems, the BDF defaults to a spin multiplet of 2 and uses the UHF

calculation. For example, to calculate the C3Hs molecule,

#!bdf.sh

UHF/3-21G

geometry

© 0.00000000 0.00000000 0.00000000
C 0.00000000 0.00000000 1.45400000
€ 1.43191047 0.00000000 1.20151555
H 0.73667537 -0.61814403 -0.54629970
H -0.90366611 0.32890757 -0.54629970
H 2.02151364 0.91459433 1.39930664
H 2.02151364 -0.91459433 1.39930664
H -0.79835551 0.09653770 2.15071009

end geometry

The output of the UHF calculation is similar to that of the RHF, in that the output from the scf module can be

checked for correct charge and spin multiplicity.
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Wave function information

Total Nuclear charge : 23
Total electrons 3 23
Ecp-core electrons : 0
Spin multiplicity(2S+1) : 2
Num. of alpha electrons : 12
Num. of beta electrons : 11

The orbital occupancy is given separately for Alpha and Bet a orbitals.

[Final occupation pattern: ]

Irreps: A

detailed occupation for iden/irep: 1 1
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00

Alpha 12.00

detailed occupation for iden/irep: 2 1
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1 1 1
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00

Beta 11.00

The orbital energy, HOMO-LUMO gap is also printed separately according to Alpha and Beta orbits.

[Orbital energies:]

Energy of occ-orbsA: A 12
-11.18817955 -11.18789391 -11.17752809 -1.11801069 -0.85914580
-0.78861789 -0.65514687 -0.61300160 -0.55514631 -0.49906127
-0.37655522 -0.30477047
Energy of vir-orbsA: A 25
0.18221017 0.28830234 0.31069644 0.32818004 0.35397043
0.38822931 0.42917813 0.49394022 0.93909970 0.94842069
0.96877856 0.97277131 1.02563249 1.05399606 1.11320732
1.17687697 1.26547430 1.31245896 1.32719078 1.34493766
1.37905664 1.45903968 1.80285556 1.93877012 2.01720415

(continues on next page)
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Energy of occ-orbsB: A 11
-11.19670896 -11.16769083 -11.16660825 -1.07470168 -0.84162305
-0.74622771 -0.63695581 -0.58068095 -0.53876236 -0.46400924
-0.37745766
Energy of vir-orbsB: A 26
0.15755278 0.18938428 0.30608423 0.33204779 0.33996597
0.38195612 0.39002159 0.43644421 0.52237314 0.94876233
0.96144960 0.97568581 1.01804430 1.05467405 1.09547593
1.13390456 1.19865205 1.28139866 1.32654541 1.33938005
1.34914150 1.38200544 1.47565481 1.79509704 1.96917149
2.03513467
Alpha HOMO energy: -0.30477047 au -8.29322996 eV Irrep: A
Alpha LUMO energy: 0.18221017 au 4.95819299 eV Irrep: A
Beta HOMO energy: -0.37745766 au -10.27114977 eV Irrep: A
Beta LUMO energy: 0.15755278 au 4.28723115 eV Irrep: A
HOMO-LUMO gap: 0.46232325 au 12.58046111 ev

Other output information can be found in the example of RHF calculation and will not be described in detail here.

4.4.3 Restricted open-shell Hartree-Fock method

Restricted open-shell Hartree-Fock (Restricted open-shell Hartree-Fock - ROHF) can also be calculated for the

open-shell molecular system. An example of ROHF calculation for the CH; triplet state is given here.

#!bdf. sh
rohf/cc-pvdz spinmulti=3

geometry  # M AMAFEAI Angstrom

© 0.000000 0.00000 0.31399
H 0.000000 =1,65723 -0.94197
H 0.000000 1.65723 -0.94197

end geometry

Here, the ROHF is specified in the second line and the triplet state is calculated using the keyword spinmulti=3,
The output of ROHF is similar to that of The output of ROHF is similar to UHF, but its A1pha orbitals are the same as

Beta so the corresponding A1pha Fl Beta orbitals are equal in energy, as follows.

[Orbital energies:]

Energy of occ-orbsA: Al 3
-11.42199273 -0.75328533 -0.22649749
Energy of vir-orbsA: Al 8

(continues on next page)
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0.05571960 0.
1.34522491 1o

Energy of vir-orbsA:

1.34320056 i

Energy of occ-orbsA:
-0.37032603

Energy of vir-orbsA:

0.06082087 0.

1.91351353

Energy of occ-orbsA:
-0.16343739

Energy of vir-orbsA:

0.65138659 i

Energy of occ-orbsB:

-11.42199273 =0

Energy of vir-orbsB:

-0.22649749 0.
1.29429307 i,

Energy of vir-orbsB:

1.34320056 i

Energy of occ-orbsB:
-0.37032603

Energy of vir-orbsB:

0.06082087 0.

1.91351353
Energy of vir-orbsB:

-0.16343739 0

61748052
56472153
A2
53663810

B1

Bl
66761691

B2

B2
35768658

Al
75328533
Al
05571960
34522491
A2
53663810

B1

B1
66761691

B2
.65138659

0.70770696 0.83653819

1.87720054
2

6

0.77091474 1.23122892

3
1.54657952

9

0.61748052 0.70770696
1.56472153 1.87720054

2

6

0.77091474 1.23122892

4

1.35768658 1.54657952

1.29429307

1.51131609

0.83653819

1.51131609

Due to the different occupation numbers of Alpha and Beta orbitals, the HOMO, LUMO orbitals, and orbital

energies of Alpha iffer from those of Bet a, as follows. .. code-block:

Alpha HOMO energy:
Alpha LUMO energy:
Beta HOMO energy:
Beta LUMO energy:
HOMO-LUMO gap:

-0.16343739 au —-4.44735961

0.05571960 au 1.51620803
-0.37032603 au -10.07708826
-0.22649749 au -6.16331290

-0.06306010 au

-1.71595329 eV

eV
eV
eV
eV

Irrep:
Irrep:
Irrep:

Irrep:

B2
Al
B1
Al

4.4. Self-consistent field methods: Hartree-Fock and Kohn-Sham

53




BDF-Manual

4.4.4 RKS, UKS, and ROKS Calculations

For the Restricted Kohn-Sham (RKS) method, an example of the RKS calculation for an H,O molecule is given

here in a concise input mode, using the B3lyp generalized function.

#!bdf. sh
/3-21G

geometry

O

H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length, unit is Angstrom

end geometry

The corresponding advanced mode input is:

Scompass

geometry # On default: bond length unit in angstrom
o

h11.0

h11.0 2 109.

end geometry

basis

Send

$Sxuanyuan

Send
SsGiE
rks # Restricted Kohn-Sham calculation

dft # ask for B3lyp functional, it is different with B3lyp implemented in Gaussian.

Send

Here, the input requires the use of the B31yp generic function. Compared to Hartree-Fock, the output has an

additional contribution from the Exc term, as follows.

Final scf result

E_tot = -75.93603354
E_ele = —-84.72787022
E_nn = 8.79183668
E_le = -122.04354727

(continues on next page)
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E_ne = -197.45852687

E_kin = 75.41497960

E_ee = 44.81744844

E_xc = =7.50177140
Virial Theorem 2.006909

The ROKS calculation for the H,O™ ion is succinctly entered as follows.

#!bdf.sh
ROKS/B3lyp/cc—pvdz charge=1

geometry
O
H 1 RI1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry

Hint: In contrast to Hartree-Fock, Kohn-Sham requires the use of the dft keyword in advanced input to specify the
exchange-related generic function. For concise input, only the exchange-dependent generic function and basis group need
to be specified. The system will choose to use RKS or UKS depending on the spin state, and must be entered explicitly
if ROKS is to be used.

4.4.5 Kohn-Sham calculations based on RS heterogeneous generalizations

CAM-B3LYP and other RS hybridization generalization functions, dividing the Coulomb interaction into long and

short ranges, the

L 1—[a+B-erf(uri2)] +04+5'€7"f(l”"12)

T12 T12 T12

When using the BDF advanced input, the ;, parameter can be adjusted using the keyword RS in the xuanyuan module. the
default ;¢ parameter for CAM-B3lyp is 0.33. other p values in RS Hybrid GGA see RSOMEGA keyword, for example,
for 1,3-Butadiene molecules, the RKS advanced mode input using CAM-B3lyp is.

Scompass

basis

geometry
C -2.18046929 0.68443844 -0.00725330
H -1.64640852 -0.24200621 -0.04439369

(continues on next page)
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H -3.24917614 0.68416040 0.04533562
C -1.50331750 1.85817167 -0.02681816
H -0.43461068 1.85844971 -0.07940766
C -2.27196552 3.19155924 0.02664018
H -3.34067218 3.19128116 0.07923299
C -1.59481380 4.36529249 0.00707382
H -2.12887455 5.29173712 0.04421474
H -0.52610710 4.36557056 -0.04551805

end geometry
Send

$xuanyuan
rs

0.33 # define mu=0.33 in CAM-B3lyp functional
Send

Sscf
rks # restricted Kohn—-Sham

dft

Send

4.4.6 Exact exchange term and correlation term components for custom heteroge-
neous generalized functions, double heterogeneous generalized functions

For some calculations, it may be necessary for the user to manually adjust the exact exchange term components of
the generic function to obtain satisfactory accuracy. In this case, you can add the facex keyword to the $scf module,
for example, to change the exact exchange term component of the B3LYP generic function from the default 20% to 15%,

you can write .. code-block:: bdf
$scf ---dft
b3lyp
facex 0.15
$end

Similarly, it is possible to customize the MP2-related term components of a two-hybrid generic function with the
facco keyword. Note that not all generic functions support custom facex and facco (see the SCF module for a list of

keywords ) .
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4.4.7 Dispersion correction for weak interactions

Common exchange-correlation general functions such as B3lyp do not describe weak interactions well and require
dispersion correction when calculating energy or doing molecular structure optimization. BDF uses the D3 dispersion
correction method developed by Stefan Grimme, which requires specifying the D3 keyword in the input to the SCF

module, as follows

#!bdf.sh
/cc-pvdz

geometry

)

H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry

Sscf
D3 # Grimme's dispersion correction

Send

Tip:

¢ The BDF mixed-mode input method is used here to precisely control the SCF calculation by adding the SCF module

keyword on top of the simple input.

The dispersion correction is added at the end of the Kohn-Sham calculation, and the calculated output is as follows.

diis/vshift is closed at iter = 8

9 0 0.000 -76.380491166 -0.000000000 0.0000000127 0.000000168 0.0000 0.02
Label CPU Time SYS Time Wall Time

SCF iteration time: 0.467 S 0.033 S 0.233 S

Final DeltaE = -7.5459638537722640E-011
Final DeltaD = 1.6950036756030376E-008 5.0000000000000002E-005
Final scf result

E_tot = -76.38106481

E_ele = -85.17290149

E_disp= -0.00057364

E_nn = 8.79183668

(continues on next page)
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E_le = -122.51287853
E_ne = -198.42779201
E_kin = 75.91491348
E_ee = 44.84995532
E_xc = -7.50940464
Virial Theorem 2.006140
Here the total energy E_t ot includes the dispersion correction energy, E_disp = —-0.00057364 ,

4.4.8 Improving the accuracy of integration lattice points for Kohn-Sham calcula-
tions

Although the BDF defines default integration grid points for different general functions according to their accuracy
requirements (e.g., the Meta-GGA class of general functions requires high integration grid points, and the BDF defaults
to Fine grid points), the user may also wish to adjust the integration grid points. The valid values of the Grid are Ultra
coarse , Coarse , medium, fine, Ultra fine, sgletc. FromUltra coarse to sgl, the number

of integration points increases and the numerical integration accuracy increases.

Example: M062X calculation of HyO molecule. This generalized function is a heterogeneous Meta-GGA type
generalized function, which requires a dense integration grid, so the input uses a mixture of advanced input and simple

input, as shown below.

#!bdf.sh
/cc-pvdz

geometry

O

H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry

$scf
grid # set numerical integration grid as ultra fine
ultra fine

Send

The BDF uses Ultra coarse integration lattice points at the beginning steps of the Kohn-Sham calculation, as

shown below.

Switch to Ultra Coarse grid ...
[ATOM SCF control]

(continues on next page)
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heff= 0
After initial atom grid

After initial atom grid

Generating Numerical Integration Grid.

1 O Second Kind Chebyshev ( 21) Lebedev ( —-194)
Atoms: 1
2 H Second Kind Chebyshev ( 21) Lebedev ( —-194)
Atoms: 2 3
Partition Function: SSF Partitioning with Scalar= 0.64.
Gtol, Npblock, Icoulpot, Iop_adaptive : 0.10E-04 128 0 0
Number of symmetry operation = 4
Basis Informations for Self-adaptive Grid Generation, Cutoff= 0.10E-04
10 GTO( 14) Ntot= 26 MaxL= 2 MaxNL= 0 MaxRad= 0.530E+01

basis details in form ( N L Zeta Cutradius):

(1 0 0.117E+05 0.02) (1 0 0.176E+04 0.06) (1 O 0.401E+03 0.13)
(1 0 0.114E+03 0.24) (1 0 0.370E+02 0.42) (1 0 0.133E+02 0.70)
(1 0 0.503E+01 1.14) (1 O 0.101E+01 2.53) (1 0 0.302E+00 4.64)
(2 1 0.177E+02 0.66) (2 1 0.385E+01 1.42) (2 1 0.105E+01 2.72)
(2 1 0.275E+00 5.30) (3 2 0.119E+01 2.73)
2H GTO( 5) Ntot= 7 MaxL= 1 MaxNL= 0 MaxRad= 0.730E+01

basis details in form ( N L Zeta Cutradius):

(1 0 0.130E+02 0.71) (1 0 0.196E+01 1.82) (1 0 0.445E+00 3.82)
(1 0 0.122E+00 7.30) (2 1 0.727E+00 3.26)

Numerical Grid Generated SUCCESSFULLY!

Total and symmetry independent Grid Number: 4352 1181

When the energy converges to within 0.01 Hartree, it switches to the Ultra fine integration grid point and the

output is shown below.

Switch to Ultra Fine grid
[ATOM SCF control]

heff= 0
After initial atom grid

After initial atom grid

Generating Numerical Integration Grid.

1 O Second Kind Chebyshev (100) Lebedev (-1202)
Atoms: 1

2 H Second Kind Chebyshev (100) Lebedev (-1202)
Atoms: 2 3

(continues on next page)
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Partition Function: SSF Partitioning with Scalar= 0.64.
Gtol, Npblock, Icoulpot, Iop_adaptive : 0.10E-04 128 0 0
Number of symmetry operation = 4

Basis Informations for Self-adaptive Grid Generation, Cutoff= 0.10E-04
10 GTO( 14) Ntot= 26 MaxL= 2 MaxNL= 0 MaxRad= 0.530E+01

basis details in form ( N L Zeta Cutradius):

(1 O 0.117E+05 0.02) (1 O 0.176E+04 0.06) (1 O 0.401E+03 0.13)
(1 0 0.114E+03 0.24) (1 0 0.370E+02 0.42) (1 0 0.133E+02 0.70)
(1 O 0.503E+01 1.14) (1 O 0.101E+01 2.53) (1 O 0.302E+00 4.64)
(2 1 0.177E+02 0.66) (2 1 0.385E+01 1.42) (2 1 0.105E+01 2.72)
(2 1 0.275E+00 5.30) (3 2 0.119E+01 2.73)
2H GTO( 5) Ntot= 7 MaxL= 1 MaxNL= 0 MaxRad= 0.730E+01

basis details in form ( N L Zeta Cutradius):

(1 0 0.130E+02 0.71) (1 0 0.196E+01 1.82) (1 0 0.445E+00 3.82)
(1 O 0.122E+00 7.30) (2 1 0.727E+00 3.26)

Numerical Grid Generated SUCCESSFULLY!

Total and symmetry independent Grid Number: 94208 24827

Here, the integration lattice points of both H and O atoms are 100*1202, where 100 is the number of radial lattice

points and 1202 is the number of angular lattice points.

4.5 Symmetry and molecular point groups

BDF supports the consideration of molecular point group symmetries in the computation. Most computational
tasks support any real representation point group (all Abelian groups, as well as Cyy, Dy, Dyp, Dug, Ta, O, Op, L1
the special point groups Cuoy, Doon are nominally supported but are treated as Cpo, and D,y respectively. except for
some computational tasks (e.g., open-shell TDDFT, TDDFT/SOC, etc.) that support only D,y and its subgroups (i.e.,
C1, Gy, G, Cy, Dy, Cop, Coy, Doy, generally referred to as Abelian groups) while individual atoms are treated as Oy

groups), but not the complex representation point groups (Cy, Con(n > 3);Son(n > 2); T, Ty, ).

The program can automatically determine the point group to which a molecule belongs based on the coordinates of
the molecule entered by the user in COMPASS module, and automatically change to the appropriate subgroup when the
molecule belongs to the complex representation point group. After determining the point group to which the molecule
belongs, the program generates the group operator, the characteristic scale, and the integrable representation of the point

group for subsequent calculations. Take ammonia molecule as an example.

#! NH3.sh
HF/cc-pVDZ

geometry
N -0.00000000 -0.00000000 -0.10000001

(continues on next page)
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H 0.00000000 -0.94280900 0.23333324
H -0.81649655 0.47140450 0.23333324
H 0.81649655 0.47140450 0.23333324

end geometry

Scompass

Title

thresh

Send

The corresponding advanced input mode in COMPASS is

SCOMPASS

Title

Basis

Geometry

N -0.00000000 -0.00000000 -0.10000001
H 0.00000000 -0.94280900 0.23333324
H -0.81649655 0.47140450 0.23333324
H 0.81649655 0.47140450 0.23333324

End geometry
thresh

SEND

Note that since the initial structure does not strictly satisfy the C3, symmetry, the thresh medium is used here
to choose a looser threshold for judging the symmetry (the default is t i ght, or a looser one can be 1oose ), As can

be seen from the output file, the program automatically identifies the molecule as belonging to the Cs, point group.

gsym: CO3V, noper= 6
Exiting zgeomsort....
Representation generated
Point group name C (3V) 6
User set point group as C(3V)
Largest Abelian Subgroup C(S) 2

Note that the subscripts of the point group names need to be enclosed in parentheses, €.g. Cov, Doon groups need to
be written as C(LIN), D(LIN). Next, the integrable representation information, the CG coefficient table, etc. are printed.
At the end of the COMPASS section output, the program gives a list of the integrable representations under the point

group and the number of orbits belonging to each integrable representation.
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Symmetry adapted orbital

Total number of basis functions: 29 29
Number of irreps: 3

Irrep : Al A2 El

Norb : 10 1 18

4.5.1 Order of integrable representations

Very often, the user needs to specify in the input file information such as the number of orbits occupied by each
integrable representation (specified in the input to the SCF module) and how many excited states are calculated under
each integrable representation (specified in the input to the TDDFT module), which is generally provided in the form of

an array, e.g.

STDDFT

Nroot
312

$SEND

It indicates that the first integrability indicates the calculation of 3 excited states, the second integrability indicates
the calculation of 1 excited state, and the third integrability indicates the calculation of 2 (see the TDDFT section of this
manual for details ). This necessarily requires the user to know the order of the integrable representations inside the BDF
program at the time of writing the input file. The order of the integrable representations for all point groups supported
by the BDF is given below.
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Table 4.1: The order of irreducible representations under different point

groups
C() A
C() Ag, Au
C(s) A’ LAY
C(2) A, B
C(2v) Al, A2, B1,B2
C(2h) Ag, Bg, Au, Bu
D(2) A, B1,B3,B2
D(2h) Ag, Blg, B3g, B2g, Au, Blu, B3u, B2u
C(nv) (n=2k+1, k>=1) Al, A2, El, ---,Ek
C(nv) (n=2k+2, k>=1) Al, A2,B1,B2,El, -+, Ek
D(n) (n=2k+1, k>=1) Al, A2, El, ---,Ek
D(n) (n=2k+2, k>=1) Al, A2,B1,B2,El1, -+, Ek
D(nh) (n=2k+1, k>=1) Al’ ,A2’ JE1’ , - Ek’ ,Al” ,A2” E1” , -, Ek” ,
D(nh) (n=2k+2, k>=1) Alg, A2g, Blg, B2g, Elg, ---, Ekg, Alu, A2u, Blu, B2u, Elu, ---, Eku
D(nd) (n=2k+1, k>=1) Alg, A2g, Elg, ---, Ekg, Alu, A2u, Elu, ‘-, Eku
D(nd) (n=2k+2, k>=1) Al’ A2’ ,B1’ ,B2’ ,E1’,--,Ek’ ,Al” ,A2” ,B1” ,B2” ,E1”, ---, Ek”
T(d) Al,A2,E, T1, T2
o Al, A2,E, T1, T2
O(h) Alg, A2g, Eg, Tlg, T2g, Alu, A2u, Eu, Tlu, T2u
I A, T1, T2, F,H
1(h) Ag, Tlg, T2g, Fg, Hg, Au, T1u, T2u, Fu, Hu

The user can also force the program to calculate under a subgroup of the point group to which the molecule belongs

by using the group keyword in the COMPASS module input, e.g.

#! N2.sh
HF/def2-TZVP group=D (2h)

geometry
N 0.00 0.00 0.00
N 0.00 0.00 1.10

end geometry

or

SCOMPASS
Title

Basis

(continues on next page)
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Geometry

N 0.00 0.00 0.00
N 0.00 0.00 1.10
End geometry
Group

SEND

That is, the program is forced to compute the N, molecule under the D,y point group, even though the N, molecule
actually belongs to the Do}, point group. Note that the program automatically checks whether the point group entered by

the user is a subgroup of the point group to which the molecule actually belongs; if not, the program quits with an error.

4.5.2 Standard orientation

For the convenience of the calculation and the analysis of the results, the program rotates the molecules to the standard
orientation after determining the point group used for the calculation, so that the symmetry axes of the molecules coincide
as much as possible with the coordinate axes and the symmetry plane is as perpendicular as possible to the coordinate axes.
This has the advantage that many quantities involved in the calculation are exactly equal to zero (e.g., some molecular

orbital coefficients, some components of the gradient, etc.), which makes it easier to analyze the results.
The BDF determines the standard orientation of a molecule according to the following rules.

1. take a weighted average of all atomic coordinates of the molecule by nuclear charge to obtain the nuclear charge
center of the molecule, and then translate the molecule so that the nuclear charge center is at the origin of the

coordinate system.

2. if the molecule has an axis of symmetry, rotate the highest order axis of symmetry (principal axis) of the molecule

to the z-axis direction.

3. if the molecule has o, symmetry planes, rotate one of the o, symmetry planes to the xz-plane direction, keeping

the major axis direction constant in the process.

4. if the molecule has other dual or quadruple axes besides the principal axes, rotate one of the axes (any of the
quadruple axes if they exist, otherwise any of the dual axes) to the x-axis direction, keeping the direction of the

principal axes unchanged in the process.

5. if the above conditions cannot uniquely determine the orientation of the molecule because the symmetry of the
molecule is too low, rotate the molecule so that the axis of inertia (i.e., the eigenvector of rotational inertia) of the

molecule and each coordinate axis are oriented in the same direction.

For some special cases, the above rule still cannot uniquely determine the orientation of the molecule. For example,
molecules belonging to the C,, point group have two o, symmetry planes, and either of them may be rotated to the xz
direction at step 3 of the above rule. In the BDF, a C,, molecule with a planar structure, such as a water molecule, will

be rotated to the xz plane.
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Atom Cartcoord (Bohr) Charge Basis Auxbas Uatom Nstab Alink Mass
0 0.000000 -0.000000 0.219474 8.00 1 0 0 0 E 15.9949
H -1.538455 0.000000 -0.877896 1.00 2 0 0 0 E 1.0073
H 1.538455 -0.000000 -0.877896 1.00 2 0 0 0 E 1.0073

In contrast, other quantization programs may choose to rotate the numerator to the yz plane. This leads to another
problem: according to the customary convention, the x operator under the C,, point group belongs to the B1 integrable
representation and the y operator belongs to the B2 integrable representation, so if a quantization program chooses to
rotate the numerator to the yz plane, its Bl and B2 integrable representations are defined opposite to the BDF, i.e., the
B1 representation of the program corresponds to the B2 representation of the BDF, and the B2 representation of the
program corresponds to the B2 representation of the BDF of the B1 representation of the BDF. And if the molecule of
this C,, point group is not a planar structure (e.g., ethylene oxide), it is even more difficult to predict whether the standard
orientation of the molecule in the BDF is consistent with other quantization software. Therefore, if the user wishes to
calculate the molecules of the C,, point group and compare the results with those of other quantization programs (or try
to duplicate the results calculated by other quantization programs in the literature), the user must confirm how the B1 and

B2 representations of the quantization program correspond to the BDF.

4.6 Other techniques for self-consistent field calculations

4.6.1 Initial Guesses for Self-Consistent Field Calculations
The initial guess track of the self-consistent field calculation has a great impact on the convergence of the calculation.

the BDF supports several initial guesses, as follows.

¢ Atom : Combining molecular density matrix guesses using atomic density matrix, default option.

* Huckel : semi-empirical Huckel method guess.

¢ Hcore : diagonalized single-electron Hamiltonian guess.

¢ Readmo : read in molecular orbitals as initial guess.

—* Readdm : read in the density matrix as initial guess

BDF defaults to Atom guesses. The initial guess of the BDF can be changed in concise input mode using the keyword

guess, as follows

#! ch3cho.sh
HF/6-31G guess=Hcore unit=Bohr

(continues on next page)
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geometry # notice: unit in Bohr

C 0.1727682300 -0.0000045651 -0.8301598059
@ -2.3763311896 0.0000001634 0.5600567139
H 0.0151760290 0.0000088544 -2.9110013387
H —-2.0873396672 0.0000037621 2.5902220967
H -3.4601725077 -1.6628370597 0.0320271859
H -3.4601679801 1.6628382651 0.0320205364
o) 2.2198078005 0.0000024315 0.2188182082

end geometry

Here, we use the keyword guess=Hcore n the second line to specify the use of the Hcore guess. 18 iterations of

the SCF converge.

Iter. idiis vshift SCF Energy Deltak RMSDeltaD MaxDeltaD Damping Times (S)
1 0 0.000 -130.488739529 174.680929376 0.401531162 5.325668770 0.0000 0.03
2 1 0.000 -115.595786784 14.892952744 0.407402695 5.323804678 0.0000 0.02
3 2 0.000 -126.823748834 -11.227962049 0.115300517 1.591646800 0.0000 0.03
4 3 0.000 -150.870636785 —-24.046887951 0.011394798 0.154813426 0.0000 0.02
5 4 0.000 -151.121829169 -0.251192384 0.004498398 0.037875784 0.0000 0.03
6 5 0.000 -150.900123989 0.221705180 0.008483436 0.119865266 0.0000 0.02
7 6 0.000 -151.582006133 -0.681882144 0.011892345 0.122063906 0.0000 0.02
8 7 0.000 -152.441656890 -0.859650757 0.007907887 0.062113717 0.0000 0.03
9 8 0.000 -152.729229838 -0.287572947 0.003318529 0.037884676 0.0000 0.02

10 2 0.000 -152.795374919 -0.066145081 0.005951772 0.054625652 0.0000 0.02

11 3 0.000 -152.839276725 -0.043901806 0.000860488 0.010210210 0.0000 0.03

12 4 0.000 -152.841131472 -0.001854746 0.000733951 0.007678730 0.0000 0.02

13 5 0.000 -152.841752921 -0.000621449 0.000348937 0.003519950 0.0000 0.02

14 6 0.000 -152.841816238 -0.000063316 0.000053288 0.000787592 0.0000 0.03

15 7 0.000 -152.841819180 -0.000002942 0.000021206 0.000157533 0.0000 0.02

16 8 0.000 -152.841819505 -0.000000325 0.000004796 0.000031694 0.0000 0.02

17 2 0.000 -152.841819522 -0.000000016 0.000000698 0.000005497 0.0000 0.03

18 3 0.000 -152.841819522 -0.000000000 0.000000236 0.000002276 0.0000 0.02

diis/vshift is closed at iter = 18

19 0 0.000 -152.8418195227 -0.000000000 0.000000078 0.000000848 0.0000 0.03

to specify that the length of the coordinates is in Bohr .

Warning: The unit of numerator input for this example is Bohr, and the keyword unit=Bohr must be used

This example corresponds to the advanced input

Scompass
geometry

(continues on next page)
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C 0.1727682300 -0.0000045651 -0.8301598059
C -2.3763311896 0.0000001634 0.5600567139
H 0.0151760290 0.0000088544 -2.9110013387
H -2.0873396672 0.0000037621 2.5902220967
H -3.4601725077 -1.6628370597 0.0320271859
H -3.4601679801 1.6628382651 0.0320205364
0 2.2198078005 0.0000024315 0.2188182082
end geometry

unit # set unit of coordinates as Bohr
basis
Send

$xuanyuan

Send

Sscf

rhf

guess # ask for hcore guess
hcore

Send

4.6.2 Reading in the initial guess orbitals

By default, the SCF calculation in BDF uses the atomic density matrix to construct the molecular density matrix to
generate the initial guess orbitals. In practice, the user can read in the converged SCF molecular orbitals as the initial
guess orbitals for the current SCF calculation. In this example, we first calculate a neutral H,O molecule and get the

converged orbitals as the initial guess orbitals for the H,O™" ions.

In the first step, the H,O molecule is calculated and the input file is prepared and named as h2o . inp. The contents

are as follows:

#!bdf. sh
RKS/B3lyp/cc-pvdz

geometry
o]
H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry
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After performing the calculation, the working directory generates the readable file h2o . scforb, which holds the

convergence orbits of the SCF calculation.

In the second step, the convergence orbit of the H, O molecule is used as an initial guess for the H,O™ ion calculation,

and the input file h20+.inp is prepared, with the following contents.

#!bdf. sh
ROKS/B3lyp/cc-pvdz guess=readmo charge=1

geometry
o)
H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry

%cp SBDF_WORKDIR/h2o.scforb S$BDF_TMPDIR/S{BDFTASK}.inporb

Here, key word gue s s=readmo is used to assign the initial guess orbital to be read. Initial guess orbital is copied by
using % guided copy command from h2o.scforb in environmental variable BDF_WORKD IR defined file to $ { BDETASK} .
inporb file in BDF_TMPDIR. Here, BDF_WORKDIR is the directory of executing tasks, BDF_TMPDIR is directory

to store temporary files in BDF.

4.6.3 Extending small basis group convergence orbits to large basis group initial
guesses

Initial guess orbits can be generated from different basis groups, again to accelerate computational convergence.
This requires an extension of the initial guess track file. The track extensions should use the same base group, such as the
cc-pVXZ series, ANO-RCC series, and other base groups. The orbital expansion currently supports only the advanced
input mode. For CH3CHO molecules, the orbitals are first calculated with cc-pVDZ and then expanded to the initial
guess orbitals calculated with the cc-pVQZ basis set with the following inputs.

# First SCF calculation using small basis set cc-pvdz

Scompass

geometry

C 0.1727682300 -0.0000045651 -0.8301598059
C -2.3763311896 0.0000001634 0.5600567139
H 0.0151760290 0.0000088544 -2.9110013387
H -2.0873396672 0.0000037621 2.5902220967
H -3.4601725077 -1.6628370597 0.0320271859
H -3.4601679801 1.6628382651 0.0320205364
0 2.2198078005 0.0000024315 0.2188182082

end geometry

(continues on next page)
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basis

unit # set unit of coordinates as Bohr

Send

$xuanyuan

Send

Sscf
rhf
Send

#change chkfil name into chkfill
emv SBDF_WORKDIR/SBDFTASK.chkfil SBDF_WORKDIR/SBDFTASK.chkfill

Scompass

geometry

€ 0.1727682300 -0.0000045651 -0.8301598059
€ -2.3763311896 0.0000001634 0.5600567139
H 0.0151760290 0.0000088544 -2.9110013387
H -2.0873396672 0.0000037621 2.5902220967
H -3.4601725077 -1.6628370597 0.0320271859
H -3.4601679801 1.6628382651 0.0320205364
0 2.2198078005 0.0000024315 0.2188182082

end geometry

basis

unit

Send

# change chkfil to chkfill. notice, should use cp command since we will use
# "SBDFTASK.chkfil" in the next calculation
%cp SBDF_WORKDIR/SBDFTASK.chkfil S$BDF_WORKDIR/S$BDFTASK.chkfil2

# copy converged SCF orbital as input orbital of the module expandmo

$cp S$BDF_WORKDIR/SBDFTASK.scforb S$BDF_WORKDIR/SBDFTASK.inporb

# Expand orbital to large basis set. The output file is S$BDFTASK.exporb
Sexpandmo
overlap

Send

(continues on next page)
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$xuanyuan

Send

# use expanded orbital as initial guess orbital
$cp $BDF_WORKDIR/S$SBDFTASK.exporb $BDF_WORKDIR/$BDFTASK.scforb
Sscf
RHF
guess
readmo
iprtmo
2
Send

In the above input, the first RHF calculation is performed using the cc-pVDZ basis set, then the convergence
track from the first SCF calculation is extended to the cc-pVQZ basis set using the expandmo module, and finally

guess=readmo is used as the initial guess track to be read into the SCF.

The output of the expandmo module is that

KK AR KA AR A AR AR A AR A A A A A A A AR A AR A AR A AR A AR A AR AR A AR A A A A AR A AR AR AR A A AR A A A AR A AR A A Ak h kK

Start running module expandmo
Current time 2021-11-29 22:20:50

|******************************************************************************

Sexpandmo

overlap

Send
/Users/bsuo/check/bdf/bdfpro/ch3cho_exporb.chkfill
/Users/bsuo/check/bdf/bdfpro/ch3cho_exporb.chkfil2
/Users/bsuo/check/bdf/bdfpro/ch3cho_exporb.inporb

Expanding MO from small to large basis set or revise

1 Small basis sets

Number of Dbasis functions (NBF) : 62
Maxium NBF of shell : 6
Number of basis functions of small basis sets: 62

2 Large basis sets

Number of Dbasis functions (NBF): 285

(continues on next page)
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Maxium NBF of shell : 15

Overlap expanding : 1
Read guess orb
Read orbital title: TITLE - SCF Canonical Orbital
nsbas_small 62
nsbas_large 285
ipsmall 1
iplarge 1
Overlap of dual basis
Overlap of large basis

Write expanded MO to scratch file

| LR I I I e S S e S b e S b S b S b b S b I b b I b b I b I S S b S b b b S IR S b b b b b b b b I b b b b b b b b I b b S b 3

Total cpu time: 0.42 S
Total system time: 0.02 s
Total wall time: 0.47 s

Current time 2021-11-29 22:20:51

End running module expandmo

|******************************************************************************

It can be seen that the small base group has 62 tracks and the large base group has 285 tracks. expandmo reads in

the regular tracks for SCF convergence, extends them to the large base group and writes them to a temporary file.

The output of the second SCF calculation is that

/Users/bsuo/check/bdf/bdfpro/ch3cho_exporb.scforb
Read guess orb: nden=1 nreps= 1 norb= 285 lenmo= 81225
Read orbital title: TITLE - orthognal Expand CMO

Orbitals initialization is completed.

Iter. idiis vshift SCF Energy Deltak RMSDeltaD MaxDeltaD Damping Times (S)
1 0 0.000 -152.952976892 122.547522034 0.002218985 0.246735859 0.0000 16.30
2 1 0.000 -152.983462881 -0.030485988 0.000367245 0.026196100 0.0000 16.83
3 2 0.000 -152.983976045 -0.000513164 0.000086429 0.006856831 0.0000 17.18
4 3 0.000 -152.984012062 -0.000036016 0.000016763 0.001472939 0.0000 17.02
5 4 0.000 -152.984019728 -0.000007666 0.000010400 0.001012788 0.0000 17.42
6 5 0.000 -152.984021773 -0.000002045 0.000003396 0.000328178 0.0000 17.28
7 6 0.000 -152.984022197 -0.000000423 0.000001082 0.000075914 0.0000 17.40
8 7 0.000 -152.984022242 -0.000000044 0.000000154 0.000008645 0.0000 17.28
9 8 0.000 -152.984022243 -0.000000001 0.000000066 0.000005087 0.0000 19.38

diis/vshift is closed at iter = 9

(continues on next page)
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10 0 0.000 -152.984022243 -0.000000000 0.000000007 0.000000584 0.0000 18.95
Label CPU Time SYS Time Wall Time
SCF iteration time: 517.800 S 0.733 S 175.617 S

4.6.4 Calculation of excited states by the maximum occupation of molecular or-
bitals (mom) method

The mom (maximum occupation method) is a ASCF method that can be used to calculate excited states.

# ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
#

# mom method: J. Liu, Y. Zhang, and W. Liu, J. Chem. Theory Comput. 10, 2436 (2014).
#

# gs = -169.86584128

# ab = -169.62226127

# T = -169.62483480

# w(S)= 6.69eV

# ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
SCOMPASS

Title
Basis
Geometry

€ 0.000000 0.418626 0.000000

H -0.460595 1.426053 0.000000

O 1.196516 0.242075 0.000000

N -0.936579 -0.568753 0.000000

H -0.634414 -1.530889 0.000000

H -1.921071 -0.362247 0.000000
End geometry
Check

$END

$XUANYUAN

$END

$SCF
UKS
DFT

(continues on next page)
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alpha
10 2

beta
10 2

SEND

%cp S{BDFTASK}.scforb SBDF_TMPDIR/S{BDFTASK}.inporb

# delta scf with mom
$SCF
UKS
DEFT

guess
readmo
alpha
10 2
beta
10 2
ifpair
hpalpha
1
10 0
11 0
iaufbau
2
$END

# pure delta scf for triplet
$SCF
UKS
DFT

alpha
11 2
beta
9 2
SEND

This example performs three SCF calculations.

* For the first SCF, the ground state of the formamide molecule is calculated using the UKS method. The input
specifies the occupancy of alpha and beta orbitals using the alpha and beta keywords, respectively. The base state

of the formamide molecule is the singlet state SO, where the specified alpha and beta occupancies are the same. 10
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2 The integrable designation indicates that A’ and A” have 10 and 2 occupied orbitals, respectively. The SCF

module will fill the orbitals with electrons according to the construction principle, from low to high orbital energy.

For the second SCF, the S1 state of the formamide molecule is calculated using the UKS and mom methods. The
key points here are: 1. the convergent orbitals read into the previous UKS step are specified using guess=readmo;
2. the occupation number of each symmetry orbital is set using alpha, beta keywords; 3. the variable ifpair is
set, which needs to be used in conjunction with hpalpha, hpbeta to specify the hole-particle - HP) orbital pairs
for electronic excitation; 4. The variable hpalpha is set to specify the HP orbital pairs for excitation. The number
1 indicates the excitation of a pair of HP orbitals, and the following two rows specify the orbital excitation. The
first column indicates the excitation of electrons from the 10th alpha orbital to the 11th alpha orbital in the first
integrable representation; the elements of the second column are all zero, indicating that no excitation is done for
the orbital in the second integrable representation; 5. The iaufbau variable is set to 2, specifying that the mom

calculation is to be performed.

For the third SCF, the T1 state of the formamide molecule is calculated using the UKS method. In the input, we
specify the orbital occupancies using the alpha and beta keywords, where the number of occupancies of the alpha
orbitalis 11 2, indicating 11 and 2 electrons occupying the alpha orbital with symmetries A’ and A” , respectively,
and the occupancy of the beta orbital is 9 2. Since the required state for the solution is the lowest energy state for

a given number of orbital occupancies, there is no need to specify iaufbau.

Here, the first SCF calculation converges to the result that

Superposition of atomic densities as initial guess.

skipaocheck T F

Solve HC=EC in pflmo space. F 12 75

Initial guess energy = -169.2529540680

[scf_cycle_init_ecdenpot]

Meomory for coulpotential 0.00 G

Start SCF iteration......

Iter. idiis vshift SCF Energy Deltak RMSDeltaD MaxDeltaD Damping Times (S)

1 0 0.000 -169.411739263 -0.158785195 0.005700928 0.163822560 0.0000 0.20
Turn on DFT calculation

2 1 0.000 -169.743175119 -0.331435856 0.008905349 0.340815886 0.0000 0.42

3 2 0.000 -169.232333660 0.510841459 0.006895796 0.296788710 0.0000 0.43

4 3 0.000 -169.863405142 -0.631071482 0.000364999 0.015732911 0.0000 0.43

5 4 0.000 -169.863345847 0.000059295 0.000209771 0.009205878 0.0000 0.42

6 5 0.000 -169.865811301 -0.002465454 0.000027325 0.000606909 0.0000 0.43

7 6 0.000 -169.865831953 -0.000020651 0.000008039 0.000357726 0.0000 0.43

8 7 0.000 -169.865833199 -0.000001246 0.000003927 0.000114311 0.0000 0.42

9 8 0.000 -169.865833401 -0.000000201 0.000000182 0.000004399 0.0000 0.43
diis/vshift is closed at iter = 9

10 0 0.000 -169.865833402 -0.000000000 0.000000139 0.000003885 0.0000 0.43

(continues on next page)
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Label CPU Time SYS Time Wall Time
SCF iteration time: 8.650 S 0.700 s 4.050 S

Final DeltaE = -4.4343551053316332E-010
Final DeltaD = 1.3872600382452641E-007 5.0000000000000002E-005
Final scf result
E_tot = -169.86583340
E_ele = -241.07729109
E_nn = 71.21145769
E_le = -371.80490197
E_ne = -541.14538673
E_kin = 169.34048477
E_ee = 148.48285541
E_xc = —17.75524454
Virial Theorem 2.003102

It can be seen that the first SCF calculation uses the atom guess and the energy of SO is calculated to be -
169.8658334023 a.u.. The second SCF calculation reads in the convergent orbitals of the first SCF and does the SCF
calculation using the mom method, and the output file first indicates that the molecular orbitals were read in and gives the

occupation

[Final occupation pattern: ]

Irreps: A’ A"

detailed occupation for iden/irep: 1 1
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

detailed occupation for iden/irep: 1 2

1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00

Alpha 10.00 2.00

Here, the 10th alpha orbital of the A" integrable representation is the occupied orbital and the 11th orbital is the
empty orbital. The second SCF calculation reads in the converged orbitals of the first SCF and does the SCF calculation

using the mom method, where the input asks to excite the electrons of the 10th orbital represented by A' to the 11th
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orbital. The output file first suggests that the molecular orbitals were read in and gives the occupation

Read initial orbitals from user specified file.

/tmp/20117/mom_formamide.inporb
Read guess orb: nden=2 nreps= 2 norb= 87 lenmo= 4797

Read orbital title: TITLE - SCF Canonical Orbital

Initial occupation pattern: iden=1 irep= 1 norb(irep)= 66
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
Initial occupation pattern: iden=1 irep= 2 norb(irep)= 21

1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00
Initial occupation pattern: iden=2 irep= 1 norb(irep)= 66
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
Initial occupation pattern: iden=2 irep= 2 norb(irep)= 21

1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00

Here, iden=1 is the alpha orbital and irep=1 refers to the first integrable representation, and there are a total of
norb=66 orbitals, where the occupation number of the 10th orbital is 0.00 and the occupation number of the 11th orbital
is 1.00. After 14 SCF iterations, the converged S1 state energy is -169.6222628003 a.u., as follows.

Iter. idiis vshift SCF Energy Deltak RMSDeltaD MaxDeltaD Damping Times (S)
1 0 0.000 -169.505632070 125.031578610 0.020428031 1.463174456 0.0000 0.45

(continues on next page)
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2 1 0.000 -169.034645773 0.470986296 0.036913522 1.562284831 0.
3 2 0.000 -165.750862892 3.283782881 0.032162782 1.516480990 O
4 3 0.000 -169.560678610 —-3.809815718 0.008588866 0.807859419 0
5 4 0.000 -169.596211021 -0.035532411 0.003887621 0.367391029 O
6 5 0.000 -169.620128518 -0.023917496 0.001826050 0.172456003 0O
7 6 0.000 -169.621976725 -0.001848206 0.000486763 0.044630527 0
8 7 0.000 -169.622245116 -0.000268391 0.000113718 0.004980035 O
9 8 0.000 -169.622261269 -0.000016153 0.000112261 0.009715905 O
10 2 0.000 -169.622262553 -0.000001284 0.000043585 0.004092668 0
11 3 0.000 -169.622262723 -0.000000169 0.000031601 0.002792075 O
12 4 0.000 -169.622262790 -0.000000067 0.000010125 0.000848297 O
13 5 0.000 -169.622262798 -0.000000007 0.000003300 0.000273339 0
diis/vshift is closed at iter = 13
14 0 0.000 -169.622262800 -0.000000002 0.000001150 0.000079378 O.
Label CPU Time SYS Time Wall Time
SCF iteration time: 13.267 S 0,983 & 6.000 S

Il
|
[N

.8403909507469507E-009
.1501625138328933E-006 5.0000000000000002E-005

Final Deltak

Il
[N

Final DeltaD

Final scf result
E_tot = -169.62226280

E_ele = -240.83372049
E_nn = 71.21145769
E_le = -368.54021347
E_ne = -537.75897296
E_kin = 169.21875949
E_ee = 145.28871749
E_xc = -17.58222451
Virial Theorem 2.002385

[Final occupation pattern: ]

Irreps: A’ A'!

detailed occupation for iden/irep: 1 1
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

0000

0.
.43
.43
.42
.43
.43
.43
.42
.42
.42
.43
.43

O O O O O O O o o o o

43

.42

(continues on next page)
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0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

After convergence of SCF, the orbital occupancy is printed again and it can be seen that the 10th orbital in the alpha
orbital with A" integrable representation has no electron occupation and the 11th orbital has one electron occupation and

the 11th orbital is occupied by one electron.

The third SCF calculation gives the T1 state energy as -169.6248370697 a.u. The output is as follows:

Iter. idiis vshift SCF Energy Deltak RMSDeltaD MaxDeltaD Damping Times (S)
1 0 0.000 -169.411739263 -0.158785195 0.083821477 9.141182225 0.0000 0.17

Turn on DFT calculation

2 1 0.000 -169.480549474 -0.068810211 0.066700318 6.978728919 0.0000 0.40
3 2 0.000 -169.277735673 0.202813801 0.014778190 0.648183923 0.0000 0.42
4 3 0.000 -169.613991196 -0.336255522 0.005923909 0.621843348 0.0000 0.42
5 4 0.000 -169.620096778 -0.006105582 0.001967168 0.164506160 0.0000 0.40
6 5 0.000 -169.623636999 -0.003540220 0.002722812 0.246425639 0.0000 0.42
7 6 0.000 -169.624704514 -0.001067515 0.001064536 0.098138798 0.0000 0.42
8 7 0.000 -169.624814882 -0.000110368 0.000525436 0.046392861 0.0000 0.42
9 8 0.000 -169.624834520 -0.000019637 0.000179234 0.012966641 0.0000 0.42
10 2 0.000 -169.624836694 -0.000002174 0.000063823 0.004902276 0.0000 0.42
11 3 0.000 -169.624836922 -0.000000227 0.000017831 0.001440089 0.0000 0.43
12 4 0.000 -169.624837025 -0.000000103 0.000034243 0.002618897 0.0000 0.42
13 5 0.000 -169.624837065 -0.000000039 0.000006158 0.000466001 0.0000 0.40
14 6 0.000 -169.624837068 -0.000000003 0.000003615 0.000354229 0.0000 0.42
diis/vshift is closed at iter = 14
15 0 0.000 -169.624837069 -0.000000001 0.000000966 0.000070404 0.0000 0.42
Label CPU Time SYS Time Wall Time
SCF iteration time: 13.150 S 0.950 s 5.967 S
Final DeltaE = -1.1375220765330596E-009
Final DeltaD = 9.6591808698539483E-007 5.0000000000000002E-005
Final scf result
E_tot = -169.62483707
E_ele = -240.83629476
E_nn = 71.21145769
E_le = -368.57834907
E_ne = -537.80483706
E_kin = 169.22648799
E_ee = 145.32683246
E_xc = -17.58477815
Virial Theorem 2.002354
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4.6.5 Handling Non-Convergence of Self-Consistent Field Calculations

When the SCF calculation is completed, the user must check whether the SCF has converged or not. The user must

energy. indicates that

check the convergence of the SCF and only if it converges can the results of the SCF calculation (energy, Bourget analysis,
orbital energy, etc.) be used and subsequent calculations performed. Note that the convergence of the SCF cannot be
judged only by the presence or absence of errors at the end of the output file. Because even if the SCF does not converge,

the program does not exit immediately, but only after the output of the SCF iterations and before the output of the SCF

Warning !!! Total energy not converged!

And even in this case, the program still prints the energy, orbital information, and the results of the booster analysis

the reasons for the non-convergence of the SCF.

Common causes of SCF non-convergence include

1. the HOMO-LUMO energy gap is too small, resulting in repeated changes in the occupation of the frontline
orbitals. For example, two orbitals )1 and )2, at the Nth SCF iteration 1) is the occupied orbitals and o
is the empty orbitals, however, after constructing the Fock matrix based on such orbital occupancy and
diagonalizing it, the orbitals of the N+1th SCF iteration are obtained, but the orbital energy of 1/; is higher
than that of 15, so the electrons are transferred from ¢; orbitals to 15 orbitals. But then, the Fock matrix
of the N+1th SCF iteration changes a lot compared to the Nth SCF iteration, resulting in a lower orbital
energy of 1, than 1) in the N+2nd SCF iteration, so the orbital occupation number returns to the case of
the Nth SCF iteration, and thus the orbital occupation number of the SCF iteration always changes and never
converges. This situation is typified by the fact that the SCF energy alternately oscillates between two energies
(or oscillates irregularly within a certain range) with an oscillation amplitude around 10~% ~ 1 Hartree, and
the orbital occupation number printed at the end of the SCF is not as expected. 2. The HOMO-LUMO energy
gap is small, and although the orbital occupation number does not change for each step of the iteration, the
orbital shape changes repeatedly, leading to non-convergence of the SCF oscillation. The typical performance
of this case is similar to the previous one, but the amplitude of the oscillation is generally slightly smaller and
the orbital occupation number printed at the end of the SCF is qualitatively consistent with the expectation.
3. The numerical integration grid point is too small or the accuracy of the two-electron integration is too
low, resulting in small oscillations of the SCF that do not converge due to numerical errors. This situation is
typically characterized by irregular oscillations of the SCF energy with an amplitude below 10~* Hartree,
and the number of orbital occupations printed at the end of the SCF is qualitatively as expected. 4. The basis
group is nearly linearly correlated, or the projection of the basis group on the grid is nearly linearly correlated
because the grid is too small. This situation is typically characterized by the SCF energy varying by more
than 1 Hartree (not necessarily in oscillation, but also monotonically or essentially monotonically), the SCF
energy being much lower than expected, and the number of orbit occupancies printed at the end of the SCF
being completely unphysically realistic. When the SCF energy is very much lower than expected, the SCF

energy may not even be displayed as a number, but as a string of asterisks.

after this information. Although these results cannot be used as official calculation results, they are useful for analyzing

The following part is the common solvation to various kinds of SCF convergence failure (also applied to programs
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other than BDF) :

1. add an energy shift vshift, for both category 1 and category 2 cases, by adding to the $scf module of the input file.

vshift
0.2

If significant oscillations are still observed, it shall gradually increase vshift until convergence. vshift tends to make
the convergence of SCF monotonic, but setting vshift too large increases the number of iterations used to converge, so
it is appropriate to increase maxiter when increasing vshift. When vshift increases to 1.0 and still fails to converge, one

should Consider other methods.

2. increase the density matrix damping damp for the class 2 case (it also has a slight effect on the class 1 case) by

adding to the $scf module of the input file.

damp
0.7

Note that damp can be used in conjunction with vshift, and the two effects are to some extent mutually reinforcing.
If significant oscillations are still observed with damping set to 0.7, increase the damping while ensuring that it is less
than 1. For example, next try 0.9, 0.95, etc. Similar to vshift, damp also tends to improve the monotonicity of SCF
convergence, but too large a damp leads to slower convergence, so maxiter can be increased. when damp is increased to

0.99 and still fails to converge, other methods should be considered.

3. turn off DIIS for cases 1 and 2, and when increasing vshift and damp does not converge, DIIS will speed up SCF
convergence in most cases, but it may slow down or even prevent convergence when the HOMO-LUMO energy gap
is particularly small. In the latter case, you can turn off DIIS by adding the NoDIIS keyword to the $scf module,

increase maxiter, and set vshift and damp depending on the convergence.

4. Turn off SMH, applied to the 1 and 2 situation and the above three solvation failed to converge. The solvation is
to add NoSMH key word in $scf module, increase maxiter, and set vshift and damp depending on the convergence.
We have not yet encountered a situation where SMH does not converge and does not converge, but since SMH is a
very new method for convergence of SCF, turning off SMH can be an alternative. However, since SMH is a very
new method for convergence of SCF, we cannot rule out that SMH may have a negative impact on convergence in

rare cases, so turning off SMH can be an alternative.

5. Switch to the FLMO or iOI method for cases of type 1 and type 2, where the molecules are large (e.g. larger than
50 atoms) and where it is suspected that the SCF does not converge because the initial guessing accuracy of the

atoms is too low or because of qualitative errors. See the sections on FLMO and iOI methods .

6. Calculate a similar system that converges more easily and then use the wave function of that system as an initial
guess to converge the original system, for both type 1 and type 2 cases. For example, if the SCF calculation of a
neutral dibasic transition metal complex does not converge, one can calculate the monovalent cation of its closed-
shell layer and use the orbitals of the monovalent cation as the first guess for the SCF calculation of the neutral
molecule after convergence (but note that since BDF does not yet support reading the RHF/RKS wave function as

the first guess for the UHF/UKS calculation, the monovalent cation of the closed-shell layer should be calculated
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using UHF /UKS calculation). In extreme cases it is even possible to calculate the higher valence cations first, then
add a small number (e.g. 2) of electrons to reconverge the SCF, then add a small number of subs, and so on until the
original wave function of the neutral system is obtained. Another common tool is to perform the SCF calculation
under the small basis group first, and then use the expandmo module to project the SCF orbitals of the small basis
group onto the original basis group after convergence, and then iterate the SCF under the original basis group until

convergence.

7. Increase the grid points, which is applicable to the case of type 3 and sometimes also valid for the case of type 4.

This is done by using grid keywords, e.g.

grid

fine

Note: (1) For meta-GGA generalized functions, the default grid point is already fine, so the grid point should be set
to ultra fine; (2) Increasing the grid point will increase the time spent in each SCF iteration step; (3) Increasing the grid
point will make the converged energy incomparable with other calculations without changing the grid, so if you want to
compare this calculation with previous calculations, or to compare the energy/free energy obtained from this calculation
with other calculations, etc., you must recalculate all relevant calculations already done with the same grid point as this
input file. Therefore, if you want to compare this calculation with previous calculations, or if you want to compare the
energy/free energy obtained from this calculation with the results of other calculations, etc., you must recalculate all the
relevant calculations already done with the same grid points as this input file, even if those calculations already done can
converge without increasing the grid points. If the results do not improve after increasing the grid points, you should try
other methods; if the results improve but still do not converge, you can further try to change the fine to ultra fine; if it still

does not converge, you should consider the following methods.

8. The threshold value for the double electron integration is set tightly for the category 3 case and sometimes for the

category 4 case as well. This is done by adding to the SCF module.

optscreen
1

This method, like increasing the grid point, also increases the time consumed for each SCF iteration and also leads
to results that are not comparable to those without the optscreen. This method is only applicable to calculations without
MPEC or MPEC+COSX enabled.

9. set the threshold for determining the linear correlation of the base group loose, for the category 4 case. This is done

by adding to the $scf module.

checklin
tollin
1.d-6

This method will make the converged energy incomparable with other calculations without changing the tollin. It
is not recommended to set the tollin larger than 1.d-5, otherwise it will lead to larger errors. If the tollin is set to 1.d-5

and still there is a non-convergence of type 4, then the methods described above, such as increasing the grid point and

4.6. Other techniques for self-consistent field calculations 81




BDF-Manual

changing the two-electron integration threshold, should be considered.

Note that among the above methods, if a method does not converge the SCF but makes it converge better than before,

the next method should be tried with

guess

readmo

The orbit of the last SCF iteration of the previous method is read as the first guess. However, if the previous method

backfired and caused the SCF convergence to deteriorate, the next method should be tried either by starting again with

an atomic guess or by picking the track of the last iteration of the other previously tried method as the first guess (this of

course requires the user to back up the tracks obtained for each SCF convergence method in advance).

4.6.6 Acceleration algorithms for self-consistent field calculations

An important feature of the BDF is the acceleration of the energy and gradient calculations of SCF and TDDFT

using the MPEC+COSX method. Set up the MPEC+COSX calculation with the following inputs.

#! amyloseZ.sh

HF/cc-pvdz

Geometry

Q =T O 0 O T QO QO @-m @mZm O m T O - O - T I
|
o

MPEC+COSX

.27726610038004
.89542800401751
.40930212959730
.25161610042910
.12153806480025
.93883902709049
.65755506365314
.66688104102718
.68737510690803
.16845111442446
.80004208156425
.47036908085237
.08081604941874
.85215308213129
.73634509645279
.95388209186676
.34176605974133
.46637306624908
.77582007601201
.70216504605578
.26347504436884
.87599906000257

.15767995434597
.74423996083456
.04543096108345
.18429704053319
.39113300040060
.16385597983528
.55190701717719
.13999999152083
.57255697808269
.40439897322928
.67692503357694
.21757398797107
.23618399620817
.05270701067006
.50748698767418
.93603601652216
.08883703173396
.89337899823852
.83730601785282
.48600696920536
.90841605388912
.65569503172715

.36892178079618
.30130324998720
.73325487719318
.49882079466485
.47267019103680
.37984323910654
.56784675873394
.32869523309397
.79063986197194
.59675986910159
.87083105709857
.38361581865084
.25179522317288
.92020982572454
.67208385967460
.08659407523165
.35500112054343
.07760781649778
.45887211416401
.07005315975028
.67304510231922
.80788211986139

(continues on next page)
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-m— O o m O o O @ O O T Q Q@ m O @m m O m O & m
BB U W W R, WS NP O NP O O O O

.05124197574425
.91283792081157
.07007992244287
.28488995808993
.83243796215244
.03099092283770
.99725792474852
.92550793896406
.32288890226196
.42304993860699
.35508593454345
.98581793175676
.91238990103301
.32240292575108
.65571492366175
.77658595927138
.86060292384221
.72997793572998
.14827793673614
.12279093584136
.14403492674986
.31314989648861
S

37540288537848

End geometry

=i

.08129295376550
.93924205088598
.29718501862843
.48228594245462
.05225096122844
.15700599981123
.21082099855794
.99389906198042
.52348902475463
.71940008598879
.11004196264200
.43946398581436
.83125899736406
.05122704465611
.63248206459704
.23304608296485
.20698497780059

0
=il
=0.
=0
=0.

0.

57134806164321
62888795836893
96659193933436
60389595307832
29843197973243
07856300492440

N B O O

.80486617677089
.71300301703422
.19143889205868
.27588009910221
.51820416035526
.08682384153403
.38542783977374
.25576903593383
.72949896259198
.13583497057179
.25348109013556
.75228585517262
.66788890655085
.25278704698785
.36643098789343
.60079803407907
.68314589788694
.56599702816882
.20457391544942
.00181296891020
.31494395641232
.69336596603165
.10071295465512

If in advanced input mode, simply add the keyword MPEC+COSX to the COMPASS module input, e.g.

Scompass

Geometry

=5,
=35
=3,
-4.
—4.
=3,
.65755506365314
.66688104102718
.68737510690803
.1684511144244¢6
.80004208156425
.47036908085237
.08081604941874
.85215308213129
.73634509645279

Q- o Q= == O m =m O m O m m m
|
N

27726610038004
89542800401751
40930212959730
25161610042910
12153806480025
93883902709049

.15767995434597
.74423996083456
.04543096108345
.18429704053319
.39113300040060
.16385597983528
.55190701717719
.13999999152083
.57255697808269
.40439897322928
.67692503357694
.21757398797107
.23618399620817
.05270701067006
.50748698767418

.36892178079618
.30130324998720
.73325487719318
.49882079466485
.47267019103680
.37984323910654
.56784675873394
.32869523309397
.79063986197194
.59675986910159
.87083105709857
.38361581865084
.25179522317288
.92020982572454
.67208385967460
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|
o

T O QO = O 0 om o o m QO @m@m O @ O O = QO m O O  m O
¢ O N L S e B &) B S o i e B e R e R

.95388209186676
.34176605974133
.46637306624908
.77582007601201
.70216504605578
.26347504436884
.87599906000257
.05124197574425
.91283792081157
.07007992244287
.28488995808993
.83243796215244
.03099092283770
.99725792474852
.92550793896406
.32288890226196
.42304993860699
.35508593454345
.98581793175676
.91238990103301
.32240292575108
.65571492366175
.77658595927138
.86060292384221
.72997793572998
.14827793673614
.12279093584136
.14403492674986
.31314989648861
3o

37540288537848

End geometry

Basis

=i

.93603601652216
.08883703173396
.89337899823852
.83730601785282
.48600696920536
.90841605388912
.65569503172715
.08129295376550
.93924205088598
.29718501862843
.48228594245462
.05225096122844
.15700599981123
.21082099855794
.99389906198042
.52348902475463
.71940008598879
.11004196264200
.43946398581436
.83125899736406
.05122704465611
.63248206459704
.23304608296485
-1.

0.
.62888795836893
=0
-0.
-0.

0.

20698497780059
57134806164321

96659193933436
60389595307832
29843197973243
07856300492440

MPEC+COSX # ask for the MPEC+COSX method

Send

.08659407523165
.35500112054343
.07760781649778
.45887211416401
.07005315975028
.67304510231922
.80788211986139
.80486617677089
.71300301703422
.19143889205868
.27588009910221
.51820416035526
.08682384153403
.38542783977374
.25576903593383
.72949896259198
.13583497057179
.25348109013556
.75228585517262
.66788890655085
.25278704698785
.36643098789343
.60079803407907
.68314589788694
.56599702816882
.20457391544942
.00181296891020
.31494395641232
.69336596603165
.10071295465512

The SCF module will output a prompt about whether MPEC+COSX are both set to True.

——— PRINT:

Information about SCF Calculation —-—-—

ICTRL_FRAGSCEF= O

IPRTMO=
MAXITER=

100

THRENE= 0.10E-07 THRDEN= 0.50E-05
DAMP= 0.00 VSHIFT= 0.00

(continues on next page)
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IFDIIS= T

THRDIIS= 0.10E+01
MINDIIS= 2 MAXDIIS= 8
iCHECK= 0

iAUFBAU= 1
INIGUESS= 0
IfMPEC= T
IfCOSX= T

Here, IfMPEC= T and IfCOSX= T indicates that the MPEC+COSX method is used to compute. the SCF

iterative process is as follows.

[scf_cycle_init_ecdenpot]

Meomory for coulpotential 0.02 G

Start SCF iteration......

Iter. idiis vshift SCF Energy DeltaE RMSDeltaD -
—MaxDeltaD Damping Times (S)
1 0 0.000 -1299.6435521238 -23.7693069405 0.0062252375 0.
2842668435 0.0000 2.69
2 1 0.000 -1290.1030630508 9.5404890730 0.0025508000 0.
—1065204344 0.0000 1.65
3 2 0.000 -1290.2258798561 -0.1228168053 0.0014087449 0.
—0742227520 0.0000 1.67
4 3 0.000 -1290.4879683983 -0.2620885422 0.0002338141 0.
—0153879051 0.0000 1.64
5 4 0.000 -1290.4955210658 -0.0075526675 0.0000713807 0.
—0049309441 0.0000 1.57
6 5 0.000 -1290.4966349620 -0.0011138962 0.0000156009 0.
—0010663736 0.0000 1.51
7 6 0.000 -1290.4966797420 -0.0000447800 0.0000043032 0.
—0002765334 0.0000 1.44
8 7 0.000 -1290.4966810419 -0.0000012999 0.0000014324 0.
0000978302 0.0000 1.37
9 8 0.000 -1290.4966794202 0.0000016217 0.0000003030 0.
—0000173603 0.0000 1.40
10 2 0.000 -1290.4966902283 -0.0000108081 0.0000000659 0.
—0000034730 0.0000 1.11
diis/vshift is closed at iter = 10
11 0 0.000 -1290.5003691464 -0.0036789181 0.0000225953 0.
—0009032949 0.0000 5.85

(continues on next page)
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Label CPU Time SYS Time Wall Time

SCF iteration time: 179.100 S 1.110 s 22.630 S
DeltakE = —-3.678918126752251E-003
DeltaD = 2.259533940614071E-005 5.000000000000000E-005

scf result

E_tot = -1290.50036915
E_ele = -3626.68312754
E_nn = 2336.18275840
E_le = -6428.96436179
E_ne = -7717.90756825
E_kin = 1288.94320647
E_ee = 2802.28123424
E_xc = 0.00000000
Virial Theorem 2.001208

On a desktop with an i9-9900K CPU, eight OpenMP threads compute in parallel in 22 seconds. The SCF calculation

under the same conditions without MPEC+COSX method, the computation takes 110 seconds, and MPEC+COSX

speeds up the computation by a factor of about 5.

4.7 i0Ol-SCF calculation for large systems and the FLMO method

For large systems (e.g., systems with atomic numbers larger than 300), the traditional SCF calculation methods are

often no longer applicable because, in addition to the longer construction time of the Fock matrix at each step The reasons

for this are the following factors:

» The Fock matrix diagonalization time increases as a percentage of the total calculation time. When the system

is large enough, the construction time of the Fock matrix per step is proportional to the square of the system
size. The Fock matrix diagonalization time is proportional to the square of the system size, but the Fock matrix
diagonalization time is proportional to the third power of the system size, so for particularly large systems (e.g.,
thousands of protons), the Fock Therefore, for particularly large systems (e.g., thousands of elements), the Fock

matrix diagonalization will account for a significant proportion of the total computation time.

The greater number of locally stable wave functions in large systems leads to a lower probability of convergence of
the SCF calculation to the user’ s desired state for large systems. In other words, the SCF may converge to many
different solutions, only one of which is the user’ s desired one, thus increasing the probability that the user can
determine whether the SCF solution is his or her desired one, and (if it converges) the probability of convergence
to the user’ s desired state. Therefore, it increases the time overhead for the user to determine whether the SCF

solution is the desired one and to resubmit the computation (if it converges to a non-desired solution).

The convergence of the SCF for large systems is more difficult than for small systems, requiring more iterative steps

or even failing to converge at all. This is not only because the above the number of locally stable solutions becomes
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larger, but also partly because the mass of the general atomic density-based SCF first guess becomes worse as the

system increases The quality of the general atomic density-based SCFs deteriorates as the system increases.

One solution to this problem is to divide the system into segments (a process called binning; these segments can
overlap with each other) and do a separate SCF for each segment. BDF’ s FLMO method (Fragment localized molecular
orbital) is a fragmentation-based method, in which the SCF of each fragment is converged and the converged wave
function of each fragment is localized. The resulting local orbital is then used to generate a first guess for the total system

calculation. This provides some additional benefits over a slice based approach that does not rely on local orbits.

¢ The SCF iteration can be performed on the local orbital basis, where the Fock matrix does not need to be fully
diagonalized, but only block diagonalized, i.e., the orbit is rotated so that the occupied-empty block is zero, a step

that is less computationally intensive than the full diagonalization.

¢ The occupied-empty blocks of the Fock matrix in the local orbital basis are very sparse, and this sparsity can be

exploited to further reduce the computational effort of block diagonalization.

* The user can specify the occupation number of a local orbital before the global SCF calculation, and thus selectively
obtain the occupied or unoccupied electronic states of that local orbital. For example, to calculate a metal cluster
consisting of one Fe(Il) and one Fe(III), one can control which Fe converges to the divalent group and which Fe
converges to the trivalent group by specifying the occupation number of Fe 3d orbitals. In the current version of
BDF another approach is actually supported, i.e. the direct specification of the formal oxidation and spin states of
the atoms (see below). For convenience reasons, it is generally recommended that the user specify which electronic

state to converge to directly by the formal oxidation and spin states of the atom.

» The SCF calculation yields the converged local orbitals directly, instead of just the regular orbitals as in the normal
SCF calculation. If the user needs to obtain convergent local orbitals for wave function analysis, etc., then the
FLMO method can save a lot of computational time compared to the traditional approach of obtaining the regular
orbitals first and then performing localization, and can also avoid the problem of large systems with many iterations

of localization that tend to be non-convergent.

FLMO has been used to obtain the localized orbitals of molecules, iOI-SCF, FLMO-MP2, O(1)-NMR, and other
methods, and also to calculate the singlet states of open-shell layers for the study of single-molecule magnets and other

problems.

4.7.1 Calculating the Fractionated Domain Molecular Orbital FLMO (Manual Frac-
tionation)

In order to give the user an intuitive understanding of FLMO, we give an example of FLMO calculation. Here, we
want to calculate the domains of the 1,3,5,7-octatetraene CgH;y molecule by the FLMO method. We first calculate 4
molecular slices, each consisting of a central atom, a buffer atom and a linked H-atom. Because of the simple molecular
structure, the molecular slices are obtained by manual slicing, i.e., the central atom of each molecular slice is a C=C double
bond and all hydrogen atoms attached to it, and the buffer atoms are the C=C double bonds directly linked to the C=C
double bond and the hydrogen atoms attached to them, i.e., 1,3-butadiene for slice 1 and slice 4, and 1,3,5-hexatriene for
slice 2 and slice 3. After the convergence of the SCF calculation, the molecular slices were used to obtain the molecular

slices domain orbitals by the Boys domainization method. After all the molecular slices were calculated, the pFLMO
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(primitive Fragment Localized Molecular Orbital) of the whole molecule was synthesized from the four molecular slices.
The pFLMO is used as an initial guess to calculate the entire CgH;o molecule and to obtain the localized FLMO. input

example is as follows

###### Fragment 1

%echo "-——————- CHECKDATA: Calculate the 1st fragment ————————————— "
$COMPASS
Title
Basis
Geometry
@ 0.5833330000 0.0 0.0000000000
c 1.9203330000 0.0 0.0000000000
h 0.0250410000 0.0 -0.9477920000
h 0.0250620000 0.0 0.9477570000
h 2.4703130000 0.0 -0.9525920000
c 2.6718330000 0.0 1.3016360000 B
€ 4.0088330000 0.0 1.3016360000 B
h 4.7603330000 0.0 2.6032720000 L
h 2.1218540000 0.0 2.2542280000 B
h 4.5588130000 0.0 0.3490440000 B

End geometry
$END

$SXUANYUAN
SEND

$SCF
RHF
iprtmo
2
SEND

$localmo
FLMO
Send

# copy PFLMO punch file
%cp S$BDF_WORKDIR/S$SBDFTASK.flmo S$BDF_TMPDIR/fragment1
%cp S$BDF_WORKDIR/SBDFTASK.flmo $BDF_WORKDIR/fragment1

##### Fragment 2
eahe We=—==——=— CHECKDATA: Calculate the 2nd fragment ————————————— "
SCOMPASS

(continues on next page)
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Title

Basis
Geometry

@ 0.5833330000 0.0 0.0000000000 B
@ 1.9203330000 0.0 0.0000000000 B
h 0.0250410000 0.0 -0.9477920000 L
h 0.0250620000 0.0 0.9477570000 B
h 2.4703130000 0.0 -0.9525920000 B
c 2.6718330000 0.0 1.3016360000

c 4.0088330000 0.0 1.3016360000

h 2.1218540000 0.0 2.2542280000

h 4.5588130000 0.0 0.3490440000

@ 4.7603330000 0.0 2.6032720000 B
€ 6.0973330000 0.0 2.6032720000 B
h 4.2103540000 0.0 3.5558650000 B
h 6.6473130000 0.0 1.6506800000 B
h 6.8488330000 0.0 3.9049090000 L

End geometry
$END

$SXUANYUAN
SEND

$SCF
RHF
iprtmo
2
SEND

$localmo
FLMO

Send

# copy PFLMO punch file

%cp S$BDF_WORKDIR/SBDFTASK.flmo SBDF_TMPDIR/fragment2
%cp S$BDF_WORKDIR/SBDFTASK.flmo S$BDF_WORKDIR/fragmentZ2

¢$]ls -1 $BDF_TMPDIR

$rm -rf S$SBDF_TMPDIR/SBDFTASK.*

# Fragment 3

%$echo "-——————- CHECKDATA: Calculate the 3rd fragment ————————————— "

(continues on next page)
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S$COMPASS

Title

Basis

Geometry
@ 2.6718330000 0.0 1.3016360000 B
c 4.0088330000 0.0 1.3016360000 B
h 1.9203330000 0.0 0.0000000000 L
h 2.1218540000 0.0 2.2542280000 B
h 4.5588130000 0.0 0.3490440000 B
c 4.7603330000 0.0 2.6032720000
c 6.0973330000 0.0 2.6032720000
h 4.2103540000 0.0 3.5558650000
h 6.6473130000 0.0 1.6506800000
c 6.8488330000 0.0 3.9049090000 B
c 8.1858330000 0.0 3.9049090000 B
h 6.2988540000 0.0 4.8575010000 B
h 8.7441260000 0.0 4.8527010000 L
h 8.7441050000 0.0 2.9571520000 B

End geometry
$END

SXUANYUAN
SEND

$SCF
RHF
iprtmo
2
SEND

# flmo_coef_gen=1, iprt=2, ipro=(6,7,8,9), icut=(3,13),
Slocalmo

FLMO

Send

# copy pFLMO punch file

%cp SBDF_WORKDIR/S$BDFTASK.flmo S$BDF_TMPDIR/fragment3
%cp SBDF_WORKDIR/SBDFTASK.flmo SBDF_WORKDIR/fragment3
$ls -1 $BDF_TMPDIR

%$rm —-rf SBDF_ TMPDIR/SBDFTASK. *

(continues on next page)
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# Fragment 4

Seehe Ve——=——=—== CHECKDATA: Calculate the 4th fragment ————————————— "

SCOMPASS

Title

Basis

Geometry
h 4.0088330000 0.0 1.3016360000 L
@ 4.7603330000 0.0 2.6032720000 B
@ 6.0973330000 0.0 2.6032720000 B
h 4.2103540000 0.0 3.5558650000 B
h 6.6473130000 0.0 1.6506800000 B
@ 6.8488330000 0.0 3.9049090000
@ 8.1858330000 0.0 3.9049090000
h 6.2988540000 0.0 4.8575010000
h 8.7441260000 0.0 4.8527010000
h 8.7441050000 0.0 2.9571520000

End geometry

SEND

$XUANYUAN

SEND

$SCF

RHF

iprtmo

2

$END

# flmo_coef_gen=1, iprt=1, ipro=(6,7,8,9,10), icut=(1)
$localmo

FLMO

Send

# copy PFLMO punch file

%cp S$BDF_WORKDIR/SBDFTASK.flmo SBDF_TMPDIR/fragment4
%cp S$BDF_WORKDIR/SBDFTASK.flmo S$BDF_WORKDIR/fragment4
%$ls -1 S$BDF_TMPDIR

¢rm -rf SBDF_TMPDIR/SBDFTASK.*

# Whole Molecule calculation

$echo "-———————- CHECKDATA: From fragment to molecular SCF calculation——————————————— "

(continues on next page)
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S$COMPASS

Title

Basis

Geometry
@ 0.5833330000
@ 1.9203330000
h 0.0250410000
h 0.0250620000
h 2.4703130000
© 2.6718330000
c 4.0088330000
h 2.1218540000
h 4.5588130000
c 4.7603330000
@ 6.0973330000
h 4.2103540000
h 6.6473130000
@ 6.8488330000
@ 8.1858330000
h 6.2988540000
h 8.7441260000

h 8.7441050000
End geometry
Nfragment

4
Group

SEND

SXUANYUAN
SEND

$SCF
RHF
FLMO
iprtmo
2
sylv
threshconv
1.d-8 1.d-6
$END

O O O O O O O O O O O o o o o o o o

O O O O O O O O O O O O o o o o o o

N O W W R WD DN ODN O O O O O

.0000000000
.0000000000
.9477920000
.9477570000
.9525920000
.3016360000
.3016360000
.2542280000
.3490440000
.6032720000
.6032720000
.5558650000
.6506800000
.9049090000
.9049090000
.8575010000
.8527010000
.9571520000

(continues on next page)
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&DATABASE
fragment 1 9 # Fragment 1 with 9 atoms
1234567839 # atom number in the whole molecule

fragment 2 12

12456789 10 11 12 13
fragment 3 12

6 78 9 10 11 12 13 14 15 16 18
fragment 4 9

10 11 12 13 14 15 16 17 18
&END

In the input, we give the annotations. The calculation of each molecular slice consists of
$BDFTASK.flmo , where the domain orbitals are stored, is copied to $SBDF_TMPDIR by inserting the shell cp
SBDF_WORKDIR/S$BDFTASK.flmo S$BDF_TMPDIR/fragment* after the localmo module.

After the 4 molecular fragments are calculated, the whole molecule calculation is done, and the input starts from #
Whole Molecule calculation . Inthe compass, there is the keyword Nfragment 4, which prompts to read in 4

molecule fragments, and the molecule fragment information is defined in the sDATABASE field.

The SCF calculation for the whole molecule starts by reading in the four molecular slices of the fixed-domain orbitals,
constructing the pFLMO, and giving the orbital stretch factor Mos (molecular orbital spread, where a larger Mos for a

given fixed-domain orbital means that the fixed-domain orbital is more off-domain, and vice versa), as follows.

Reading fragment information and mapping orbitals

Survived FLMO dims of frag( 11): 8 17 0 46 9
Survived FLMO dims of frag( 15): 8 16 0 66 12
Survived FLMO dims of frag( 15): 8 16 0 66 12
Survived FLMO dims of frag( 11): 8 17 0 46 9
Input Nr. of FLMOs (total, occ., soc., vir.) : 98 32 0 66

nmo != nbas

98 92

Local Occupied Orbitals Mos and Moc
Max_Mos: 1.89136758 Min_Mos: 0.31699600 Aver_Mos: 1.32004368
Local Virtual Orbitals Mos and Moc
Max_Mos: 2.46745638 Min_Mos: 1.46248295 Aver_Mos: 2.14404812
The prepared Nr. of pFLMOs (total, occ., vir.) : 98 32 0 66
Input Nr. of FLMOs (total, double-occ., single-occ, vir.) : 98 32 0 66
No. double-occ orbitals: 29
No. single-occ orbitals: 0
No. virtual orbitals: 63

(continues on next page)
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iden= 1 29 63 32 66

Transfer dipole integral into Ao basis

Transfer quadrupole integral into Ao basis

Eliminate the occupied linear-dependent orbitals !

Max_Mos: 1.89136758 Min_Mos: 0.31699600 Aver_ Mos: 1.32004368

3 linear dependent orbitals removed by preliminary scan

Initial MO/AO dimension are : 29 92
Finally 29 orbitals left. Number of cutted MO 0
Max_Mos: 1.89136758 Min_Mos: 0.31699600 Aver_Mos: 1.29690971

Perform Lowdin orthonormalization to occ pFLMOs
Project pFLMO occupied components out of virtual FLMOs
Max_Mos: 2.46467150 Min_Mos: 1.46222542 Aver_Mos: 2.14111949

3 linear dependent orbitals removed by preliminary scan

Initial NO, NV, AO dimension are : 29 63 92

Finally 92 orbitals left. Number of cutted MO 0
Max_Mos: 2.46467150 Min_Mos: 1.46222542 Aver_Mos: 2.15946681
Perform Lowdin orthonormalization to virtual pFLMOs 63

Local Occupied Orbitals Mos and Moc
Max_Mos: 1.88724854 Min_Mos: 0.31689707 Aver_Mos: 1.29604628
Local Virtual Orbitals Mos and Moc
Max_Mos: 2.53231018 Min_Mos: 1.46240853 Aver_Mos: 2.16493518
Prepare FLMO time : 0.03 s 0.02 s 0.05 s
Finish FLMO-SCF initial

It can be seen that the maximum Mos of pFLMO for the whole molecule is less than 2.6, and the pFLMO is fixed-
domain regardless of the occupied or imaginary orbitals. The initial guess of the overall molecule is made by using
pFLMO, and it enters the SCF iteration, using the block diagonalization method to keep the minimum perturbation of

the orbitals, and the output is as follows.

Check initial pFLMO orbital MOS

Local Occupied Orbitals Mos and Moc

Max_Mos: 1.88724854 Min_Mos: 0.31689707 Aver_Mos: 1.29604628
Local Virtual Orbitals Mos and Moc
Max_Mos: 2.53231018 Min_Mos: 1.46240853 Aver_Mos: 2.16493518
DNR !!
iter : 79 Norm of Febru 0.86590E-06
X -=> U time: 0.000 0.000 0.000
block diag 0.017 0.000 0.017
block norm : 2.3273112079137773E-004
1 0 0.000 -308.562949067 397.366768902 0.002100841 0.027228292 0.0000 0.53

(continues on next page)
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DNR !!
iter : 57 Norm of Febru 0.48415E-06
X ——=> U time: 0.000 0.000 0.017
block diag 0.000 0.000 0.017
block norm : 1.3067586006786384E-004
2 1 0.000 -308.571009930 -0.008060863 0.000263807 0.003230630 0.0000 0.52
DNR !!
iter : 43 Norm of Febru 0.64098E-06
X ——> U time: 0.000 0.000 0.000
block diag 0.017 0.000 0.017
block norm : 3.6831175797520882E-005

After the SCF converges, the system prints the Mos information of molecular orbitals once again.

Print pFLMO occupation for checking
Occupied alpha obitals

Local Occupied Orbitals Mos and Moc

Max_Mos: 1.91280597 Min_Mos: 0.31692300 Aver_Mos: 1.30442588
Local Virtual Orbitals Mos and Moc
Max_Mos: 2.53288468 Min_Mos: 1.46274299 Aver_Mos: 2.16864691
Write FLMO coef into scratch file ... 214296
Reorder orbital via orbital energy ... 1 1

It can be seen that the Mos of the final FLMO does not change much compared with the pFLMO and maintains a

good domain fixation.

The above manual slicing method is tedious for molecules with complex structures, because not only the definition
of each molecular slice needs to be given manually, but also the correspondence between the atomic number of each slice
and the total system needs to be given in the §DATABASE domain. In contrast, a more convenient approach is to use the

following automatic slicing method.

4.7.2 Calculation of open-shell-layer singlet states using FLMO (automatic binning)

The study of single-molecule magnets, as well as certain catalytic systems, etc., often encounters so-called antiferro-
magnetic coupled states, which generally consist of two electrons of opposite spin occupying different atomic centers in
the form of open-shell layers (open-shell layer singlet states), but may also involve multiple single electrons.BDF can be
combined with the FLMO method to calculate open-shell layer singlet states. For example, the following example uses
the FLMO method to calculate the spin-broken ground state of a system containing Cu(Il) and nitrogen-oxygen stabilized

radicals.

Sautofrag
method

(continues on next page)
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flmo
nprocs
2 # ask for 2 parallel processes to perform FLMO calculation
spinocc
# Set +1 spin population on atom 9 (0), set -1 spin population on atom 16 (Cu)
9 +1 16 -1
# Add no buffer atoms, except for those necessary for saturating dangling bonds.
# Minimizing the buffer radius helps keeping the spin centers localized in
# different fragments
radbuff
0
Send

Scompass
Title

antiferromagnetically coupled nitroxide-Cu complex

Basis
LANL2DZ
Geometry
© -0.16158257 -0.34669203 1.16605797
© 0.02573099 -0.67120566 -1.13886544
H 0.90280854 -0.26733412 1.24138440
H -0.26508467 -1.69387001 -1.01851639
© -0.81912799 0.50687422 2.26635740
H -0.52831123 1.52953831 2.14600864
H -1.88351904 0.42751668 2.19103081
N -0.38402395 0.02569744 3.58546820
O 0.96884699 0.12656182 3.68120994
@ -1.01167974 0.84046608 4.63575398
H -0.69497152 0.49022160 5.59592309
H -0.72086191 1.86312982 4.51540490
H -2.07607087 0.76110974 4.56042769
N -0.40937388 -0.19002965 -2.45797639
© -0.74875417 0.18529223 -3.48688305
Cu -1.32292113 0.82043400 -5.22772307
F -1.43762557 -0.29443417 -6.57175160
F -1.72615042 2.50823941 —-5.45404079
H -0.45239892 -1.36935628 1.28640692
H 1.09012199 -0.59184704 -1.06353906
0 -0.58484750 0.12139125 -0.11715881

End geometry
Send

(continues on next page)
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$xuanyuan

Send

Sscf
uks
dft
PBEO
spinmulti
1
D3
molden

Send

$localmo

FLMO

Pipek # Pipek-Mezey localization, recommended when pure sigma/pure pi LMOs are needed.
# Otherwise Boys is better

Send

FLMO calculations do not currently support concise input. In this example, the autofrag module is used to
automatically fragment the molecule and generate the basic input for the FLMO calculation. BDF first generates the
molecular fragments based on the molecular structure in the compass and the parameter definition information of
autofrag , as well as the input file for the molecular fragment localization orbital calculation. Then the pFLMO
(primitive Fragment Local Molecular Orbital) of the whole molecule is assembled with the domain-fixed orbital of the
fragment as the initial guess orbital for the global SCF calculation, and then the open-shell layer singlet state of the whole
molecule is obtained by the global SCF calculation while keeping the domain-fixed orbital at each iteration step. In the
calculation, the output of the molecular fragment calculation is saved as $ {BDFTASK} . framgmentN.out , N is the
fragment number, and the standard output prints only the output of the overall molecular calculation for the sake of output

brevity.

The output will give information about the molecular fragmentation that

77777777777 Buffered molecular fragments ————————

BMolefrag 1g rr, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 19, 20, 211, [1, [14],
— [14, 15], 0.0, 1.4700001016690913]

BMolefrag 28 [r14, 15, 1e, 17, 18], [(2, 4, 201, [21], [21], 0.0, 1.
—4700001016690913]

Fragment Total No. of atoms Charge SpinMult SpinAlignment
1 17 0 2 Alpha
2 9 0 2 Beta

(continues on next page)
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Generate BDF input file

Here it can be seen that we have generated two molecular fragments, specifying that molecular slice 1 consists of 17
atoms with a spin multiplicity of 2, and that molecular slice 2 consists of 9 atoms with a spin multiplicity of 2, but with the
opposite spin direction as molecular slice 1, i.e. one more beta electron than alpha electron, instead of one more alpha
electron than beta electron. The 2 molecular slices are then calculated separately, with the following message (assuming

the environment variable OMP_ NUM_THREADS is set to 4):

Starting subsystem calculations
Number of parallel processes: 2
Number of OpenMP threads per process: 2

Please refer to testll7.fragment*.out for detailed output

Total number of not yet converged subsystems: 2
List of not yet converged subsystems: [1, 2]
Finished calculating subsystem 2 ( 1 of 2)
Finished calculating subsystem 1 ( 2 of 2)

Starting global calculation

This care of the computational resource settings. The total computational resources are the product of the number of
parallel processes and the number of OpenMP threads per process, where the number of processes is set by the nprocs
keyword of the autofrag module, and the total computational resources are This takes care of the computational
resource settings. The total computational resources are the product of the number of parallel pset by the environment
variable OMP_NUM_THREADS , and the number of threads per process is automatically obtained by dividing the total

computational resources by the number of processes.

The computational output of the overall numerator is similar to a normal SCF calculation, but with a chunked

diagonalized Fock matrix to keep the orbit definite.

Check initial pFLMO orbital MOS
Openshell alpha
Local Occupied Orbitals Mos and Moc

Max_Mos: 1.89684048 Min_Mos: 0.25791767 Aver_Mos: 1.15865182
Local Virtual Orbitals Mos and Moc

Max_Mos: 8.01038107 Min_Mos: 1.56092594 Aver_Mos: 3.04393282
Openshell beta
Local Occupied Orbitals Mos and Moc

Max_Mos: 3.00463332 Min_Mos: 0.21757580 Aver_Mos: 1.24636228
Local Virtual Orbitals Mos and Moc

Max_Mos: 8.00411948 Min_Mos: 1.78248588 Aver_Mos: 3.04672070

(continues on next page)
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1 0 0.000 -849.642342776 1158.171170064 0.046853948

—54
DNR !!

SDNR: warning: rotation angle too large, aborting

iter : 5 Norm of Febru 0.20133E+00
X —=> U time: 0.000 0.000 0.000
block diag 0.000 0.000 0.000
block norm : 0.290774097871744
DNR !!
iter : 359 Norm of Febru 0.82790E-06
X ——=> U time: 0.000 0.000 0.000
block diag 0.020 0.000 0.010
block norm : 8.589840290871769E-003

4.840619682

0.5000 3o

The orbital stretch (Mos) information is given at the beginning of the iteration, the smaller the number, the better

the orbital fixity. Mos is printed again after the SCF converges. From the results of the Bourget analysis,

[Mulliken Population Analysis]

Atomic charges and Spin densities

1C -0.2481 0.0010
2C -0.1514 0.0013
3H 0.2511 -0.0002
4H 0.2638 -0.0006
5€ -0.3618 -0.0079
6H 0.2511 0.0240
7H 0.2436 -0.0013
8N 0.0128 0.3100
90 -0.2747 0.6562
10C -0.5938 -0.0092
11H 0.2696 0.0040
12H 0.2414 0.0242
13H 0.2302 -0.0016
14N 0.1529 -0.0202
15C -0.2730 0.0162
16Cu 0.8131 =0, 5701
17F -0.5019 -0.2113
18F -0.4992 -0.2143
19H 0.2207 0.0008
20H 0.2666 -0.0000
210 -0.3128 -0.0008

(continues on next page)
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Sum: -0.0000 0.0000

It can be seen that the spin densities of -0.5701 for Cu and 0.6562 for 90 are consistent with the pre-specified spins,
indicating that the calculations do converge to the desired open-shell singlet state. Note that the absolute value of the spin
density here is less than 1, indicating that the spin densities on Cu and 90 are not strictly localized to these two atoms,

but are partially off-domain to the next atom.

In the above example, the aut o £ rag module input looks complicated, but the spinocc and radbuf £ keywords
are not necessary for the FLMO method, i.e. the following input file will still work successfully, except that it does not

ensure that the spin orientation of Cu and O is the user-specified orientation:

Sautofrag
method
flmo
nprocs
2
Send

The nprocs indicates the parallelization of the SCF computation for each subsystem, i.e., multiple subsystems are
allowed to be computed at the same time. If the nprocs keyword is omitted, which is equivalent to setting nprocs to
1, the program will compute all subsystems in turn, with each subsystem occupying 8 OpenMP threads and waiting for
one subsystem to finish before computing the next one. There is no difference in the result compared to using nprocs
, but the efficiency of the calculation may be reduced. Therefore, nprocs only affects the efficiency of the FLMO
computation, not its results, i.e., the following writeup will also run successfully, but the computation time may be slightly

longer than writing nprocs :

Sautofrag
method

flmo
Send

Note that setting nprocs too large or too small may result in an increase in computation time. For the sake of
discussion, assume that the environment variable OMP_ NUM_THREADS is set to 8 for the FLMO calculation of a larger

molecule.

nprocs

4

It indicates that:

1. When the program starts subsystem computation, it calls 4 concurrent BDF processes simultaneously, each of which
computes one subsystem. If the total number of subsystems N is less than 4, then only N concurrent BDF processes

are called.

2. Each BDF process uses 2 OpenMP threads. When the total number of subsystems is less than 4, some subsystem
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computations may use 3 or 4 OpenMP threads, but the number of concurrent OpenMP threads for the entire

computation task is never more than 8.

3. At the beginning of the computation, the entire computation uses exactly 8 OpenMP threads, but as the computation
nears its end, when less than 4 subsystems remain to be computed, the number of OpenMP threads used for the

entire computation may be less than 8.
The optimal value of nprocs is determined by two main factors.

1. Because the parallel efficiency of OpenMP is generally less than 100%, if four tasks of equal duration are run
simultaneously, each using two OpenMP threads, the time spent is generally less than if each task is run in turn and

each task uses eight OpenMP threads.

2. The computation times for each subsystem are not identical, and may even differ by a factor of several. If some
tasks take significantly longer than others, running 4 tasks at the same time with 2 threads per subsystem may be
slower than computing each subsystem sequentially with 8 threads, because some computational resources will be
idle later in the computation when the 4 subsystems are being computed simultaneously. This is also known as the

load balancing problem.

Therefore, if nprocs too small or too large, the computation may be less efficient. In general, nprocs is set to
about 1/5 to 1/3 of the total number of subsystems. If there is no proper estimate of the number of subsystems generated by
the system before the calculation, nprocs can be simply set to a smaller positive integer such as 1 or 2. The exception is
that nprocs can be made larger if it is known that the various subsystems of the calculation are computationally similar.
nprocs For example, in the example at the beginning of this subsection, although there are only two subsystems, the
smaller subsystem contains transition metal atoms Cu and the larger subsystem is purely organic, so both subsystems have

similar computation times and can be computed simultaneously.

4.7.3 i0Ol-SCF method

The i0I method can be considered as an improvement of the FLMO method. In the FLMO method, even if au-
tomatic binning is used, the user still needs to specify the size of the molecular slice with the keywords radcent and
radbuff . Although both keywords have default values (3.0 and 2.0, respectively), neither the default values nor the
user-specified values are guaranteed to be optimal for the current system. If the molecular slice is too small, the quality
of the obtained fixed-domain orbitals is too poor; if the molecular slice is too large, it leads to too much computation
and non-convergence of the fixed-domain iterations. In contrast, the iOI method starts from a relatively small piece of
molecule and keeps increasing and fusing the pieces until the piece of molecule reaches the desired size, and then per-
forms the global calculation. Each increase and fusion of molecular slices is called a Macro-iteration. An example is as

follows.

Sautofrag
method

iol # To request a conventional FLMO calculation, change ioi to flmo
nprocs

2 # Use at most 2 parallel processes in calculating the subsystems

(continues on next page)
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Send

Scompass

Title

Basis

Geometry # snapshot of GFN2-xTB molecular dynamics at 298 K
.2028
.1974
.7828
.4934
.4838
.7584
.6123
.3035
.1684
L7159
.1506
.3495
.8779
.2554
.5923
. 6402
.8651
.3636
.4286
.5305
.4848
.5772
.1485
.8803
L2124
.4606
.3720
.7308
.8415
.8246
.7415
L7736
.8723
L7911
L7773

Z om - Q Q- D Q@D Q0
|
w

Z QO @&-D - Q@D 2 D @D Q@D @D Q- D Q- 2 T
|
w

=i .
-0.
.9065
.5454
.8240
> 5194
.8793
.0061
L2214
.1988
.6292
.9087
.6687
.3937
- 5989
L7763
.0100
.6632
.9775
.2960
.4392
.3876
.5393
.3760
-5750
.7754
.6699
.9469
.9938
.8244
.9365
.4887
.2143
.2324
.3908

1506
4473

2o
.1642
.1812
.9369
.7363
> 1508
.0715
.9269
.8030
- 9297
.2183
.3473
.2878
.3124
.4076
.0362
- 1859
L7847
.0366
=0,
=0,
=0,
=0,
=i,
=0,
=0,
=0,

0.
=il .
=2
=0,
=0,

0.
=i,
=2 o

R o W o o B o1 O O N PPN DD

[N

9497

0482
0261
6303
7839
8559
7031
2653
3034
7870
0424
0837
7484
8943
3196
6563
1393
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H =3, 9107 10.9108 -2.4646
H -3.0564 12.0823 -1.1142
C =5,1510 9.6033 -0.7836
H =5,95290 9.1358 0.1412
H -5.0054 10.6820 -0.6847
© -6.2224 9.3823 -1.8639
H -6.9636 10.1502 =i . 7739
H -5.8611 9.4210 -2.8855
0 =6, 7773 8.0861 =i, 6209
H =7.5145 7.9086 -2.2227
© -4.0308 4.9184 1.3736
H -3.7858 5.6522 2.1906
© -5.5414 4.6280 1.3533
H =5,8612 3.8081 0.7198
H =5, 9086 4.3451 2.3469
H -6.1262 5.5024 1.0605

End geometry
MPEC+cosx # Accelerate the SCF iterations using MPEC+COSX. Not mandatory
Send

$xuanyuan

rs # the range separation parameter omega (or mu) of wB97X
0.3

Send

Sscf
rks

dft

iprt # Increase print level for more verbose output. Not mandatory
2

charge

2

Send

Slocalmo
FLMO
Send

Note that in the iOI calculation, the meaning of the nprocs keyword is the same as in the FLMO calculation, and
the appropriate value needs to be chosen according to the size of the molecule, and the different values of nprocs still
only affect the calculation speed but not the results. The difference with the FLMO calculation is that the iOI calculation
involves multiple macro iterations (see below), and the number of subsystems in each macro iteration is decreasing, so

the optimal value of nprocs should be conservative, e.g., 1/10-1/5 of the number of subsystems in the macro iteration
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at step 0.

At the beginning of the program, the molecule is divided into 5 molecular slices.

Buffered molecular fragments

BMolefrag 1 (4, s, 6, 8, 9, 10, 11, 12, 13, 14, 18, 191, [1, 16, 2, 3, 7, 15,_
17, 46, 47, 48, 49, 50, 511, [20], [20, 21, 22, 23], 2.0, 2.193]

BMolefrag 2: [[20, 21, 22, 23, 24, 25, 26, 27, 28, 46, 47, 48, 49, 50, 511, [18,
- 19, 29, 301, [8, 31, 381, [8, 4, 11, 31, 32, 33, 34, 38, 39, 40, 41], 2.0, 2.037]
BMolefrag 3: (r2, 3, 7, 1s, 171, [1, 16, 4, 8, 5, 6, 9, 10, 11, 12, 13, 141,._
—[18], [18, 19, 46], 2.0, 3.5]

BMolefrag 4 [[29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44,._
451, [23, 24, 25, 26, 27, 28, 20, 21, 221, [46], [46, 18, 47, 48], 2.0, 3.386]
BMolefrag 5: [r1, 1el, (2, 3, 7, 5, 6, 9, 10, 4, 81, [15, 11, 18], [15, 12, 17,.
~11, 13, 18, 19, 46], 2.0, 2.12]

Fragment Total No. of atoms Charge SpinMult SpinAlignment
1 26 1 1 N.A.
2 22 1 1 LA
3 18 1 1 N.A.
4 27 1 1 N.A.
5 14 1 1 N.A.

Here SpinAlignment is shown as N.A. because all molecular sheets are in closed-shell layer and therefore there is no

problem of spin orientation.

After that the subsystem calculation starts.

Starting subsystem calculations
Number of parallel processes: 2
Number of OpenMP threads per process: 2

Please refer to testl06.fragment*.out for detailed output

Macro-iter O:

Total number of not yet converged subsystems: 5

List of not yet converged subsystems: r4, 1, 2, 3, 5]
Finished calculating subsystem 4 (1 of 5)
Finished calculating subsystem 2 ( 2 of 5)
Finished calculating subsystem 1 ( 3 of 5)
Finished calculating subsystem 5 ( 4 of 5)
Finished calculating subsystem 3 ( 5 of 5)
Maximum population of LMO tail: 110.00000

(continues on next page)
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Elapsed time of post-processing: 0.10 s

Total elapsed time of this iteration: 34.28 s

After that the program fuses these 5 molecular sheets two by two and expands the buffer to obtain 3 larger subsystems.

The definition of the 3 larger subsystems is given in $ {BDFTASK}.ioienlarge.out .

Finding the optimum iOI merge plan...

Initial guess merge plan...

Iter 0 Number of permutations done: 1

New center fragments (in terms of old center fragments):
Fragment 1: 5 3

NBas: 164 184

Fragment 2: 2 4

NBas: 164 174

Fragment 3: 1

NBas: 236

Center fragment construction done, total elapsed time 0.01 s

Subsystem construction done, total elapsed time 0.01 s

That is, the new subsystem 1 is obtained by fusing (and expanding the buffer) the old subsystems 5 and 3, the new
subsystem 2 is obtained by fusing (and expanding the buffer) the old subsystems 2 and 4, and the new subsystem 3 is
obtained directly by expanding the buffer of the old subsystem 1. Then the SCF calculation of these larger subsystems is

performed using the converged fixed domain orbits of the original 5 smaller subsystems as the first guess.

Macro-iter 1:

Total number of not yet converged subsystems: 3
List of not yet converged subsystems: (2, 3, 11
Finished calculating subsystem 3 ( 1 of 3)
Finished calculating subsystem 1 ( 2 of 3)
Finished calculating subsystem 2 ( 3 of 3)
Fragment 1 has converged

Fragment 2 has converged

Fragment 3 has converged

Maximum population of LMO tail: 0.04804

***% 10I macro-iteration converged! ***

Elapsed time of post-processing: 0.04 s

Total elapsed time of this iteration: 33.71 s

At this point, the program automatically determines that the size of these subsystems is sufficient to converge the
LMO of the system to the required accuracy, so the iOI macro iteratively converges and the iOI global computation is

performed. iOI global computation produces an output similar to the FLMO global computation, but to further accelerate
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the block diagonalization of the Fock matrix, some of the converged LMOs are frozen in the iOI global computation,

thus reducing the number of Fock matrices requiring block diagonalization. The dimensionality of the Fock matrix to

be diagonalized is reduced, but also introduces a small error (typically of the order of 107% ~ 1075 Hartree). As an

example, take the last step of the SCF iteration.

DNR !!
47 of
SDNR. Preparation:
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
norm and abs (maximum
Survived/total Fia =
SDNR.

iter

X ——> U time: 0.
0.00
0.020

SDNR. XcontrU:
block diag

Iter: 0.

90 occupied and

0.01
value) of
472
value) of
443
value) of
615
value) of
824
value) of
965
value) of
737
value) of
1050
value) of
499
value) of
1324
value) of
303
value) of
837
value) of
185
value) of
1407
value) of
253
value) of
650
value) of
264

01 0

16 Norm of Febru

000

0.000
0.00
0.000

201 of
0.00
Febru
3913
0.36495E
3913
0.16908E
3913
0.11957E
3913
0.68940E
3913
0.56539E
3913
0.30450E
3913
0.36500E
3913
0.14018E
3913
0.43467E
3913
0.12151E
3913
0.15880E
3913
0.52265E
3913
0.31827E
3913
0.77674E
3913
0.56782E
3913
.00 0.00
0.25948E-05
0.000
0.00
0.000

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

Febru

0.00

-03

-03

-03

-04

-04

-04

-04

-04

-04

-04

-04

=05

-04

-05

=05

.11420E-03

.92361E-04

.21708E-04

.15155E-04

.15506E-04

.62094E-05

.82498E-05

.38171E-05

.15621E-04

.26221E-05

.82575E-05

.71076E-06

.12985E-04

.24860E-05

.38053E-05

292 wvirtual orbitals frozen

0.35816E-03 0.11420E-03 gap

gap

gap

gap

gap

gap

gap

gap

gap

gap

gap

gap

gap

gap

gap

gap

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531

.14531
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block norm : 2.321380955939448E-004
Predicted total energy change: -0.0000000659

9 0 0.000 -1401.6261867529 -0.0011407955 0.0000016329 0.
—0000904023 0.0000 16.97

That is, 47 occupied and 201 imaginary orbits are frozen.

After the convergence of the iOI global computation of SCF, the energy and settling analysis information can be

read from the output file following the general SCF computation, which is not repeated here.

4.8 Time-dependent Density Generalized Function Theory

The BDF supports a variety of excited state calculation methods, including the linear response time-density general-
ized function (TDDFT) method based on the Kohn-Sham reference state, and the Tamm-Dancoff approximation (TDA)
of the TDDFT method. Compared with other quantization software, the TDDFT module of BDF is unique. The main

features are
1. support for various spin-flip (spin-flip) methods.

2. support spin-matching TDDFT method X-TDDFT, which can effectively solve the problem of spin contamination
of excited states when the reference state is an open-shell layer, and is suitable for excited state calculation of free

radicals, transition metals and other systems.

3. support core excited state (core excited state) related calculations, such as the calculation of the X-ray absorption
spectrum (XAS). The iVI method used in BDF can directly calculate all excited states in a higher energy interval

without calculating the lower excited states, thus saving computational resources.

4. support the calculation of first-order non-adiabatic coupling matrix element (fo-NACME, or NACME for short),
especially between excited states and excited states NACME is mainly used to study non-radiative leap processes,
such as using Fermi’ s golden rule NACME is mainly used to study non-radiative leap processes, such as the calcula-
tion of the endoconversion rate constant using Fermi’ s golden rule, or the study of endoconversion, photochemical
processes using non-adiabatic kinetics, etc. Many quantum chemistry programs support NACME between ground
and excited states, but fewer programs support NACME between excited and excited states. Therefore, BDF has
a unique advantage over most existing quantum chemistry programs for processes such as excited-to-excited state

endoconversions and multi-state photochemical reactions.

In addition to TDDFT, BDF also supports the calculation of excited states at the SCF level using the mom J¥£.

Danger: All general functions of the SCAN family(e.g.,.SCANO, r2SCAN) suffer from the “triplet instability”
problem [65], Should not be used for SF-TDDFT calculations(e.g,triple excited states for closed-shell systems). TDA

is recommended for this case.

4.8. Time-dependent Density Generalized Function Theory 107




BDF-Manual

4.8.1 Closed-shell system calculations: R-TDDFT

R-TDDFT is used to calculate closed-shell systems. If the ground state calculation starts from the RHF, the TDDFT
module performs the TDHF calculation. To calculate the excitation energy of H,O molecules using TDDFT, a concise

input is given as follows.

#!bdf.sh
TDDFT/B3lyp/cc—-pvdz iroot=1

geometry
O
H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry

Here, the keyword TDDFT/B31lyp/cc—pvdz specifies that the TDDFT calculation is performed, the generic
function used is B31yp , and the basis group is cc—pVDZ . The corresponding high-level input is

Scompass
Geometry

0

H11.0

H11.0 2 109.
End geometry

Basis

Send

$xuanyuan

Send

Sscf

RKS # Restricted Kohn-sham

DFT # DFT exchange-correlation functional B3lyp

Send

# input for tddft

Stddft
iroot # For each irrep, calculate 1 root.

1 #on default, 10 roots are calculated for each irreps if advanced input used
Send
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The four modules COMPASS , XUANYUAN , SCF and TDDFT are called sequentially to complete the com-
putation. The SCF module performs the RKS calculation. Based on the results of the RKS calculation, the subsequent
TDDEFT calculation is performed.

Note that since the water molecule belongs to the C,, point group, there are 4 integrable representations, and the
excited states of different integrable representations are solved separately, so there are several ways to specify the number

of excited states depending on the user’ s requirements, such as

(1) Calculate 1 excited state for each integrable representation.

STDDET

iroot
1

SEND

At this time, the excited state calculated by each irreducible representation has a high probability of being the excited
state with the lowest energy under the irreducible representation, but this cannot be guaranteed, that is to say, there is a
small probability that the excited state will converge to the second excited state or even higher. some excited state. If you

want to increase the probability of getting the lowest excited state, you can write

STDDET

iroot
2

SEND

At this time, two excited states are calculated for each irreducible representation, and the probability that the first
excited state calculated under each irreducible representation is the excited state with the lowest energy under the irre-
ducible representation is higher than when iroot=1. In addition, at this time, the second excited state calculated under
each irreducible representation has a high probability of being the excited state with the second lowest energy under the
irreducible representation, but the probability of satisfying this point is higher than that of the first excited state calcu-
lated under the irreducible representation. The probability of being the excited state with the lowest energy under this
irreducible representation is lower. If iroot is increased further, the calculated probability that the first excited state is the

one with the lowest energy quickly approaches 100%, but never strictly reaches 100%.

For similar reasons, not only is it often necessary to set iroot greater than 1 when calculating 1 excited state, but
when calculating N (N > 1) excited states, if you want to relatively reliably ensure that these N excited states are the lowest
energy The N excited states of , also need to set iroot greater than N. In general, iroot should be set larger, for example,
at least 3 larger than the desired number of excited states, when the molecule satisfies one of the following conditions:
(1) the molecule has approximate point group symmetry; (2) the molecule Although it has exact point group symmetry,
the calculation is performed at a lower point group due to program limitations or at the user’ s request, such as in the
open-shell TDDFT (see below) calculation, because the open-shell TDDFT code does not support non- Abelian point
group, and the calculation is performed under the largest Abelian subgroup instead. When the molecule does not belong

to one of the above cases, the iroot only needs to be slightly larger than the desired number of excited states, eg 1-2 larger.

(2) Counting only one B1 excited state and one B2 excited state, and not counting the excited states in the other

integrable representations.
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#! tdtest.sh
TDDFT/B3lyp/3-21G nroot=0,0,1,1

Geometry

End geometry

or

STDDFT

nroot

0011 #WHAMAN 0,0,1,1
SEND

where the nroot keyword indicates the number of excited states specified by the user for each integrable representa-
tion. Since the program internally arranges the integrable representations of the C,, point group in the order of Al, A2,
B1, and B2 (see the section on the ordering of the integrable representations of the point group), the above input indicates

that only one excited state each of B1 and B2 is counted.

(3) Calculate the lowest 4 excited states without limiting the integrable representations of these excited states

#! tdtest.sh
TDDFT/B3lyp/3-21G iroot=—

Geometry

End geometry

or

STDDFT

iroot
-4

SEND

In this case, the program uses the initial guessed excitation energy to determine how many excitation states should
be solved for each integrable representation, but since the initial guessed order of excitation energy may be different from
the fully converged excitation energy, the program cannot strictly guarantee that the 4 excitation states obtained must be
the 4 lowest energy states. If the user requires a strict guarantee that the 4 excited states obtained are the lowest 4 excited
states, the user should make the program calculate more than 4 excited states, e.g., 8 excited states, and then take the 4

lowest energy states.

The output of the Kohn-Sham calculation has already been described, so here we will only focus on the results of
the TDDFT calculation. The program output will first give information about the settings of the TDDFT calculation, so

that the user can easily check whether the settings are calculated or not, as follows.

110 4. Quick Start




BDF-Manual

——— PRINT: Information about TDDFT calculation ———

ERI Maxblk= 8M

[print level]

iprt= 0

[method]

R-TD-DFT

isf= 0

SC Excitations

RPA: (A-B) (A+B)Z=w2*7Z

[special choice for method]

ialda= 0

[active space]

Full active space

[algorithm]

Target Excited State in each rep / Diag method

1 Al 1 1
2 A2 1 1
3 B1 1 1
4 B2 1 1

[dvdson_parameters]
iupdate = 3
Nfac = 50

Nmaxcycle= 50

nblock = 50
crit_e = 0.10E-06
crit_vec = 0.10E-04
crit_demo= 0.10E-07
crit_indp= 0.10E-09
guess = 20
dump = 0

[output eigenvector control]

cthrd= 0.100

Here,
e R-TD-DFT indicates that the TDDFT based on the restricted basis wave function calculation is being performed.
e isf= 0 indicates that no flipping spin is being computed.

e ialda= 0 indicates that the “Full non-collinear Kernel™is used, which is the default Kernel for the non-spin-
flipping TDDFT.
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The output below gives the number of roots computed for each non-collinear representation.

Target Excited State in each rep / Diag method

1 Al 1 1
2 A2 1 1
3 B1 1 1
4 B2 1 1

The TDDFT module also prints information about occupied orbitals, virtual orbitals, and other active orbitals com-
puted by TDDFT

Print [Active] Orbital List
———[Alpha set]-——-

idx irep (rep,ibas,type) F_av (eV) iact

1 1 Al 1 2 -520.34813 0.05
2 1 Al 2 2 -26.42196 1.84
3 3 B1 1 2 -13.66589 2.96
4 1 Al 3 2 -9.50404 2.49
5 4 B2 1 2 -7.62124 2.12
6 1 Al 4 0 1.23186 9.86
7 3 Bl 2 0 3.27539 11.48
8 3 Bl 3 0 15.02893 7.40
9 1 Al 5 0 15.44682 6.60
10 1 Al 6 0 24.53525 4.35
11 4 B2 2 0 25.07569 3.88
12 3 Bl 4 0 27.07545 6.17
13 2 A2 1 0 33.09515 3.99
14 1 Al 7 0 34.03695 5.08
15 4 B2 3 0 39.36812 4.67
16 3 B1 5 0 43.83066 4.86
17 1 Al 8 0 43.91179 4.34
18 3 Bl 6 0 55.56126 4.35
19 1 Al 9 0 56.13188 4.04
20 4 B2 4 0 78.06511 2.06
21 2 A2 2 0 80.16952 2.10
22 1 Al 10 0 83.17934 2.38
23 1 Al 11 0 94.37171 2.81
24 3 B1 7 0 99.90789 2.86

Here, orbitals 1-5 are occupied orbitals and 6-24 are virtual orbitals, where the 5th and 6th orbitals are HOMO
and LUMO orbitals, belonging to integrable representation B2 and integrable representation A1 respectively, with orbital
energies of -7.62124 eV and 1.23186 eV respectively. Since the H>O molecule has 4 irreducible representations, the
TDDFT solves for each integrable representation one by one. The system estimates the memory usage before proceeding

to the Davidson iteration to solve the Casida equation.
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Jrep: 1 ExctSym: Al (convert to td-psym)
Irep: 1 PairSym: Al GsSym: Al

Nexit: 1 Nsos: 33

Estimated memory for JK operator: 0.053 M

Maxium memory to calculate JK operator: 512.000 M

Allow to calculate 1 roots at one pass for RPA

Allow to calculate 2 roots at one pass for TDA

Nlarge= 33 Nlimdim= 33 Nfac= 50
Estimated mem for dvdson storage (RPA) = 0.042 M 0.000 G

Estimated mem for dvdson storage (TDA) 0.017 M 0.000 G

Here, the system counts about 0.053 MB of memory needed to store the JK operator, and 512 MB of memory for
the input setting (see memjkop keyword). The system suggests that the RPA calculation, i.e., the full TDDFT calculation
can count 1 root per pass (one pass) and the TDA calculation can count 2 roots per pass. Since the molecular system
is small, there is enough memory. For larger molecular systems, if the number of allowed roots per pass output here is
less than the system setting, the TDDFT module will construct the JK operator by multiple integration calculations based
on the maximum number of allowed roots, resulting in a decrease in computational efficiency and requiring the user to

increase memory with the memjkop keyword.

Davidson iteration starts computing the output information as follows.

Iteration started !

Niter= 1 Nlarge = 33 Nmv = 2
Ndim = 2 Nlimdim= 33 Nres= 31
Approximated Eigenvalue (i,w,diff/evV,diff/a.u.):
1 9.5246226546 9.5246226546 0.350E+00
No. of converged eigval: 0

Norm of Residuals:

1 0.0120867135 0.0549049429 0.121E-01 0.549E-01
No. of converged eigvec: 0
Max norm of residues : 0.549E-01
*** New Directions : sTDDFT-Davidson step ***
Left Nindp= 1
Right Nindp= 1
Total Nindp= 2

[tddft_dvdson_ZYNI]

Timing For TDDFT_AVmat, Total: 0.08s 0.02s 0.02s
MTransl: 0.00s 0.02s 0.00s
COULPOT: 0.00s 0.00s 0.00s
AVint 0.08s 0.00s 0.02s

(continues on next page)
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MTrans2: 0.00s 0.00s 0.00s
TDDFT ZYNI-AV time-TOTAL 0.08 s 0.02 s 0.02 s
TDDFT ZYNI-AV time-Coulp 0.08 S 0.02 S 0.02 S
TDDFT ZYNI-AV time-JKcon 0.00 s 0.00 s 0.00 s
tddft JK operator time: 0.00 S 0.00 S 0.00 s
Niter= 2 Nlarge = 33 Nmv = 4
Ndim = 4 Nlimdim= 33 Nres= 29

Approximated Eigenvalue (i,w,diff/eV,diff/a.u.):
1 9.3817966321 0.1428260225 0.525E-02
No. of converged eigval: 0

Norm of Residuals:

1 0.0029082582 0.0074085379 0.291E-02 0.741E-02
No. of converged eigvec: 0

The convergence information is as follows.

Niter= 5 Nlarge = 33 Nmv = 10

Ndim = 10 Nlimdim= 33 Nres= 23
Approximated Eigenvalue (i,w,diff/eV,diff/a.u.):

1 9.3784431931 0.0000001957 0.719E-08
No. of converged eigval: 1
### Cong: Eigenvalues have Converged ! ###
Norm of Residuals:

1 0.0000009432 0.0000023006 0.943E-06 0.230E-05
No. of converged eigvec: 1
Max norm of residues : 0.230E-05

### Cong. Residuals Converged ! ###

Orthogonality check2 for iblock/dim = 0 1
Averaged nHxProd = 10.000
Ndim = 1 Maximum nonzero deviation from Iden = 0.333E-15

Statistics for [dvdson_rpa_block]:

No. of blocks = 1
Size of blocks = 50
No. of eigens = 1

No. of HxProd 10 Averaged = 10.000

(continues on next page)
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Eigenvalues (a.u.) =
0.3446513056

The first line of the above output shows that the computation converges in 5 iterations. The system then prints the

information of the converged electronic state.

No. 1 w=9.3784 eV -76.0358398606 a.u. f= 0.0767 D<Pab>= 0.0000 Ova= 0.5201

CV (0) : Al( 3 )-—> Al1( 4 ) c_i: 0.9883 Per: 97.7% 1IPA: 10.736 eV Oai: 0.5163
CV(0) : B1( 1 )-> BLl( 2 ) c_i: -0.1265 Per: 1.6% IPA: 16.941 eV Oai: 0.6563
Estimate memory in tddft_init mem: 0.001 M

The information in the first line is as follows
e No. 1 w= 9.3784 eV means that the first excited state has an excitation energy of 9.3784 eV;
e -76.0358398606 a.u. gives the total energy of the first excited state;
e £= 0.0767 gives the intensity of the oscillator of the jump between the first excited state and the ground state;

e D<Pab>= 0.0000 is the difference between the <S”2> value of the excited state and the <S”2> value of the
ground state (for spin-conserving jumps, this value reflects the degree of spin contamination of the excited state;
for spin-flip jumps, the difference between this value and the theoretical value S (S+1) (excited state) -

S (S+1) (ground state) reflects the degree of spin contamination of the excited state).

e Ova= 0.5201 is the absolute overlap integral, which takes values in the range [0,1], the closer the value is to
0, the more pronounced the charge transfer characteristics of the corresponding excited state, otherwise the more

pronounced the localized excitation characteristics).
Lines 2 and 3 give information on the excited main group states

e CV (0) : where CV(0) means that the excitation is a Core to Virtual orbital excitation and 0 means that it is a

Singlet excitation;

e Al( 3 ) -> Al ( 4 ) gives the occupied-vacancy orbital pair for the electron leap from the 3rd orbital of Al
to the 4th orbital of A1, which is the HOMO-2 to LUMO excitation when combined with the above output orbital

information.
e c_i: 0.9883 means that the linear combination factor of this jump in the whole excited state is 0.9883;
e Per: 97.7% indicates that this excited state accounts for 97.7% of the total number of excited states.
e IPA: 10.736 eV represents the energy difference of 10.736 eV between the two orbitals involved in the jump.

e Oai: 0.5163 means that if the excited state has only the contribution of this one leap, then the absolute
overlap integral of this excited state is 0.5001. From this information, it is convenient to know which leaps are

local excitations and which leaps are charge transfer excitations.

After all integrable representations have been solved, all excited states are summarized in order of higher or lower

energy output.

4.8. Time-dependent Density Generalized Function Theory 115




BDF-Manual

No. Pair ExSym ExEnergies Wavelengths f D<S"2> Dominant.
—Excitations IPA Ova En-E1

1 B2 1 B2 7.1935 eV 172.36 nm 0.0188 0.0000 99.8% CV(0): B2( e
—)—> Al 4 ) 8.853 0.426 0.0000

2 A2 1 A2 9.0191 ev 137.47 nm 0.0000 0.0000 99.8% CV(0): B2( i
—)—> Bl 2 ) 10.897 0.356 1.8256

3 Al 2 Al 9.3784 ev 132.20 nm 0.0767 0.0000 97.7% CV(0): Al( e
—)—> Al 4 ) 10.736 0.520 2.1850

4 Bl 1 Bl 11.2755 eV 109.96 nm 0.0631 0.0000 98.0% CV(0): Al( S
—)—> B1( 2 ) 12.779 0.473 4.0820

Subsequently, the transition dipole moments also printed.

**% Ground to excited state Transition electric dipole moments (Au) ***

State X Y Z Osc.
1 -0.0000 -0.3266 0.0000 0.0188 0.0188
2 0.0000 0.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 0.5777 0.0767 0.0767
4 0.4778 -0.0000 0.0000 0.0631 0.0631

4.8.2 Calculation of the open-shell layer system: U-TDDFT

The open-shell layer system can be calculated using U-TDDFT, e.g. for H,O™ ions, the UKS calculation is performed

first, and then the U-TDDFT calculation is used to calculate the excited state. A typical input is that

#!bdf.sh
TDDFT/B3lyp/cc-pvdz iroot=4 group=C(l) charge=1

geometry
0
H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry

Here, the keyword
e iroot=4 specifies that 4 roots are calculated for each integrable representation.
* charge=1 specifies that the charge of the system is +1.
e group=C (1) specifies that the C1 point group calculation is forced.

The corresponding high-level input is.
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Scompass

#Notice: The unit of molecular coordinate is angstrom

geometry
¢}
H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom
end geometry

basis

group
# Force to use Cl symmetry

Send

$xuanyuan

Send

Sscf
uks

dft

charge
1
spinmulti
2
Send

$tddft

iroot
4

Send

A few details to note about this input are
¢ The compass module uses the keyword group to force the calculation to use the C (1) point group;
¢ The scf module sets the UKS calculation with charge of 1 and spinmulti (spin multi, 2S+1) = 2;

* The iroot of the tddft module is set to count 4 roots per integrable representation, and since C1 symmetry is

used, the calculation gives the first four excited states of the cation of water.

The U-TDDFT calculation is performed as can be seen from the following output.

——— PRINT: Information about TDDFT calculation ——-

(continues on next page)

4.8. Time-dependent Density Generalized Function Theory 117




BDF-Manual

(continued from previous page)

ERI Maxblk= 8M
[print level]
iprt= 0
[method]
U-TD-DFT
isf= 0
SC Excitations

RPA: (A-B) (A+B)Z=w2*7Z

The calculation summarizes the output of the 4 excited states as

No. Pair ExSym ExEnergies Wavelengths f D<S"2> Dominant..
—Excitations IPA Ova En-E1

1 A 2 A 2.1960 ev 564.60 nm 0.0009 0.0024 99.4% CO(bb) : A( o
- 4 )—> A ( 5) 5.955 0.626 0.0000

2 A 3 A 6.3479 ev 195.31 nm 0.0000 0.0030 99.3% CO(bb) : A( o
- 3 )—> A ( 5 ) 9.983 0.578 4.1520

3 A 4 A 12.0991 ev 102.47 nm 0.0028 1.9312 65.8% CV(bb): A( o
- 4 )-—> A ( 6 ) 14.637 0.493 9.9032

4 A 5 A 13.3618 eV 92.79 nm 0.0174 0.0004 97.6% CV(aa): A( o
- 4 )—> A ( 6 ) 15.624 0.419 11.1659

The third excited state has a large D<S" 2> value, indicating a spin contamination problem.

4.8.3 Open-shell system: X-TDDFT (also called SA-TDDFT)

X-TDDFT is a spin-matched TDDFT method for calculating the open-shell layer system. The open-shell system U-
TDDFT triplet state coupled to a double-occupied to imaginary orbital excited state (labeled CV(1) in BDF) suffers from
spin contamination and thus its excitation energy is often underestimated. X-TDDFT can be used to solve this problem.

Considering N>+ molecules, the concise computational inputs to X-TDDFT are

#! N2+.sh
X-TDDFT/b3lyp/aug-cc-pvtz group=D (2h) charge=1 spinmulti=2 iroot=5

Geometry
N 0.00 0.00 0.00
N 0.00 0.00 1.1164
End geometry

Advanced input
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Scompass

#Notice: The unit of molecular coordinate is angstrom
Geometry

N 0.00 0.00 0.00

N 0.00 0.00 1.1164

End geometry

basis

group
# Force to use D2h symmetry

Send

$xuanyuan

Send

Sscf
roks # ask for ROKS calculation
dft

charge
1
spinmulti
2
Send

$tddft

iroot
5

Send

Here, the SCF module requires the ROKS method to calculate the ground state, and the TDDFT module will default
to the X-TDDFT calculation.

The excited state output is.

No. Pair ExSym ExEnergies Wavelengths f D<S"2> Dominant._
—Excitations IPA Ova En-E1

1 B2u 1 B2u 0.7902 ev 1569.00 nm 0.0017 0.0195 98.6% CO(0): B2u( -
— 1 )-> Ag( 3) 3.812 0.605 0.0000

2 B3u 1 B3u 0.7902 ev 1569.00 nm 0.0017 0.0195 98.6% CO(0): B3u( =
— 1 )-> Ag( 3) 3.812 0.605 0.0000

3 Blu 1 Blu 3.2165 eV 385.46 nm 0.0378 0.3137 82.6% CO(0): Blu( =
— 2 )-> Ag( 3) 5.487 0.897 2.4263

4 Blu 2 Blu 8.2479 ev 150.32 nm 0.0008 0.9514 48.9% CV(1l): B2u( o
— 1 )->B3g( 1) 12.415 0.903 7.4577 (continues on next page)
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5 Au 1 Au 8.9450 eVv 138.61 nm .0000 .2618 49.1% CV(0): B2u( -
— 1 )-> B2g( 1) 12.903 0.574 8.1548
6 Au 2 Au 9.0519 ev 136.97 nm .0000 .7806 40.1% CV(1l): B3u( -
— 1 )=> B3g( 1) 12.415 0.573 8.2617
7 Blu 3 Blu 9.0519 ev 136.97 nm .0000 .7806 40.1% CV(1): B3u( -
— 1 )—> B2g( 1) 12.415 0.906 8.2617
8 B2g 1 B2g 9.4442 ev 131.28 nm .0000 .0061 99.0% OV(0): Ag( o
— 3 )—> B2g( 1) 12.174 0.683 8.6540
9 B3g 1 B3g 9.4442 ev 131.28 nm .0000 .0061 99.0% OV(0): Ag( -
— 3 )-> B3g( 1) 12.174 0.683 8.6540
10 Au 3 Au 9.5281 ev 130.12 nm .0000 .1268 37.0% CV(0): B3u( -
— 1 )-> B3g( 1) 12.903 0.574 8.7379
11 Blu 4 Blu 9.5281 eV 130.12 nm .0000 L1267 37.0% CV(0): B2u( o
— 1 )-> B3g( 1) 12.903 0.909 8.7379
12 Au 4 Au 10.7557 eV 115.27 nm .0000 L7378 49.1% CV(1l): B3u( o
— 1 )-> B3g( 1) 12.415 0.575 9.9655
13 B3u 2 B3u 12.4087 eV 99.92 nm .0983 L1371 70.4% CV(0): Blu( -
— 2 )—> B2g( 1) 15.288 0.793 11.6185
14 B2u 2 B2u 12.4087 ev 99.92 nm .0983 1371 70.4% CV(0): Blu( -
— 2 )—> B3g( 1) 15.288 0.793 11.6185
15 Blu 5 Blu 15.9005 eV 77.98 nm L7766 .7768 32.1% CV(0): B3u(
— 1 )-> B2g( 1) 12.903 0.742 15.1103
16 B2u 3 B2u 17.6494 ev 70.25 nm .1101 .4841 92.0% CV(0): B2u( -
— 1 )-> Ag( 4 ) 19.343 0.343 16.8592
17 B3u 3 B3u 17.6494 ev 70.25 nm .1101 .4841 92.0% CV(0): B3u( -
— 1 )-> Ag( 4 ) 19.343 0.343 16.8592
18 Ag 2 Ag 18.2820 eV 67.82 nm .0000 .0132 85.2% OV(0): Ag( o
— 3 )-> Ag( 4 ) 19.677 0.382 17.4918
19 B2u 4 B2u 18.5465 eV 66.85 nm .0021 .5661 77.8% CV(1l): B2u( -
— 1 )-> Ag( 4 ) 19.825 0.401 17.7562
20 B3u 4 B3u 18.5465 eV 66.85 nm .0021 .5661 77.8% CV(1l): B3u( -
— 1 )-> Ag( 4 ) 19.825 0.401 17.7562
21 Ag 3 Ag 18.7805 ev 66.02 nm .0000 .2156 40.4% CV(0): B3u( -
— 1 )-> B3u( 2 ) 20.243 0.337 17.9903
22 Blg 1 Blg 18.7892 eV 65.99 nm .0000 .2191 40.5% CV(0): B2u( -
— 1 )-> B3u( 2 ) 20.243 0.213 17,9990
23 Blg 2 Blg 18.8704 eV 65.70 nm .0000 .2625 41.8% CV(0): B3u( -
— 1 )-> B2u( 2 ) 20.243 0.213 18.0802
24 B3g 2 B3g 18.9955 eV 65.27 nm .0000 .2673 83.4% CV(0): B2u( -
— 1 )=> Blu( 3 ) 20.290 0.230 18.2053
25 B2g 2 B2g 18.9955 ev 65.27 nm .0000 .2673 83.4% CV(0): B3u( -
— 1 )—> Blu( 3 ) 20.290 0.230 18.2053
26 B3u 5 B3u 19.0339 eV 65.14 nm .0168 .6012 66.7% CV(1l): Blu( =
— 2 )—> B2g( 1) 20.612 0.715 18.2437
(continues on next page)
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27 B2u 5 B2u 19.0339 eV 65.14 nm 0.0168 1.6012 66.7% CV(1l): Blu( -
— 2 )=> B3g( 1) 20.612 0.715 18.2437
28 Ag 4 Ag 19.0387 ev 65.12 nm 0.0000 0.0693 35.9% CO(0): Ag( -
— 2 )=> Ag( 3 ) 21.933 0.437 18.2484
29 Ag 5 Ag 19.3341 eV 64.13 nm 0.0000 0.1694 44.7% CO(0): Ag( -
— 2 )-> Ag( 3 ) 21.933 0.457 18.5439
30 Ag 6 Ag 19.8685 eV 62.40 nm 0.0000 1.7807 40.4% CV(1): B3u( -
— 1 )—> B3u( 2 ) 21.084 0.338 19.0783
31 Blg 3 Blg 19.8695 eV 62.40 nm 0.0000 1.7774 40.5% CV(1): B2u( -
— 1 )-> B3u( 2 ) 21.084 0.213 19.0792
32 B3g 3 B3g 19.9858 ev 62.04 nm 0.0000 1.6935 80.7% CV(1l): B2u( -
— 1 )-> Blu( 3 ) 21.038 0.231 19.1956
33 B2g 3 B2g 19.9858 eVv 62.04 nm 0.0000 1.6935 80.7% CV(1): B3u( -
— 1 )-> Blu( 3 ) 21.038 0.231 19.1956
34 Blg 4 Blg 19.9988 eV 62.00 nm 0.0000 1.7373 41.8% CV(1l): B3u( -
— 1 )-> B2u( 2 ) 21.084 0.213 19.2086
35 B2g 4 B2g 20.2417 ev 61.25 nm 0.0000 0.2901 81.4% CV(0): Blu( -~
— 2 )—> B3u( 2 ) 22.628 0.228 19.4515
36 B3g 4 B3g 20.2417 ev 61.25 nm 0.0000 0.2901 81.4% CV(0): Blu( -
— 2 )=> B2u( 2 ) 22.628 0.228 19.4515
37 Au 5 Au 21.2302 ev 58.40 nm 0.0000 0.2173 40.4% CV(0): B2u( =
— 1 )-> B2g( 2 ) 22.471 0.157 20.4400
38 B2g 5 B2g 22.1001 ev 56.10 nm 0.0000 0.0031 99.2% OV(0): Ag( =
— 3 )=> B2g( 2 ) 23.220 0.204 21.3099
39 B3g 5 B3g 22.1001 ev 56.10 nm 0.0000 0.0031 99.2% OV(0): Ag( =
— 3 )=> B3g( 2 ) 23.220 0.204 21.3099
40 Blg 5 Blg 23.4663 eV 52.84 nm 0.0000 0.0027 99.8% OV(0): Ag( -
— 3 )—> Blg( 1) 25.135 0.283 22.6761

Here, the 4th, 6th and 7th excited states are CV(1) states. Note that the D<S” 2> values calculated by SA-TDDFT
are based on the U-TDDFT formula, which gives an approximation of the spin contamination of the results if these states
were calculated by U-TDDFT, but does not represent the actual spin contamination of these states, since SA-TDDFT
guarantees that all excited states are strictly free of spin contamination. Therefore, a large value of D<S” 2> for a state
calculated by SA-TDDFT does not indicate that the result for that state is unreliable, but rather indicates that SA-TDDFT

is an improvement over U-TDDFT for that state.
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4.8.4 Calculation of the triplet excited state using the closed-shell singlet state as
the reference state

Starting from the ground state of the closed-shell layer of the H, O molecule, the triplet excited state can be calculated.

The simple input is.

#! bdf.sh
tdft/b3lyp/cc-pvdz iroot=4 spinflip=1

geometry
0
H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom

end geometry

Note that although the keyword here is named spinflip, this calculation is not a spin-flip TDDFT calculation, since
it calculates the Ms = 0 component of the triplet excited state instead of the Ms = 1 component. The corresponding

high-level inputs are

Scompass

#Notice: Coordinate unit is angstrom

geometry
0
H 1 R1

H 1 R1 2 109.

R1=1.0 # OH bond length in angstrom
end geometry

basis

group
# Force to use Cl symmetry

Send

$xuanyuan

Send
Sscf
rks # ask for RKS calculation

dft

Send

(continues on next page)
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Stddft
isf
1

# ask for triplet TDDFT calculation

iroot
4
Send

When the TDDFT calculation is almost finished, there is an output message as follows.

*** List of excitations ***

Ground-state spatial symmetry: A

Ground-state spin: Si= 0.0000

Spin change: isf= 1

D<S"2>_pure= 2.0000 for excited state (Sf=Si+1)
D<S”"2>_pure= 0.0000 for excited state (Sf=Si)
Imaginary/complex excitation energies 0 states

Reversed sign excitation energies 0 states

No. Pair ExSym ExEnergies Wavelengths f D<S"2> Dominant..
—Excitations IPA Ova En-E1
1 A 1 A 6.4131 ev 193.33 nm .0000 2.0000 99.2% CV(1): A B
o) > A ( 6 ) 8.853 0.426 0.0000
2 A 2 A 8.2309 ev 150.63 nm .0000 2.0000 97.7% CV(1): A ( 4.
o) —> A( 6 ) 10.736 0.519 1.8177
3 A 3 A 8.4793 eV 146.22 nm .0000 2.0000 98.9% CV(1): A( By
o) —> A ( 7 ) 10.897 0.357 2.0661
4 A 4 A 10.1315 ev 122.37 nm .0000 2.0000 92.8% CV(1): A( 4.
o) —> A ( 7 ) 12.779 0.479 3.7184
*** Ground to excited state Transition electric dipole moments (Au) ***
State X Y Z Ose-
1 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.0000 0.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000 0.0000

where Spin change: 1isf= 1 suggests that the calculation is for a state with a spin multiplet 2 larger than the
ground state (i.e., a triplet state), and since the ground state is a single heavy state and the ground to excited state jump is

spin-barred, the oscillator strength and jump dipole moment are both 0.
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TDDFT only calculates excited states with the same spin as the reference state by default, For example, the
ground state of an H,O molecule is a single heavy state, and the TDDFT value calculates the single heavy excited state;

to calculate both the single heavy state and the triplet state, the input is

#! H20TDDFT.sh
TDDFT/b3lyp/cc—pVDZ iroot=4 spinflip=0,1

geometry
)
H 1 0.9

H i 0.9 2 109.0

end geometry

The system will run TDDFT twice to calculate the single heavy state and triplet state respectively, where the output

of the single heavy state is

No. Pair ExSym ExEnergies Wavelengths f D<S"2> Dominant.
—Excitations IPA Ova En-E1

1 B2 1 B2 8.0968 eV 153.13 nm 0.0292 0.0000 99.9% CV(0): B2( -
-1 )-> Al 4 ) 9.705 0.415 0.0000

2 A2 1 A2 9.9625 eV 124.45 nm 0.0000 0.0000 99.9% Cv(0): B2( .
—1 )—> B1( 2 ) 11.745 0.329 1.8656

3 Al 2 Al 10.1059 ev 122.69 nm 0.0711 0.0000 99.1% <CV(0): Al( -
-3 )—> Al 4 ) 11.578 0.442 2.0090

4 Bl 1 Bl 12.0826 eV 102.61 nm 0.0421 0.0000 99.5% CV(0): Al( -
-3 )—> BI1l( 2 ) 13.618 0.392 3.9857

5 Bl 2 Bl 15.1845 ev 81.65 nm 0.2475 0.0000 99.5% CVv(0): B1( -
-1 )-> Al 4 ) 16.602 0.519 7.0877

6 Al 3 Al 17.9209 ev 69.18 nm 0.0843 0.0000 95.4% Cv(0): BI1( -
—1 )—> BI1( 2 ) 18.643 0.585 9.8240

7 A2 2 A2 22.3252 eV 55.54 nm 0.0000 0.0000 99.8% CV(0): B2( -
-1 )-> BI1( 3 ) 24.716 0.418 14.2284

The output of the triplet state is

No. Pair ExSym ExEnergies Wavelengths f D<S"2> Dominant..
—Excitations IPA Ova En-E1

1 B2 1 B2 7.4183 eV 167.13 nm 0.0000 2.0000 99.4% Cv(1): B2( .
-1 )—> Al 4 ) 9.705 0.415 0.0000

2 Al 1 Al 9.3311 eV 132.87 nm 0.0000 2.0000 98.9% Cv(1): Al( o
—3 )-> Al( 4 ) 11.578 0.441 1.9128

3 A2 1 A2 9.5545 ev 129.76 nm 0.0000 2.0000 99.2% CV(1): B2( .
—1 )Y—> BIY ) 11.745 0.330 2.1363 (continues on next page)
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4 Bl 1 Bl 11.3278 eV 109.45 nm 0.0000 2.0000 97.5% CV(1): Al( o
-3 )-> B1( 2 ) 13.618 0.395 3.9095
5 Bl 2 Bl 14.0894 ev 88.00 nm 0.0000 2.0000 97.8% CV(1l): B1l( .
-1 )-> Al 4 ) 16.602 0.520 6.6711
6 Al 2 Al 15.8648 eV 78.15 nm 0.0000 2.0000 96.8% Cv(l): Bl( .
-1 )-> B1( 2 ) 18.643 0.582 8.4465
7 A2 2 A2 21.8438 eV 56.76 nm 0.0000 2.0000 99.5% CV(1): B2( .
-1 )-> B1( 3 ) 24.716 0.418 14.4255

Since the single to triplet state jump is dipole-barred, the oscillator strength £=0.0000.

4.8.5 Spin-flip TDDFT calculation

The BDF can calculate the triplet state not only from a single heavy state, but also from a 2S+1 heavy state with
higher spin multiplicity (S = 1/2, 1, 3/2, ---), and upward spin-flip the 2S+3 heavy state; the spin-up TDDFT/TDA gives
the alpha electron to unoccupied beta orbital lepton state of the double-occupied orbital, labeled as CV (1) excitation.
Unlike the case where the ground state is a closed-shell single heavy state, the BDF calculation at this point is for the
Mg = S + 1 component of the 2S + 3 heavy state, so when the ground state is not a closed-shell single heavy state,
the calculation can be called a spin-flip TDDFT calculation. The input file format for the spin-up TDDFT calculation is
exactly the same as when the ground state is a closed-shell single heavy state and the triplet excited state is calculated,

e.g., the following input file calculates the quadruplet excited state with the duplex state as the reference state.

Sscf
UKS

spinmulti
2
Send

Stddft

isf

1
Send

In addition, the BDF can start from a triplet state and flip the spin down to calculate a single heavy state, which
requires setting isf to —1. Of course, it is also possible to flip down from a state with a higher spin multiplicity to
calculate a state with a spin multiplicity of 2 less. Note that the spin-down TDDFT/TDA can only correctly describe
electronic states that leap from the alpha orbital occupied by the open-shell layer to the beta orbital occupied by the

open-shell layer, labeled as OO(ab) leap, while all other leap types of states have spin contamination problems.
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Starting from the triplet state and reversing the spin downward to calculate the singlet state, the input is

#! H2O0TDDFT.sh

TDA/b3lyp/cc—-pVDZ spinmulti=3 iroot=-4 spinflip=-1

geometry
]
H 1 0.9

H 1 0.9 2 109.0

end geometry

The output is

Imaginary/complex excitation energies : 0 states

No. Pair ExSym ExEnergies Wavelengths f D<S"2>
—Excitations IPA Ova En-E1

1 A 1 A -8.6059 ev -144.07 nm 0.0000 -1.9933
- 6 )—> A( 5 ) -6.123 0.408 0.0000

2 A 2 A -0.0311 ev -39809.08 nm 0.0000 -0.0034
- 5 )—> A( 5 ) 7.331 1.000 8.5747

3 A 3 A 0.5166 eV 2399.85 nm 0.0000 -1.9935
- 6 )—> A( 6 ) 2.712 0.999 9.1225

4 A 4 A 2.3121 ev 536.24 nm 0.0000 -0.9994
- 6 )—> A ( 7) 4.671 0.872 10.9180

54.

54.

99

.3%

1%

0%

9%

Dominant..

00 (ab) : A( o
00 (ab) : A(
00 (ab) : A( o
OV (ab) : A( o

Here, the first three states are OQO(ab) type excited states, where the first and the third states are basically pure singlet

states (D is approximately equal to -2, i.e., the excited state is approximately equal to 0), and the second state is basically

pure triplet state (D is approximately equal to 0); the fourth state is an OV (ab) type excited state with spin contamination

problem (D is approximately equal to -1, i.e., the excited state is approximately equal to 1, between singlet and triplet

states), and its excitation energy is not reliable.

Warning:

* BDF currently only supports spin-flipped TDA, but not spin-flipped TDDFT, but the calculation of triplet

excited states with closed-shell singlet states as reference states is not subject to this restriction.

126

4. Quick Start




BDF-Manual

4.8.6 Calculation of UV-Vis and XAS spectra by iVl method

The above examples are based on the TDDFT excited states solved by Davidson’ s method. In order to solve for
an excited state with the Davidson method, it is generally necessary to solve for all excited states with lower energies
than it. Therefore, when the energy of the target excited state is very high (e.g., when calculating the XAS spectrum),
the Davidson method requires too many computational resources to obtain a result with limited computation time and
memory. In addition, when using the Davidson method, the user must specify the number of excited states to be solved
before the calculation, however, many times the user does not know the number of excited states he needs before the
calculation, but only the approximate energy range of the excited states he needs, etc. This makes the user have to go
through a series of trial and error, first set a small number of excited states for the calculation, and if he finds that If you
find that you do not have the state you need, you can increase the number of excited states and recalculate until you find

the state you need. Obviously, this will consume the user’ s energy and time for no reason.

BDF’ s iVI method provides a solution to this problem. In the iVI method, the user can specify the excitation
energy range of interest (e.g., the entire visible region, or the K-edge region of carbon) without having to estimate how
many excited states are in that range; the program can calculate all excited states in that range, without having to calculate
excited states at energies lower than that range as in the Davidson method, on the one hand, and ensure that all excited
states in that energy range are obtained On the other hand, it ensures that all excited states in the energy range are obtained

without missing any. Two examples of calculations are given below.

(1) Calculation of the absorption spectrum of the DDQ radical anion in the 400-700 nm range (X-TDDFT,
wB97X/LANL2DZ)

SCOMPASS
Title

Basis

Geometry # UB3LYP/def2-SVP geometry

@ 0.00000000 2.81252550 -0.25536084
© 0.00000000 1.32952185 -2.58630187
© 0.00000000 =i ,32952185 -2.58630187
© 0.00000000 -2.81252550 -0.25536084
© 0.00000000 -1.29206304 2.09336443
@ -0.00000000 1.29206304 2.09336443
Cl 0.00000000 -3.02272954 4.89063172
Cl -0.00000000 3.02272954 4.89063172
@ 0.00000000 -2.72722649 -4.89578100
© -0.00000000 2.72722649 -4.89578100
N 0.00000000 -3.86127688 -6.78015122
N -0.00000000 3.86127688 -6.78015122
0 0.00000000 -5.15052650 -0.22779097
¢} -0.00000000 5.15052650 -0.22779097

End geometry

(continues on next page)
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units

mpectcosx # accelerate the calculation using MPEC+COSX

Send

SXUANYUAN
rs

0.3 # rs for wB97X
$SEND

SSCF
roks

dft

charge
=4
SEND

Stddft
iprt # print level
2
itda
0
idiag # selects the iVI method
3
iwindow
400 700 nm # alternatively the unit can be given as au, eV or cm-1 instead of nm.
# default is in eV if no unit 1is given
itest
1
icorrect
1
memjkop
2048
Send

Since the molecule belongs to the C,, point group, there are four integrable representations (A1, A2, B1, B2), and the
program solves the TDDFT problem under each of the four integrable representations. Take A1l integrable representation

as an example, after convergence of iVI iterations, the program outputs the following information.

Root 0, E= 0.1060649560, residual= 0.0002136455
Root 1, E= 0.1827715245, residual= 0.0005375061
Root 2, E= 0.1863919913, residual= 0.0006792424

(continues on next page)
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Root
Root

Root

3
4
Root 5,
6
Root 7
8

Root

~
=
Il

O O O O O O O

Root
Root 10, E=
11, E=
12, E=
13, E=
14, E=
15, E=
16, E=
17, E=

Root
Root
Root
Root
Root
Root
Root

.2039707800,
.2188244775,
.2299349293,
.2388141752,
.2609321083,
.2649984329,
.2657352154,
.2743644891,
.2766959875,
.2803090818,
.2958382984,
.3002756135,
.3069930238,
.3099721369,
0.

O O O O O O O

3141986951,

residual=
residual=
residual=
residual=
residual=
residual=
residual=
residual=
residual=
residual=
residual=
residual=
residual=
residual=

residual=

Excitation energies of roots within

0.1060649560

Timing Spin analyze

No. 1

— Ova= 0.5262

CO (bb) :
—~0Oai: 0.536
CV (bb) :
—0ai: 0.358
CV (bb) :

—0ai: 0.432

0

1

8

0.01
W= 2.8862 eV
Al( 20 )-> A2( 4
Al( 20 )-> A2( 5
B1( 18 )-> B2( 6

o O O O O o o

.0008796108
.0015619745
.0010684879
.0618579646
.0695001907
.0759920121
.0548521587

0
0
0
0
0
0
0
0

.0655238098
.0600950472
.0587604503
.0715968457
.0607394762
.0720773993
.0956453409
.0688103843

the energy window (au):

-594.3472248862 a.u.

0.00

c_i:

c_1i:

c_i:

-0.9623

-0.1121

0.2040

0.00
f=
Per: 92.
Per: 1.
Per: 4.

0.0000

6% IPA:
3% IPA:
2% IPA:

D<Pab>= 0.0717 .

8.586 eV _
11.748 eV _

13.866 eV o

It can be seen that the program computes 17 excited states under this integrable representation, but only one of them

(excitation energy 0.106 au = 2.89 eV) is within the user-specified wavelength interval (400-700 nm), and thus converges

completely (in the form of small residuals); the rest of the excited states are known to be outside the user-interest range

far before they converge, so the program does not try to converge anymore. The remaining excited states are known to

be out of the user’ s range of interest well before they converge, and no further attempts are made to converge them (as

indicated by the large residuals), thus saving much computational effort.

After all four integrable representations have been calculated, the program summarizes the results of each integrable

representation as usual.

No. Pair ExSym ExEnergies Wavelengths D<S"2> Dominant.
—Excitations IPA Ova En-E1

1 Al 2 A2 2.4184 ev 512.66 nm 0.1339 0.0280 93.0% OV(aa): A2( 4.
—)—> A2( 5 ) 7.064 0.781 0.0000

2 B2 1 B1 2.7725 ev 447.19 nm 0.0000 0.0000 92.5% CO(bb): B1( 18.
—)-> A2( 4 ) 8.394 0.543  0.3541 (continues on next page)
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3 A2 1 A1l 2.8862 eV 429.58 nm 0.0000 0.0000 92.6% CO(bb): Al( 20.
—)—> A2( 4 ) 8.586 0.526 0.4677

4 Bl 1 B2 3.0126 eV 411.55 nm 0.0000 0.0000 63.5% CO(bb): B2( 4.
—)—> A2 4 ) 8.195 0.820 0.5942

(2) Calculation of carbon K-edge XAS spectra of ethylene (sf-X2C, MO06-2X/uncontracted def2-TZVP)

$COMPASS

Title

Basis

geometry
C -5.77123022 1.49913343 0.00000000
H -5.23806647 0.57142851 0.00000000
H -6.84123022 1.49913343 0.00000000
C -5.09595591 2.67411072 0.00000000
H -5.62911966 3.60181564 0.00000000
H -4.02595591 2.67411072 0.00000000

End geometry
group

uncontract # uncontract the basis set
—excitations)

SEND

SXUANYUAN

heff

3 # selects sf-X2C
SEND

$SCF
rks

dft

SEND

$TDDFT
imethod

1 # R-TDDFT
idiag

3 # 1iVI
iwindow

275 285 # default unit: eV

(beneficial for the accuracy of core.

(continues on next page)
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Send

The K-edge absorption of carbon is experimentally known to be around 280 eV, so the energy range here is chosen

to be 275-285 eV. 15 excited states are calculated in this energy interval.

No. Pair ExSym ExEnergies Wavelengths f D<S"2> Dominant..
—Excitations IPA Ova En-E1
1 A 2 A 277.1304 ev 4.47 nm 0.0018 0.0000 97.1% CV(0): A ( S
o) —> A( 93 ) 281.033 0.650 0.0000
2 A 3 A 277.1998 ev 4.47 nm 0.0002 0.0000 96.0% CV(0): A( By
o) —> A( 94 ) 282.498 0.541 0.0694
3 A 4 A 277.9273 eV 4.46 nm 0.0045 0.0000 92.8% CV(0): A( Vs
o) —> A( 94 ) 281.169 0.701 0.7969
4 A 5 A  278.2593 ev 4.46 nm 0.0000 0.0000 100.0% CV(0): A( B
o) —> A( 95 ) 283.154 0.250 1.1289
5 A 6 A 279.2552 eV 4.44 nm 0.0002 0.0000 85.5% CV(0): A 4.
o) —> A( 93 ) 284.265 0.627 2.1247
6 A 7 A 280.0107 ev 4.43 nm 0.0000 0.0000 96.6% CV(0): A( B
o) > A( 96 ) 284.941 0.315 2.8803
7 A 8 A  280.5671 eV 4.42 nm 0.0000 0.0000 97.0% CV(0): A( B
o) —> A( 94 ) 284.433 0.642 3.4366
8 A 9 A 280.8642 ev 4.41 nm 0.1133 0.0000 93.3% CV(0): A ( Pes
o) —> A ( 9 ) 287.856 0.179 3.7337
9 A 10 A 280.8973 ev 4.41 nm 0.0000 0.0000 90.1% CV(0): A ( [
o) —> A( 9 ) 287.884 0.185 3.7668
10 A 11 A 281.0807 ev 4.41 nm 0.0000 0.0000 66.8% CV(0): A( B
o) —> A( 95 ) 287.143 0.564 3.9502
11 A 12 A  282.6241 ev 4.39 nm 0.0000 0.0000 97.7% CV(0): A( Vs
o) —> A( 95 ) 285.815 0.709 5.4937
12 A 13 A 283.7528 eV 4.37 nm 0.0000 0.0000 65.1% CV(0): A ( 4.
o) —> A( 94 ) 287.666 0.592 6.6223
13 A 14 A 283.9776 eV 4.37 nm 0.0000 0.0000 92.1% CV(0): A( B
o) —> A( 96 ) 288.929 0.523 6.8471
14 A 15 A 284.1224 ev 4.36 nm 0.0008 0.0000 98.2% CV(0): A( 7o
o) —> A( 96 ) 287.601 0.707 6.9920
15 A 16 A 284.4174 ev 4.36 nm 0.0000 0.0000 93.7% CV(0): A( 3
o) —> A( 93 ) 289.434 0.509 7.2869

However, it can be seen from the composition of the excited states that only the two excited states with excita-
tion energies of 280.8642 eV and 280.8973 eV are excitations from the C 1s to the valence orbitals, while the rest of
the excitations are excitations from the valence orbitals to the very high Rydberg orbitals, i.e., background absorption

corresponding to valence electron ionization.
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4.8.7 Plotting of absorption spectra with Gaussian widening

The above calculations yield only the excitation energies and oscillator intensities for each excited state, while the
user often needs to obtain the theoretically predicted peak shape of the absorption spectrum, which requires a Gaussian
widening of the absorption of each excited state by a certain half-peak width. In BDF, this is done with the Python script
plotspec.py (located under SBDFHOME/sbin/, where $BDFHOME is the BDF installation path). For example, suppose
we have calculated the TDDFT excited state of the C60 molecule using BDF, and the corresponding output file is C60.out,

then we can run

SBDFHOME/sbin/plotspec.py C60.out

or

SBDFHOME/sbin/plotspec.py C60

The script will output the following on the screen.

BDF output file: C60.out
1 TDDFT output block(s) found
Block 1: 10 excited state(s)
- Singlet absorption spectrum, spin-allowed

plotspec.py: exit successfully

and produces two files, one for C60.stick.csv, containing the absorption wavelengths and molar extinction coefficients

for all excited states, which can be used to make stick graphs.

TDDFT Singlets 1,,
Wavelength, Extinction coefficient,
nm, L/ (mol cm),
342.867139,2899.779319,
307.302300,31192.802393,
237.635960,131840.430395,
211.765024,295.895849,
209.090150,134.498113,
197.019205,179194.526059,
178.561512,145.257962,
176.943322,54837.570677,
164.778366,548.752301,
160.167663,780.089056,

The other is C60.spec.csv, which contains the absorption spectrum after Gaussian broadening (the default broadening
FWHM is 0.5 eV).

TDDFT Singlets 1,,

Wavelength, Extinction coefficient,

(continues on next page)
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nm, L/ (mol cm),

200.000000,162720.545118,
201.000000,151036.824457,
202.000000,137429.257570,

998.000000,0.000000,
999.000000,0.000000,
1000.000000,0.000000,

These two files can be opened and plotted with Excel, Origin, and other plotting software.

The command line parameters can be used to control the plotting range, the Gaussian broadening FWHM, etc.

Example.

# Plot the spectrum in the range 300-600 nm:
$SBDFHOME/sbin/plotspec.py wavelength=300-600nm filename.out

# Plot an X-ray absorption spectrum in the range 200-210 eV,
# using an FWHM of 1 eV:
SBDFHOME/sbin/plotspec.py energy=200-210eV fwhm=1eV filename.out

# Plot a UV-Vis spectrum in the range 10000 cm-1 to 40000 cm-1,
# where the wavenumber is sampled at an interval of 50 cm-1:

$BDFHOME/sbin/plotspec.py wavenumber=10000-40000cm-1 interval=50 filename.out

# Plot an emission spectrum in the range 600-1200 nm, as would be
# given by Kasha's rule (i.e. only the first excited state is considered),
# where the wavelength is sampled at an interval of 5 nm:

$BDFHOME/sbin/plotspec.py —emi wavelength=600-1200nm interval=5 filename.out

If you run $BDFHOME/sbin/plotspec.py without command line arguments, you can list all command line arguments

and their usage, which will not be repeated here.

4.8.8 Excited State Structure Optimization

BDF supports not only the calculation of TDDFT single point energies (i.e., excitation energies for a given molecular
structure), but also structure optimization of excited states, numerical frequencies, etc. For this purpose, the $tddft
module is required. For this purpose, a $ re sp module is added after the $tdd £t module to calculate the gradient of the
TDDFT energy, and a $bdfopt module is added after the $compass module to use the TDDFT gradient information
for structure optimization and frequency calculation (see £ {/i4k. 545 % 144 for details).

The following is an example of calculations to optimize the structure of the first excited state of butadiene at the
B3LYP/cc-pVDZ level.
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$SCOMPASS
Title

Basis

Geometry # Coordinates in Angstrom. The structure has C(2h) symmetry

© -1.85874726 -0.13257980 0.00000000
H -1.95342119 -1.19838319 0.00000000
H -2.73563916 0.48057645 0.00000000
© -0.63203020 0.44338226 0.00000000
H -0.53735627 1.50918564 0.00000000
© 0.63203020 —-0.44338226 0.00000000
H 0.53735627 -1.50918564 0.00000000
© 1.85874726 0.13257980 0.00000000
H 1.95342119 1.19838319 0.00000000
H 2.73563916 -0.48057645 0.00000000

End Geometry
SEND

SBDFOPT

solver
1

SEND

SXUANYUAN
SEND

SSCF
RKS
dft

SEND

STDDFET
nroot
# The ordering of irreps of the C(2h) group is: Ag, Au, Bg, Bu
# Thus the following line specifies the calculation of the 1Bu state, which
# happens to be the first excited state for this particular molecule.
0001
istore
1
# TDDFT gradient requires tighter TDDFT convergence criteria than single-point
# TDDFT calculations, thus we tighten the convergence criteria below.

crit_vec

(continues on next page)
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1.d-6 # default 1.d-5
crit_e

1.d-8 # default 1.d-7
SEND

Sresp
geom
norder
1 # first-order nuclear derivative
method
2 # TDDFT response properties
nfiles
1 # must be the same number as the number after the istore keyword in STDDFT
iroot
1 # calculate the gradient of the first root. Can be omitted here since only
# one root is calculated in the STDDFT block
Send

Note that in the above example, the meaning of the keyword iroot in the $resp module is different from the
meaning of the keyword iroot in the $tddft module above. The former refers to calculating the gradient of the first

excited state, and the latter refers to how many excited states are calculated for each irreducible representation.

After convergence of the structure optimization, the converged structure is output in the main output file.

Good Job, Geometry Optimization converged in 5 iterations!

Molecular Cartesian Coordinates (X,Y,Z) in Angstrom

© -1.92180514 0.07448476 0.00000000
H -2.21141426 -0.98128927 0.00000000
H -2.70870517 0.83126705 0.00000000
© -0.54269837 0.45145649 0.00000000
H -0.31040658 1.52367715 0.00000000
© 0.54269837 -0.45145649 0.00000000
H 0.31040658 -1.52367715 0.00000000
C 1.92180514 -0.07448476 0.00000000
H 2.21141426 0.98128927 0.00000000
H 2.70870517 -0.83126705 0.00000000
Force—-RMS Force-Max Step—-RMS Step—-Max
Conv. tolerance : 0.2000E-03 0.3000E-03 0.8000E-03 0.1200E-02
Current values : 0.5550E-04 0.1545E-03 0.3473E-03 0.1127E-02
Geom. converge : Yes Yes Yes Yes

In addition, the excitation energy in the excited state equilibrium structure can be read from the output of the last

TDDFT module in the . out . tmp file, as well as the total energy of the excited state and the main components.
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No. 1 w= 5.1695 eV -155.6874121542 a.u. f= 0.6576 D<Pab>= 0.0000 .
— Ova= 0.8744

CV(0) : Ag ( 6 )-> Bu( 10 ) c_i: 0.1224 Per: 1.5% IPA: 17.551 eV _
—0ai: 0.6168

CV(0) : Bg ( 1 )-> Au( 2 ) c_i: -0.9479 Per: 89.9% IPA: 4.574 eV _

—0ai: 0.9035

No. Pair ExSym ExEnergies Wavelengths £ D<S"2> Dominant..
—Excitations IPA Ova En-E1
1 Bu 1 Bu 5.1695 eV 239.84 nm 0.6576 0.0000 89.9% CV(0): Bg( -
—1 )-> Au( 2 ) 4.574 0.874 0.0000

The wavelength (240 nm) corresponding to the excitation energy in the excited state equilibrium structure is the

fluorescence emission wavelength of butadiene.

4.8.9 Spin-orbit coupling calculation based on sf-X2C-TDDFT-SOC

Relativistic effects include scalar relativity and spin-orbit coupling (SOC). The relativistic calculations require the
use of basis sets optimized for relativistic effects and the selection of a suitable Hamiltonian. sf-X2C-TDDFT-
SOC calculations are supported by BDF for all-electron sf-X2C, where sf-X2C refers to the scalar relativistic effects
considered with spinless exact two-component (eXact Two-Component, X2C) Hamiltonians, and TDDFT-SOC refers
to the spin-orbit coupling calculations based on TDDFT. TDDFT calculation of spin-orbit coupling. Note that although
TDDFT is an excited state method, TDDFT-SOC can be used to calculate not only the contribution of SOC to the excited

state energy and properties, but also the contribution of SOC to the ground state energy and properties.

Taking a molecule with a single heavy ground state as an example, the TDDFT calculation module needs to be called
three times in sequence to complete the sf-X2C-TDDFT-SOC calculation. Among them, the first execution utilizes R-
TDDFT and calculates the single heavy state, the second uses SF-TDDFT to calculate the triplet state, and the last reads
in the wave functions of the first two TDDFT calculations and calculates the spin-orbit coupling of these states using the
state interaction (SI) method. This can be clearly seen from the advanced input of the sf-X2C-TDDFT-SOC calculation

for the CH,S molecule below.

SCOMPASS
Title

Basis # Notice: we use relativistic basis set contracted by DKHZ2

Geometry
@ 0.000000 0.000000 -1.039839
S 0.000000 0.000000 0.593284

(continues on next page)
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H 0.000000 0.932612 -1.626759
H 0.000000 -0.932612 -1.626759
End geometry

SEND

$Sxuanyuan
heff # ask for sf-X2C Hamiltonian
3

hsoc # set SOC integral as le+mf-2e

Send

Sscf
RKS
dft

Send

#1st: R-TDDFT, calculate singlets
$tddft
isf
0
idiag
1
iroot
10
itda
0
istore # save TDDFT wave function in the 1st scratch file
1
Send

#2nd: spin-flip tddft, use close-shell determinant as reference to calculate triplets
$tddft

isf # notice here: ask for spin-flip up calculation

1

itda

0

idiag

1

iroot

10

istore # save TDDFT wave function in the 2nd scratch file, must be specified

(continues on next page)
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2
Send

#3rd: tddft-soc calculation
Stddft
isoc
2
nprt # print level
10
nfiles
2
ifgs # whether to include the ground state in the SOC treatment. 0O=no, l=yes
1

imatsoc

= P P P O O O O

P P O O O O
=~ P P P O O O O
D DD DN NN
S w N RS W N e
T

1
imatrso

6

I = T =
o s w N

16

idiag # full diagonalization of SO Hamiltonian
2

Send

Warning:

* The calculations must be performed in the order isf=0,isf=1. When SOC processing does not consider the
ground state(i.e., i £gs=0), the more excited states iroot, the more accurate the result; when considering
the ground state(i.e., 1 fgs=1), too many iroot will reduce the accuracy, which is reflected in the underes-

timation of the ground state energy, and there is no fixed rule for the selection of iroot.

138 4. Quick Start




BDF-Manual

The keyword imat soc controls which SOC matrix elements <AlhsolB> are to be printed.

e - 8means that the SOCs between 8 sets of spin states are to be printed, and an array of 8 integer rows is entered

sequentially below.

e The input format for each line is fileA symA stateA fileB symB stateB, representing the matrix

element <fileA,symA ,stateAlhsoclfileB,symB,stateB>, where

e fileA symA stateA represents the stateA root of the integrable representation of symA in £ileA; for

example, 1 1 1 represents the first root of the integrable representation of the first TDDFT calculation.
e 0 0 0 O indicates the ground state

The printout of the coupling matrix element is as follows.

[tddft_soc_matsoc]

Print selected matrix elements of [Hsoc]

SocPairNo. = 1 SOCmat = < 0O 0 O |Hsol 2 1 1 > Dim = 1 3
mi/mj ReHso (au) cm”-1 ImHso (au) cm”-1
0.0 -1.0 0.0000000000 0.0000000000 0.0000000000 0.0000000000
0.0 0.0 0.0000000000 0.0000000000 0.0000000000 0.0000000000
0.0 1.0 0.0000000000 0.0000000000 0.0000000000 0.0000000000
SocPairNo. = 2 SOCmat = < 0O 0 O |Hsol 2 2 1 > Dim = 1 3
mi/mj ReHso (au) cm”—1 ImHso (au) cm” -1
0.0 -1.0 0.0000000000 0.0000000000 0.0000000000 0.0000000000
0.0 0.0 0.0000000000 0.0000000000 0.0007155424 157.0434003237
0.0 1.0 0.0000000000 0.0000000000 -0.0000000000 -0.0000000000
SocPairNo. = 3 SOCmat = < 0 0 O |Hsol 2 3 1 > Dim = 1 3
mi/mj ReHso (au) cm”—1 ImHso (au) cm” -1
0.0 -1.0 -0.0003065905 -67.2888361761 0.0000000000 0.0000000000
0.0 0.0 0.0000000000 0.0000000000 -0.0000000000 -0.0000000000
0.0 1.0 -0.0003065905 -67.2888361761 -0.0000000000 -0.0000000000

Here,< 0 0 0 |Hsol| 2 2 1 > denotesthe matrix element <SO | Hso | T1>, which gives its real part ReHso
and imaginary part ImHso, respectively. Since SO has only one component, mi is 1. T1 (spin S=1) has 3 components
(Ms=-1,0,1), and the 3 components are numbered by mj. The imaginary part of the coupling matrix element between the

component with Ms=0 and the ground state is 0. 0007155424 au.

Warning: When comparing the results of different programs, note that the so-called spherical tensor is given
here instead of cartesian tensor, i.e.,T1 is T_{-1},T_{0},T_{1}, not Tx,Ty,Tz, and there are you-transformations

between them.
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The SOC calculation results in that

Totol No. of States: 161 Print:
No. 1 w= -0.0006 eVv
Spin: |Gs,1> 1-th Spatial: AZl;
—9999 Per:100.0%
SumPer: 100.0%
No. 2 w= 1.5481 eVv
Sodmg | S, 1> 1-th Spatial: A2;
0000 Per:100.0%
SumPer: 100.0%
No. 3 W= 1.5482 ev
Spin: |[S+,3> 1-th Spatial: A2;
—~0000 Per:100.0%
SumPer: 100.0%
No. 4 W= 1.5486 eV
Spin: |S+,2> 1-th Spatial: A2;
—~0000 Per:100.0%
SumPer: 100.0%
No. 5 w= 2.2106 ev
Spin: [So,1> 1-th Spatial: A2;
0000 Per: 99.7%
SumPer: 99.7%
No. 6 w= 2.5233 eV
Spin: |[S+,1> 1-th Spatial: Al;
—0000 Per:100.0%
SumPer: 100.0%
No. 7 W= 2.5234 eV
Spin: |S+,3> 1-th Spatial: Al;
—~0000 Per:100.0%
SumPer: 100.0%
No. 8 W= 2.5240 ev
Spin: |[S+,2> 1-th Spatial: Al;
—9985 Per: 99.7%
SumPer: 99.7%
No. 9 W= 5.5113 eV

10

OmegaSFE=

OmegaSF=

OmegaSF=

OmegaSF=

OmegaSF=

OmegaSFE=

OmegaSF=

OmegaSF=

.0000eVv

.5485eV

.5485eV

.5485eV

.2117ev

.5232eV

.5232eV

.5232eV

Cr=

Cr=

Cr=

> 9998

- 9996

.0000

- 00008 S CH="101

.9998 Ci= -0.

.9999 cCci= 0.

.9985 Ci= 0.

299918 N CH="N0

(continues on next page)
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Spin: |S+,1> 1-th Spatial: B2; OmegaSF= 5.5115ev  Cr= -0.7070 Ci= -0.
—0000 Per: 50.0%
Spin: |S+,3> 1-th Spatial: B2; OmegaSF= 5.5115eV Cr= 0.7070 Ci= O.

0000 Per: 50.0%
SumPer: 100.0%

No. 10 w= 5.5116 eV

Spin: |[S+,1> 1-th Spatial: B2; OmegaSF= 5.5115ev Cr= -0.5011 Ci= -0.
—0063 Per: 25.1%

Spin: |S+,2> 1-th Spatial: B2; OmegaSF= 5.5115ev Cr= 0.7055 Ci= O.
—~0000 Per: 49.8%

Spin: |S+,3> 1-th Spatial: B2; OmegaSF= 5.5115ev  Cr= -0.5011 Ci= -0.

—~0063 Per: 25.1%
SumPer: 100.0%

***% List of SOC-SI results ***

No. ExEnergies Dominant Excitations Esf dE -
—Eex (eV) (cm”—-1)
1 -0.0006 ev 100.0% Spin: |Gs,1> 0-th Al 0.0000 -0.0006 0.
—0000 0.00
2 1.5481 ev 100.0% Spin: |S+,1> 1-th A2 1.5485 -0.0004 1.
—5487 12491.27
3 1.5482 ev 100.0% Spin: |[S+,3> 1-th A2 1.5485 -0.0004 1.
—5487 12491.38
4 1.5486 eV 100.0% Spin: |[S+,2> 1-th A2 1.5485 0.0001 i
—5492 12494.98
5 2.2106 ev 99.7% Spin: [So,1> 1-th A2 2.2117 -0.0011 2.
—2112 17834.44
6 2.5233 ev 100.0% Spin: |[S+,1> 1-th Al 2.5232 0.0002 2.
—5239 20356.82
7 2.5234 ev 100.0% Spin: |S+,3> 1-th Al 2.5232 0.0002 2.
5239 20356.99
8 2.5240 ev 99.7% Spin: |S+,2> 1-th Al 2.5232 0.0008 2
—5246 20362.08
9 5.5113 eVv 50.0% Spin: |S+,1> 1-th B2 5.5115 -0.0002 5
—5119 44456.48
10 5.5116 eV 49.8% Spin: |[S+,2> 1-th B2 5.5115 0.0001 5.
—5122 44458.63

Here the output has two parts, the first part gives the energy and composition of each SOC~-ST state relative to the

SO state, for example

* No. 10 w= 5.5116 eV means that the energy of the 10th SOC-ST stateis 5.5116 eV, note that this is
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the energy relative to the SO state;
The following three lines show the components of this state.

* Spin: |S+,1> 1-th Spatial: B2; represents the first triplet state with symmetry B2 (spin +1 with

respect to the S state, and therefore S+); and and therefore S+);
* OmegaSF= 5.5115eV is the energy relative to the first spin state.

e Cr= -0.5011 Ci= -0.0063 is the real and imaginary part of the wave function of this component in the

spinor state, with a percentage of 25.1%.
The second part summarizes the results of the SOC-SI state calculations.

* ExEnergies are the excitation energies when SOC is taken into account, and Esf is the original excitation

energy without SOC;

» The excited states are denoted by Spin: |S,M> n-th sym, and spin |Gs,1>, the nth state with spatial
symmetry sym. For example, the |Gs,1> represents the ground state, ISo,1> represents the excited state with the
same total spin as the ground state, and IS+,2> represents the excited state with total spin plus 1. M is the first

component of the spin projection (in total 2S+1).

The keyword imatrso specifies which sets of jump dipole moments between the spin states ar

¢ 1 1 indicates the intrinsic dipole moment of the ground state.
e 1 2 indicates the dipole moments between the first and second spin states.

The output of the leap dipole moments is as follows.

[tddft_soc_matrso]: Print selected matrix elements of [dpl]
No. (1, J) lrij|~2 E J-E_I fosc rate(s”—-1)
1 1 1 0.472E+00 0.000000000 0.000000000 0.000E+00
Details of transition dipole moment with SOC (in a.u.):
<I|X|J> <I|Y|J> <I|z|J> (also in debye)
Real= -0.113E-15 -0.828E-18 0.687E+00 -0.0000 -0.0000 1.7471
Imag= -0.203E-35 0.948E-35 0.737E-35 -0.0000 0.0000 0.0000
Norm= 0.113E-15 0.828E-18 0.687E+00
No. (1, J) lrij|~2 E J-E_I fosc rate(s”—-1)
2 1 2 0.249E-05 1.548720567 0.000000095 0.985E+01
Details of transition dipole moment with SOC (in a.u.):
<I|X|J> <I|Y|J> <I|z|J> (also in debye)
Real= -0.589E-03 0.207E-07 -0.177E-15 -0.0015 0.0000 -0.0000

(continues on next page)
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Imag= -0.835E-08 0.147E-02 -0.198E-16 -0.0000 0.0037 -0.0000
Norm= 0.589E-03 0.147E-02 0.178E-15

Hint:
e imatsoc setto —1 specifies printing of all coupling matrix elements;

 The default is not to print the leap dipole moments, set imatrso to —1 to print the leap dipole moments between
all spin states, and imatrso to —2 to print the leap dipole moments between all ground state spin states and all

excited state spin states.
 The reference state for SOC calculations must be either RHF/RKS or ROHF/ROKS, UHF/UKS is not supported.

¢ When the reference state for SOC calculations is ROHF/ROKS, TDDEFT calculations with isf=0 must use X-TDA
(i.e., itest=1, icorrect=1,isf=0, itda=1; full X-TDDFT is not supported) and TDDFT calculations with isf=1 must
use SF-TDA (i.e. isf=1, itda=1; full SF-TDDFT is not supported).

4.8.10 SOECP-TDDFT-SOC based spin-orbit coupling calculations

In addition to the sf-X2C all-electron scalar relativistic Hamiltonian, the spin-orbit coupling pseudopotential
(SOECP) can also be used for TDDFT-SOC spin-orbit coupling calculations by selecting the appropriate FE1HE &
JE#EZH and setting hsoc to 0 in the xuanyuan module (if other values are written, they are treated as 0). The
other inputs are similar to or identical to the sf-X2C-TDDFT-SOC inputs (e.g. the core electrons are subtracted when

specifying the orbital occupation in scf).

In the following example, the closed-shell layer ground state XX * (A1) and three excited states 311 (B1+B2), 'II
(B1+B2), 3~ (A1) are calculated under the Cs, point group symmetry for the InB molecule, where the first two A-S
states are bound states that have been extensively studied experimentally and the last two A-S states are repulsive states
that are of little experimental interest. In the input, the energy of the A-S state is first calculated at the TDDFT level
(using the Tamm-Dancoff approximation here) and the wave function is stored, and then the energy of the Q state after

spin-orbit coupling is calculated.

SCOMPASS
Title

Basis-block
cc-pVTZ-PP

end basis

Geometry
In 0.0 0.0 0.0
Br 0.0 0.0 2.45

END geometry

(continues on next page)
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group
# Abelian symmetry must be used for SOC
SEND

SXUANYUAN
hsoc
10
SEND

Sscf
rks

dft

Send

STDDFT
ISFEF
0
ITDA
1
istore
1
# 1Pi state: Al, A2, B1, B2
nroot
0011
SEND

STDDFT
ISFEF
1
ITDA
1
istore
2
# 3Sigma+ and 3Pi states: Al, A2, Bl, B2
nroot
1011
SEND

STDDET
isoc
2

nfiles

(continues on next page)
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2
ifgs

1
idiag

2
$END

The computational output of SOECP-TDDFT-SOC is similar to that of sf-X2C-TDDFT-SOC. The results are
summarized below and compared with those of EOM-CCSD/SOC.

Table 4.2: InBr /3 1-HY3E H i % fit: SOECP/TDDFT-SOC 5 /&
EOM-CCSD. REHHi{7: cm !

N-S# | TDDFT | Q% | TDDFT-SOC | 438 | —4r2€ EOM-CCSD | &
Xyt 1o 0+ 0 0
i 25731 0- 24884 24516
0+ 24959 75 24588 72
1 25718 759 | 25363 775
2 26666 948 | 26347 984
1 35400 1 35404 36389
Sy 38251 0- 38325
1 38423 98

In addition to the SOECP basis set, the above calculation can also be done using the scalar ECP basis set in combi-
nation with 5 %A% BLfATIE{Ll (Zeff) . As a test, first delete the SO pseudopotential part in the Br basis set and redo the
above calculation, but you will find that the result is poor: The split of 3II, and ®II; is only 850 cm ~*!, while the split
of 3 almost zero. This is because the ECP basis set for Br with 10 core electrons has no specially optimized effective

nuclear charge, and the program can only take the actual nuclear charge number of 35:

SO-1e[BP]
zeff for Wso
IAtm ZA NCore zeff
1 49 28 SOECP
2 35 10 N.A

For Br in the above example, it is possible to use the scalar ECP basis set cc-pVTZ-ccECP with 28 core electrons

instead. The input part of the basis set is modified as follows:

Basis-block

(continues on next page)
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cc—pvtz-pp
Br=cc-pvtz-ccecp

end basis

At the beginning of the TDDFT-SOC calculation output can be seen

SO—-1e[BP]
zeff for Wso
IAtm ZA NCore zeff
1 49 28 SOECP
2 35 28 1435.000

This shows that in the single-electron spin-orbit integration of Br, the default nuclear charge number 35 is replaced
with the optimized 1435.000 (in general, the larger the ECP core electron number NCore, the larger the effective nuclear
charge Zeft), The SOECP integral is still calculated for the In atom. The calculation results are as follows, and it can be

seen that the orbital splitting has been significantly improved:

Table 4.3: InBr 4 7 HJ TDDFT-SOC Ik B % % f&: In:SOECP,
Br:SOECP 5 Br:ECP, fg&EHfii: cm ~!

N-S# | TDDFT | Q% | Br:SOECP | 473 | BrECP | 43
Xyt o 0+ 0 0
310 25731 0- 24884 25019
0+ 24959 75 25084 65
25718 759 | 25856 772
2 26666 948 | 26808 952
I 35400 1 35404 35729
3yt 38251 0- 38325 38788
1 38423 98 38853 65

Finally, TDDFT-SOC calculations can also be combined with the SOECP (or scalar ECP) basis set with the all-
electron non-relativistic basis set. The BDF program has optimized Zeff for main group elements prior to Xe (except
heavier noble gas elements). For example, continuing to use cc-pVTZ-PP for In, and using the all-electron non-relativistic
basis set cc-pVTZ for Br, yields similar results to SOECP/TDDFT-SOC. Detailed results are omitted.Finally, TDDFT-
SOC calculations can also be combined with the SOECP (or scalar ECP) basis set with the all-electron non-relativistic

basis set. The BDF program has optimized Zeff for main group elements prior to Xe (except heavier noble gas elements).
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Attention:

and must use non-relativistic basis set.

1. Precautions when using the effective nuclear charge method for TDDFT-SOC calculation: You must use fIf;
I %% HLfAT to ensure accuracy. To do this, check the Zeff value printed in the output file, try not to
have N.A., this is especially important for ECP basis sets.

2. When SOECP or scalar ECP is combined with all-electron basis set, note about all-electron basis set: Atoms

using all-electron basis set do not consider scalar relativistic correspondence, so they cannot be heavy atoms,

4.8.11 Calculation of first-order non-adiabatic coupling matrix elements (fo-

NACME)

As mentioned before, the (first-order) non-adiabatic coupling matrix element is of great importance in the non-

radiative leap process. In BDF, the input files of NACME between the ground state and excited state, and between the

excited state and excited state are written with some differences, which are described below.

(1) NACME between ground state and excited state: DO/D1 NACME of NOj radical (GB3LYP/cc-pVDZ)

SCOMPASS
Title

Basis

Geometry

N

]

)

)

End geometry

unit

SEND

SXUANYUAN
SEND

SSCF
UKS
dft

spinmulti

2

.0000000000
.0700698389
.0700698389
.0000000000

.0000000000
.0000000000
.0000000000
.0000000000

.1945736441
.1615808530
.1615808530
.4934136445

(continues on next page)
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SEND

$tddft
iroot
1 # One root for each irrep
istore
1 # File number, to be used later in Sresp
crit_vec
1.d-6
crit_e
1,e=§
gridtol
1.d-7 # tighten the tolerance value of XC grid generation. This helps to
# reduce numerical error, and is recommended for open-shell molecules

Send

Sresp
iprt
1
QUAD # quadratic response
FNAC # first-order NACME
single # calculation of properties from single residues (ground state-excited
# state fo-NACMEs belong to this kind of properties)
norder
1
method
2
nfiles
1 # must be the same as the istore value in the STDDFT block
states
1 # Number of excited states for which NAC is requested.
# First number 1: read TDDFT results from file No. 1
# Second number 2: the second irrep, in this case A2
# (note: this is the pair symmetry of the particle-hole pair, not
# the excited state symmetry. One must bear this in mind because the
# ground state of radicals frequently does not belong to the totally
# symmetric irrep)
# If no symmetry is used, simply use 1.
# Third number 1: the 1lst excited state that belongs to this irrep
121
Send

Note that the integrable representation specified in the $resp module is pair irrep (i.e., the direct product of the

integrable representations of the occupied and empty orbitals involved in the leap; for the Abelian point group, pair irrep
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can be obtained from the direct product of the ground state integrable representation and the excited state integrable
representation), not the irrep of the excited state. the ground state (DO) of this molecule belongs to the B1 integrable
representation, and the first two-state excited state (D1) belongs to the B1 integrable representation. The pair irrep of the
D1 state is therefore the direct product of Bl and B2, i.e., A2. Pair irrep can also be read from the output of the TDDFT

module, i.e., the Pair column of the following output section.

No. Pair ExSym ExEnergies Wavelengths £ D<S"2> Dominant..
—Excitations IPA Ova En-E1

1 A2 1 B2 0.8005 ev 1548.84 nm 0.0000 0.0186 98.2% CO(bb): B2( Des
—)—> Bl 5 ) 3.992 0.622 0.0000

2 Bl 1 A1l 1.9700 ev 629.35 nm 0.0011 0.0399 92.2% CO(bb): Al( B
—)—> B1( 5 ) 3.958 0.667 1.1695

3 B2 1 A2 2.5146 ev 493.06 nm 0.0000 0.0384 98.4% CO(bb): BA2( i1
—)—> B1( 5 ) 4.159 0.319 1.7141

4 Al 2 Bl 2.6054 ev 475.87 nm 0.0171 0.0154 87.7% CO(bb): B1( 4.
—)—> Bl 5) 3.984 0.746 1.8049

After the calculation is completed, the result of the NACME calculation can be seen at the end of the output section

of the $resp module.

Gradient contribution from Final-NAC (R) -Escaled

1 0.0000000000 -0.0000000000 0.0000000000
2 -0.0000000000 -0.1902838724 0.0000000000
3 -0.0000000000 0.1902838724 0.0000000000
4 -0.0000000000 0.0000000000 0.0000000000

Note that this result does not include the contribution of the electron translation factor (ETF). For some molecules,
NACME without ETF may not have translation invariance, which may lead to errors in subsequent kinetic simulations.
In this case, it is necessary to use a NACME that takes into account the ETF, which can be read later in the output file at

the following location.

Gradient contribution from Final-NAC (S)-Escaled

1 0.0000000000 -0.0000000000 0.0000000000
2 -0.0000000000 -0.1920053581 0.0000000000
3 -0.0000000000 0.1920053581 0.0000000000
4 -0.0000000000 0.0000000000 -0.0000000000

The program will also output vectors named dpg-R, Final-NAC(R), dpq-S, Final-NAC(S), etc. These quantities are
intermediate variables that are only used to monitor the computational process, not the final NACME, and the user can

generally ignore these outputs.

(2) NACME between excited and excited states: T1/T2 NACME of acetophenone (BH&HLYP/def2-SVP)
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Scompass

title

basis

geometry
-0.3657620861
-2.4915224786
-2.2618953860
0.1436118499
2.2879147462
2.0183382809
-0.5627800515
-4.3630645857
.9523568496
4.1604797959
3.6948496439
0.3897478526
2.5733215239
-1.8017552120
-2.9771560760
-2.9780678476
H -1.1205416224

T m Q O QO @m =T @m m o=m Q Q Q Q Q Q
|
w

end geometry

unit

nosymm

Send

SXUANYUAN
SEND

$SCF
rks

dft

SEND

Stddft
isf # request for triplets (spin flip up)
1

ialda # use collinear kernel

.8928163606
.3493223987
. 7463412225
.3999193588
.1871091769
.7824607425
.9313968857
.1868310874
.4075513123
.3598389310
.9629708946
.0915327760
.1533492423
.9131221777
.6352720097
.6353463569
.8569277129

(NAC only supports collinear kernel)

.0000770328
=0
0.
-0.
.0000824391
.0001740921
.0001389666
-0.
0.
.0001836001
.0003304312
-0.
=0
.0003595831
.6803279168
=1
.0002044899

0001063823
0001958732
0000964543

0002094148
0003833263

0002927344
0002053903

6789597597

4
iroot
(continues on next page)
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2 # calculate T1 and T2 states

crit_vec

1.e=6
crit_e

1.d-8
istore

1
iprt

2
Send

Sresp
iprt

1
QUAD
FNAC
double

norder
1

method
2

nfiles
1

pairs

# calculation of properties from double residues (excited state-—-excited

# state fo-NACMEs belong to this kind of properties)

1 # Number of pairs of excited states for which NAC is requested.
111112

noresp # do not include the quadratic response contributions (recommended)

Send

NACME was calculated for the T1 and T2 states.

Gradient contribution from Final-NAC (R) -Escaled

1 0.0005655253 0.0005095355 -0.2407937116
2 -0.0006501682 -0.0005568029 0.5339003311
3 0.0009640605 0.0003767996 -2.6530192038
4 -0.0013429266 -0.0034063171 1.6760344312
5 0.0010446538 0.0006384285 -0.8024123329
6 -0.0001081722 -0.0006245719 -0.0487310115
7 -0.0000001499 0.0000176176 -0.0730900968
8 -0.0000214634 0.0000165092 0.3841606239
9 0.0000026057 -0.0000025322 -0.2553378323
10 -0.0002028358 -0.0000591642 0.5800987974
11 -0.0000166820 0.0000105734 0.2713836450

(continues on next page)
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12
13
14
15
16
17

=0-
=0

.0023404123
.0021749503
.0000433873
.1407516324

1407399684
0000034197

.0052038311
.0012164868
.0011202812
.1432264573
.1429881941
.0004577563

.5121827769
.7480141157
.2896243729
.1655701318
.1657943551
.0833951446

Similar to the case of the ground state, the

4.8.12 Definitization of the excited states

$COMPASS
Basis
Geometry
C 0.000000 0.000000 0.000000
© 1.332000 0.000000 0.000000
H -0.574301 -0.928785 0.000000
H -0.574301 0.928785 0.000000
H 1.906301 0.928785 0.000000
H 1.906301 -0.928785 0.000000
© -0.000000 0.000000 3.5000
@ 1.332000 -0.000000 3.5000
H -0.574301 0.928785 3.50000
H -0.574301 -0.928785 3.50000
H 1.906301 -0.928785 3.50000
H 1.906301 0.928785 3.50000
End geometry
Group
Nfragment # must input: number of fragment, should be 1
1
SEND
Sxuanyuan
Send
$scf
rks
dft
Send
(continues on next page)
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STDDFET
ITDA

1
IDIAG

1
istore
1
iroot

4
crit_e # set a small threshhold for TDDFT energy convergence

1.d-8
SEND

# calculate local excited states (LOCALES)
Selecoup
locales
1
$END

&database

fragment 1 12 # first fragment with 12 atoms, next line gives the atom list
12345678910 11 12

&end

The TDA calculates 4 excited states and the output is as follows,

No. Pair ExSym ExEnergies Wavelengths £ D<S"2> Dominant.
—Excitations IPA Ova En-E1

1 A 2 A 7.4870 eV 165.60 nm 0.0000 0.0000 82.6% CV(0): A( 16 )-
o> A( 17 ) 13.476 0.820 0.0000

2 A 3 A 8.6807 eV 142.83 nm 0.0673 0.0000 79.6% CV(0): A( 16 )-
> A( 18 ) 14.553 0.375 1.1937

3 A 4 A 9.0292 ev 137.31 nm 0.0000 0.0000 62.4% CV(0): A( 16 )-
> A( 20 ) 15.353 0.398 1.5422

4 A 5 A 9.0663 eV 136.75 nm 0.0000 0.0000 50.4% <CV(0): A( 15 )-
o> A( 18 ) 15.688 0.390 1.5793

The process of domainization and the excited states in the fixed domain are,

No. 8 iteration
Pair States : 1 2
aij,bij,abij -.25659893E-01 -.48045653E-11 0.25659893E-01
cosd4a,sinda 0.10000000E+01 -.18724027E-09

(continues on next page)

4.8. Time-dependent Density Generalized Function Theory 153




BDF-Manual

(continued from previous page)

cosa,sina 0.10000000E+01 0.00000000E+00
Pair States : 1 3

aij,bij,abij —-.40325646E-02 0.35638586E-11 0.40325646E-02

cosda,sinda 0.10000000E+01 0.88376974E-09
cosa,sina 0.10000000E+01 0.00000000E+00
Pair States : 1 4

aij,bij,abij -.25679319E-01 -.28753641E-08 0.25679319E-01

cosda,sind4a 0.10000000E+01 -.11197197E-06
cosa,sina 0.10000000E+01 0.27877520E-07
Pair States : 2 3

aij,bij,abij -.39851115E-02 -.27118892E-05 0.39851124E-02

cosda,sinda 0.99999977E+00 -.68050506E-03
cosa,sina 0.99999999E+00 0.17012628E-03
Pair States : 2 4

aij,bij,abij -.42686102E-02 -.95914926E-06 0.42686103E-02

cosda,sinda 0.99999997E+00 —-.22469825E-03
cosa,sina 0.10000000E+01 0.56174562E-04
Pair States : 3 4

aij,bij,abij -.67873307E-01 -.47952471E-02 0.68042488E-01

cosda,sinda 0.99751360E+00 —-.70474305E-01
cosa,sina 0.99984454E4+00 0.17632279E-01

Sum= 0.13608498 Max Delta= 0.00531009
No. 9 iteration
Pair States : 1 2

aij,bij,abij -.40325638E-02 0.35621782E-11 0.40325638E-02

cosda,sinda 0.10000000E+01 0.88335323E-09
cosa,sina 0.10000000E+01 0.00000000E+00
Pair States : 1 3

aij,bij,abij -.25690755E-01 -.11200070E-08 0.25690755E-01

cosd4a,sinda 0.10000000E+01 -.43595721E-07
cosa,sina 0.10000000E+01 0.10536712E-07
Pair States : 1 4

aij,bij,abij -.25690755E-01 -.10900573E-11 0.25690755E-01

cosda,sinda 0.10000000E+01 —-.42429944E-10
cosa,sina 0.10000000E+01 0.00000000E+00
Pair States : 2 3

aij,bij,abij -.41480079E-02 -.83549288E-06 0.41480080E-02

cosda,sinda 0.99999998E+00 -.20142027E-03
cosa,sina 0.10000000E+01 0.50355067E-04
Pair States : 2 4

aij,bij,abij -.41480100E-02 0.17462423E-06 0.41480100E-02

cosd4a,sin4a 0.10000000E+01 0.42098314E-04

(continues on next page)
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cosa,sina 0.10000000E+01 0.10524580E-04

Pair States : 3 4

aij,bij,abij -.68042492E-01 0.19389042E-08 0.68042492E-01
cos4a,sind4a 0.10000000E+01 0.28495490E-07

cosa,sina 0.10000000E+01 0.74505806E-08

Sum= 0.13608498 Max Delta= 0.00000000

*Kxkkkhkkxxkkkhkrxxx*k Digbatic Hamiltonian matrix **X*xFxxkrrxxkkkrrx

Statel State2 State3 Stated
Statel 7.486977 0.000000 0.000000 0.000000
State2 0.000000 9.029214 -0.000020 0.000021
State3 0.000000 -0.000020 8.873501 0.192803
Stated 0.000000 0.000021 0.192803 8.

‘H873501 Kok ok ok ok b ok ok ok ok ok ok ok ok ok ok ok b ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok b ok ok ok ok ok ok ok ok ok ok ok ok ok

o, XAICAEBBGS R BER, AR IO E S Z MG, X A RER AL eV . where
the diagonal element is the energy of the fixed-domain excited state and the non-diagonal element is the coupling between

the two fixed-domain states, where the unit of energy is eV.

4.9 Nuclear magnetic resonance shielding constants

BDF supports the restricted Hartree-Fock (RHF) and restricted Kohn-Sham (RKS) methods for NMR shielding
constant (NMR) calculations, where the problem of the outer vector potential canonical origin can be handled using the

Common gauge method and GIAO (gauge-including atomic orbitals).

Warning: Since the libcint library is required for NMR calculation, a line needs to be added in the calculation
script: export USE_LIBCINT=yes

4.9.1 NMR calculation example

The following is the input file for the NMR shielding constant calculation of methane molecules:

SCOMPASS # Molecular coordinate input and symmetry judgment

Title
Basis

# basis set
Geometry
Cc 0.000 00000 0.000 # molecule geometry
H 1.196 1.196 1.196

(continues on next page)
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B =1.196 =1,196 1.196

H -1.196 1.196 -1.196

H 1.196 -1.196 =1,196

END geometry

nosymm # NMR module does not support symmetry
UNIT

# input molecule geometry in bohr

SEND

Sxuanyuan # Single and double electron integral correlation setting and calculation

Send

$SCF # Self consistent field calculation module
RKS # Restrict Kohn-Sham
DET
SEND
SNMR # NMR shielding constant calculation module
icg
1 # can enter 0 or 1. 0 means no common gauge calculation and 1 means common.

—gauge calculation. The default value 1is 0.
igiao

1 # can enter 0 or 1. 0 means no GIAO calculation and 1 means GIAO.
—calculation. The default value is 0.

SEND

The four modules compass , xuanyuan, scf and nmr are called sequentially to complete the calculation. The
scf module performs the RKS calculation. Based on the results of the RKS calculation, subsequent NMR calculations
are performed, where the NMR calculation is followed by the COMMON GAUGE calculation and the GIAO calculation,

which gives the isotropic and anisotropic NMR shielding constants for all atoms.

4.9.2 COMMON GAUGE

The NMR calculation of COMMON GAUGE can be controlled by the keyword icg:

SNMR

icg
1

SEND

You can enter 0 or 1. The default value is 0, which means that no COMMON GAUGE calculation is performed,
and 1, which means that a COMMON GAUGE calculation is performed.
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In the COMMON GAUGE calculation, the canonical origin is located at the origin of the coordinates (0, 0, 0) by
default. The canonical origin can be specified at an atom by using the keyword igatom, or it can be set to a specified

location in space by using cgcoord, as follows. :

$NMR
icg
1
igatom
3 # Specify the gauge origin on atom 3, enter an integer number,.
—ranging from 0 to the number of molecular atoms,
# If you enter a value of 0, the specification origin is specified at.
—the coordinate origin
cgcoord
1.0 0.0 0.0 # enter 3 real numbers, and place the origin of the specification on.
—the point with the spatial coordinates of (1.0, 0.0, 0.0)
cgunit
# The unit of cgcoord coordinate. The default value is atomic unit..
—When the input is Angstrom, the input standard origin coordinate
# In angstroms; For other inputs (such as Bohr, AU), the coordinate.
—unit is atomic unit, and the input is case insensitive

SEND

When both igatom and cgcoord are present in the input, the latter input prevails. For example, in the above example,
the final canonical origin is set at the spatial coordinates (1.0, 0.0, 0.0) (in angstroms). If both parameters igatom and
cgeoord are not entered, the NMR value of COMMON GAUGE is calculated with the normative origin at the coordinate
origin, i.e. at the position (0.0, 0.0, 0.0)

The Common gauge calculation in the output file starts at [nmr_nr_cg] , as follows:

[nmr_nr_cg]

Doing nonrelativistic—-CG-DFT nmr...

[nmr_set__common_gauge]
set the common gauge origin as the coordinate origin(default)

0.000000000000 0.000000000000 0.000000000000

Omitting the middle part of the output, the final result is output as follows:

Isotropic/anisotropic constant by atom type:

atom-C
186.194036 0.000003
atom—-H
31.028177 9.317141
31.028176 9.317141
31.028177 9.317141

(continues on next page)
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31.028177 9.317141

The NMR shielding constants in ppm for C and H atoms, respectively, are shown in the first column as isotropic

shielding constants and in the second column as anisotropic shielding constants.

4.9.3 GIAO

The NMR calculation of GIAO can be controlled by the keyword igiao:

$NMR

igiao
1

SEND

You can enter either O or 1. The default value is 0, i.e., no GIAO calculation is performed, and when entered as 1,

GIAO calculation is performed.

Warning: In the NMR module, icg and igiao can be entered as either 1, which sets either calculation to be
performed, or both (i.e. both calculations), but not both or 0, otherwise the NMR module will not produce any NMR
shielding constant values.

The GIAO calculation in the output file starts at [nmr_nr_giao] , as follows:

[nmr_nr_giao]

Doing nonrelativistic—-GIAO-DFT nmr

[set_para_for_giao_eri]

[nmr_int]

Doing nmr integral of operators resulting from the response of B10...

No. of pGTOs and cGTOs: 196 196

giao integrals...

Omitting the middle part of the output, the final result is output as follows:

Isotropic/anisotropic constant by atom type:

atom-C

186.461988 0.000019
atom-H

31.204947 9.070916

(continues on next page)
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31.204944 9.070916
31.204947 9.070921
31.204946 9.070920

As in the case of COMMON GAUGE, the above results are the GIAO shielding constants in ppm for C and H atoms,
respectively, with the first column being the isotropic shielding constant and the second column being the anisotropic

shielding constant,

Warning: The keyword Isotropic/anisotropic constant by atom type in the output is
exactly the same for GIAO and COMMON GAUGE, when reading the result, you should pay attention to whether
itis after [nmr_nr_cg] orafter [nmr_nr_giao] to distinguish between COMMON GAUGE result or GIAO

result.

4.10 Relativistic effects

The relativistic effect mainly includes two parts: scalar relativistic effect and spin-orbit coupling effect. Relativistic
effects are important in the study of organic light-emitting mechanisms, such as inter-system scattering of electronic states
due to spin-track coupling, and changes in the spin of transition states and products. The innermost core electrons of the
atom are most strongly affected by relativistic effects on the one hand, and insensitive to chemical changes on the other
hand, so there are different ways to deal with them, mainly all-electron relativistic and effective core potential (ECP) two

types of methods.

1. All-electron methods all the inner layer electrons are made variational treatment. The common all-electron rel-
ativistic Hamiltonians are: the zero-order regular approximation (ZORA), the second-order Douglas-Kroll-Hess
(DKH?2), the exact dichotomy (X2C) proposed by Wenjian Liu et al. ZORA and DKH?2 have no advantages in

terms of accuracy and efficiency and are not recommended.

2. The core electrons of ECP heavy atoms are replaced by a pre-fitted effective potential function. When there are
more heavy atoms, ECP can significantly reduce the variational degrees of freedom and improve the computa-
tional efficiency. The ECP is divided into two categories, pseudopotential (PP) and model core potential (MCP),
depending on whether the valence electron wave function has nodes in the core layer or not, where MCP has to
combine a large number of Gaussian functions in order to reproduce the valence electron wave function nodes
correctly, leading to an insignificant improvement in computational efficiency, and is therefore less used. ECP in

BDF programs refers to PP.

The BDF basis set library provides a large number of all-electron relativistic basis sets and ECP basis sets .

Warning:

1. Do not mix X2C Hamiltonian and ECP basis sets

4.10. Relativistic effects 159




BDF-Manual

2. X2C relativistic calculations must use non-shrinking basis sets or specially optimized shrinking basis sets, but

the first 18 elements are not mandatory.

4.10.1 Scalar relativistic effects

¢ All-electron methods

The BDF can consider scalar relativistic effects through the spinless X2C Hamiltonian (sf-X2C) and its local ap-
proximation variants sf-X2C-AXR, sf-X2C-AU. For example :

$xuanyuan
heff
23
nuclear
1
Send

In the above input, he £ £ calls scalar relativistic Hamiltonians such as sf-X2C (3, 4, or 21), sf-X2C-AXR (atomic
X-matrix approximation, 22), and sf-X2C-AU (atomic U-transformation approximation, 23), where 21, 22, 23 have
analytic derivatives. For molecular systems not involving heavy element-heavy element bonding above 5d, sf-X2C-AU
has the highest efficiency without loss of precision and is the recommended method. Otherwise, sf-X2C-AXR or sf-X2C

is used.

The nuclear option set to 1 indicates the use of a finite nuclear model, which is generally not required. However,
some relativistic shrinkage basis groups take into account nucleus size effects, or when calculating the electronic properties

near the nucleus, in these cases the finite nuclear model is used.

The types of calculations supported by sf-X2C and its local variants are: single point energies, structure optimization,
and some first-order single electron properties . Analytic Hessian and second-order single-electron properties are under

development.
 ECP

ECP must be combined with a non-relativistic Hamiltonian, where relativistic effects are implicit in the pseudopo-
tential parameters. The types of ECP calculations supported by the BDF are: single-point energy and some single electron

properties . Gradient and Hessian for ECP are under development.
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4.10.2 Spin-orbit coupling interactions

BDF can handle spin-orbit coupling between diftferent spin multiplet electronic states in TDDFT single-point calcu-
lations by means of the state interaction (SI) method. It needs to be specified in the xuanyuan module via the hsoc

keyword how to calculate the spin-orbit integrals. See the TDDFT section for an example.

Depending on the adopted Hamiltonian, spin-orbit coupling can also be divided into two categories: all-electron and
ECP.

¢ All-electron methods

Although the contribution of the two-electron spin-orbit integral is smaller than that of the single-electron spin-orbit
integral, the effect on the spin-orbit coupling effect may reach 1/5~1/3, and therefore cannot be neglected. A singleelectron
spin-orbit integral + a molecular mean-field two-electron spin-orbit integral with a single-center approximation (sole +
SOMF-1c; hsoc =2) is suggested. It can be combined with the sf-X2C scalar relativistic Hamiltonian and, for the
light element system, with the non-relativistic Hamiltonian. In addition, it is possible to correct the single-electron spin-
orbit integrals for shielded nuclei [66, 67] or effective nuclear charges [68] , approximating the effect of the twoelectron

spin-orbit integrals, but this may cause unpredictable errors on the core-layer orbital properties.
« ECP
It includes two treatments :

1. the spin-orbit coupling pseudopotential, which requires the addition of an additional SO potential function to the

scalar ECP (SOECP; see the spin-orbit coupling pseudopotential basis set in the basis set library)
2. the effective nuclear charge [68, 69] .

Since the effect of the two-electron spin-orbit interaction is already included in the fitting parameters of the SO
potential or in the empirical parameters of the effective nuclear charge, it is sufficient to calculate the single-electron
spin-orbit integral. In the BDF, the atoms described by SOECP and the atoms described by scalar ECP or all-electron

non-relativity can be used separately, by setting hsoc to 10 in the xuanyuan module.

It is important to note that the effective nuclear charge supports a limited number of elemental and base group types.
For all-electron base groups, only the main group elements before Xe are supported, with the exception of the heavier
noble gas elements Ne, Ar, and Kr. For scalar ECP base groups, although more elements are supported, the number of

core electrons must be consistent, see the following table:
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Table 4.4: The number of electrons and atoms in the core of the scalar

ECP base group supported by the effective nuclear charge

Atom ZA NCore
Li-F 3-9 2
Na-Cl, Sc-Cu, Zn, Ga | 11-17,21-29, 30, 31 | 10

K -Ca 19-20 18
Ge-Br, Y -Ag, Cd, In | 32-35,39-47,48,49 | 28
Rb-Sr 37-38 36
Sn-1, La 50-53, 57 46
Cs-Ba 55-56 54
Hf-Au, Hg, Tl 72-79, 80, 81 60
Pb-At 82-85 78

For more details, such as Zeff parameters, references, etc., see soint_util/zefllib.F90. If the effective nuclear charge

method is used for unsupported elements or groups, the results of the spin-orbit coupling calculations are unreliable.

4.11 QM/MM Combination Approach

The QM/MM combination method generally divides the system into two zones, the QM zone and the MM zone.

The total energy of the system is written as:

Eom/mm(S) = Exn(0) + Eque (T4 L) + Egar/aem (1, O)

where, S denotes the system, I denotes the QM layer, O denotes the MM layer, and L denotes the linking atom. Ejs s (0)

is calculated using molecular mechanics force fields, and Eqar /s (I, ) includes two terms:

Eomyvim(1,0) = Enue—nvnr + Vetee— v
Epwe—mm + Vejee— mrar in the BDF by adding an external point charge to the QM region.

So the total energy of the whole system consists of two parts, E s is calculated using molecular mechanics method,
Equn 1 Egar /v are calculated using quantum chemical method. Meanwhile, the interactions between QM and MM
regions also include VDW interactions, etc., which will not be discussed here. For the broken bonds in the QM and MM

regions, the linked-atom model is generally used to describe them.

The BDF program mainly performs the quantum chemistry calculations, while the rest of the calculations are per-
formed by the pdynamo2.0 program package modified by the group. The rest is done by the pdynamo2.0 package, which

has been modified by the group. See the relevant examples:

Note: The installation of the pdynamo program is described in the package. Detailed features of the package can be
found in the Help file in the package. This manual only provides instructions and examples for QM/MM calculations
using BDF.
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For reference to QM/MM computing environment installation and configuration, see QM/MM computing environment

configuration

4.11.1 Input File Preparation

In general, before QM/MM calculations, molecular dynamics simulations of the target system are required to obtain
a suitable initial conformation. Different molecular dynamics software has different output files. pDynamo-2 currently
supports Amber . CHARMM, Gromacs and other force fields, and also supports PDB. MOLZ2. xyz and other formats

to read in molecular coordinates.

Note: When using PDB, MOL2, or xyz files as input, the pDynamo program only supports the OPLS force field,
which is not recommended for small molecules and non-standard amino acid force field parameters are incomplete. It
is recommended to prefer the Amber program, which enters the force field parameters through the topology file. If you

only do QM calculations, various input methods are available.

In Amber, for example, the structure of interest is extracted from the kinetic simulation trajectory and stored in a
crd file, which together with the corresponding topology file . prmtop can be used as the starting point for QM/MM

calculations. the Python script is as follows.

from pBabel import AmberCrdFile_ToCoordinates3, AmberTopologyFile_ToSystem
# Read input information
molecule = AmberTopologyFile_ToSystem(Topfile)

molecule.coordinates3 = AmberCrdFile_ToCoordinates3 (CRDfile)

At this point, the molecule information is stored in the molecule structure. In the specific QM/MM calculation,
energy calculation and geometric configuration optimization of the system are required. Also, the active region can be

defined in the MM region to accelerate the calculation.

4.11.2 Total energy calculation

Take a 10 A water box as an example, after the molecular dynamics simulation, the files are extracted as wat .
prmtop, wat.crd, and the full quantum chemical calculation can be performed for the system with the following

code:

import glob, math, os

from pBabel import AmberCrdFile_ToCoordinates3, AmberTopologyFile_ToSystem
from pCore import logFile

from pMolecule mport QCModelBDF, System

# Read the coordinates and topology information of the water box

molecule = AmberTopologyFile_ToSystem ("wat.prmtop")

(continues on next page)
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molecule.coordinates3 = AmberCrdFile_ToCoordinates3 ("wat.crd")

# Define the energy calculation mode, which is the density functional calculation of.
—~the whole system, GB3LYP:6-31g

model = QCModelBDF ("GB3LYP:6-31g")

molecule.DefineQCModel (model)

molecule.Summary () #Output system calculation setting information

# Calculate total energy

energy = molecule.Energy ()

Methods and basis groups can be defined in the QCMode 1BDF class GBR3LYP : 6-31g, with : partitioning between
methods and basis groups. In the above example, it is also possible to select the molecule of interest (e.g., the fifth water
molecule) for the QM/MM calculation, using the QM method for the fifth water molecule and the MM (in this case, the
amber force field) for the rest. Since periodic boundary conditions are used in the MD calculation, and the QM/MM
method does not support the use of periodic boundary conditions, an option is added to the script to turn off periodic

boundary conditions.

molecule.DefineSymmetry( crystalClass = None )

The class Selection is defined in pDynamo and can be used to select specific QM atoms, as described in the

usage notes. The script for selecting QM atoms in script is as follows:

agm_area = Selection.FromIterable (range (12, 15))
#12. 13 and 14 are atomic 1list index values (this value = Atomic serial number - 1),.
—which i1s equal to selecting No. 15 water molecule

molecule.DefineQCModel (gqcModel, gcSelection = gm_area)

Overall, the script for the combined QM/MM energy calculation is as follows :

import glob, math, os
from pBabel import AmberCrdFile_ToCoordinates3, AmberTopologyFile_ToSystem
from pCore import logFile, Selection
from pMolecule import NBModelORCA, QCModelBDF, System
# . Define the energy models.
nbModel = NBModelORCA ()
gcModel = QCModelBDF ("GB3LYP:6-31g")
# . Read the data.
molecule = AmberTopologyFile_ToSystem("wat.prmtop")
molecule.coordinates3 = AmberCrdFile_ToCoordinates3 ("wat.crd")
# .Close symmetry to a system
molecule.DefineSymmetry (crystalClass = None) # OM/MM need Close the symmetry.
# .Selection gm area
gm_area = Selection.FromIterable (range (12, 15)) # Select WAT 5 as the QOM area.
# . Define the energy model.

(continues on next page)

164 4. Quick Start




BDF-Manual

(continued from previous page)

molecule.DefineQCModel (gcModel, qgcSelection = gm_area)
molecule.DefineNBModel (nbModel)

molecule. Summary ()

# . Calculate

energy = molecule.Energy ()

Note:

¢ QM/MM calculation supports two input modes. For simple examples, it can be used as parameter input in QC—

ModelBDF class.

* relatively complex examples can be input in the form of calculation template.

4.11.3 Geometry Optimization

QM/MM geometry optimization is generally not easy to converge and requires a lot of skills in practice. It is common
to fix the MM zone and optimize the QM zone, and then fix the QM zone and optimize the MM zone. After several cycles,
the QM and MM regions are optimized at the same time. The convergence of the optimization depends on the choice of
the QM zone and the presence of charged atoms at the QM/MM boundary. In order to speed up the optimization, it is
possible to fix the MM region during the calculation and select only a suitable region close to the QM region as the active
region, where the coordinates can change during the optimization. The following arithmetic example for the optimization

of geometric configurations is given.

import glob, math, os.path

from pBabel import AmberCrdFile_ToCoordinates3, \
AmberTopologyFile_ToSystem , \
SystemGeometryTrajectory 7\
AmberCrdFile_FromSystem s\
PDBFile_FromSystem ;N\

XYZFile_FromSystem

from pCore import Clone, logFile, Selection

from pMolecule import NBModelORCA, QCModelBDF, System

from pMoleculeScripts import ConjugateGradientMinimize_SystemGeometry

# Defines the Opt interface

def opt_ConjugateGradientMinimize (molecule, selection):

molecule.DefineFixedAtoms (selection) # Define fixed atoms

(continues on next page)
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#Define optimization methods

ConjugateGradientMinimize_SystemGeometry (

molecule,

maximumIterations = 4, # Maximum number of optimization steps
rmsGradientTolerance = 0.1, #Optimize convergence control
trajectories = [(trajectory, 1)]

) # Defines the frequency at which the track is saved
# . Define the energy models.
nbModel = NBModelORCA ()
gcModel = QCModelBDF ("GB3LYP:6-31g")
# . Read the data.
molecule = AmberTopologyFile_ToSystem ("wat.prmtop")
molecule.coordinates3 = AmberCrdFile_ToCoordinates3 ("wat.crd")
# . Close symmetry to a system
molecule.DefineSymmetry (crystalClass = None) # OM/MM need Close the symmetry.
#. Define Atoms List

natoms = len(molecule.atoms) # The total number of atoms in the.
—system

gm_list = range (12, 15) # OM region atoms

activate_list = range (6, 12) + range (24, 27) # MM region active atom (can be moved.

—during optimization)
#Defines the MM region atom
mm_list = range (natoms)
for i in gm_list:

mm_list.remove (i) # MM deletes the QM atom
mm_inactivate_list = mm_list/[:]
for i in activate_list

mm_inactivate_list.remove (i)
# Enter the QM region atom
gmmmtest_gc = Selection.FromIterable (gm_list) # Select WAT 5 as the QM area.
# Define each selection zone
selection_gm_mm_inactivate = Selection.FromIterable(gm_list + mm_inactivate_list)
selection_mm = Selection.FromIterable (mm_list)
selection_mm_inactivate = Selection.FromIterable (mm_inactivate_list)
# . Define the energy model.
molecule.DefineQCModel (gqcModel, gcSelection = gmmmtest_gc)
molecule.DefineNBModel (nbModel)
molecule. Summary ()
#Calculate the total energy at the start of the optimization
eStart = molecule.Energy ()
#Defines the output file
outlabel = 'opt_watbox_bdf'
if os.path.exists (outlabel) :

(continues on next page)
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pass
else:
os.mkdir (outlabel)
outlabel = outlabel + '/' + outlabel
# Define the output trajectory
trajectory = SystemGeometryTrajectory (outlabel + ".trj" , molecule, mode = "w")
# Start the first phase of optimization
# Define two steps to optimization
iterations = 2
# Sequentially fix the OM area and mm area for optimization
for i in range(iterations):
opt_ConjugateGradientMinimize (molecule, selection_gm_mm_inactivate) #Fixed OM.
—region optimization
opt_ConjugateGradientMinimize (molecule, selection_mm) #Fixed MM_
—region optimization
# Start the second phase of optimization
# The QM area and mm area are optimized at the same time
opt_ConjugateGradientMinimize (molecule, selection_mm_inactivate)
#Output optimized total energy
eStop = molecule.Energy ()

#Save optimized coordinates, which can be xyz/crd/pdb, etc.

XYZFile_FromSystem(outlabel + ".xyz", molecule)
AmberCrdFile_FromSystem(outlabel + ".crd" , molecule)
PDBFile_FromSystem(outlabel + ".pdb" , molecule)

4.11.4 QM/MM-TDDFT algorithm example

After the geometry optimization, the TDDFT calculation can be performed based on the base state calculated by
QM/MM. The BDF program interface is designed witha calculation template function that updates the system
coordinates based on the . inp file given by the user. At the same time, different QM regions can be selected as needed
for the geometry optimization and excited state calculation. For example, in order to consider solvation effects, the first
hydrated layer of the molecule of interest can be added to the QM region for QM/MM-TDDFT calculations. Taking the

example of the calculation done in the previous section, the calculation can be continued by adding the following code.

#Continue with the geometry optimization code from the previous section.

#Start the TDDFT calculation. Use a template file as input.

gcModel = QCModelBDF_template (template = 'head_bdf nosymm.inp')

# Adjust the QOM region atoms

tdtest = Selection.FromIterable(gm_list + activate_list) # Redefine the QM.
—region.

molecule.DefineQCModel (qcModel, gcSelection = tdtest)
molecule.DefineNBModel (nbModel)

(continues on next page)
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molecule.Summary ()
#Energy calculation using the method in the template, (which can be TDDFT)

energy = molecule.Energy ()

In the above code, the template chosen is the input file of the BDF with the following file contents:

SCOMPASS
Title

Basis

Geometry

H 100.723 207.273 61.172

MG 92.917 204.348 68.063
@ 95.652 206.390 67.185
END geometry
Extcharge

point
nosymm

SEND

SXUANYUAN
RSOMEGA

0.33
SEND

$SCF
RKS
DET

SEND

S$tddft #TIDDFT calculation control
iprt

3

iroot

5

Send
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4.12 Structural Optimization and Frequency Calculation

The purpose of structural optimization is to find the minimum point of the potential energy surface of the system.
The minimum point that can be found depends on the initial structure provided in the input file. The closer to the minima,

the easier it is to converge to the minima.

Structural optimization is mathematically equivalent to the problem of finding the extrema of a multivariate function. :

OE(R1, Rs,...,Ry) . .
F=— =0,i=1,2,...,N
OR; !

Commonly used algorithms for structural optimization are as follows :

1. Steepest descent: The steepest descent method is a line search along the direction of the negative gradient, which

is very efficient for structures far from the minima, but slow to converge near the minima and easy to oscillate.

2. Conjugate gradient : Conjugate gradient method is a modification of the most rapid descent method, the optimization
direction of each step and the previous step of the combination of optimization direction, can somewhat alleviate

the problem of oscillation

3. Newton method: The idea of Newton method is to expand the function with respect to the current position in the
Taylor series. Newton method converges quickly, for the quadratic function can go to the minimum in one step.
However, the Newton method requires solving the Hessian matrix, which is very expensive to compute, and the

quasi-Newton method is generally used in geometric optimization.

4. Quasi-Newton method : The quasi-Newton method constructs the Hessian matrix by approximation, and the Hessian
matrix of the current step is obtained based on the forces of the current step and the Hessian matrix of the previous
step. There are various approaches, the most commonly used is the BEGS method, in addition to DFP, MS, PSB,
etc. Since the Hessian of the quasi-Newton method is constructed approximately, the accuracy of each optimization
step is lower than that of the Newton method, and the number of steps required to reach convergence is more than
that of the Newton method. However, the total optimization time is still significantly reduced because each step

takes much less time.

The structural optimization of the BDF is implemented by the BDFOPT module, which supports the Newtonian
and quasi-Newtonian based methods for minima and transition The BDFOPT module supports Newtonian and quasi-
Newtonian methods for the optimization of minima and transition structures, and supports restricted structure optimiza-
tion. The following is an example of the input file format of the BDFOPT module, and an explanation of the output
file,

4.12.1 Base state optimization: Optimization of monochloromethane (CH;Cl ) at
the B3LYP/def2-SV(P) level

Scompass

title

(continues on next page)
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basis

geometry
C
H

.67184328 0.03549756 -3.40353093
.05038141 -0.21545378 -2.56943947
.80438882 1.09651909 -3.44309081
.62454948 -0.43911916 -3.29403269
.90897396 -0.51627638 -4.89053325

H
H
Cl

Pow DN

end geometry

Send

Sbdfopt

solver
1

Send

$Sxuanyuan

Send

St
rks

dft

Send

Sresp

geom

Send

The RESP module is responsible for calculating the DFT gradient. Unlike most other tasks, in the structure opti-
mization task, the program does not sequentially and single, linear invocation of the modules, but rather, the modules are

invoked several times iteratively. The specific sequence of calls is as follows:
1. run COMPASS, which reads the molecular structure and other information ;
2. run BDFOPT to initialize the intermediate quantities needed for structure optimization ;

3. BDFOPT starts a separate BDF process to calculate the energy and gradient under the current structure, which
only executes COMPASS, XUANYUAN, SCF, and RESP modules and skips BDFOPT. i.e., most of the time
the user will find two BDF processes running independently of each other, one of which is the process to which
BDFOPT belongs and is waiting. is in the waiting state, while the other process is performing energy and gradient
calculations. To avoid cluttering the output file, the output of the latter process is automatically redirected to a file
with the . out . tmp suffix, thus separating it from the output of the BDFOPT module (which is typically redirected
by the user to an . out file)
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4. when the latter process is finished, BDFOPT aggregates the energy and gradient information of the current structure

and adjusts the molecular structure accordingly with a view to reducing the energy of the system;

5. BDFOPT determines whether the structure converges according to the gradient of the current structure and the
size of the current geometry step, if it converges, or if the structure optimization reaches the maximum number of

iterations, the program ends; if it does not converge, the program jumps to step 3,

Therefore, the . out file contains only the output of COMPASS and BDFOPT modules, which can be used to
monitor the process of structural optimization, but does not contain information on SCF iterations, Buju analysis, etc.,

which needs to be viewed in the . out . tmp file

Taking the structure optimization task of CH3Cl above as an example, the output of the BDFOPT module in the

.out file can be seen as follows:

Geometry Optimization step : 1

Single Point SCF for geometry optimization, also get force.

### [bdf single point] ### nstate= 1

Allow rotation to standard orientation.

BDFOPT run - details of gradient calculations will be written

into .out.tmp file.

### JOB TYPE = SCF ###
E_tot= -499.84154693
Converge= YES

### JOB TYPE = RESP_GSGRAD ###
Energy= -499.841546925072

1 0.0016714972 0.0041574983 -0.0000013445
2 -0.0002556962 -0.0006880567 0.0000402277
3 -0.0002218807 -0.0006861734 -0.0000225761
4 -0.0003229876 -0.0006350885 -0.0000059774
5 -0.0008670369 -0.0021403962 -0.0000084046

It can be seen that BDFOPT calls the BDF program itself to calculate the SCF energy and gradient of the molecule
under the initial guess structure. the detailed output of the SCF and gradient calculations is in the . out . tmp file, while
the . out file only extracts the energy and gradient values, as well as information on whether the SCF converges or not.

The unit of energy is Hartree and the unit of gradient is Hartree/Bohr.

Since BDFOPT is a structure optimized in redundant internal coordinates (solver =1), in order to generate the

molecular structure for the next step, the redundant internal coordinates of the molecule must be generated first. Therefore,
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in the first step of the structure optimization, the output file also gives the definition of the individual redundant internal
coordinates (i.e. the atomic numbers involved in the formation of the corresponding bonds, bond angles and dihedral

angles), as well as their values (bond lengths in angstroms, bond angles in degrees).

‘*\k*\k****\k*\k**\k*\k****\k*\k**\k*\k****\k*\k**\k*\k****\k*\k**\k*\k****\k*\k*******************

Redundant internal coordinates on Angstrom/Degree

Name Definition Value Constraint
R1 1 2 1.0700 No
R2 1 3 1.0700 No
R3 1 4 1.0700 No
R4 1 5 1.7600 No
Al 2 1 3 109.47 No
A2 2 1 4 109.47 No
A3 2 1 5 109.47 No
A4 3 1 4 109.47 No
A5 3 1 5 109.47 No
A6 4 1 5 109.47 No
D1 4 1 3 2 -120.00 No
D2 5 1 3 2 120.00 No
D3 2 1 4 3 -120.00 No
D4 3 1 4 2 120.00 No
D5 5 1 4 2 -120.00 No
D6 5 1 4 3 120.00 No
D7 2 1 5 3 120.00 No
D8 2 1 5 4 -120.00 No
D9 3 1 5 2 -120.00 No
D10 3 1 5 4 120.00 No
D11 4 1 5 2 120.00 No
D12 4 1 5 3 -120.00 No

Ak kA hkhhkhkhkhhdhk Ak hhkh bk hhkhkhhk kA bk hhkhkhkhkhkhkhhkh ko hkhkhk kA hkhkhkhkhkhkhkhkhhkhkhkhkhkhkdhkhkhkhkhkrhkhhkhkrhkkhhkdrhkhkx*x*

After the molecular structure has been updated, the program calculates the gradient as well as the size of the geo-

metric step and determines whether the structural optimization converges :

Force—-RMS Force—-Max Step—RMS Step-Max
Conv. tolerance : 0.2000E-03 0.3000E-03 0.8000E-03 0.1200E-02
Current values : 0.8833E-02 0.2235E-01 0.2445E-01 0.5934E-01
Geom. converge : No No No No

The program considers the convergence of the structural optimization only when the current values of Force-RMS,
Force-Max, Step-RMS, and Step-Max are less than the corresponding convergence limits (i.e., Geom. converge
column is Yes). For this example, the structural optimization converges at step 5, when the output message not only

contains the values of the convergence criteria, but also explicitly informs the user that the geometry optimization has
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converged, and prints the converged molecular structure in Cartesian and internal coordinates, respectively.

Good Job, Geometry Optimization converged in 5 iterations!

Molecular Cartesian Coordinates (X,Y,Z) in Angstrom

€ -0.93557703 0.15971089 0.58828595
H -1.71170348 -0.52644336 0.21665897
H -1.26240747 1.20299703 0.46170050
H -0.72835075 -0.04452039 1.64971607
Cl 0.56770184 -0.09691413 -0.35697029
Force—-RMS Force—-Max Step—-RMS
Conv. tolerance : 0.2000E-03 0.3000E-03 0.8000E-03
Current values : 0.1736E-05 0.4355E-05 0.3555E-04
Geom. converge : Yes Yes Yes

Print Redundant internal coordinates of the converged geomet

KK AR KA A AR A AR AR A AR A IR A A A A AR A AR A AR A I A A A A AR A A A A A AR A A A A A AR A A Ak k K

Redundant internal coordinates on Angstrom/Degree

Name Definition Value Constraint
R1 1 2 1.1006 No
R2 1 3 1.1006 No
R3 1 4 1.1006 No
R4 1 5 1.7942 No
Al 2 1 3 110.04 No
A2 2 1 4 110.04 No
A3 2 1 5 108.89 No
A4 3 1 4 110.04 No
A5 3 1 5 108.89 No
A6 4 1 5 108.89 No
D1 4 1 3 2 -121.43 No
D2 5 1 3 2 119.28 No
D3 2 1 4 3 -121.43 No
D4 3 1 4 2 121.43 No
D5 5 1 4 2 -119.28 No
D6 5 1 4 3 119.29 No
D7 2 1 5 3 120.00 No
D8 2 1 5 4 -120.00 No
D9 3 1 5 2 -120.00 No
D10 3 1 5 4 120.00 No
D11 4 1 5 2 120.00 No
D12 4 1 5 3 -120.00 No

Step—-Max
0.1200E-02
0.6607E-04

Yes

ry

kkhkkkhkkkkkkhkkhkhkkKh kK kk*k
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Note that the convergence limits for the root-mean-square force and the rootmean-square step can be set here using
the tolgrad and tolstep keywords, respectively, and the program automatically adjusts the convergence limits for
the maximum force and the maximum step according to the set values; when using the DL-FIND library (see later),
the energy convergence limit can also be specified by t o Lene. However, it is generally not recommended to adjust the

convergence limits by the user.

At the same time, the program generates files with the suffix . opt geom , which contain the Cartesian coordinates

of the converged molecular structure, but in Bohr units instead of Angstrom:

GEOM
C -0.7303234729 -2.0107211546 —-0.0000057534
H -0.5801408002 -2.7816264533 1.9257943885
H 0.4173171420 -3.1440530286 -1.3130342173
H -2.7178161476 -2.0052051760 -0.6126883555
Cl 0.4272106261 1.1761889168 -0.0000021938

The . opt geom file can be converted to xyz format using the tool opt geom2xyz . py under $SBDFHOME / sbin/
, so that the optimized molecular structure can be viewed in any visualization software that supports xyz format. For
example, if the file to be converted is named filename.optgeom, execute the following command line: (note that you must
first set the environment variable $BDFHOME, or manually replace $SBDFHOME in the following command with the
path to the BDF folder)

SBDFHOME/sbin/optgeom2xyz.py filename

You can get filename.xyz in the current directory.

4.12.2 Frequency calculation: Resonant frequencies and thermochemical quanti-
ties of CH;Cl in the equilibrium structure

After convergence of the structure optimization, the frequency analysis can be performed. Prepare the following

input file:

Scompass

title

basis

geometry

© =0, 93557703 0.15971089 0.58828595
H -1.71170348 -0.52644336 0.21665897

(continues on next page)
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-1.26240747 1.20299703 0.46170050

-0.72835075 -0.04452039 1.64971607

Cl 0.56770184 -0.09691413 -0.35697029
end geometry

Send

Sbdfopt

hess

Send

$xuanyuan

Send

Sscf
rks

dft

Send

Sresp

geom

Send

where the molecular structure is the converged structure obtained from the above structure optimization task. Note
that we have added hess only to the BDFOPT module, where he s s stands for computed (numerical) Hessian, and the
meaning of only will be described in detail in the subsequent sections. The program perturbs each atom in the molecule
in the positive x-axis, negative x-axis, positive yaxis, negative y-axis, positive z-axis, and negative z-axis directions, and

calculates the gradient under the perturbed structure, e.g.

Displacing atom 1 (+x) ...

### [bdf_single_point] ### nstate= 1

Do not allow rotation to standard orientation.

BDFOPT run - details of gradient calculations will be written

into .out.tmp file.

### JOB TYPE = SCF ###
E_tot= -499.84157717
Converge= YES

(continues on next page)
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### JOB TYPE =

RESP_GSGRAD

Energy= -499.841577166026

1

2
3
4
5

0.0005433780
-0.0000516384
-0.0001360377
-0.0003058645
-0.0000498284

###

.0000683370
0.0000136326
0.0000872513
0.0000115926
.0000354732

.0000066851
-0.0000206081
0.0000990006
-0.0000775624
0.0000023346

If the atomic number of the system is N, then a total of 6N gradients have to be calculated. However, in practice

the program also calculates the gradients of the unperturbed structure in order to allow the user to check whether the

aforementioned structural optimization has indeed converged, so that the program actually calculates a total of 6N+1

gradients. Finally, the program obtains the Hessian of the system by the finite difference method.:

Molecular Hessian - Numerical Hessian (BDFOPT)
1 2 3 4 5 o
— 6
1 0.5443095266 -0.0744293569 -0.0000240515 -0.0527420800 0.0127361607 -
—0.0209022664
2 -0.0744293569 0.3693301504 -0.0000259750 0.0124150102 -0.0755387479 .
—0.0935518380
3 -0.0000240515 -0.0000259750 0.5717632089 -0.0213157291 0.0924260912 -
—0.2929392390
4 -0.0527420800 0.0124150102 -0.0213157291 0.0479752418 -0.0069459473 .
—0.0239610358
5 0.0127361607 -0.0755387479 0.0924260912 -0.0069459473 0.0867377886 —
—0.0978524147
6 -0.0209022664 0.0935518380 -0.2929392390 0.0239610358 -0.0978524147 .
—0.3068416997
7 -0.1367366097 0.0869338594 0.0987840786 0.0031968314 -0.0034098009 -
—0.0016497426
8 0.0869913627 -0.1185605401 -0.0945336434 -0.0070787068 0.0099076105 o
—0.0045621064
9 0.0986508197 -0.0953400774 -0.1659434327 0.0163191407 -0.0140134399 -
—0.0166739137
10 -0.3054590932 0.0111756577 -0.0774713107 0.0016297078 0.0019657599 -
—0.0021771884
11 0.0112823039 -0.0407134661 0.0021058508 0.0106623780 0.0018506067 .
—0.0005120364
12 -0.0775840113 0.0018141942 -0.0759448618 -0.0275602878 0.0006820252 -
—0.0059830018
(continues on next page)
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—0.

0.

0.

0.

—0.

0.

0.

—0.

0.

0.

0.

—0.

0.

0.

—0.

—0.

0.

0.

13 -0.0486857506
0011289985

14 -0.0360823429
0010993076

15 0.0001686252
0079690194

12
1 -0.1367366097
0775840113
2 0.0869338594
0018141942
3 0.0987840786
0759448618
4 0.0031968314
0275602878
5 -0.0034098009
0006820252
6 -0.0016497426
0059830018
7 0.1402213115
0192323598
8 -0.0861503922
0011733340
9 -0.1081442631
0091535975
10 -0.0130805143
0838593213
11 0.0143574755
0029665370
12 0.0192323598
0707430980
13 0.0064620333
0017966445
14 -0.0119743475
0006143935
15 -0.0078330845
0018028482

13
1 -0.0486857506
2 -0.0362556088

=0,

=0,

=0,

=0

=0,

-0.

=0,
=0,

0362556088

1334063062

.0004961854

.0869913627

.1185605401

0945336434

.0070787068

.0099076105

.0045621064

.0861503922

.1322736798

.1009922720

.0016534140

.0024111759

.0011733340

.0044161973

0258901434

0126024853

14

0360823429
1334063062

=0

=0

=0 ¢

=0

=0

=0

=0.

.0000641125

.0000148321

.0352553706

.0986508197

0953400774

1659434327

.0163191407

0140134399

0166739137

1081442631

.1009922720

.1688786678

0038440081

.0072277457

.0091535975

0031236007

.0013817613

.0040383425

15

.0001686252
.0004961854

.0000787206

.0091074064

.0084860406

10

.3054590932

.0111756577

.0774713107

.0016297078

.0019657599

.0021771884

.0130805143

.0016534140

.0038440081

.3186765202

.0079165663

.0838593213

.0026369496

.0066143965

.0008566397

-0.0045253276 .
-0.0228930763 -

0.0189117305 .

11

0.0112823039 -

.0407134661 o

0.0021058508 -

0.0106623780 -

0.0018506067 .

0.0005120364 -

0.0143574755 .

0.0024111759 .

0.0072277457 o

.0079165663 _

0.0509206668 -

=0,

0029665370 .

=0,

0283860480 .

=0,

0145372292 -

.0068931757 .
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0 J o U1 b W

10
11
12
13
14
15

.0000641125
.0000787206
.0045253276
.0011289985
.0064620333
.0044161973
.0031236007
.0026369496
.0283860480
.0017966445
.0450796910
.0642866688
.0000350066

.0000148321
.0091074064
.0228930763
.0010993076
.0119743475
.0258901434
.0013817613
.0066143965
.0145372292
.0006143935
.0642866688
.1954779468
.0000894464

=0 ¢
0.
.0189117305
0.
=0
=0
0.
=0-
=0
0.
.0000350066
.00008944¢64
.0213253497

0

0352553706
0084860406

0079690194
0078330845
0126024853
0040383425
0008566397
0068931757
0018028482

where the 3N+1 (3N+2, 3N+3) rows correspond to the x (y, z) coordinates of the Nth atom and the 3N+1 (3N+2,

3N+3) columns do the same.

Next, the BDF calls the UniMoVib program for the calculation of frequencies and thermodynamic quantities. First

are the results for the integrable representation to which the vibration belongs, the vibrational frequency, the approximate

mass, the force constants and the simple positive modes :

R R R b i b b b b b b b S 2 b b b b 2 b b b 2 2 b b b b b b b b 3

* kK

Properties of Normal Modes

* Kk K

KA A KAAAKAA A KA AR I AR A A A A A A A A A AR A AR AKX XK

Results of vibrations:

Normal frequencies (cm”-1), reduced masses (AMU), force constants (mDyn/A)
1 2y
— 3
Irreps Al 15,
AN E
Frequencies 733.9170 1020.5018-
e 1021.2363
Reduced masses 7.2079 1.1701.
- 1.1699
Force constants 2.2875 0.7179.
- 0.7189
Atom ZA X Y Z X Y Z
— X Y Z
1 6 -0.21108 -0.57499 -0.00106 -0.04882 0.01679 0.10300-
- 0.09664 -0.03546 0.05161
(continues on next page)
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2 1

- -0.37214 -0.
3 1

— =0,28591 =0,
4 1

s 0.15594 0.
5 17

— -0.01869 0.

=0

36766
=0
18743

=0-

73490

0.

00699

13918 -0.40351 0.

-0.03443

-0.15504

19549 -0.38777 -0.

-0.07808

08533 0.23216 0.

-0.01000

.11370 -0.42014 -0.

04884 -0.06700
03047 0.26496
01079 0.05490
00014 0.00947

-0.59986 -0.13376.

0.65294 -0.15254._

-0.14087 -0.24770_

-0.00323 -0.01995..

Where each vibration mode is arranged in the order of vibration frequencies from smallest to largest, and the imag-

inary frequencies are ranked before all real frequencies, so only the first few frequencies need to be checked to know the

number of imaginary frequencies. Next, the thermochemical analysis results are printed :

R R i i R I b b b 2 b b b b 2 b b b 2 2 b b b b 2 b b b I 2 b b S 2 b b b S 2 b b g

WIS Thermal Contributions to Energies B3 LT

R R I b b I b I b I b b 2 e IR S b b b I b b b b b b S b S b b b 3

Molecular mass 49.
Electronic total energy —-499.
Scaling factor of Freq. i .
Tolerance of scaling 0.
Rotational symmetry number: 3

987388
841576
000000
000000

AMU

Hartree

cm” -1

The C3v point group is used to calculate rotational entropy.

Principal axes and moments of inertia

Eigenvalues —-—
X
Y
Z

Rotational temperatures

— Kelvin
Rot. constants A, B,

— cm”-1

— GHz

# 1 Temperature

©

1
11,
0.

154.

in atomic units:

700793
345094

.938568
.000000

.402388

.144924

240933

298.15000 Kelvin

137.571621

0.938568

-0.345094

0.000000

0.629591

0.437588

13.118557

Pressure =

137.571665

-0.000000

-0.000000

1.000000

0.629591 o

0.437588 .

13.118553 =

1.00000 Atm

Thermal correction energies

Hartree

kcal/mol

(continues on next page)
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Zero-point Energy 0.037519 23.543449
Thermal correction to Energy 0.040539 25.438450
Thermal correction to Enthalpy 0.041483 26.030936
Thermal correction to Gibbs Free Energy 0.014881 9.338203
Sum of electronic and zero-point Energies : -499.804057
Sum of electronic and thermal Energies : -499.801038
Sum of electronic and thermal Enthalpies 8 -499.800093
Sum of electronic and thermal Free Energies: -499.826695

The user can read the zero-point energy, enthalpy, Gibbs free energy, etc. as needed. Note that all of the above

thermodynamic quantities are obtained under each of the following assumptions :
1. afrequency correction factor of 1.0;
2. atemperature of 298.15 K;
3. apressure of 1 atm;
4. the simplicity of the electronic state is 1,

If the user’ s calculation does not fall under the above scenario, it can be specified by a series of keywords, such
as the following, which represents a frequency correction factor of 0.98, a temperature of 373.15 K, a pressure of 2 atm,

and a simplicity of 2 for the eletronic state.

Sbdfopt

hess

scale
0.98
temp
373.15
press
2.0
ndeg
2
Send

Of particular note is the simplicity of the electronic state, which is equal to the spin multiplet (2S+1) for non-
relativistic or scalar relativistic calculations and where the electronic state does not have spatial simplicity; for electronic
states with spatial simplicity, the spatial simplicity of the electronic state should also be multiplied by the spatial simplicity
of the electronic state, which is the number of dimensions of the incommensurable representation to which the spatial
part of the electronic wave function belongs. As for the relativistic calculations considering the spin-orbit coupling (e.g.,
TDDFT-SOC calculations), the spin multiplicity should be replaced by the simplicity of the corresponding spin state
(2J+1).
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Sometimes, the frequency calculation is interrupted due to SCF non-convergence or other external reasons, when
the calculation time can be saved by adding the restarthess keyword to the BDFOPT module for breakpoint con-

tinuation, e.g.

Sbdfopt

hess

restarthess

Send

It is also worth noting that structural optimization and frequency analysis (the so-called opt+freq calculation) can be
implemented sequentially in the same BDF task, without the need to write two separate input files. For this purpose it is
sufficient to change the input of the BDFOPT module to:

$Sbdfopt
solver
1

hess

Send

where final means that the numerical Hessian calculation is performed only after the successful completion of the
structural optimization; if the structural optimization does not converge, the program simply quits with an error and does
not perform the Hessian and frequency and thermodynamic quantities calculations. If the structural optimization does

not converge, the program quits without performing the Hessian, frequency, and thermodynamic quantities calculations.

4.12.3 Transition State Optimization: Transition State Optimization and Frequency
Calculation for HCN/HNC Heterogeneous Reactions

Prepare the following input file:

Scompass

title

basis

geometry

C 0.00000000 0.00000000 0.00000000
N 0.00000000 0.00000000 1.14838000
H 1.58536000 0.00000000 1.14838000
end geometry

Send

Sbdfopt

(continues on next page)
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solver
1

hess

iopt
10
Send

$xuanyuan

Send

Sscf
rks

dft

Send

Sresp

geom

Send

where iopt 10 indicates the optimized transition state.

Whether optimizing the minima structure or the transition state, the program must generate an initial Hessian prior
to the first structural optimization step for use in subsequent structural optimization steps. In general, the initial Hessian
should qualitatively match the exact Hessian under the initial structure, and in particular, the number of imaginary fre-
quencies must be the same. This requirement is easily satisfied for the optimization of very small value points, and even
the molecular mechanics level Hessian (the so-called “model Hessian” ) can be made to match the exact Hessian qual-
itatively, so the program uses the model Hessian as the initial Hessian without calculating the exact Hessian. However,
for transition state optimization, the model Hessian generally does not have an imaginary frequency, so the exact Hessian
must be generated as the initial Hessian. hess init+final in the above input file means that both the initial Hessian
is generated for the transition state optimization (this Hessian is not calculated on a structure with gradient 0), and the
frequency and thermochemical quantities are not calculated on a gradient O structure. The hess init+final in the above
input file means that the initial Hessian is generated for the transition state optimization (this Hessian is not calculated
on the structure with gradient 0, the frequency and thermochemical quantities have no clear physical meaning, so only
the Hessian is calculated without frequency analysis), and the Hessian is calculated again after the structure optimization
converges to obtain the frequency analysis results. It is also possible to replace init+final with init ,i.e., to gener-
ate only the initial Hessian and not to calculate the Hessian again after convergence of the structural optimization, but it
is not recommended to omit the final keyword since transition state optimization (and indeed all structural optimization

tasks) generally requires checking the number of virtual frequencies of the final converged structure.

The computed output is similar to that of the optimized minimal value point structure. The final frequency analysis

shows that the converged structure has one and only one imaginary frequency (-1104 cm™!):
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Results of vibrations:

Normal frequencies

—

Irreps

Frequencies

Reduced masses

—

Force constants

—

Atom ZA
X

1 6
-0.00274
2 7
0.00688
3 1
-0.06313

(cm”-1),

-0.06631

-0.01481

0.99566

reduced masses (AMU),
1
3
A
A
-1104.1414
2631.2601
1.1680
1.0591
-0.8389
4.3205
X Y Z
Y Z
0.04309 0.07860 0.00000
0.00000
0.03452 -0.06617 0.00000 =
0.00000
-0.99304 -0.01621 0.00000
0.00000

force constants

0.71560

0.62958

0.22954

(mDyn/A)
Dot
A'L
2092.7239.
11.9757.
30.9012.
Y Zo
0.09001 0.00000.
-0.08802 0.00000.
0.15167 0.00000.

This means that the transition state is indeed found.

In the above calculation, the theoretical level of the initial Hessian is the same as the theoretical level of the transition

state optimization. Since the initial Hessian only needs to be qualitatively correct, the initial Hessian can be calculated at

a lower level and then the transition state can be optimized at a higher theoretical level. Taking the above example, if we
want to calculate the initial Hessian at the HF/STO-3G level and optimize the transition state at the B3LYP/Def2-SVP

level, we can follow the following steps.

(1) Prepare the following input file named HCN-inithess.inp :

Scompass

title

basis

geometry

€

N
H

end geometry
Send

Sbdfopt

0.00000000 0.00000000 0.00000000
0.00000000 0.00000000 1.14838000
1.58536000 0.00000000 1.14838000

(continues on next page)
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hess

Send

$xuanyuan

Send

Sscf
rhf
Send

Sresp
geom

Send

(2) Run the input file with BDF to obtain the Hessian file HCN-inithess.hess ;
(3) Copy or rename HCN-inithess.hess to HCN-optTS.hess ;

(4) Prepare the following input file, named HCN-opt TS. inp:

Scompass

title

basis

geometry

C 0.00000000 0.00000000 0.00000000
N 0.00000000 0.00000000 1.14838000
H 1.58536000 0.00000000 1.14838000
end geometry

Send

S$Sbdfopt
solver
1

hess

iopt
10
readhess

Send

$xuanyuan

Send

(continues on next page)
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Sscf
rks

dft

Send

Sresp

geom

Send

Where the keyword readhe s s means to read a hess file with the same name as the input file (i.e. HCN-optTS.hess)
as the initial Hessian. Note that although this input file does not recalculate the initial Hessian, you still need to write he s s

init+final instead of hess final.

(5) Just run the input file.

4.12.4 Restricted Structural Optimization

BDF also supports restricting the value of one or more internal coordinates in structure optimization by adding the
constrain keyword to the BDFOPT module. the first line after the constrain keyword is an integer (hereafter called N)
indicating the total number of restrictions; lines 2 through N+1 define each restriction. For example, the following input
indicates the distance between the 2nd atom and the Sth atom (these two atoms do not necessarily need to be chemically

bonded to each other) to be restricted during structure optimization:

Sbdfopt
solver

1
constrain
1

2 5

Send

The following input indicates that the distance between the 1st atom and the 2nd atom is restricted during structure
optimization, and also the bond angles formed by the 2nd, 5th and 10th atoms (again, no chemical bond is required

between the 2nd and Sth atoms, or the 5th and 10th atoms):

Sbdfopt
solver

1
constrain

2

12

(continues on next page)

4.12. Structural Optimization and Frequency Calculation 185




BDF-Manual

(continued from previous page)

2 5 10
Send

The following input indicates that the dihedral angles between the Sth, 10th, 15th, and 20th atoms are restricted
during structure optimization, and also between the 10th, 15th, 20th, and 25th atoms:

Sbdfopt
solver
1
constrain
2
5 10 15 20
10 15 20 25
Send

4.12.5 Optimization of the conical intersection (Cl) and the minimum energy inter-
section point (MECP)

The optimization of CIs and MECPs requires calling the DL-FIND external library, for which the following keywords
are added to the input of the BDFOPT module.

solver

0

Accordingly, solver 1 inthe previous examples means that the optimization isperformed using the BDF’ s own
structural optimization code instead of DL-FIND. In principle In principle, the optimization of minima and transition
states can also be done with DL-FIND, but it is generally not as efficient as the BDF’ s own code, so DL-FIND should
be called only for tasks that are not supported by the BDF’ s own code, such as CI and MECP optimization.

The following is an example input for CI optimization, which computes the tapered intersection of the T1 and T2

states of the ethylene:

# Gradient projection method for CI between T1 and T2 by TDDFT BHHLYP/6-31G
#

SCOMPASS
Title

Basis

Geometry

(continues on next page)
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m om o Q Q

H
END geometry
nosym

SEND

Sbdfopt
imulti
2
maxcycle
50
tolgrad
1.d-4
tolstep
5.d-3
Send

Sxuanyuan

Send

$SCF
RKS
charge
0
spinmulti
1
atomorb

DE'T

SEND

Stddft
imethod
1
isf
1
itda

nroot

0.00107880
0.00066030
0.05960990
-0.05830329
0.05950228
-0.06267534

#Optimize CI

.00318153
.00195132
.89114967
.95445870
.89180839
.95390169

.43425054
=i
.84012371
.96064844
=0.
=0

43437339

84311032
95768311

#Maximum number of optimization steps

#Convergence criterion for root mean square gradients

#Convergence criterion for root mean square steps

(continues on next page)
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5
idiag

1
istore

1
crit_e

1.d-8
crit_vec

1,e=6
lefteig
ialda

4
Send

Sresp
geom
norder
1
method
2
iroot
1
nfiles
1
Send

Sresp
geom
norder
1
method
2
iroot
2
nfiles
1
Send

Sresp
iprt
1
QUAD
FNAC

(continues on next page)
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double
norder
1
method
2
nfiles
1
pairs
1
111112
Send

Note that this task requires not only the calculation of the gradients of the T1 and T2 states, but also the calculation
of the non-adiabatic coupling vector between the T1 and T2 states (done by the last RESP module), see tddft for the
relevant keywords tddft , which are not repeated here. In the input of the BDFOPT module, imulti 2 represents the
optimization CI. similar to the normal structural optimization task, the CI optimization outputs the gradient and step size
convergence for each step, along with the energy convergence. For example, the output of the last optimization step of

the above example is

Testing convergence 1in cycle 6
Energy 0.0000E+00 Target: 1.0000E-06 converged? yes
Max step 9.0855E-04 Target: 5.0000E-03 converged? yes component 4
RMS step 5.6602E-04 Target: 3.3333E-03 converged? yes
Max grad 5.5511E-05 Target: 1.0000E-04 converged? yes component 1
RMS grad 2.7645E-05 Target: 6.6667E-05 converged? yes
Converged!
converged

Similar to the previous optimization tasks, the convergent CI structure is saved in In the . optgeom file, the co-
ordinate unit is Bohr. Note that the value in the row of energy is always displayed as 0, which does not mean that the
system energy remains unchanged during CI optimization, but because the optimization CI will not use the convergence
of energy to judge whether it converges. For the same reason, the tolene keyword has no effect on CI optimization
(and MECP optimization below).

The following is an example input file for optimizing MECP:

#
# Gradient projection method for ISC between S0 and T1 by BHHLYP/6-31G
#

SCOMPASS
Title

Basis

(continues on next page)
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Geometry

T - - T Q Q

END geometry
nosym

SEND

Sbdfopt
imulti
2
maxcycle
50
tolgrad
1.d-4
tolstep
5.e=3
noncouple

Send

Sxuanyuan

Send

$SCF
RKS
charge
0
spinmulti
1
atomorb

DFT

SEND

Sresp
geom
norder
1
method

.00000141
.00000417
.73780975
.73778145
.73777374
.73779427

.00000353
.00000109
.54421247
.54421417
.54421576
.54423609

.72393424
.72393515
.29907106
.29907329
.29907129
.29906321

(continues on next page)
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1
Send

$SCF
UKS
charge
0
spinmulti
3
atomorb

DFT

SEND

Sresp
geom
norder
1
method
1
Send

where the imulti 2 and noncouple keywords are specified to perform MECP optimization. Note that the
MECP optimization task requires the calculation of only two states (here SO and T The output of the MECP optimization

task is similar to the CI optimization task and is not described here.

4.12.6 Geometric Optimization Frequently Asked Questions

False frequency problem

Geometric optimization requires not only convergence of the structure (i.e., gradient and step size meet the conver-
gence limits), but also the number of imaginary frequencies of the resulting structure to meet the expected value, i.e., 0
when optimizing the structure of the minima, 1 when optimizing the transition state, and higher order saddle points if the
number of imaginary frequencies is greater than 1. When the actual number of virtual frequencies calculated does not

match the expected value, the structure needs to be adjusted and re-optimized.

* When the actual calculated number of imaginary frequencies is less than the expected value, i.e., when the opti-
mized transition state gets a structure with the number of imaginary frequencies of O: this generally means that
the obtained transition state structure is wrongly characterized, and the initial guess structure needs to be prepared

again according to the common sense of chemistry.

» When the actual number of false frequencies is greater than the expected value, there are two possible cases: (1) the

false frequencies are caused by the numerical error of the calculation, not the real existence. In this case, it can be
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solved by increasing the grid point, decreasing the integration truncation threshold, decreasing various convergence
thresholds (such as SCF convergence threshold, structural optimization convergence threshold, etc.), etc. (2) The
system does have a false frequency. In this case, we should check the simple positive mode corresponding to the
false frequency from the output file, and perturb the converged structure along the direction of the simple positive

mode, and then use the perturbed structure as the first guess to re-optimize the structure.

 Note that it is impossible to determine whether a certain imaginary frequency is caused by numerical error from
the frequency calculation results alone, but in general, the smaller the absolute value of the imaginary frequency,

the more likely it is caused by numerical error, and vice versa, the more likely it is real.

Symmetry problem

When the initial structure has a point group symmetry above group C; , the structure optimization may break the point
group symmetry, €.g., when optimizing an ammonia molecule with a planar structure with initial structure symmetry Dy,
, the structure optimization may result in a conical structure with symmetry Cs, . By default the BDF forces the molecular
point group symmetry to be maintained unless the system has a first order Jahn-Teller effect. If the user wants the BDF

to break the symmetry of the molecules, one of the following approaches can be taken:

« Still optimize at high symmetry until convergence, and then calculate the frequencies. If false frequencies are
present, perturb the molecular structure as in the previous subsection to eliminate them. If the molecule can be
further reduced in energy by breaking the symmetry, then the perturbed molecular structure should be found to

have reduced symmetry at this point, and the optimization should continue with that structure as the initial structure.

* If a subgroup of the molecular point group is specified in the COMPASS module, the program will only keep the
subgroup symmetry unbroken. If a C; group is specified, the program allows breaking the molecular symmetry in
any way, maximizing the probability of obtaining a low-energy structure at the cost of not being able to use the

point group symmetry to speed up the computation, resulting in increased computational effort.

Geometric optimization does not converge

There are many factors that lead to the non-convergence of geometric optimization, including:
» The presence of numerical noise in the energy, gradients;
» The potential energy surface is too flat;

¢ The molecule has more than one stable wave function, and the wave function jumps back and forth between the
various stable solutions during structural optimization, and does not converge stably and consistently to the the same

solution ;

* unreasonable molecular structure, e.g. wrong units of coordinates (e.g. the unit of coordinates is supposed to be
Bohr, but the unit specified in the input file is Angstrom or vice versa), overdrawing or missing atoms, too close

distances between non-bonded atoms, etc.

If the geometric optimization does not converge, or if there is no trend of convergence even though the maximum

number of convergences has not been reached, after repeatedly checking that the three-dimensional structure of the
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molecule is correct and reasonable, and that the wave function is not too close to the atom, then the geometry of the
molecule should be optimized. After repeatedly checking that the three-dimensional structure of the molecule is correct

and reasonable, and that the wave function converges normally, the following methods can be tried in turn:

¢ Use the last frame of the task that does not converge as the initial structure and start the optimization again. In
addition to manually copying the structure coordinates of the last frame into the input file, a In addition to manually
copying the structural coordinates of the last frame into the input file, a simpler way is to add the re st art keyword
to the COMPASS module, e.g.

Scompass

title

basis

geometry

C 2.67184328 0.03549756 -3.40353093
H 2.05038141 -0.21545378 -2.56943947
H 2.80438882 1.09651909 -3.44309081
H 3.62454948 -0.43911916 -3.29403269
Cl 1.90897396 -0.51627638 -4.89053325

end geometry
restart

Send

Suppose the input file is named CH3Cl-opt.inp , then the program automatically reads the coordinates in
CH3Cl-opt .optgeomas the initial structure at this point (note that the program does not use the molecular coordinates
in the geometry field at this point, but the molecular coordinates cannot be deleted). At first glance, this may seem
to be the same as simply increasing the maximum number of iterations for geometry optimization, but in fact it often
works better than simply increasing the maximum number of iterations, e.g., if the structure is reread after 100 steps of
optimization and then re-optimized for 50 steps, the convergence probability is often higher than if the structure is re-read
for 150 consecutive steps. This is because the program regenerates the initial Hessian when the structure is re-read to
continue the optimization, thus avoiding the error accumulated by the quasi-Newton method of constructing the Hessian

in multiple successive steps.

» Decreasing the optimization step length, or trust radius. This is done by using the trust keyword, e.g.

S$bdfopt
solver
1
trust
0.05
Send

The default confidence radius is 0.3, so the new confidence radius should be less than 0.3. Note that the program

will dynamically increase the confidence radius if it detects that the confidence radius is too small. To avoid this behavior,
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the confidence radius can be set to a negative value, e.g.

Sbdfopt
solver
1
trust
-0.05
Send

To avoid this behavior, the confidence radius can be set to a negative value, e.g., the initial confidence radius is set

to 0.05, and the confidence radius is forbidden to exceed 0.05 during the entire structural optimization process.

* For transition state optimization, the recalchess keyword can be used to specify that the exact Hessian is

recalculated at several steps.

Sbdfopt
solver
1
iopt
10

hess

recalchess
10
Send

It indicates that the exact Hessian is recalculated every 10 steps of structural optimization, in addition to the exact

Hessian calculated before structural optimization.

 The lattice points are increased and the convergence thresholds of the integration truncation and SCF, etc., are
decreased to reduce the numerical errors. Note that this method only works when the structural optimization is

almost convergence but not full convergence.
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4.13 Solvation models

Solvation models are used to calculate the interaction between solutes and solvents, and are generally divided into
two types: implicit solvent models (continuous medium models) and explicit solvent models. In BDF, for the continuous
solvent model, we use ddCOSMO (domain-decomposition COSMO solvation model), and for the display solvent model
we use the QM/MM method in combination with the pDymamo2.0 program package for the calculation.

4.13.1 Calculation of solvation effects

BDF currently supports the calculation of base-state solvation effects, including HF and DFT methods. The following

are the input files for the solventization effect calculation of formaldehyde molecules file:

SCOMPASS

Title

Basis

Geometry
© 0.00000000 0.00000000 -0.54200000
¢} 0.00000000 0.00000000 0.67700000
H 0.00000000 0.93500000 -1.08200000
H 0.00000000 -0.9350000 -1.08200000

END geometry
nosym

unit

SEND

Sxuanyuan

SEND

$SCF
rks

dft
solvent #Solvation calculation
water #Specify the solvent

grid

SEND

Where the solvent keyword is added to the SCF to indicate that a solvent effect calculation is to be performed,
followed by a line where the solvent type, in this case water , can be entered. The list of solvent types supported in BDF

is as follows:
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Water € =78.3553 | Butanone € =18.246
Acetonitrile € =35.688 ButanoNitrile € =24.291
Methanol €=32.613 ButylAmine €=4.6178
Ethanol €=24.852 | ButylEthanoate €=4.9941
IsoQuinoline €=11.00 CarbonDiSulfide € =2.6105
Quinoline €=9.16 Cis-1,2-DiMethylCycloHexane €=2.06
Chloroform e=4.7113 Cis-Decalin €=2.2139
DiethylEther e=4.24 CycloHexanone €=15.619
Dichloromethane €=8.93 CycloPentane € =1.9608
DiChloroEthane €=10.125 | CycloPentanol €=16.989
CarbonTetraChloride €=2.2280 | CycloPentanone €=13.58
Benzene €=2.2706 | Decalin-mixture €=2.196
Toluene €=2.3741 DiBromomEthane €=7.2273
ChloroBenzene € =5.6968 DiButylEther €=3.0473
NitroMethane € =36.562 DiEthylAmine € =3.5766
Heptane €=1.9113 | DiEthylSulfide €=5.723
CycloHexane €=2.0165 | DilodoMethane €=5.32
Aniline € =6.8882 | DilsoPropylEther €=3.38
Acetone € =20.493 DiMethylDiSulfide €=9.6
TetraHydroFuran € =7.4257 | DiPhenylEther €=3.73
DiMethylSulfoxide € =46.826 | DiPropylAmine €=2.9112
Argon €=1.430 e-1,2-DiChloroEthene e=2.14
Krypton e=1.519 e-2-Pentene €=2.051
Xenon € =1.706 EthaneThiol € =6.667
n-Octanol €=9.8629 | EthylBenzene € =2.4339
1,1,1-TriChloroEthane € =7.0826 EthylEthanoate € =5.9867
1,1,2-TriChloroEthane € =7.1937 EthylMethanoate €=8.3310
1,2,4-TriMethylBenzene €=2.3653 | EthylPhenylEther €=4.1797
1,2-DiBromoEthane € =4.9313 FluoroBenzene €=5.42
1,2-EthaneDiol € =40.245 Formamide e =108.94
1,4-Dioxane € =2.2099 FormicAcid e=51.1
1-Bromo-2-MethylPropane | € =7.7792 | HexanoicAcid €=2.6
1-BromoOctane €=5.0244 | IodoBenzene € =4.5470
1-BromoPentane € =6.269 IodoEthane € =7.6177
1-BromoPropane €=8.0496 | IodoMethane € =6.8650
1-Butanol €=17.332 IsoPropylBenzene €=2.3712
1-ChloroHexane €=5.9491 m-Cresol e=12.44
1-ChloroPentane €=6.5022 | Mesitylene € =2.2650
1-ChloroPropane € =8.3548 | MethylBenzoate €=6.7367

continues on next page
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Table 4.5 - continued from previous page

1-Decanol €=7.5305 | MethylButanoate € =5.5607
1-FluoroOctane €=3.89 MethylCycloHexane € =2.024
1-Heptanol e=11.321 MethylEthanoate € =6.8615
1-Hexanol e=12.51 MethylMethanoate € =8.8377
1-Hexene €=2.0717 | MethylPropanoate € =6.0777
1-Hexyne €=2.615 m-Xylene €=2.3478
1-IodoButane €=6.173 n-ButylBenzene €=2.36
1-IodoHexaDecane €=3.5338 | n-Decane € =1.9846
1-IodoPentane €=5.6973 | n-Dodecane € =2.0060
1-IodoPropane €=6.9626 | n-Hexadecane € =2.0402
1-NitroPropane €=23.73 n-Hexane €=1.8819
1-Nonanol € =8.5991 NitroBenzene € =34.809
1-Pentanol €=15.13 NitroEthane €=28.29
1-Pentene € =1.9905 n-MethylAniline € =5.96
1-Propanol € =20.524 | n-MethylFormamide-mixture € =181.56
2,2,2-TriFluoroEthanol € =26.726 n,n-DiMethylAcetamide € =37.781
2,2,4-TriMethylPentane € =1.9358 n,n-DiMethylFormamide €=37.219
2,4-DiMethylPentane €=1.8939 n-Nonane € =1.9605
2,4-DiMethylPyridine €=9.4176 | n-Octane € =1.9406
2,6-DiMethylPyridine € =7.1735 | n-Pentadecane €=2.0333
2-BromoPropane €=9.3610 | n-Pentane €=1.8371
2-Butanol €=15.944 | n-Undecane €=1.9910
2-ChloroButane € =8.3930 0-ChloroToluene € =4.6331
2-Heptanone €=11.658 | o-Cresol €=6.76
2-Hexanone €=14.136 | o-DiChloroBenzene €=9.9949
2-MethoxyEthanol e=17.2 o-NitroToluene € =25.669
2-Methyl- 1-Propanol €=16.777 | o-Xylene € =2.5454
2-Methyl-2-Propanol e=12.47 Pentanal €=10.0
2-MethylPentane e=1.89 PentanoicAcid €=2.6924
2-MethylPyridine €=9.9533 | PentylAmine €=4.2010
2-NitroPropane € =25.654 | PentylEthanoate € =4.7297
2-Octanone € =9.4678 PerFluoroBenzene €=2.029
2-Pentanone e=152 p-IsoPropylToluene €=2.2322
2-Propanol €=19.264 | Propanal e=18.5
2-Propen-1-ol €=19.011 PropanoicAcid €=3.44
3-MethylPyridine € =11.645 PropanoNitrile € =29.324
3-Pentanone €=16.78 PropylAmine €=4.9912
4-Heptanone €=12.257 PropylEthanoate € =5.5205

continues on next page
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Table 4.5 - continued from previous page

4-Methyl-2-Pentanone €=12.887 | p-Xylene € =2.2705
4-MethylPyridine €=11.957 | Pyridine €=12.978
5-Nonanone €=10.6 sec-ButylBenzene € =2.3446
AceticAcid € =6.2528 tert-ButylBenzene €=2.3447
AcetoPhenone e=17.44 TetraChloroEthene € =2.268
a-ChloroToluene € =6.7175 | TetraHydroThiophene-s,s-dioxide | € =43.962
Anisole € =4.2247 | Tetralin €=2.771
Benzaldehyde €=18.220 | Thiophene €=2.7270
BenzoNitrile €=25.592 | Thiophenol € =4.2728
BenzylAlcohol € =12.457 | trans-Decalin €=2.1781
BromoBenzene €=5.3954 | TriButylPhosphate €=8.1781
BromoEthane €=9.01 TriChloroEthene €=3.422
Bromoform € =4.2488 | TriEthylAmine € =2.3832
Butanal €=13.45 Xylene-mixture € =2.3879
ButanoicAcid € =2.9931 z-1,2-DiChloroEthene €=9.2

4.13.2 Entering the dielectric constant

For solvents that are not in the table, you can enter the dielectric constant. The format is as follows:

solvent
user #User—specified
dielectric

78.3553 #Enter the dielectric constant

Note: Solvation effects are currently only supported for energy calculations, and gradient calculations will be completed

in the near future.

4.13.3 Excited State Solvation Effect

The excited state solvation effect can be calculated using a combination of explicit and implicit solvents. Take an
aqueous solution as an example, due to the solute molecule’ s HOMO and LUMO orbitals may diffuse into the first
hydration layer, so the excited state calculation can include the water molecules in the first hydration layer in the TDDFT

calculation region, while the rest is treated with an implicit solvent.

Take sinapic acid as an example. To determine the first hydration layer of the solute molecule, the Amber program
can be used to simulate the molecular dynamics of the mustard acid molecule in a small box of water. After the system
is equilibrated, the distribution of water molecules around the solute molecule can be analyzed to determine the first

hydration layer. Of course, it is also possible to select a multi-frame structure for calculation and then take an average.
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The selection of molecules in the hydration layer can be done using the VMD program. Assuming that the input is
a pdb file, the first hydration layer molecule can be selected on the command line and saved as a pdb file. The command

is as follows:

atomselect top "same resid as (within 3.5 of not water)" # Select the first.
—hydration layer
atomselect0 writepdb sa.pdb #Solute molecules and first hydrated.

—~layers are preserved in pdb files

In the above example, all water molecules within 3.5 A of the solute molecule are selected, and the entire molecule
is selected as long as one of the three atoms of the water molecule is within the truncation range. The selection results

are shown in the figure:

Based on the coordinate information in the sa.pdb file, the TDDFT calculation is performed with the following input
file:

SCOMPASS

Title

Basis

Geometry
14.983 14.539 6.274
14.515 14.183 7.629
13.251 14.233 8.118
12.774 13.868 9.480

11.429 14.087 9.838
10.961 13.725 11.118
9.666 13.973 11.525
8.553 14.050 10.621
11.836 13.125 12.041
11.364 12.722 13.262
13.184 12.919 11.700
14.021 12.342 12.636
15.284 11.744 12.293
13.648 13.297 10.427
14.270 14.853 5.341

16.307 14.468 6.130
15.310 13.847 8.286
12.474 14.613 7.454
10.754 14.550 9.127
7.627 14.202 11.188
8.673 14.888 9.924

8.457 13.118 10.054
10.366 12.712 13.206

T T D T DT = O O QO QO O O O O a0 o a0 a0

(continues on next page)
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H 7.322 14.462 14.795
o 15.961 17.544 3.706
H 16.342 16.631 3.627
H 16.502 17.866 4.462
o) 10.940 14.245 16.302
H 10.828 13.277 16.477
H 11.870 14.226 15.967
¢} 12.686 10.250 14.079
H 11.731 10.151 14.318
H 12.629 11.070 13.541
¢} 9.429 11.239 8.483
H 8.927 10.817 7.750
H 9.237 12.182 8.295
¢} 17.151 15.141 3.699
H 17.124 14.305 3.168
H 18.133 15.245 3.766
0 17.065 10.633 9.634
H 16.918 10.557 8.674
H 17.024 9.698 9,909
¢} 17.536 14.457 10.874
H 18.014 13.627 11.089
H 17.683 14.460 9.890
¢} 5.836 16.609 13.299
H 4.877 16.500 13.549
H 5.760 16.376 12.342
¢} 19.014 12.008 10.822
H 18.249 11.634 10.308
H 19.749 11.655 10.256
¢} 15.861 14.137 15.750
H 14.900 13.990 15.574
H 16.185 13.214 15.645
o] 11.084 9.639 10.009
H 11.641 9.480 9.213
H 10.452 10.296 9.627
o] 14.234 10.787 16.235
H 13.668 10.623 15.444
H 13.663 10.376 16.925
o) 14.488 8.506 13.105
H 13.870 9.136 13.550
H 15.301 8.683 13.628
0] 14.899 17.658 9.746
H 15.674 18.005 9.236
H 15.210 16.754 9.926

(continues on next page)
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(continued from previous page)

8.725 13.791 7.422
9.237 13.488 6.631
8.845 14.770 7.309
0.084 10.156 14.803
9.498 10.821 14.366
10.215 10.613 15.669
5.806 16.161 10.582
5.389 16.831 9,993
6.747 16.470 10.509
6.028 13.931 7.206
5.971 14.900 V257
6.999 13.804 7.336
17.072 12.787 2.438
16.281 12.594 1.885
17.062 11.978 3.013

- = O m m O m m O m m O m I O

END geometry
nosym
mpec+cosx

SEND

$xuanyuan

Send

$SCF

rks

dft

solvent
water

grid

SEND

# input for tddft

Stddft
iroot # Calculate 1 root for each irrep. By default, 10 roots are calculated
1 # for each irrep

memjkop # maxium memeory for Coulomb and Exchange operator. 1024 MW (Mega Words)
1024
Send
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4.14 Point charge model

The BDF supports the calculation of atomic charges in the MM region as point charge input. The point charge is
given as input to the $SBDFTASK . ext charge file with the same name as the calculation task as input, in the following

format:

SCOMPASS
Title

Basis

Geometry
0 0.000000 0.000000 0.106830
H 0.000000 0.785178 -0.427319
H 0.000000 -0.785178 -0.427319
End Geometry
Extcharge #Indicates that an input point charge is required
point #Indicates that the input charge type is a point charge
SEND

SXUANYUAN
SEND

$SCF
RHF
SEND

The point charge input file (file name h20.extcharge) is as follows:

External charge, Point charge #The first line is the title and description line
6 #The number of point charges to enter

Ci -0.732879 0.000000 5.000000 0.114039

C2 0.366440 0.000000 5.780843 -0.456155

C3 0.366440 0.000000 4.219157 -0.456155

c4 -0.732879 0.000000 10.00000 0.114039

C5 0.366440 0.000000 10.78084 -0.456155

Ccé 0.366440 0.000000 9.219157 -0.456155

The default input format for point charges is: atomic label, charge, and coordinates (X y z); the coordinates are in

angstroms by default. Coordinate input units can also be be Bohr, and the input format is as follows

External charge, Point charge # title line
6 # Unit: Bohr
C1 -0.732879 0.000000 5.000000 0.114039

(continues on next page)
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(continued from previous page)

4.15 Wave function analysis and single-electron properties

The wave function analyses supported by the BDF are: Mulliken and Lowdin Boolean analysis, including net atomic

charge and spin density.
The single-electron properties supported by the BDF are:

e SCF: dipole moment, polarizability*, hyperpolarizability*, Musburger spectrum (effective contact density),
NMR **

« TDDFT: dipole moment of excited states*, vibronic intensity of fluorescence absorption spectra, vibronic intensity

of phosphorescence absorption spectra
* Calculated in resp module. ** Calculated in nmr module

More wave function analysis and single electron properties can be done by generating data files in molden format in

the scf module with a third party program This is done. Example input.

Sscf
rks

dft

molden

Send

The standard molden format only supports spdfg-type Gaussian basis functions, but has been extended to h-functions
in BDF

4.15.1 Effective contact density

The calculation of the effective contact density (ED) requires consideration of both relativistic effects (X2C Hamil-
tonian in BDF, identified by heff = 21, 22, or 23) and finite size nuclei ( nuclear = 1). An example input at the
sf-X2CAU/B3LYP level is as follows

Sxuanyuan
heff
23
nuclear
1
Send

(continues on next page)
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Sscf
rks

dft

grid
sgl
reled
20
Send

where reled calls the calculation of the relativistic property ED. 20 means that the ED is not calculated for light
elements with atomic number less than 20, thus saving calculation time. For density generalization calculations, the value

of ED is sensitive to the integration grid point and ultra fine or more precise sgl is recommended.

The ED requires a special treatment of the basis group, see P2 & /Ri%.

4.15.2 molden2aim

Download: https://github.com/zorkzou/Molden2 AIM

The purpose of molden2aim is to convert molden files generated by BDF into wfn, wfx, or NBO-47 format data files

for various various analyses. It supports spdfghtype Gaussian basis functions as well as ECP.

4.15.3 Multiwfn

Download: http://sobereva.com/multiwfn/

Multiwfn is a powerful wave function analysis program. Molden data files (supporting spdfgh basis functions and
pseudopotentials) generated by BDF or win, wfx data files transformed by molden2aim, Multiwfn can be used for various
wave function analyses, such as electron density topology analysis (also known as quantum theory of atoms in molecules
; QTAIM), electron localization functions (ELF), booster analysis, bond level analysis, atomic charge analysis, etc., and
Images of molecular orbitals, electron density and various real space functions can also be plotted. See the Multiwfn user

manual for details.

4.15.4 NBO analysis

BDF does not currently contain an interface to NBO (https://nbo7.chem.wisc.edu/), but it is possible to use
molden2aim to convert BDF-generated molden files (supporting spdfgh basis functions and pseudopotentials) into NBO-

47 format data files, and then use the NBO standalone program gennbo.exe to perform NBO analysis.

For wave functions of the RHF/RKS and UHF/UKS types (i.e., the MO occupation number can only be 0, 1, and 2),
NBO can calculate the “Second Order Perturbation Theory Analysis” , which requires the presence of the Fock matrix

in the 47 file. To do this, set nbopro=1 in the molden2aim configuration file m2a.ini .
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FIVE

SIMPLE INPUT

This chapter will introduce BDF simple input control keywords.

5.1 EiEEA KR

51.1 FiEAZER/BH. ZR/EH. FHEEBEAVESH

T i A I R S HOH TR 2 118y . DFT/TDDFT H 814007 RN EL 2045 243 S Bp i 38  v
g
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e

Yire

HF

Hatree-Fock

RHF

Restricted Hatree-Fock

UHF

Unrestricted Hartree-Fock

ROHF

Restricted open-shell Hatree-Fock

KS

Kohn-Sham

RKS

Restricted Kohn-Sham

UKS

Unrestricted Kohn-Sham

TDDFT

Time-dependent density functional theory

TDA

Tamm-Dancoff Approximation

X-TDDFT

Extended spin-adapted TDDFT

X-TDA

Extended spin-adapted TDA

TDDFT-SOC

TDDFT with spin-orbit coupling

TDA-SOC

TDA with spin-orbit coupling

X-TDDFT-SOC

Extended spin-adapted TDDFT with spin-orbit coupling

X-TDA-SOC

Extended TDA with SOC

TDDFT-NAC

TDDFT with non-adabatic coupling

TDA-NAC

TDA with non-adabatic coupling

X-TDDFT-NAC

X-TDDFT with non-adabatic coupling

X-TDA-NAC

X-TDA with non-adabatic coupling

MP2

Mollor-Plesset second order perturbation theory

RI-MP2

MP2 using Resolution of Identity

W SRR 11 e s R

5.1.2 hamilton S¥38): =518, S

BOE VT A B AR W 2% i
BRI nonrel, i FAH XS LA RN sf-X2C
A E{H: sf-X2C, sf-X2C-AXR, sf-X2C-AU

5.1.3 SOC &#i2¢%): Bool, T[iE&#k

ZORBEAT AREPLERM & (SOC) i, FFEEMIVA SOC AT, Wit H )ik TDDFT, i1

TDDFT [ SOC $14; {42 TDA, NPT TDA (1) SOC 144,

BRiAH: DKHle+mflc

H[%{H: DKHle+mflc, DKHle, BP; 41 T- /] DKHle+mflc, AAXHEHE R BP B4 .
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Note:

o RIS SRR E MG 5, BDF RHAREH pR MO P @ e . X5 B T AR UM Y 41 B
AR e el TR, FRETUR A of-X2C M, B EPLER A 547 R 1 DHK1e+mflc , Jij
"] PASEAT I B DHKIe, X FREIUR S A RRIIBRE. WTHIEARS M4, AP eaBE T

RSN, Tof B, SOC SAFERIN N BP.

o WIS F P4 Al TDDFT/A% % /%48 SOC , [ T SOC 4817 , S84 T-AE I il & X-TDDFT/% &y /5

20, WA SOC BAFHF-42 B R SR L

M L, VLA E 2 TR

5.1.4 unit SR FHEBE, TESH
Ji - AR s B
BR{A(H: angstrom
[ {%({H: angstrom, Bohr
5.1.5 spinmulti Z¥43E8: B, T[S
HiE2 EE, 25+1
BOME: BEB AR, 15 B FERER, 2
5.1.6 charge ST B THEH

ERTE
ERIME: 0
ELiEPLfici) TDDFT Al TDA

5.1.7 SpinAdapt

Xt A fieVEft iy TDDFT 8, TDA #4715 % . TDDFT/% & /3 40 SpinAdapt “4)y T X-TDDFT/% % /% #4885 X-

TDA., HXTHFFEERRE L,
JEda R &

5.1. EEHIAXRIE
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5.1.8 NAC &#3£%: Bool, t[ik&#
BETamr% iz (TDDFT) fIE4di&itE (NAC)
BRiA\{H: False
Stk HEE I

5.1.9 opt B¥AH: Bool, T[EBH
FGE A T g5k Ak«
2RiA\{H: False

5.1.10 opt+freq £¥13%Y: Bool, T[ikE#
FaGE A FIUa g A, Bl e TR T
BRiA{H: False

5.1.11 ts+freq £%435%Y: Bool, T[ik&#f
S, BRI TR
BRiA{H: False

5.1.12 freq £#3%: Bool, T[iE&#

W E,
2RiA{H: False
5.1.13 scan £#3%): Bool, T[i&#

SRR, FERCA AR A
#RiA\{H: False

210
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5.1.14 scan+opt £¥3£8): Bool, T[ixE%y

P REm AT, BIEE e RS &, LB ARS8, TS AR A .
BRiA\{H: False
ek 3

5.1.15 MPEC+COSX £#i2:%J: Bool, To[ik&#}

I Multipole expansion of Coulomb potential (MPEC) } Chain-Of-Sphere Exchange (COSX) i SCF .
TDDFT fig & B h BT .

#RIA{H: False

5.1.16 RI &#3¢%): Bool, T[ik&#%

FIH RI L SCF, TDDFT B MP2 1%, 2 & RI A .
BRiA{H: False

Tip:

* RI ¥ BDF #1332 f] T MP2 1144, SCF #il TDDFT 3] Jff MPEC+COSX J7y%, % J7{k /2 BDF 475
AUIEESRE, 5 RUSRAPREEANIL, (BT 2 B R4

5.1. &GN XERiE 211
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AERF /21 BDF P25 2 BE I B 00

6.1 MESHWAE

W\

E

SYmE

5 BDF Job Setup

Basic Settings

Job Title:

Input Filename:

Calculation Type:

Hamiltonian:
Method:
Functional:
Basis:

Charge:
Multiplicity:
Solvent Model:

Point Group:

SCF Settings

Preview Script

|CH4

|cH4

Single Point

=[] Localize molecular orbital

Non-relativistic ~

Kohn—Sham
GB3LYP
All Electron

~| |Restricted

=[] Use i0I-SCF [ ] Use FLMO-SCF

M Use Dispersion Correction

~| [sT0-3¢

V]

1 =

‘None

[ ] Iznore Symmetry T(d)

Use Default Values

Preference

Write file to disk

Submit Calculation

Close

%
\

K253 BDF AL55 2 S RIS 8O, X LIRATCAR b2 707 CHa MR T RX 42

BRAVRAD TEWZ )G, BFERSPRI TRt AL WFRAHFEFER. T BRI (5
SRTE I —LEERIN R, 4 Job Title #iy AHEf %5 . Input Filename [y AHE P Z¢. Multiplicity /)% AHE Py

Point Group [ N F7HEZEI %5

T TTEATTX L Pl ) P AR B P B T RE—— Ui
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. Job Title: TIAALSF PR, — BN TR AT B RES R, o TRAMSEESE. XN

ZHAF M BDF (5, B0 TIRR AR 15, oy (85 dnify, AP wl g B O S s T —
FEMIATE . BIANAT B SRETHAR, 2E3 S BIRF 4y E i SP_CH4_B3LYP-D3/6-31g** .

Input Filename: T1HAE45 13014, M ARSI B AZLT . T TWL (O). s (+) A
(). BIAM4HETE A cHa |, WS B SR A SN CH4 L inp .

. Calculation Type: THEALSHYEAY, 2700 & JE A H S Single Point (P XifEI]5) . Optimization

(&5Kfkfk) . Frequency ($ii%il-%¥) . Opt+Freq (&5HfRAL + WiRil5%) . TDDFT (R &5) .
TDDFT-SOC ([ BEsLERA15E) . TDDFT-NAC (JEaduBifyil3) . TDDFT-OPT (% A&5kth
ft). TDDFT-Freq (%% &M% il41). TDDFT-OPT+Freq (kAL MMAL + ik il50). NMR (B
WAt ) St 11 Fpit 422, Localize molecular orbital 52 SEHE £ /R I E4r THLE R b S8k f—F
THERBHA A KBRS, PN AT LS RAZ )5, B MG MR Rk .

Hamiltonian: $13304E 55 % JEAN XS ALY IR A MG 15, BDF SCRF2 AR ROV AGITR, Ak
A5 2 WLBDF H k1 4, 25 BRI P B ] >3 AN Be BL ik, 24 i RO St T K21 T Non-
relativistic (JEHIRIE), ECP (Ji§3%), sf-X2C I X2C PUfpksii. Hrb X2C ¥ ARTE 4 i & 1T 1) BDF it
AR, WO AV R, FEAR R BDF SRR I GEZ 5 A4 S f#81. Non-relativistic
PEIFIR AN FEMIDE RN, B B e 4 0t gl 2 N TR 0B B B B e e 15 7 Ry e . ECP
VeI 7 18 1 L2 A T 30 FE AR RN, sE-X2C 7R F TG F HER) X2C 4 E W 5§ 2% FE Ak Ee A
KRR o

. Method 510G ZA-FmEME, AT REME 21155 55, S7FF Hartree-Fock , Korn-Sharm 71 MP2

=ROFE, Horh MP2 7R H SR R ARER T B A P ROEE R TP A RS EIE,
T Restricted (F5%)2), Unrestricted (JF5¢)2) #1 Restricted Open (FRIEIPEIFFCZE) =FpikdE, X4k
A ERLZEEST 1B, BRIAES: Restricted | U715 B0 E Heti b SR AS T, W DAY
$% Unrestricted, I3 =T A THE A R EE HHISE . Use iOI-SCF FI Use FLMO-SCF i #1421
HE AT PAZESE BDF A 3 7 140 v ki T KA R BRI R BRI EARA v S %
FLMOMethod. HiJ BDF £ BiAE H 35 ] 101 B FLMO J7yAMUR i B TH R, R i
RERBEE AL, WRASER I 101 535 FLMO J7yASEM IG5, ARG Pt luX — 201593 1 o
AN, HERE HE JEE0CE DFT AT ISk st BEm S5 A 153

Functional : Korn-Sharm {45 % F i ARz sR2EAL, A FERTIE Method T $i7 35635 24 Korn-Sharm [1
A A 25 Rk S AR R . BT BDF P2 pRXTERBE . A S Y 4 S RpRE FE AR L, S T B
1EH P EEr iz sR AR B THSEAT S5 R VE S, 3R R P BT B A 55 2628, HA it S et |
T RZ BRIEIT . WIRIZIZ K SR D3 U IE, &£ i B Use Dispersion Correction (152 EHE, 4N
AR EHENE, FIRH D3 @RIk

Basis: TIRARSAYRLAL, BOPFScfpas TR . RS RATR 52 SR A B4 = Fhde . QR Al Ta 1940
XERUBEFRI) T sf-X2C S TAINIE VIS 07k, WBEAL R BERESE & 1 AR VI DL AR i e 4 Bk
o R AR AN PS: def2 RN WEAIX TRICFORMA R R4, X TEILERM
A RSB , SX JLAREE P A 8 > BRRF HRAE T AR i 4 T B 41282

Charge: FTH AR AYEFHALH o

Multiplicity: THEARRK HIEL EE (2S+1).

214

6. ERHRE



BDF-Manual

10. Solvent Model: ¥EF|{bAA,

11. Point Group: 43FHINHFR SR

6.2 BiaGitESHSE

55 BDF Job Setup — X

Basic Settings SCF Settings Preview Script

SCF Control Others

Initial Guess: Atom - Print Molecular Orbital: Frontier Orbitals -

—
o
=]
LLi

Maximum Iterations: [ ] Save Atomic Orbitals

Convergence Threshold: Default - Output SCF Orbitals
I:‘ Qutput SCF Orbitals in Pyscf format

DFT Integral Grid: Default

Level Shift: Output SCF Orbitals in Molden format

Damping:

Fermi Smearing Temperature: 0K =

Use MPEC+COSX Acceleration

[ ] Disable DIIS Acceleration

Use Default Values Preference Write file to disk Submit Calculation Close

253l BDF L5542 22 i) G S B S 8000
T TRTFRATT R P A Ve T T P e S LT RE —— 15 -

1. Initial Guess: 55 HIGY T HERIAIIERE M)A, FRHE 25 Atom (R B0 T %)%
HARERSI) , Huckel (2£:55 Huckel J575:550) , Heore (X ffb A Fiy%WissM) , Read (i A%
TEE RIS W) PUFPZEAL, — ST atom % Heore . Huckel 47, [ IEH 15 ML T LR LR
Hcore 5 Huckel .

2. Maximum Iterations: & ¥ SCF 18 i R BB

3. Convergence Threshold: [5] i35 72 SCF WS BE B AN 88 540 f4 [F{E . N $HE 7 5 Very Tight , Tight , Default
, Loose , Very Loose i, Default 357 1.0D-7 5.0D-5, Very Tight 3%/~ 1.0D-105.0D-8, Tight 3/ 1.0D-9
5.0D-7, Loose 37~ 1.0D-7 5.0D-5, Very Loose %/~ 1.0D-6 5.0D-4,

4. DFT Integral Grid: 457 DFT 18 [1#% 5287, FHiHE 57 F; Default , Ultra Coarse , Coarse , Medium ,
Fine , Ultra Fine 75Ff . U4 )46 S 40 Hi-Method #4% Kohn-Sham 1158 2 J5, 7 & B/RixX AN FL

6.2. BAGHIHTHESHAE 215
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5. Level Shift: $§ /> THUERERAL SN, XFIAY scf BIHL Vshift 240, A AHRE EFILE BE & b P4
FEFUE, PAIIK HOMO-LUMO Rep, fnilisl. Vshift (RO, ISd fEAn%s ) R BlR %, (H Vshift
KRR FHUSERE . — B H AL T HOMO-LUMO fEp#/N (WY 2eV), H SCF #ACHfiE
AR PR, A FHFERE Vshift.

6. Damping: $§5E AR SCF A5 ERERIE AR A—E HRE (PA):=(1-C)*P()+C*P(-1)), I
I SCE iesh, Xz sef BEH 1Y) Damp 24k, Damp fHECK, WSO REAZ S i IRY;, {H Damp
KR & FEUSENE . —BHATE SCF AR RARRIAME AR, A4 725 E Damp.

7. Fermi Smearing Temperature: 155 (& R AT, tRIHE S 9% KRS (Fermi Smearing) 77 ¥4 M8 HiZk
BUER SR %A EUZ I Y Level Shift (HJ Vshift 240) #2511, 24 Vshift>0 BF, FRE5ZA Mk
Ui, HAZAREIE S 0; 24 Vshift=0 I A BH AT . Ak, AR A TR TR
FLMO 5§, iOI 15 i ] .

8. Use MPEC+COSX Acceleration: 5% ) il £ %% @ IF)FE 16 %+ (Multipole expansion of Coulomb potential,
MPEC) J5 #3145 J #iff, COSX (Chain-of-sphere exchange) JyATHHE K i, AN, kG GITHE
KaFEREREN, XT/NT 20 MR, MPEC+COSX RHELEEH] .

9. Disable DIIS Acceleration: 35 & A~ fifi F§ DIIS fiji5# SCF Yz 8. —#% 2 A%F SCF fe B PAR KIEE (> 1.d-5)
PRGNS, H. scf fLHL¥) Damp F1 Vshift ZHECRANHEE;, 775 298 1% A 0 = 1R HE .

10. Print Molecular Orbital: 355 | 2751 BI 4 T8 24k, N PiE S FF Frontier Orbitals(A¥T B4y T-#L18) |
Energy & Occupation(¥T R4 (F4An294R 1) HOMO-5 ] LUMO+5) 1¥),53a%c. fikw. &
%0 . All Information(FTEN I A Lt S 5. figid. R/ED =

11. Save Atomic Orbitals: & I 7% HFHE

12. Output SCF Orbitals: %t SCF WSHE, ANA i FRIELEHE, 7R fl AR 2 T BB A A scforb
3.

13. Output SCF Orbitals in Pyscf format: 35 SCF WL SUIE AN Pyscf HIBHE.
14. Output SCF Orbitals in Molden format: 5§64 738 %y 1 4 Molden #53%,  PARUS S2/07% BRS04

6.3 £t itESHA T

&2 F 3l BDF {155 $#2 32 S a5 i Ak T H B S50 m, BiTE B9 T 3EAT 55 %6 8% Optimization (£5#11
ft). Opt+Freq (4iHfEML + BiRIIEY). TDDFT-OPT (fk&45HIEM). TDDFT-OPT+Freq (Hk&44
AL + ST, DG A AR

TR AT B B A AR R R T e 1

1. Geometry Optimizer: $& & JU[ G5 AL K ff#S . FH4E 2R DL-Find #1 BDF, DL-Find {fi{t.4%
TEAEE AR N AR T, S TREE A IME . I ESIE R . SIS R AR R R

WA (MECP) %% ; BDF (bt BDF #2/7 HATIF AW AL s AT AL . WRAETURIN
HeFRR (200 ICoord AR ) BEATRERM/ME . ISR, @M BDF (k.
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E

S BDF Job Setup - X
aslc Settings SCF Settings  OPT Settings Preview Script
Optimization Control Constraints
Geometry Optimlzer: EDF -
Optimize to: Minimal -
Maximum Iterations: 100 =
Convergence Threshold: Default -
Trust Radius (Step Size): [0.30 2] Upper Linit
Recalculate Hessian Per:
Uze Default Values Preference Write file to disk Submit Calculation Close

2. Optimize to: PifbZef, FHAE L7 Minimal (B/ME 5 45#184k) , Transition State (53 ¥ 85410
1t) .

3. Maximum Iterations: 55 i KATAL F %K

4. Convergence Threshold: []H4§ & ¥ 7 A BRI ARG K I Sbr it . R HiME S HF Very Tight , Tight ,
Default , Loose , Very Loose 1.1,

5. Trust Radius (Step Size): 8 & ALB BG40, MiE T AL E (52148 o, (BAEM S5 e
PR a] Be LA A 50 1 Bl A Hu 3 i sl 8 A5 242 . 1 Upper Limit &2 BEHE 0] DA B AL AT 1R EAF
A48 0-r, HBEE L5 IR o IR B A 2R A Il

6. Recalculate Hessian Per: 8 ELEJ ULk, &£ /08318 —REE Hessian,

7. Constraints: FgEFATARMEMAL, RIFTEAR P2 MK BA T mANEL T, s He
B H . HRIZA A SRR 25 BDF (Lfeds A 2E%. W] BAT4n%E, 2R B S T 26
AT, FRZRIEH , RHCA NG 5 2 715 N+1 AT, &A1 i 2~4 AL
WHE—FTH 2 DR, FRIE o5 X 2 MBI R 2 BRIt —118 3 N, &
TNETGT X 3 AR R T 2 RIS AR SS INE—ATa 4 DNEEL FRET T X 4
B A2 8] 0 TR FR R 45
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6.4 HFEITHSHAE

[E5 BDF Job Setup — X
Basic Settings SCF Settings Freq Settings Preview Script
Thermodynamics Vibration Spectrum
i Temperature:
Pressure:
Harmonic Correction Factor:
Degree of Degeneracy:

Use Default Values Preference Write file to disk Submit Calculation Close

P2 )5 5l BDF AT 55 4 2 B AR T S 2 0O T, 1T 93554 55 164% Frequency (B PH5E)
Opt+Freq (£5KIR1L + Bii15) . TDDFT-Freq (& &Hi41145Y) . TDDFT-OPT+Freq (i &&H1L
b+ BRTEEE) % AR .

TR TETFRATTNT b P g P T AT g e R L i —— Ui -

1. Temperature: 4 14 2 B4 T H0FETIRLEE .

2. Pressure: 5 7€ /& R IATAL ST HEoi o

3. Harmonic Correction Factor: 5§ &85 4% IF A 1.

4. Degree of Degeneracy: 5 & HL T &M, AT RSP SHm A ke RIS T
23 [B) I BE T LA EMRT T B2, v s [B) fa 9 B2 S T 4 Wi FEL T2 0T B A vl 3R i 4R 40 (4518 TR il
BB, SSEIRTERET 1), BRI TS R 5% T e S T (2541),
XS5 R T e A TS T 20+, Hod o4 ai M B A S8 8. R RS T o

HEAET LR AR, P F3fg 5 Eai NDeg fi, iX—xOd TIF52)2 0 R0 1 B i AT
JEHEE,
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6.5 MADITESHAE

[E5 BDF Job Setup

Basic Settings SCF Settings

TDDFT Settings

Preview Script

TDDFT-SOC ([ BEfi & vk-5%) -

TDDFT
Method: TDDFT -
Multipliecity: Singlet -

Number of Excited States:

-

Target State: 1 >

Convergence Threshold: Default -
|:| Set Excitation Energy Window
[] Use iVI method
Use MPEC+COSX Acceleration
[ ] Perform NTO Analysis
Localize Excited State

|:| Calculate Dipole Moments of Target State

Use Default Values Preference Write file to disk Submit Calculation Close

&2 53 BDF A 55 82 5 SO ST S 4O 0, RITRIBg TS AE 5564 TDDFT (30K &11H5%) |
TDDFT-NAC (JEu#ivilifyit5¥) . TDDFT-OPT (#k&&Hiift) .

TDDFT-Freq (#(k#&MiHil5). TDDFT-OPT+Freq (¥ k&S5MMRA + W), WIS 1Z S
N TIFHATIR L PR PR A A B I RE—— Ui
. Method: & 1187k, FHIHE SR TDDFT il TDA.
. Multiplicity: 72 T BB S B2 TR, FHAESCREWRASL: — 4049 1% S 5O -

Multiplicity=1, W F$7i%&3 % Singlet (-7 FEA) , Triplet (7= &) , Singlet & Triplet (%)
BV AR SHAR) ;. 4SS 8 i -Multiplicity=2, T RH 5 Doublet (VHE¥ —H ),
Quartet (i}5PUHfZ), Doublet & Quartet (43 HIil-5 ~HwAHIEL).

. Delta Ms: $51fill /2453647 spin-flip f TDDFT 144, ®[3%&{H 0, 1, -1; 0 4 no spin-flip (E{F} spin-conserving,
THA R R Ms SRS RIS ) 5 1 spinflipup (7155 Ms HUERSK | AOIULZAS) 5 -1 ) spin
flip down ($145 Ms RS/ 1K) . MW 0S4 IH-Multiplicity>2 , BERIE % A H LT .

ETHRE A SEHE .
B LN SRS . /N 242)1% Calculate Dipole Moments of Target State 5 61

. Number of Excited States: $

. Target State: 5 E 11 HE 5
SR A BEAE AL

. Convergence Threshold: 57 TDDFT 155 e &A1 BB W ST (E . FHiAE X £F Very Tight , Tight ,
Default , Loose , Very Loose F_ff. Default 5/ 1E-7 1E-5, Very Tight 35/~ 1E-9 1E-7, Tight 3/~ 1E-8

6.5. MABHESHFE
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10.

11.

12.

1E-6, Loose £/~ 1E-6 1E-4, Very Loose #/x 1E-5 1E-3,

Set Excitation Energy Window: 45 5& 1153 WA e f/ TS B N IR RS, BV E 48 2 WU B R K1
JaE .

Use iVI method: $§5& TDDFT [ iVI XAk vk (AN SCRFERT DUR S8 ), X T iz — B i
WO B XGRS RS E W ARm ISR B PR R RS K E A
TR BOR, FF HESRIEA Z B JEBAME S, SORDEAZIE B NI BORS

Use MPEC+COSX Acceleration: #5 5 #| ] 2 2B IF (6 % (Multipole expansion of Coulomb potential,
MPEC) J5{Ai15 T #ilfE, COSX (Chain-of-sphere exchange) 7 yATHH K 4HFE. AL, GG TTE
KRR, T/ 20 NMEF1A R, MPEC+COSX AHEEH .

Perform NTO Analysis: 4% TDDFT 1150 A 2 NTO 404fr,  H RIS HERT DR S ) TDDFT 1
=

Localize Excited State: $ & 7153 @ WA LS. HENZA I ERN e P, B P BATEEA iU
BDF #i ASCfF (Linp) i &ek.

Calculate Dipole Moments of Target State: 5 5E 1152 & SRR

6.6 S FHMEEBILSHSAE

5 BDF Job Setup - X

Basic Settings 3CF Settings TODFT Settings Localize MOs  Preview Script

Localization Methed: Boys (Default) - [OLocalize ROHF/ROES Orbitals
Maximum Iterations: Localize NCSCF Orbitals

OFroject LMO to pFLMO
OFrint coefficients of LMOs

Uze Default Values Freference ¥rite file to disk Submit Calculation Close

b2 53 BDF AL 55 @ 5 Ll 470 T @ S MO, YIRS HOT -1 2R AL T Localize

molecular orbital &2 YEHE, W% % A ik,

220
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1.

N AT _E P B S A P B Ui

Localization Method: #§ & =4 EIAL )4 FHE R T ¥E. N HIHE £ Boys (Default) , Modified Boys ,
Four-center moment , Pipek-Mezey [/ F} .

Exponential Factor: $5E+5%H 7. HilH i Localization Method 16#& Modified Boys 5{ Four-center moment
Ao T TR 0

Atomic Charge: 5 F i E A2, FHHE 715 Mulliken F1 Lowdin . Fij|fj ) Localization Method 1%
## Pipek-Mezey Hif {8 1% A THI LI .

Pipek-Mezey Method: E. {435 Pipek-Mezey 55 & B 1 . T HiHE X4+ Jacobi Sweep (355
Pipek-Mezey 75 ¥ 8 M AT LR 185158 ) F1 Trust Region (57 Pipek-Mezey 75324 Jf] Trust Region
J5VEEEIE ) . HiTH A Localization Method %33 Pipek-Mezey Fof I8 1% AL 18T

Maximum Iterations: $§ & & Ak VI B RIGER IR EL
Localize ROHF/ROKS Orbitals: 55 &84k ROHF/ROKS %14 .

Localize MCSCF Orbitals: i @il b 2 IS HIGTPUE . H A% fE 1 AR AL 24 5T &A1) BDF JiUA 5
£, BORH_EA SV R, FEAR K BDF BPF OISO REZ e A S A8

. Project LMO to pFLMO: &5 #45 LMO %| pFLMO.,

Print coefficients of LMOs: $§Z37 Bl EIib 4 THIE M R 5L

6.7 HieMlERESITHSHAE

K253 BDF L5 $2 52 Bl 1 B ieUE M ST 5 280 i, B Spin-Orbit Coupling #3244, HilHIfY

TS5 4% TDDFT-SOC (HBEPLERM A TEE) , WS BudZ A migih,

1.

AT _E P B S A O B U

Including Ground State: #§5€ TDDFT-SOC 118 & 1 & H 7S, A% A w2 W 27w 4 TDDFT-SOC it
BASE, WATDAMSEE S SOC R IEMHERE, H W PATTHE LA SOC #21E, {HitE 45 A TDDFT-
SOC AbFRAFR S A ST B NI 2 (— A 10~100 M4 ED) , B SARME RS RE R, M m i
B RE; AN PE% AL YRI5 9 TDDFT-SOC A& HAS, I TeyE S8 B % & T SOC
AR (BIERRS) ZEWBGE IR, B ICE2 S SOC LR g, [FRt ok H RS
1) SOC £¢1F, (EATFI453 427 SOC HIEMIEA E -

2. Print Spin-orbit Matrix: $5§5E T2 1T SOC 4[4 TT.
3. Print Transition Dipole Between Scalar States: #5§:E7E TDDFT-SOC 148 H, 845352 [ 1 BT bk
Hi, AR RN R R BT AT T B A s A [R] A R (R A
4. Print Transition Dipole Between Spinor States: #5E+T I & SOC 2 JG it RS2 A T R E (AR
KR B YR TR, FIARE 2 oK 38 S M0+ A5 2 A 4 B R R 50 .
6.7. HitERSITESEAT 221
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[E5 BDF Job Setup — X

Basic Settings SCF Settings TDDFT Settings Preview Script

TDDFT Spin—0Orbit Coupling

Method: TDDFT - [ ] Including Ground State

Multiplicity: Singlet & Triplet ~ Print Spin-orbit Matrix

Number of Excited States: Print Transition Dipole Between Scalar States
Target State: 1 & Print Transition Dipole Between Spinor States
Convergence Threshold: Default -

|:| Set Excitation Energy Window

[] Use iVI method

Use MPEC+COSX Acceleration

[] Perform NTO Analysis
Localize Excited State

[ ] Calculate Dipole Moments of Target State

Use Default Values Preference Write file to disk Submit Calculation Close

6.8 ELEMBETHESHSAE

32 /53 BDF AL55 f 52 FL i i AR AR S S 40 i, Rl Non-Adiabatic Coupling #7> 244, Hilfi
WAL 55 8% TDDFT-NAC (AEZaiRE A VESE) . WU % A s .

AT A R S A R S Ui A -

1. Coupling Between: #5115 WF 2L i T 2SR R4 R AR 0 (35S S R R 46 Al &
MEoe, AR S-EESZ A ARSI G HEREIC) . FHE % ¥ Ground and Excited-State (JE&-i¥%
#5) F1 Two Excited-States (I -k &) . Trrep 1 Fl State 1 43548 & WA SIS LA W 43R
BV AFTRIE IV, H T E T EES- S IRE PR A L. Trrep , State 1 Fl Irrep , State 2
O3 BUHE E WAL A S IS LA AR AT AZORAZEA T AZF RIS LR, T E B A S M E Sk
Y TAH A T
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[E5 BDF Job Setup — X

Basic Settings SCF Settings TDDFT Settings Preview Script

TDDFT Non—Adiabatic Coupling
Method: TDDFT T Coupling Between: Two Excited-States -
Multipliecity: Singlet -
Irrep 1 State 1 Irrep 2 State 2
Number of Excited States:
- A vl A v (2

Target State: 1 >

Convergence Threshold: Default -

|:| Set Excitation Energy Window

[] Use iVI method

bd + . i

Use MPEC+COSX Acceleration . Add

[ ] Perform NTO Analysis

Localize Excited State
|:| Calculate Dipole Moments of Target State
Use Default Values Preference Write file to disk Submit Calculation Close
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SEVEN

MODULE FUNCTIONS

See the flowchart of BDF modules and calculations for the invocation of each BDF module.

71 58z k. FLMO #1i0Ol i+E - AUTOFRAG &R

autofrag /) T E I RERX K> T2EAT HEh o A, I B 3074 FLMO I A . autofrag if/2 iOI-SCF iy
TG, I TIREE SCF [ o ATH 5 i 101 7155, autofrag FLH 3= BB AR A «

o MR T AR A Bl AR T RS

o DIWTRERE, PEAIER TR BG

o Mo BN G T

o FEWTHEALUS INERE H 570 B 2% il PHO (Projected Hybrid Orbital);
o BT ERRD TR BIEASCE, ARFHATARIBETH R T R B

« AU THREADTHBOTHEER, 7R ED T

autofrag MHAE compass Z Hi. autofrag XALBH compass BB 7> T45H, JEAT70T8EFIWT, 7
Ji % . autofrag J& (i AIRBENE R 7=t 201 R B SR 55 ARSI o i autofrag (58 4 1) %) I, iOI-SCF
E RN

7.1.1 Method ¥R : =FFh

o BRAE: FLMO

o TW[{(i: FLMO. iOIl

PEETE ¥ . FLMO - 3184y B84k 4 F 513l ; 101 - i0I-SCF 144, F4rF A & A it E K
TR ZR . 101 B iR R M H A5
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7.1.2 nprocs ST B

© BOAMHE: 1
o AIE(E: ANTET T RAEIIERE

B IOT MR S, T4 TSR ML, AI3FATIHEE, BeAb nprocs H BV A il
LA TR R . 357524 nprocs R4 T 1 i, FFH725 5t OMP_NUM_THREADS $§5 /2 01 #8011
OpenMP ZAKL, T/ /245 A-HERRI 7T il OpenMP 4%, 41124374575 - OMP_NUM_THREADS=16, [
nprocs S 2 Hf, R Ol iHE R REA 2 TR RLEFATHE, A TR 8 4 OpenMP L&A,

7.1.3 radcent ¥R F S

* BAE: 3.0
o AIRE(E: ARTE AL

BOERIIR T (RIRRAS NG XE 77 R) BR/N (BA0z: $8), HEA radcent 48 INAEA~ 731 )1
Rk, B 1 R/ i -

7.1.4 radbuff ¥R F5

o AIEEME: ARGATE AL

BEN T H G IXEE (B #2), 5 radcent AN[H], H4hN radbuff ANeA8 T HACH , (HEnaE4
FRHPIRSF . AT 10115, radbuff 2 LAGZ S 0 BB+ Zoh XK/, Gnp IRGHE 2k S %
R .

7.1.5 iOIThresh 38 : F e

- BOAfE: 0.1
o WRE(E: IEVE AU

BE 10I-SCF 21 A BO M S SO . J8i/)s 10T Thresh 1 iO1 P15 2 B QUKL (Rt TR (A2
THHERIRPE, FreAsmiREE A1/ SCF U8

226 7. Module Functions



BDF-Manual

7.1.6 NoPHO £#i{3£%4: Bool

BCE A1 PHO (Project Hybrid orbital) , M2 A1) i34 20 (H) Ji 7 RAFI 7 173 )7 s Al . (3%
R, AR TR AR PHO J7E A/, (BT R LB EEAR, AT 6E T EUE 473710 SCF
AUEIG I, Ty =S R R .

7.1.7 charge 23138 . BHA

o BOAME: T

VOB E T HHRATEG ARG E 27 B s . YRR XEDA H Shf e B0 1 Ber TR,
JR] PASE A R FART R E 2 T BUB B TR AT

charge
10 +2 25 -1 78 -1

XH, FER 10N TRHATECY 42, 2 25 MR TR RAECN-1, 58 78 MR TR A EC-1. 5T
JEI T Fr B A RCRE IR P45 4 S AT ROR EA T 7

7.1.8 spinocc &SR BEREH

o BUAME: T
BEAER TR AE, HUA BRI GER A eSS, AR charge XA .

spinocc
13 +1 17 -1

XH, FRER 13 DR TA LR alpha LT, 55 17 DETA TSRO beta 1T, 3R, P
AHITFFE 2 TR ROZARE . PII—MARA WA CudD Huty, MFA Cu i A EnT AEAFEE (It
I B A RIS SR ABRER) , WA DAERE, R ARE RS o — X e m A8 2 7
Sh—A LA BE: HEUERMAS Cu 22 —442 Cu®, W Cu) WL BT AAEE, HHAHN
PRI T SRR A B BB, Ui tHakix BRI e R e 1 B bR, MazadtiRa e
T EE. BN A H R B B B PSR R T390 A T NI A +0.5 AESCEiE +0.5, H2HEEs(H
TR A2 45 H AT B — M BRITE SN B e E ) +1, 75— RiIZ A e 0 (B0 i a1k Ml 7
T, MR EE B BT ARG E ), A BEAE PRI T T 3 E R 2 0 +0.5,
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7.1.9 maxiter ¥R B
« BUAME: 50
f 7€ 101-SCF f KIW 2k EL .
7.1.10 Dryrun £#43¢%4: Bool

o BRIAMH: False
B H =4 FLMO &Y i0I-SCF $ ASCHE, miASITI

7.2 JFRME R TIAbE - COMPASS &R

COMPASS i - RS ST RAL 57 RIAG AL TAE, BAREEAN E 7 458 . BB E R,
Wi 7 1 X RRIE B H a5, AN BRICRC BB =S, R4 BDF R EUE A2k . Compass
BRI BB HOR

7.2.1 Basis B3R FHFE

FeE AT % 340 4 FR . BDF HL4H 77657 $SBDFHOME/basis_library 4, 4§ it 84T %t i TR 1) 3
UV HCEAEARSEIR ER X . B TFREAESASEI e A, APmrpbls | e A (E
FESCEAPL ) SUE AR EE TR @ ARG ELA .

$SCompass

Basis

Geometry

H 0.00 0.00 0.707
H 0.00 0.00 -0.707
End Geometry

SEnd

7.2.2 Basis-block ¥ 3% : FHh

MIAFETCR G EANFEELL, H—AT@BOAELL, 2R RDCR SR T e, #%00 oo
F = BAAEEE LR L oLE 2, -+, JuF n= 2. WILA End Basis UNEH

$Compass
Basis-block
3-21g

(continues on next page)
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(continued from previous page)

C,N = 6-31g
Xe = cc-pvdz-pp

End Basis

Geometry

H 0.0 0.0 -1.1
© 0.0 0.0 0.0
N 0.0 0.0 1.0
Xe 3.0 0.0 0.0

End geometry
SEnd

7.2.3 MPEC+COSX £#435%4: Bool &

16 EM M L REITEI S (Multipole expansion of Coulomb potential, MPEC) J5¥ki15 J #if4, COSX

(Chain-of-sphere exchange) 751115 K 4014,

7.24 RI-J . RI-KK . RI-C 8338 /48

ZEMAIPL (Density-fitting approximation ) Jf1 #3203 i 4 B L 4H .

* RI-J: JEfEIE R
* RIK: il A ik

* RI-C: KA AEA

SCompass

Basis

RI-J

Geometry

H 0.00 0.00 0.707
H 0.00 0.00 -0.707
End Geometry

SEnd

7.2. MERMERTLLIE - COMPASS #ith
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7.2.5 Geometry £33 TR EA

VAN T, WDUEE A, WalPLE NARFRES . 2 AR E UM Geometry 5L
T—47H4f, PAEnd Geometry Hj—474%

B A AR
SCompass
Basis
Geometry
H 0.00 0.00 0.707
H 0.00 0.00 -0.707

End Geometry
SEnd

W AR

SCompass

Basis

Geometry

)

H 1 0.9

H 1 0.9 2 109.0
End Geometry

SEnd

7.2.6 Restart Z¥3:%): Bool &

{1} SBDFTASK .optgeom SCIFHLIALER, Tii4E Geometry SCHETA T 45 (AL BRAUEAT A, Hor $BDF-
TASK J2 it ASCIFA PR B 5 28 inp JGRIR I FAFER . R R R A S Geometry SC A J5 Y ARAR
BfH, A Geometry J¢ TR 5 Y ALFRFT AN BEA S, T HIEFAOFNSE . NBAIIF e AUER, HA S AR EUE
WPARAEER M . Bl ASCHF4 0 Linp, i Loptgeom SR AN

GEOM

0 0. 0. O.
H 0. 0. 2.
HO0. 2. 0.

W24 1inp #) $compass KL AT LA, R A AL #1517

Scompass

(continues on next page)
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(continued from previous page)

geometry

O 0. 0. 0.
HO0. 0. 2.1
HO0.12.00.
end geometry

restart

Send

BEEEM T ATHA (RIELE LA L5 R ARAR B A et 2 Nt ) -

Scompass

geometry

© 0. 0, O,
HO0. 0. 2.
HO0. 2. 0.
end geometry

unit

Send

{H Linp fJ Scompass BLHUNFESL A T HITENS , A AT 4L H Fl.optgeom SUAFAES:

Scompass

geometry

0 0. 0. 0.
HO0. 2.1 0.
end geometry

restart

Send

WAREEIMPA TR, RS (5T F.optgeom ST :

Scompass

geometry
HO0. 2.1 0.
O 0. 0. 0.
HO0. 0. 2.1

end geometry

(continues on next page)
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(continued from previous page)

restart

Send

restart FENTEHEMIARIMRZE . T50A Linp 6, Rk Linp @— A5 TLAAL 55 15 A ST,
B PEAE IS HABAR P H B i P kS R IR B 25 0, WSS Ak e Je — 25 I 25 H R-AFAE 1.optgeom
W, HCITE Linp 1) Scompass B EN N restart S5, ARJGHEFHETT Linp, RIATE S| Z BiEst ALy s
Ja— T AR AR SLIEA TEE R AR, T JC T F 2144 1.optgeom [ PN %545 D1 % Linp Py

7.2.7 Group 328 58

TR 7> THINFRSHE . BDF 2 [ Wi r 7R Frtd, HF/DFT/TDDFT # SR i1 riff. —28i 1
KIS, W MCSCF, MRCI &8 HS0HF D2h Je oy DRI, ARSHORT IRk §) BDF (1] DUREET 5

End geometry
Check
$SEND

SCOMPASS
Title

Basis

# D6h W F#A D3h., Cé6v.

D3d., D2h, C2v, CI

$COMPASS

Title

Basis

Geometry

C 0.00000000000000 1.39499100000000 0.00000000000000
@ -1.20809764405066 0.69749550000000 0.00000000000000
C 0.00000000000000 -1.39499100000000 0.00000000000000
C -1.20809764405066 -0.69749550000000 0.00000000000000
© 1.20809764405066 -0.69749550000000 0.00000000000000
C 1.20809764405066 0.69749550000000 0.00000000000000
H 0.00000000000000 2.49460100000000 0.00000000000000
H -2.16038783830606 1.24730050000000 0.00000000000000
H 0.00000000000000 -2.49460100000000 0.00000000000000
H -2.16038783830607 -1.24730050000000 0.00000000000000
H 2.16038783830607 -1.24730050000000 0.00000000000000
H 2.16038783830606 1.24730050000000 0.00000000000000

# KT REXNHME D6h, TIEELT RA, BDF T UHM R T oM, % Deh HIWH

TEWKFFHER D2h BAERL T

(continues on next page)

7. Module Functions




BDF-Manual

(continued from previous page)

Geometry
End geometry
Check

Group

SEND

7.2.8 Nosymm £¥43¢%4: Bool &

o BRA[H: false
5| BDF TE 11530 200 431 R FR i o

Attention: 555 Cl AR, —HMH TR, TR STE . BOANOLT, 2 TAkirs
W EEE R AR IER A (Standard orientation)

7.2.9 Norotate £¥3£%): Bool &

SR ANRE A AR e SRR ERR ] . 5 Nosymm N[, Norotate AN£x Z W41 HX AR, (H2%45+A
R BT, X B A T 174 A7 B A A o 2 B s B ) X RS R B T A B Bl
BREAT yz P L, BT xz FHEXSFRIK T, BRARE LT BDF 285 Hei B hrue s, S804 T
AbF xz Fifi . A A Norotate R DAS# il BDF #Ei%7K 5 FAL T yz PRI IGO0 N THE, HABSA T AR 7K
T CQv) XFRE, BB KD FRAAET xz P2 yz P, KT FRiEs 20T z i, B
THER 2T xz A yz 1o ABRRIZK > T4 T xy [, W4 & Norotate K244, PR A G Hs 7K 43 A % Bl
FHAERLT z Bh.

7.2.10 Unit 8338 58

o BRiA{H: Angstrom
e T[{%({H: Bohr, Angstrom

Bohr /R Ak A RN I B2, Angstrom FoR K EHALAIR

7.2, FIRERTALLIE - COMPASS #HiR 233
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7.2.11 Skeleton £#{3%): Bool &

€ 7E BDF TR P FR MR AL B 7y 5. BDF A W AR 1 BRI PR AL B 2 —Fi@ Se M X AR DL e
PEE, R T HER TR R 2R, AR TRIFRICRCE AR Sy, %O E R R R B
B BRBIE 1T, 40 SCF, MCSCF, MRCI, CCSD 4; ) —Fid B R = A S RIS Ie A AR 45, T2 Rt
SLAFAERT R AT B J5 AR 4y, FEM Hartree-Fock . Kohn-Sham DFT 53150, 3™ A2 X AR VE L A S84
I, KA. J5—FEOERR N Skeleton 753k, BPHIHE 2287 JE-FHITET ;. Skeleton J7¥AXf 45 Fh={ER D1
IR R LSRR

BDF 47 BN FH 28— R, a4 BROA G 56 Rk, (H2 vk T4 Fh 5 -HE ek e ik, 1t
522 ] Saorb 4] b4 3] 45— i ik .

7.2.12 Saorb £#3%): Bool &

16 £ BDF 115 o R AL B KON AE Gefi: . RIS TS -HE 5 R e TR A 75 LR 2 1% %
H#ii], % W, Skeleton SR .

7.2.13 Extcharge £#2%): Bool &Y

TEFAAE

TRAE VT EAM N ST, SMIN A FLAATBCEE 144 9 SBDFTASK extcharge B SCHF AR 3% SCIFINAANTE :
B AR, ATPAA AT

BATIA BN, € FHREZ DA

HEPRE, B NAT, AT A SHE, AR

Atom Charge xy z

7.2.14 Thresh 328 R

o BiA\{H: Medium
o T[{%(H: Coarse, Medium, Strict
i 72 FIWT > TR FRPERIRGEE . BDF 1 — MR A4 T R SCRF . compass BEERTT DA B Sl 3R 51431

JEIXIFRRE, HAE IR 2 TR ARG . T TR, 70T RTREA ™A Jm TR AR i, A
SR VAR T 73T SRR AR L

SCOMPASS

Basis

Geometry
C 0.00000000000000 1.39499100000000 0.00000000000000

(continues on next page)
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(continued from previous page)

© -1.20809764405066 0.69749550000000 0.00000000000000
@ 0.00000000000000 -1.39499100000000 0.00000000000000

End geometry
Thresh

SEND

7.2.15 Uncontract Z#35%): Bool &

Sit ) G P AR S i ) s B R BT B, e AR R T e e R .l T

7.2.16 Primitive Z#3:%): Bool &Y

P U AR A U S i R ek . A T i

7.2.17 Check &#3:%.: Bool &

R EAR AT B e Rl T

7.3 B. WHEFR7FITHE - XUANYUAN =R

XUANYUAN Fie 3 2 1R U 1B A B R HAF A 2 S

7.3.1 Direct £¥#i35%): Bool &

F87E SRR ELHAY SCF (Direct) 5. A1 BRI, A2 st

RO EAEH SCF AU Ty, #Z i Schwartz N5, 5G4 Fock JEFERITTRR , XA #EAT
PG . 24 5 R KT 300 Zgy, AT DAA A B 1R AR T SRR 40 1O #4F, HL3ZHF OpenMP
WZZHATIHE. BDF R Z 72T Fock-Like 5[4 (J 5 K AHEFE) myBik, 4 SCF, TDDFT ¥ 24
ST R A

Note: F14> B #%) SCF 1175 2 [ B AE compass B H /i1 | Skeleton JCgR], W4t 2 BN . KR E
F211) SCF 715 ] PATE compass ALELH Il Saorb 4] o
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7.3.2 Maxmem S8 : =FFB

T AR BLERY SCF XU TR T GAF KN e KIYGAF AT DA R P O UK i A O 0T

+MW 5505 +GW, 1 Word=2 Byte, [H it 512MW 54T 1024MB,

$xuanyuan

Maxmem

Send

7.3.3 RSOMEGA / RS &#{2t%). FaR

$5 & Range-Separated 77 (Rl CAM-B3LYP 2510 w (FELEESCHRAR 1 ) F %% RS 2 RSOMEGA [y [A] Y. 4

& DFT {i ] T Range-Speration 7 p%, WM ABLSEL. BUWEHINT

Table 7.1: FR1ETE Bl 20 B2 bR P w18

WEEESEZE | wiE
CAM-B3LYP 0.33
LC-BLYP 0.33
wB97 0.40
wB97X 0.30

$xuanyuan
RSOMEGA

0.33
Send

Sscf
dft

Send

7.3.4 Heff &34 8Y: ¥R

« BUAME: O

« WEEME: 0. 1. 2. 3/4. 5. 21, 22, 23
FREAR AR IS B, 3 -

o 0: JEAEXE, WHEME ECP iyfE L
 1: Sf-ZORA (R P/ )

236
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¢ 2: sf-IORA (REHEH P )

3. 4 of-X2C (T IRMAAIR, —BUH 3 BIAT)

* 5: sf-X2C +s0-DKH3 (JCHBERSr, Taie Hsoc A, KA FRE—LMIK) [12]

o 21: sf-X2C ([F] 3. 4, {HSCREARAT TR ) [27]

¢ 22: sf-X2C-aXR (FERT X HFET I sf-X2C, STRAMETSERNTR > B T4 [27]
* 23: sf-X2C-aU (fff i ¥ PGS 4 IE (A sf-X2C, SCREMRBTSACRIFR 4 B R [27]

$xuanyuan
Heff

3
Send

7.3.5 Hsoc &3 HY: ¥R

« A[REME: O 1. 2. 3. 4.5
T8E ANEPLE (SO) FUFIIRAL, (4:
* 0: so-le, fUIHHERH T SO 7).
* 1: so-le + SOMF, il 441 Fock HAFIHEXHL T SO Blor. W T TR, SORRIERN A
* 2: so-le + SOMF-lc, f#iffl iHuLSERIY SOMF . XFFAm T4, S fEtiem, THEITHE KRS T
* 3: so-le + SOMF-1c /nosoo, %[ 2 sy EiE-HEHiE (SO0) Fit
* 4: so-le + SOMF-1c / no soo + WSO_XC, R i DFT 4% SOO 5k
e 5: so-le + somf-1c / no soo + WSO_XC-2x, F24% Neese ({71, U DFT #R4> FfE PA-2 Sfifl SO0 Tk
« LAESHO E 10, FEH BP LR IEAF

. Xﬂﬁ ECP B2 (fififrst ECP B4, SOECP B4, 4y TARMHXHEEAMIRS), M—HEZIER 10,
HEBOAEEE. tgie {#4] BP so-le, Xy SOECP J5i1-i1 %5 SOECP f7), #rit ECP J5l HI4xH
?ﬂFPFHXT EIET AR, (HREH SRR MEHRRAR (I soint_util/zefflib.F90) .

Sxuanyuan
Hsoc

1
Send
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7.3.6 Nuclear &35 ¥
o BRAME: O
o H[E(E: 0. 1

FEE T AT L. O LR L O L. XF 1105 (Ds) ZHIMICE, 07
MR (RMS) #2442 Visscher #1 Dyall {LEB9%E (701 5 M Ds JUEIFHR, RMS Rl i A il
BB 9K):

(r?) ~ 0.57 + 0.836 A/
HA R A SRAAEZ 2 AT R [71,72]

A~ 0.004467 Z% 4+ 2.163 Z — 1.168

7.4 Hartree-Fock & Kohn-Sham H;&1#it&E - SCF {&EiR

SCF &bt 2 BDF fyiZ O it Bk > — | 34T Hartree-Fock 1 DFT 3144,
VR il

7.4.1 RHF | UHF | ROHF £#§2£%): Bool &

UNERAH Hartree-Fock 115, X = AS8h/ii 3 #% 1, Al T#5 Hartree-Fock 1312554,
e RHF Restricted Hartree-Fock
e UHF Unrestricted Hartree-Fock

¢ ROHF Restricted Open-shell Hartree-Fock

7.4.2 RKS/ UKS /| ROKS £#43%4: Bool &

QAR DFT 1158, X =ANSH8i 3 3 1, T DFT 115828,
¢ RKS Restricted Kohn-Sham
e UKS Unrestricted Kohn-Sham

¢ ROKS Restricted Open-shell Kohn-Sham

Ve R B L OB
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7.4.3 Charge &3i38): BH

« BOAfE: O
TRE D TR R AL

7.4.4 Spinmulti S¥¥T: B

o BOAME: XA TERRN 1, MR TERRN 2

TREN THARNARZEE. HRZELECH 28+1 (Hd S @A feMmzhi) , nTPA | A see ey
WF A - Bke Tyl TA+ LIRS, PSR RBIBTA Bl 100 B BERRTATE, A e B A
TARR AR B TR 1.

7.4.5 Occupy S¥E . BEHA

FHE BT AZOR 7 THUE O T SR BEE H T RHF/RKS 1155,

7.4.6 Alpha S5 : BHEE

LRk Beta 2cH .

7.4.7 Beta S33H): BHHA

Alpha Hi1 Beta P> AR , 1T UHF/UKS 3155, 73545 7E alpha B¢ beta HUEE AT 2208 i
FEHERH

7.4.8 Guess S HR: FHHR

o BRAMH: atom
e A[#E{H: atom, Hcore, Huckel, Readmo

TREPRBHZRAL, —A B AT atom % Heore. Huckel U, B IE#F LT o556 FE Heore 5 Huckel, #7

1. $BDF_TMPDIR/$BDFTASK.inporb
2. $BDF_TMPDIR/inporb

3. $BDF_WORKDIR/$BDFTASK .scforb

H:rf $BDF_TMPDIR /24 7j BDF 8 iyl if H 5%, $BDF_WORKDIR fy24 1 BDF 145 1% T1E H 5%,
$BDFTASK 44§ BDF {T.55 i i A SCIE 4 K5t 5 4 inp JERIR I FAT . BP0 B R P as—A4
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AR SCPE LB B, ISR I, sl I HE (R 25 MRS (B R B H AR,
FEFF 2 A 3 atom B, BRI A HUE 2 S6E T Lowdin IEXZIH—1k, #RJ5 4 T SCF 4L,

Hint: U HEE SO BUR4 BT SAE DAR 7 T HEA -

- JETHECE RIS AR ]

- SR HESI T 2 SR 5

- ) FERERL AU ] 5

R A L LA AU ] 5

. WA WA E YY) RHFE, RKS. ROHF o ROKS, A Wi{~itE 1y UHF 5 UKS.

BRI AN R ZHO RN ERAANE , BUIR AR HaAT. AIEZ B, Z R E S URE . Kb
H(1).(2). (3). (5) #wie, A (4) AR, ATPAM expandmo SEHCRHHIE SO BT AL B 2124
HIVHR T AR E, FEUE A 40%S (2 expandmo ).

—_—

[\

W

N

9}

4N, RS A SCEF mol-B3LYP-Energy.inp £ B3LYP/def2-TZVP K-V R4 T 5 AR5 T )
N RE, B MO06-2X/def2-TZVP 5 [F]—AN0 THE 5 — S5 N RS RE (B A SCE44 o mol-M062X-
Energy.inp), W54 mta), AT A LT B3LYP/def2-TZVP 7KF K iyl 6ei SCF i s :

cp mol-B3LYP-Energy.scforb mol-M062X-Energy.scforb

FHAE mol-M062X-Energy.inp ] $scf Ht L7

guess

readmo

BEIFZ AT mol-M062X-Energy.inp, B[R] 3524t B3LYP BRI SRy B eR B/ w045 (S48 BLYP FAGIHET
Fir IR 235 G5 R A Y T AR TR 32 BB ) o

7.4.9 Mixorb S¥3cR): B/ 7 S

FEHIE BLEH—E LBIEE TIR A . Mixorb JEIEE— T2 — A (U2 N) , FRFEIRGWHIE
XHECH 5 58 2 478158 N+LATRA TR 5 A, A FR 2R A MPEEXTIIE B . Hh R —17 s — ORI
47172 alpha 3542 beta #1138 (1 4 alpha, 2 34 beta; %}F RHF/RKS/ROHF/ROKS 18, #¥hdi-h 1); #—
MR FRR G AN AT ARG S O TS AT, Bt 1) 5= S EE
NRHEAHLUETE T EANTTAIR TS B (LIS 6, Ffi: ) FRBEXWiMHLEERA T
ARG

o FHIEB—AHIIE = cos 0 JFRAYE—DHIE + sin Ox 5P ZAHiE

o HHIEE “ANHUE = sin O JFORIEE —NPLE - cos 0x JFRAIEE —ANHLE
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— R Z R 0 = 45 1 0 = 90 WYt OL, HPA EAKAIAE, 0 = 45 M4 THEP AN PB4 H Bl
BE, BE—AFEAMCLHAPEMN— AR HEHIE 0 = 90 MY THEPIDNHUES . PAUTEGIHREE 3 4
ANALIFIRINE 10 > beta HEEANG 11 4> beta PUEBATFBIRS (BIACH THEAT AR PR IR T 5 -

$scf
UHF
guess
readmo
mixorb
1
2,3,10,11,45
Send

PATREEBIRSEE 5 MAITLZRIE T U 8 MBS, FIRHEREE 6 MR 3 14
TEAIE 4 ANMPaE A

$scf

ROHF

guess
readmo

mixorb
2
1,5,7,8,9C
1,6,3,4,90

Send

R HATE Guess 15 A Readmo K, A BB ] Mixorb, 5 I F P8 555 A SRR AT 2RI AE Bl
B RS, I TCVE NS N 24 TR AL .

DFT A5Gz o e it il
7.410 DFT S35 8

18 DFT IR A Kz K . 2L BDF SCRFISCHR KAZ 5126

7.4.11 D3 ¥ 3%: Bool B

F6EXT DFT {18 A Grimme [¥) D3 {6557 1E .
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7412 FACEX £343%): Fa R

Y& B HE ST Bl 32 H 5 R4 SVWN, SVWNS, PBE, PBEO, PW91. BP86. BLYP. B3LYP.
GB3LYP. B3PW91. BHHLYP. SF5050. B2PLYP i i& #4012 H 5 X FACEX. fi4nbA F#i ACK PBE ) HF
4RI LB RN 0% #Ck 37.5% , 153 PBE38 120K :

Sscf

DFT

facex

0.375
Send

7413 FACCO &R FxH

FeEZ R MP2 A5 CI LB yERH 7 A B2PLYP 32 o8 i P & XL FACCO. Bl AR 4 A G i
7 B2PLYP F{j FACEX #il FACCO, [fi}H & X MP2 ##3t H f) spin component scaling %% FSS #il FOS (£
JLomp2), HEXT DSD-BLYP iZ i

Sscf

dft

facex
0.75

facco
0.47

Send

Smp2
fss
0.60
fos
0.46
Send
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7.414 RSOMEGA / RS £#{k%): Fo R

$& 5 Range-Separated 7 R Il CAM-B3LYP 25 w (FLLEECHkFR 1) 2%8. RS & RSOMEGA [y[i] Xidl. 7
FKHIATE scf B (UH TR, EIHE xuanyuan B il & .

DFT B fiiBor e sidaibil S BOc Bt il
7.415 NPTRAD &:#y3¢%) . ##

T8 BEAV AR M . A BB TR, BRI RAREEE RS

7.4.16 NPTANG £&%j2:8): #H

TEEBER N B s . RSB BN TR, BRI RARERE %S

7.4.17 Grid £38: &R

o BAE: Medium
e A[#%{H: Ultra Coarse, Coarse, Medium, Fine, Ultra Fine, SGI

F87E DFT V1AM 2R 2.

7.4.18 Gridtype S3§3s8): R

o BRAMH: O
o ARE(E: 0. 1. 2. 3
¥82E DFT TR 5 M 1 s ik

7.4.19 Partitiontype S3§358): R

« BRIAME: 1
o AJHEfE: 0. 1

F5 & DFT ¥ S 4r #2551, 0 4 Becke 43#]; 1 4 Stratmann-Scuseria-Frisch 3%, —#%H P LE R %S
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7.4.20 Numinttype S¥3%): =R

« BOMHE: O

FEBEB TR IE . AR TSR, EEITREAREREZSH.
7.4.21 NosymGrid £%§35%4: Bool &

82 BUEAR D A 2 TR Frt, AU TR

7.4.22 DirectGrid /| NoDirectGrid £#43:%J: Bool &

Fe e BUER D RN HERU R, RERFRAUES (58 . X1 DirectSCF 2425l {#i J] DirectGrid. XA HE
DirectSCF 1§~ A4 Wb ZLffi [l NoDirectGrid. ASE—MH THIART, EFEITHATER € %S5

7.4.23 NoGridSwitch £#12%): Bool &

R EBER T I REAAS A . N TR R, BDF BRIA ] ultra coarse Z874A4% 5 24X JLIK DFT, |
TR, TR PR E AR S . NoGridSwitch 2058 il ANAS R /-4 5

7.4.24 ThreshRho & ThreshBSS & 3%): F =&

PR SR TR AR R, OUH TR I
SCF 53

7.4.25 MPEC+COSX £#§2£%): Bool #

F& 58 P 2 BRI FE 46 ¥ (Multipole expansion of Coulomb potential, MPEC ) J5 #3148 T #if4 , COSX ( Chain-
of-sphere exchange) J5 A5 K A, 7F Scf B SR HZ AR U2 7 Faf%s, BfE Compass
e e % K B 1] o

7.4.26 Coulpot 338y R

o BIME: 0
o WEE(H: 0. 1. 2

il MPEC T A AR 5 Ve 5 IR FAZ05 195 Vn SRR R . O A MEST AR /T35 Ve 5 Vs 124
M Z BRI Ve, MMM Voo 2 AR ZGURIFTE Ve, BUERMTH Vi,

244 7. Module Functions



BDF-Manual

7.4.27 Coulpotimax 3358y ¥R

o BUAME: 8

JE X MPEC J7 2 @It s s L{E.
7.4.28 Coulpottol S3y3cRy: R

o BUAME: 8, & K 1.0E-8

TE 2RI KRG RE R, OBk o
7.4.29 MPEC £#{3£%): Bool &Y

57 ) MPEC J7 ki1 55 T 40

7.4.30 COSX £#12£%4: Bool &Y

T COSX Jrikit 5 K il
SCF WSt il e ot il

7.4.31 Maxiter S35y &R

o TRA{H: 100
7E S SCF 113 A F REARRAL

7.4.32 Vshift 8. Fo8

 BUAfE: O
o AE(E: AR
o EBGER CHEUEAH 0/): 0.2~1.0

808 THIERRR A ZE . A Nkt BB RE i BT P E4UE, bABIR HOMO-LUMO fERR, i
B, Vshift (R, WSO FEBOR A 5 PR YG. (H Vshift (A RR S SEREENE . —BRAATED THY
HOMO-LUMO fgfte/N (AI/h2eV), H SCF I AEE AR AR, 475208 E Vshift,
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7.4.33 Damp £¥38: Faf

« BOAfE: O
o ALEME: KRTET 0. /T LAY
o EBGER CHEUEASH 0 R): 0.5~0.99

FREAW SCF AR5 _EVCGE N A A —E WHNR A (PG):=(1-C)*P()+C*P(-1)) , MIfifm# SCF
Bt Damp (i, WEGIFEBARZ S HIIRY, H Damp {H KK S FEONAEE . — A7 SCF 4%
e AR AT AR s, 4 75 2580 B Damp.,

7.4.34 ThrEne &¥{3%): FEaH

15 SCF WSt RE R (BA{7: Hartree).,
7.4.35 ThrDen &3{38): F o B

o« BA(E: 5.d-6

TR 7€ SCF IS 35 5 H 2 S B TG A1
7.4.36 ThreshConv &3 3R : FaE

] E SCF YOSy AE B AN FER I . 191

Sscf

ThreshConv
1.d-6 1.d-4
Send

ST

Sscf

ThrEne
1.d-6

ThrDen
1.d-4

Send
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7.4.37 NoDiis Z#§2:%: Bool &

5 A1) DIIS finsk SCF sl — MG 7E SCF RER ARCRIEE (> 1.d-5) #ikig Ask, H Damp
Vshift R, A7 245 % NoDiis.

7.4.38 MaxDiis S35 . 3

* BRAfE: 8
7€ DIS J5 AR 125 [ 4E%L -

7.4.39 SMH £%43¢%): Bool &

F& 7€ (i ] Semiempirical Model Hamiltonian (SMH) 75303 SCF W8k . %7 Xt T—Hkm G A &,
B2 10~15 % 1) SCF M4, X T AA BERAHERE . BIEALIIEER, MBS ey B2 . A%
D3RI AT S SR AR I R AR o R IAR DA RS L 2 — TR, R SRR SMH: (1) ROHF/ROKS
WS (2) AP T Smeartemp 5 (3) FEAFAIELRMAKES . BRIXLEEI SN, SMH —HEATF .

7.4.40 NoSMH £¥{35%): Bool &

FEE A SMH J5 A3 SCF 8.

7.4.41 Smeartemp SR Fo R

« BAfE: O
o A ARGSEEL (B Kelvin)

e AR IR, WRPIE I 2K 58 (Fermi Smearing) J7 VA MU HI LR FIE 1 484, Y1 BDF 412
f§ Jf] Fermi Smearing 7575, fxZ&HIEERALS T H T HifE (the electronic entropy) HTiHk, 4% M-TS_ele, M E_tot
HRP X — T (VERX — T2 Y, W2 Ui s 2 X — T 4 x5 ) mTAfS 2 TAER . Smeartemp
NPT 5 Vshift 5 SMH [FEHEH], AR ATH#E FLMO B 101 15 i i .

S TR SV WISV %

o HTHFEREEXT A5 M R sgm, DASH I T B0 g i AR M. B WK Smeartemp %
1000 BEATEEA AL, FTRARSE] 1000 K 4371 FArEiAe , BE B2 0 KRB PAF g i A A7 ).
TR S5 (0 X PG BOBOEIESE) WA I 451 2 PP S T A & P4, T4
S-S ZEAE O I B BB I B A A A T, B A ORI E H R Smeartemp 5% g ] i | 8 91 S By
EWRERBN Sy T AR AR EE R AR A DL, BR AR T RNT T S0 T BOlAS- i 2 AT 4544 o

* %}F HOMO-LUMO BeRR IR /Nl & BT LB R IR &, %07 BB EGE DFT s, (Hai
USSR, S T30 0 K "FAH[E Y SCF 4558, 75%/E Fermi Smearing T4 50 LT84
Jei s BEHUR SR E RN , RS AN 1] Fermi Smearing Y458, — ik T3k 3 B S BGIE S0 AL
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W R R I IR, AR AT pRYEE R 5000 K A A, XN ZAkiz R E S 10000 K 545, %)
HF % % 2} 20000 K Z545 .

* X HF 5 DFT @355 125 [ ARPERY IGO0, Smeartemp 45 B T 45215 G 23 X PRI PLE . HIANEE
T i) Kohn-Sham J¢ sREUA Do XFRME, (HAEIE 4B TR TR, PTRMSEIRFG Dan MFRME
I .

Fock Hil40f iy Ab sl DG ol i)

7.4.42 Sylv £3§3:%4: Bool &

FEiAE SCE IEACH ISR Sylvester J7 REM I kb T F AL, AU AXT AL, DAY TT AR 8] Bl :

Sscf

sylv
Send

XEFRRBIRHAR R (PIARE O T 1000, B E8H KT 10000) #9315, Fock HiFEXT AL b S5
YIS 16 355 N T 20, B DA SR i T AR AR S, DR B BRI A AR 1 et f e, I HLAT
PAFE3FI ] Fock HEFERFRBRIEMR T4 . (AFZERERZ, i SCF i Ss B BB A 2 IEMBE (R 5]
Mo, 405 FLMO, Ol S5 S 2 A R, S B e JRispiE ) , A el i piEskos
AR S [ ML DU L R BB SRR 25 AR ], e BRI S R S AR A AT SO A R — 2. I 215
IEMGE , 2455 5— A sylv CH i) BDF S ASCPE, SEBCY AT A SLE R 0ss , b e A
it 5.

7.4.43 Iviop SRy R

o BOAME: T

o AIREfE: 1-3

o HWE: 1

FEHITE SCF A A iVI ik, 7% Blkiop=7 k]

7.4.44 Blkiop $1358): A

o BOME: 4457E Sylv iF, BRIAEN 3, I TERIAE

o B 1~8, 4L SAL, DDS, DNR, DGN, FNR, FGN, iVI, CHC

o HWfE: 3

FaE Yo A Y, T AT IV FLMO 15T QAR & % o], BRIAHE T4 fa k.
TS 53 TSl i i 150 5 B
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7.4.45 Print 338 #BR

« FAME: 0

« AHE: 0. 1

SURTRF IR, #0 SCF fFT BNl
7.4.46 IprtMo S#435HRY . R

« BRNMHE: O
o« AREME: 0L 1. 2

PRI THUE R AP 0, ATE N THUE; #ich 1 (BOA), FTERIZPuE (AR
938 HOMO-5 £ LUMO+S) B9 %, RERE. ARG #Aich 2, THFMAHUER S fER. R

7.4.47 Noscforb £#13%): Bool !

SRR T HIEAE A scforb U

7.4.48 Pyscforb £%§3%): Bool &

PR SCF W SULIE 7 il Pyscf A%

7.4.49 Molden £#;{3:%): Bool &Y

PR3 T BB fi o Molden #53X,  DAMURZE 13 R LT«
MR Sl YRR B

AR VS B L PR T3 SR sf-X2C M0 S HR A8 (& (xuanyuan B He £ £ 80 21, 22, 5§
23).

7.4.50 Reled &%y &R

XFRF PR TS T ER T E A A0SR . TEOAE. D145 6 xuanyuan B RH TR
A nuclear =1 —EH.

KA Ze PRI IR A2 B il
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7.4.51 Checklin £#{3£%): Bool &

54 i) SCF AT LA MEM KA AL . BDF BRIANS DirectSCF PEAT R LA A2, DASRE oy o ) R SRk b
Kty SCF st

7.4.52 Tollin &4{3:8: Fafl

o BRIME: 1.D-7
25 1 JE 2 e MR A 1) L
mom Jj {15 il 5wl i

mom J&—Ff ASCF J53k, W DAl 5 il SCF 43 Uik AR G s HLE- 5 0046 o5 il s K B i SCF g
SENFAAS . mom JriKEH HAS W SANE

7.4.53 laufbau SR HE

o BOAME: 24 %08 T Occupy. Alpha B Beta 24 0, #5114 1
o AREME: 0. 1. 2. 3

5 SR 7 A BN AR 0 SR A & SRR — B0 1 ok I Aufbau BN ST
AR 2 B I mom Tk SR BUE SR, EDA SHREUR WTRERII AT BL RIS — B, SE A
Mixorb 34§l Al DASC B DeltaSCF Jy AT FEMA s 3 0 FRUFINL, IR I —MOEm A -

7.4.54 IfPair & hpalpha & hpbeta &#2%): xR

Ifpair ZH0457E T AL, #5E mom Jrikpg L1 %S, /15 hpalpha 1 hpbeta Z 405 . HL¥
PR A T B 1 A P B R U O

# —MoTF, EAaTHESRE 4 MITLERT, BRINBBEALTLHERT 1 W alpha 4FHE 5. 6 LH@ET
# % alpha ¥ 7. 8, AH#4%kF 3 B alpha #i# 3. 4 WETFEFLTHLRT 1 WHE 7. 8

Sscf

Ifpair

Hpalpha

o O O

2
5
8
6
9

o O b W
o O O o

Hbeta

700
8 0 0

o O

(continues on next page)
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(continued from previous page)

Send

7.4.55 Pinalpha & Pinbeta S3§3%): #®

FE [BE 17 THLIE -

7.5 SBEEZH - TDDFT ik

TDDFT PR T B BEE , TR Af Casida Jy RT3 T4 . TDDFT B3 ¢ TDDFT ({1
§f TDHF). TDA (f1f% CIS) %53k, AILMEBES MR EE 220 TR R . Hp SR I e2
AR R AT DA AL S U-TDDFT J5 ik AbBE, i8] DA B EVLRCHY SA-TDDFT (R X-TDDFT) SRAbFE,
%72 BDF R, BRitz 4, BDF &0 ff A ie#ie (SF-) TDDFT J5ik, 4% A i€ L& TDDFT Al
FIEl T ##% TDDFT, Wl DARIR TSRS A e A AL

IR B

7.5.1 Imethod &K R

o BRAME: M4SFEISH RHF/RKS B 1, 0% 2
© AHEME: 1

2 B T bR L ST B ¥ 84T TDDFT 314, 1 5 R-TDDFT, #7358 RHF/RKS %73 2 28 U-
TDDFT, #7524 UHF/UKS %745, Hh [ fEPCii X-TDDFT 5% M ROKS/ROHF H! %, %Jf| U-TDDFT,
FI A imethod=2,itest=1icorrect=1 7155 (WLF) . ZSHHHP— LT FohisE, BFS EshkiE R EHA
{E. YEZXT U-TDDFT 1 X-TDDFT, F&5F 2 SCRAEfl U/ S R b it

7.5.2 Isf ST . wBR

o BRAME: O
o M[E(E: O, 1. -1

i A HEAT spin-flip 49 TDDFT 1155, 0 4y no spin-flip (i{Ff spin-conserving, 147 & 4 Ms 15 575
MRS ) 5 1 spin flipup (FH55 Ms HUAEZSK 1 AMAEAS) 5 -1 24 spin flip down (7145 Ms HLEES/I 1
MR ES) o —DFpPIZ 2 imethod=1 H. isf=1 i, F2/7IHRMR =HAM Ms=0 /- IF Ms=1 34, [k
SR BERR %1455 spin-flip TDDFT 145, T /4B~ 4 spin-conserving R-TDDFT 14, YL isf A%
0 H. imethod=2 I}, itda MA%5¥HM 1,
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7.5.3 Iltda SR B8R

« BUAME: O
o IEE(E: 0. 1

245 ] Tamm-Dancoff approximation (TDA). 0 b A#i ] TDA #J TDDFT i15; 1 5 TDA {145,

7.5.4 lalda ¥R . BR

« BRAMHE: O
o WE(H: 0. 1. 2, 3. 4

152 TDDFT A2 #feAH 5%4% . 0 >4 full non-collinear kernel; 1 >4 non-collinear ALDA kernel; 2 A no-collinear
ALDAO kernel; 3 >4 full non-collinear kernel, 7=4: H HEF2% % ; 4 4 full collinear kernel.,

X isf=0 fYIT5E, ialda KEEFEIANEIEM . X isf AT 0 HZH N2 RHF/RKS B H AT, ialda
BN 2, N E RUERGE M BOARY 0 B4f . X isf 45T 0 ) TDDFT 45#4{i{k . TDDFT £({EMHIH
I NAC-TDDFT 4, ialda ibZiiich 4 (VR XETIAEERL, SEOHRZRAM ialda KT 4 WA RATT
b, FORSREEE falda AAET 4 K. a2y, isf A%T 0 IW#) TDDFT 45#4{ifk. TDDFT $U{EMHRII T
4R R AN BES TDDFT i RS R AR LY ) -

7.5.5 Itest & icorrect S 3R : R

« BME: O
o WIEE(E: 0, 1
24 Ttest. icorrect ZHIYW'E M 1, imethod 2, HE# 75K ROKS/ROHF Hf, i X-TDDFT 155,

7.5.6 iact & elw & eup ST : B FoR FoE

Tact=1, 15 VA RER FIRS FIR, $9% TDDFT SRR REEE O R L. Elw HiES8, ik
TFR, H¥fieV; Eup RiF a4k, aEm LR, HfieV,

7.5.7 Idiag ¥R . A

« BME: 1
o WIE(E: 1. 2. 3

5% TDDFT %} ffk k. 1 hET Davidson 5kt Afe; 2 hsedxtfth; 3 bivixtftk O
SR AR VLR ) o

X RIAEILZ —, BB idiag=3:
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o X ST K SIS AR m RS R (PRI iwindow SR B LR ) ;

o WREANRERIEKER AR ITAREES, HHESREAZ LRI ES, XADRZIEEN
MRS (BRI iwindow BRI AR S BEHT ) o

X RRFOL, #BT idiag=2:
s TRV, HREMEESEHAERZ, SaEs&E T 0 7 SR PuE SO s R .
XA, BBUTEOAR idiag=1.

7.5.8 Aokxc &¥3%): Bool &

e ET AO A5 4 2¢ Kernel %7 TDDFT [ Casida 45 4% 57k . %7 T AO-TDDFT i+, ERAFFE
aokxc, A IHETToFEHEE aokxc,

7.5.9 Iguess SFEHY: BRI

o TIHE(E: 10%x+y, Hxe{0,1,2}, ye{0,1}
o BRI W R DL R S5 BEY AO-TDDFT 184 20, H4E R T4 0

Y1) TDDFT WIAEH I s 4. X=0: XA IohFi; X=1: MU ARILEI RS X=2: BRI 5
Y=0: 7% Davidson/iVI A8 H[a) i3 #8215  Y=1: f74i¥% Davidson/iVI 24t Fr a3 #2 [7) & .

7.5.10 Itrans SH) . R

o WIEE(E: 0. 1
o« BRAH: O

FEHE AR B e A HE PR SR R B kA . (4SS F N ROKS, HIFZEATFEM sresp fi
PeifiT TDDFT B2, WA SIS TR, AT EITE NTO B, itrans A AR 1; Hrr, B¥ZEER
ROKS H 522284147 TDDFT-SOC 140}, itrans Moi% R 1.

Wi Sl O Bt o
7.5.11 Crit_ e 38 Fa i

o BOAME: le-7
7€ TDDFT 5 AE I SUSIE (507 Hartree).
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7.5.12 Crit vec ¥R FHR

o BRIAME: le-5
5 %€ TDDFT 153 oK AU U S -
TR A H Pl e st il

7.5.13 Iroot SR #BR

 BOAfE: 10
o AE(E: ARERA

4 iroot>0 1, FREAR T L3 T IS iroot ML, 24 iroot<0 I, 227 B R AT 20288 F M IG5
iroot MR, FEELF 1 AN AR T 40305 R RS2 0 MR, SR TRIF R T 30%, Fl—4
ORI T 4 B — ST, BI04 5 P 75, ELiroot=3 B, WOR W48 F &S0 3 4
BOER IS, A exit,

7.5.14 Nroot ¥R . BRI

MEENAT AR I EAREH PR . 41 Nroot 24 513, FRITE S ANETEH | PATARREBELS,
I DNETH 2 DA AFIRIBORAS, M3 NETHE 3 AT A TR RS . WERFEBHEE iroot Fl nroot,
nroot 4 Zmk ,

7.5.15 Ilwindow &3R8 : Fa¥A

TREVHAMRAS BE B/ B VT WIS . ARBTTAA, 24 P B0, — o DRy 2 TR RE R
KIGH ARIERE, AR R N NS AMRE B OGRHR EBACSHEH . I PARA
POLAREE , BHTINRESEH , EREGSRE RS BRTER, X RAREAN SR 2% 3 . 1 BDF JU)
SR AR E RO BE A PR IOTE R, (1 P ICTER LIRSS R R i S B H S S

Iwindow F) R —47 B4 6 & PANE U8, FORRERYBORVER], BEANEIENE AT AI—A~ A% (au/eV/nm/cm-
1), A GE RN, BN eV, Iwindow —fBEN S & iVI ik (idiag=3), MCFRRF AT AR £R
VI e R TS B N B T A O AS , BOAAEATISE . () IR SR AR B I TR e T 5% B AN A s
i, BRPAER - NEAGS F RS S, BRI E RSN BT P E R BE R CKTE R, AR
AFHARSESOZAS . BIPA N B AZOR T RO RELE 1~5 eV Z I P S

Stddft

idiag
3

iwindow

(continues on next page)
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(continued from previous page)

1 5 ev
Send

24 /1] Davidson J;¥% (idiag=1) I}, iwindow XHEFIIAATAGEH : GERVA NEBIA S idiag KT,
X2 2 Davidson J5 % & TDDFT BLRERIARIAS f L5 ik )

Stddft

iwindow
1 5 ev
Send

BERHEARY 1 (eV) Fgams, WEFETFITE S eV UNIITA MRS, MAEZEMATRERT LeV,
AN, FEFBEA GRS R4 PRAIETH ST ORI BT WU SHERTE 1-5 eV N, ARRE™ I RIERTATE 1~5 eV VY
WASH S PAT IR, (X R RE R P AT EAE SRS 9 R PRIE S B AE AT 0~5 eV DAY
WORAS, LI AR A R R iwindow [ iVI PHELE. SR 4 RE R R R FRAER m i (Hange
T XUFHRIRIGSET ), BIAnPA R A -

Stddft

iwindow
300 305 eV
Send

I Davidson J7{AETTIA 0~300 eV AUA RS EIR SRS GEIR, R KT HAYE T B8, T2 S
Davidson Jy A T2 RAF I A TR« BUi I b s iV 5 k.

Hint: Iwindow A 37540 idiag=2 [&] R .

2445 % iwindow i}, iroot. nroot X{FEF 1T AIEL A SEH BAE T . [EXFTEEFEE T iwindow A T
iVI 5, iroot. nroot X% 7 A BLAAAA — s ZAE DL N BAART — & A 3hikE GBEAY iroot,
nroot {H , {HI/DEUE N FREFBEEME T RES AL, SEFEF AL too small iroot/nroot, require xxx, but only yyy
provided”, JUHH R FAET R IMCHS TR ZAHE R EASEE , FIETT AR E A E N R . X
PP OL I P 24 ] iroot B nroot Y4 HIA A 293R8 FIBASE H B R T4 T xxx Y IERES, EFiEeT
T
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7.5.16 Maxid S$535): =R

VI JRIT 2 AR R HE R . — AR o0 T AR & H 3hittE G RO E, — BRI E /A, HAR/D
MEREA . RN FEF RS too small 1d xxx, require yyy”, WK maxld S K TF4T yyy RUIEEEEL, &
BT
7.5.17 Istore B3Ry : BRI

T BRI R B T2 5 istore B SCEFHT, DASS AR TR0

iR AL AT Bl s il
7.5.18 Nprt S3y3E80: R

FHEAETT R SHS AT EVAT nprt MECCSIER . 2 AR %E npre 3 nprt K45 TS AL
SEE, BT MASER .

7.5.19 Cdthrd S#%: F a8
FEEFT B4 XHE R T cdthed FIFLTE I A (E B
TD-DFT/SOC HIER V55 5

7.5.20 Nfiles S¥43cH) . =AY

A nfiles > TDDFT GRS AR E, PAZEAT SOC 1155

7.5.21 Isoc BT . B

o BME: 1
o W[IE[EH: 1. 2. 3

¥8€ TDDFT-SOC i1+8& . 1 M2 RITE; 2 h— i SOC i+5E; 3 M UFTHS MRS
[B]f%) SOC # &4 FETT, AX 4k SOC Hamiltonian,
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7.5.22 Ifgs %38 R

« BUAME: O
o IEE(E: 0. 1

552 TDDFT-SOC 8 2534575, 0 % TDDFT-SOC & A& RS, W EEEF RS E T
SOC i kA (RIERAS) Z MBI MERA, HIbEEL a8 SOC KIEMERE, ML R ESH
SOC #Z1E, {HARI5EI4 & SOC K IEM k& fk; 1 & TDDFT-SOC i+ B &L, SR ASF & SOC
KOERDERE, Hul AT SOC /R IE, {HikE 44 A TDDFT-SOC AbB iR B A SHEEARES 2 (—
MELA 10~100 NAATHE),, BN EASRER, MM s A RE.

7.5.23 Imatsoc ST BERIKEH

T8 E AT SOC 44T,

#SCF calculation for the singlet ground state SO.
$scf
spin

0
Send

#First TDDFT, singlets S1-S10.
Stddft

imethod

1

isf

iroot

10

Send

#Second TDDFT, triplets T1-T10
Stddft

imethod

1

isf

iroot
10
Send

(continues on next page)
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(continued from previous page)

Stddft

# R imatsoc<0, FrA K SOC 4 LA ITH;
# WF imatsoc=0, FITEHEM Soc 4% TT;
# WHE imatsoc>0, TH imatsoc N4 T

imatsoc

7 # RTHE 7 A soc ML, FEE 7 THREEHER 7 A soc EET
000211 # FHE Y00 0 RRES

000212 #3 MF “i m n" REHE “i” K TDDFT HE, % “m" NMAHNRTHE “n” M
111211 # W4 <S1 [HSOC | T1>

111212

112211

112212

211211

211212

Send

7.5.24 Imatrsf SR : B

« BRAMHE: 0
e AEE(E: 0. -1

1827 TDDFT-SOC 1 B, 1 HEAAESZ IR A KT A, imatrsf=-1 7] DAFT I FFA #1825 8] A9 BT
(TS

7.5.25 Imatrso SR : ERIHH

FRESTEI%IE SOC Z 5 Mgt A5 2 (B A BRIT (AR AR (DA KON 2 f 4R 35, AR 2 oK e L7153
PR AR R R ) o

STDDET

Imatrso

# BEFENH 5 ARESIFGRILBRE, FE 5 T4 T WAL B4 8 iy RIETMBRAE
#RXERE-1, WEAAFEEMEE, BFEXTHRES B H REERAE

# R BERE-2, WEAAFEEMAGE, BFEXTOMAESRESMTARAS R ESZ B KEBRAE,
# ERTAESRESMESRESZN, NWAFESRESTHASRES Z I iy KT FBRLE

5

N R e e
w w N e

(continues on next page)
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(continued from previous page)

2 4
SEND

ASRILTEHLIE (Natural Transition Orbital, NTO) 43 H¢

7.5.26 Ntoanalyze S¥}3¢%): BRI

fig 72 % TDDFT 13 FHLEZSAM NTO 4347 . %D BEAXSCRFIT DUR AR

STDDFT

istore

1 # %—/ TDDFT RRWASWH, H&th ToDFT HEHK, UEESEA
SEnd

$TDDET

Ntoanalyze

2 # HEXRANSH NTO AT

13 #HBEAE 1 ME 3 MHASH NTO AT
SEnd

AT S 8

7.5.27 Memjkop S:%4{3:%): R

PEHIAR > B TDDFT 1158 T, K SEAFI ARV, QSR BCH) WA AE BT A 1 I K S34F, TDDFT
FHE IR E WA —RREAEERY T, KA , @l 2 WA B e SR A AL BTl I, K 84T
W ZRBUPIT AR RCR.

7.5.28 Imemshrink SR . #BE

« BME: O
o H[EE(E: 0. 1

P> B TDDFT 3158 T K54, OpenMP HATH AFII B 73 0 A ABRARNAF & 10
WAk OpenMP F-ATAFEE TR, R FHR. WRITRM 0 TR FeAR, ZORAT AR H 732, memjkop
SROCHEAIRNAT, XA SER 2 YO RR S
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7.6 DF4EHL{t - BDFOPT &R

BDFOPT #5t8ui BDF 23170 T LM SE I AR, TR T HRAERAR /. RS MR SR A5
G HAMBSAR , A7 bdfopt BLBRAVHASCAE, HA R4 MBI S5 R WU AR IATRY, PRI “BREATT”
TR SR LA R EE

7.6.1 Solver ¥ HY: #E

o« BRAH: O
o A[BEMH: O, 1
Fa 8 LA ZE R AR A A SR A

Solver=0, BDF (i fflSMf1t DL-Find (AL 3537700, %0 1k 35 30 Rt 1 F ARBRER AR T, 6478
UM, SIS, SRR, R UNE . U MERSUS (MECP) %%,

Solver=1, BDF K] HAFAI AL SR AT 0L o

WERAETCRMARFR T (S0 ICoord K4 ) BEATRERM/IME . ISR, B Solver=1,
7.6.2 Maxcycle &$5358): R

TR ARMALLE. *T DL-Find fAb#%, BRIAEN 505 XFT BDF ik, BRIAME > max(100, 6% 5§
0.
7.6.3 TolGrad 8. Fa i

FeE 1 T BRI (RMS Gradient) SRR, #AL Hartree/Bohr, % DL-Find ffifb#%, BRIME A 2.D-4;

X} BDF flifbss, BRIAME R 3.D-4. %S EL ] IHARARA B 1 f K43/ (Max Gradient) [UCEbR % A TolGrad
M 1.5 1%,

7.6.4 TolEne &¥{3%): F oA

o BRA{H: 1.D-6
TR AL A SR I 20 e AL IR ShR e, PR Hartree. 1% Z4U{U%} DL-Find {EAL#5 A RL

260 7. Module Functions



BDF-Manual

7.6.5 TolStep &# K. Fo &Y

o BRAE: 1.2D-3

BB (RMS Step) HUULSIbniE, HAAL Bohr. %S HUUXf BDF (AL A AL, %S EF IR K
R i (Max Step) HYUSIPRIEBCA TolStep Y 1.5 .

7.6.6 IOpt %4358 . #BE

o BN 3
o W[HEMH: 3. 10 (24 Solver=1i}); 0. 1. 2, 3. 9, 10, 11, 12, 13, 20, 30. 51. 52 (34 Solver=0 i)

FEMALH AR, %F DL-Find fifbdt, %S4 L5 DL-Find i) 10pt 2848 SUHIH], 7wl DL-
Find Ffit; XFF BDF {ifbdt, SRR A 2 4> 10pt {i, 10pt=3 ({LALAR/IMEAR) H1 10pt=10 (ffbid i

&)

7.6.7 Trust 23R FoH

o BRIMH: 0.3
o WM JEEEL
BHYTER . 0.005 ~ 0.5 5-0.5 ~ -0.005

TE AL E AR (trust radius) o 24 EAF2PAR ¢ BOE N IERN , FE/F 0T IR EAR PR 80N 1, (H7ERE
JE S A B b ] RE AL DA D M Zh &S I s A B AR . 2 B AE r BUE N TR, REP
WItREASFARKFBON I, HEGSRZH I Bk RIEE SRR Slid I

7.6.8 Update &% =AY

o BOAME: XTARMESEE R 3, Xt ST h 2

o A[PEM: 0. 1.2, 3.9

¥R JUMI AL AR Hessian [ HT 20, 0 A5 EHr T A4 Hessian; 1 & Powell 3§13 ({{ DL-
Find S¢¥5): 2 AET ST Bofill HvE: 3 hi§ & L-BFGS Wik (Hifk#%k DL-Find), 75045 5E BFGS

SR 9 AT XIR/IMELA R Bofill SEFA . Qs 0 PASMIIMEL, WIRRFRAE LTI AL B 58 — S i BT 20 1
J13A %I U Hessian.
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7.6.9 ICoord 3% #HE

o AJHEfE: 0. 1

REBHEEE LA F B ARBRSEZY . f1 ICoord=0, SR E MAALHR; Ul ICoord=1, R TTARNALFR, X
+ DL-Find 1fifbgs, ERAME A 05 XIF BDF fitfbds, ERIAEN 1, HASZR: 1 DAAMAME.

7.6.10 ILine B32%Y: R

* AIRE(E: 0. 1

RSP E o G LA R h A TR R WAL R, WA T R . ILine=0 FIR
AT R, BWFRIA TR X DL-Find iy, BOAESH 05 X+F BDF fifbds, BOAEN
I,

7.6.11 Constrain ¥ 3% BHEF

RBEHE EIATL R ML (constrained optimization ), BIFEZ R —A sl 2K . A m A IS
T, RS THAMEBE. HAASEUUCR: BDF b . %8 5 m s 12— A, Ry
WHEH , WHN NG 55 24750155 N+1 47, 1750 Bk 2~4 DA a4 2 MRS, FoRIET
G IX 2 DB R T Z B ERAR S W4T 3 AR, FORIE TS N IX 3 AN JE T 2 TR Y
SRS s WA 4 DB, FORIRE TS X 4 ADEEE SR B I R4S .

$bdfopt

Constrain

2

15 #1 FRT-5 TRTZEHUFRE AL
148 #1 FRY-4 TRY-8 SRTMWRAYKE
Send

7.6.12 Hess S 3H): FH

e W[3E{H: only. init, final. init+final

€ VTR AE Hessian, 404 only, WALTTE%(H Hessian M ABULMEEH M. A%E Hessian 71551E
WA, FERHE Hessian X AT b0, S 8RS .. RanfaEsl. 066, WEE. 5. .
Gibbs [ f1 AESFEHE . W1y init, W& Seit 5 40E Hessian, S8 J5 DA A1) 46 Hessian $E17TUATZ5 R AL %05 ¥4
FEN T AESER T (BBOANET 27 135 19) 6 Hessian 6t = JE55) o 277 AN % Hessian £ 744
PR2EA AT Ak final, WP SEHEFTEE M OAL, IngsH DAkl sl, WIZENCSL LA 4544 3 B 4(H Hessian, Jf
PEATB A TR0 . FE A B AR P op, XA T BB B AR A opt+freq. 4174 init+inal, WU St
HAIAEUA Hessian, SR JEHEATILMTZ5RG AL, DRARISIUS PR T3 40(E Hessian, #2700 5 —~4U{ Hessian
HEAFBRR A TR 2E 00T, TR Rl — AN 4(A Hessian FE1 73X 285047
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7.6.13 ReCalcHess £33 Ry: #E

o AIRE(E: AR

Y BIE UM S, R S — R BE Hessian, (A% 28857, BRATE) U4kt AR R ANt
BE{H Hessian ([5IF+5 2 T Update=0).

7.6.14 NumHessStep S3358): F B

o BRAME: 0.001

o AL IESEHL

AGER : 0.001 ~0.01

5 E B Hessian P15, 31 TR (BA: Bohr).,

7.6.15 ReadHess £#13:%): Bool &

F5 %€ B2 SBDFTASK hess 1R £ # L ALK W14k Hessian (it SBDFTASK g 24 Bty A SUUFI) 4 7 49 5
Z%.inp 132 #7455 ) . SBDFTASK hess AJ DA HABA AT AR 557728, AR — & F5 2 A2 mIE5 e i3
IS I — 2L

7.6.16 RestartHess £#13:%): Bool &

TEEXPURAT 55 BT W 288

7.6.17 NDeg £:#43%): =R

o BRIAME: 1
o IR IEEERL

THELHE TSR TRIFE, AT AR P RSl A e, BT I ST A I R
PAEIESRIIFRE , Horp =SR] 9T BEAE T 1 ml i TS BT A T 9 30R i 4ERL (2400 1@ TR DURTERS 25 [R) fjF
BESET 1), BBERTHEEXT T ARARXNE TH A RS ARSI ST A e 2 ER (2S+1), MXTHIE T &
ATTEREAET 2041, P T Y i TSRS A S i TR TR I AR TR T EAET AR, NDeg
HUBRIME DA 1, J 2T 5 13 NDeg {8, X —mixt T IF7e 2 R A w7 Bt R TR R
L
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7.6.18 Temp &R EaiY

o BRIA(H: 298.15
o W[E(E: IESCEL
AT AR R T ez (B K)o

7.6.19 Press SR FHE

« BRIAE: 10
« T IS
HEAEA 4T3 R TAMEEAPHT (AL am).

7.6.20 Scale &R Fo B

o« BMAE: 1.0
o TE(E: IESEAL
FRAE IR AT BT IE R F

7.7 Hartree-Fock Gradient - GRAD Module

The GRAD module is used to calculate the resolved gradients of HF/MCSCEF.

Basic Keywords

7.7.1 Nrootgrad parameter type: integer

Specifies the gradient of that root for calculating MCSCF.

7.7.2 Maxiter Parameter type: integer

Specifies the maximum number of iterations of CPMCHF.
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7.7.3 IntCre Parameter type: integer

The memory size used to increase the storage of AO points is: intcre*256%1024*1024Bytes.

7.7.4 Ishell Parameter type: integer

7.7.5 Cutcpm parameter type: floating point

¢ Default value: 1.D-6

Specifies the convergence threshold for solving the CPMCHF equation.

7.7.6 Printgrad parameter type: floating point

¢ Selectable values: 0, 3. >99

Controls gradient printing. 0 is the minimum output; 3 is the contribution of the output single-electron term to the

gradient; >99 is for debug mode only.

7.8 DFT/TDDFT Gradient and Response Properties - RESP Module

The resp module is used to calculate the gradient of the DFT/TDDFT, the non-adiabatic coupling matrix elements
at the TDDFT theoretical level (including the non-adiabatic coupling matrix elements between the ground-state-excited
state, and the non-adiabatic coupling matrix elements between the excited state-excited state), and the response properties

such as the excited state dipole moment.

Basic Keywords

7.8.1 Iprt parameter type: integer

Controls the printout level, mainly used for program debugging.

7.8.2 NOrder parameter type: integer

¢ Default value: 1
¢ Optional values: 0. 1., 2

The order of the geometric derivative is currently supportedO only for (response properties that do not involve analytic
gradients, such as excited state dipole moments) and1 (analytic gradients), but not yet for 2(analytic Hessian). This

parameter requires that Geom be specified first.
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7.8.3 Geom parameter type: Bool type

This keyword does not require parameters and needs to be used in conjunction with the Norder keyword to specify

the first or second order derivative of the calculated geometric coordinates.

ptional values: 1. Gradient or fo-NACME:s; 2. Hessian (under development)

7.8.4 NFiles parameter type: integer

For TD-DFT response property calculations, specify which $tddft block to read; note that when this parameter is
equal to x, it does not simply mean that the xth $tddft block is read, but that the $tddft block with an istore value of x is

read. For example, the following input for a closed-shell molecule ($compass, $xuanyuan, $scf omitted)

$tddft
imethod
1

Nroot

1
istore
1

Send

Stddft
imethod
1

isf

Nroot
1
istore
2

Send

Sresp
geom
imethod
2
nfiles
2 #Calculate the gradient of the lowest triple excited state, not the.
—gradient of the lowest single excited state
#Because nfiles=2, only the second $tddft block (lowest triple.
—exclitation state) isore=2

Send
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7.8.5 Imethod parameter type: integer

* Default value: 1
¢ Optional values: 1., 2

Specifies whether to perform DFT ground state or TD-DFT excited state calculations. 1 is the ground state, if
specified2 , then it is the excited state calculation. In older versions of BDF the keyword is written Method, currently the

program supports both Imethod and Method, but in the future it may only support the former.

#Calculate the TD-DFT gradient of the first TD-DFT excited state
Stddft

Nroot

1

istore

1

Send

Sresp
geom
imethod
2
nfiles
1

Send

#Calculate the ground-state gradient
Sresp
geom

Send

7.8.6 Ignore parameter type: integer

* Default value: 0
¢ Optional values: -1, 0, 1
Data consistency check for TDDFT gradient calculation, mainly for debugging programs.

-1: Recalculates the TDDFT excitation energy, used to check that the Resp and TDDFT modules agree on the

energy calculation. For debugger use only.

0: Check if the Wmo matrix is a symmetric matrix. Theoretically, the Wmo matrix should be symmetric, but if
the TDDFT or Z-Vector iterations do not converge completely, the Wmo matrix will show significant asymmetry, and

the program will exit with an error and tell the user whether the Wmo matrix is asymmetric because the TDDFT did not
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converge completely or the Z-Vector equation did not converge completely. Note that sometimes the asymmetry of the

Wmo matrix can also be caused by some keyword input errors by the user.

1: Ignore the Wmo matrix symmetry check. The ignore setting should only bel set if the user has confirmed that the
TDDFT and Z-vector convergence thresholds are tight enough to not affect the accuracy of the computation unacceptably,
and that the keywords in the input file have been entered correctly, but the program still reports an error due to a failed

symmetry check, the ignoore should be set to 1.

7.8.7 IRep & IRoot parameter type: integer

These two keywords specify which/which state(s) of TD-DFT gradient or excited state dipole moment is/are to be

calculated. There are 4 cases:

a. Specify both IRep and IRoot: e.g. the following input

#Calculates the gradient or dipole moment of the 3rd root under the 2nd irreducible.
—representation (irrep).

irep

2

iroot

3

b. Specify IRep only: Compute the gradient or dipole moment of all roots under this integrable representation.

c. Specify IRoot only: for example

#A11l the roots under irreducible representation are sorted by energy from low to high,
— and then the gradient or dipole moment of the 3rd root is calculated
iroot

3

d. Neither is specified: calculate the gradient or dipole moment of all states obtained by tddft.

7.8.8 JahnTeller Parameter type: String

For molecules with certain symmetries, TDDFT structure optimization may lead to Jahn-Teller distortion of the
molecule if the point group to which the molecule belongs is a higher-order point group, but the distortion may have
multiple directions. For example, assuming that a molecule with Th symmetry has a triple-simplex excited state T2g,
the symmetry of the geometry of this state may be reduced to D2h, D3d, D5d or subgroups of these groups after the
Jahn-Teller distortion. Therefore, in the TDDFT structure optimization, the symmetry of the molecular structure may
decrease from the second optimization step. When the point group obtained by Jahn-Teller distortion is not unique, the

specific Jahn-Teller distortion can be specified by the JahnTeller keyword. For example,
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Sresp

JahnTeller

SEnd

The above example specifies that when there is a Jahn-Teller aberration and the aberration mode is not unique,
preference is given to the aberration mode in which the aberrated structure belongs to the D2h group. If it can be
deduced from group theory that the molecule will not undergo a Jahn-Teller aberration in the current electronic state, or
that a Jahn-Teller aberration will occur but will not result in a structure belonging to the D2h group, the program prints
a warning message and ignores the user input. If the current molecule will undergo a Jahn-Teller distortion but the user
does not specify a JahnTeller keyword, the program tries to maintain the higher order symmetry axis of the molecule
during the Jahn-Teller distortion. Still using the T2g state of the Ih group above as an example, if the JahnTeller keyword
is not specified, the molecule will distort to a D5d structure because this is the only way to maintain the fivefold symmetry

axis of the Th group.

7.8.9 Line parameter type: Bool type

Perform resp for linear response calculation.

7.8.10 Quad parameter type: Bool type

Specify resp for secondary response calculation.

7.8.11 Fnac parameter type: Bool type

Specify resp to calculate the first-oder noadibatic couplings vectors, which need to be used in conjunction with the
Single or Double parameters to specify the calculation of the ground-state-excited state and excited-state-excited state

noadibatic couplings vectors, respectively.

7.8.12 Single parameter type: Bool type

Specify the calculation of the ground-state-excited state non-adiabatic coupling vector.
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7.8.13 States parameter type: integer #{40
Specifies which states are calculated for the non-adiabatic coupling vector to the ground state. This parameter is a
multi-line parameter.

First line: Enter the integer n, specifying the non-adiabatic coupling vector between the ground state and the n excited

states to be calculated.

The second line to line n+1 specifies the electronic state in the format of three integers m i 1. m is the file number
of the previous TDDFT calculation istore specified storage, i is the i-th integrable representation, and 1 is the I-th root of

that integrable representation.

7.8.14 Double parameter type: Bool type

Specify the excited-state excited-state non-adiabatic coupling vector for calculation.

7.8.15 Pairs parameter type: integer #{43
Specifies which set of two excited states to calculate the non-adiabatic coupling vector between. This parameter is
a multi-line parameter :

First line: Enter an integer n, specifying that the non-adiabatic coupling vector between n pairs of excited states is

to be calculated.

The second to n+1 lines specify the electronic states in the format m1 il 11 m2 i2 12 six integers, with each three
integers specifying an excited state. m1 is the file number of the storage specified by the previous TDDFT calculation
istore, il is the ilst integrable representation, and 11 is the 11st root of that integrable representation. The other three

integers are the same.

7.8.16 Noresp parameter type: Bool type

Specifies that the response term of the leap density matrix is ignored in Double and FNAC calculations. This keyword

is recommended.

7.9 Energy and Charge Transfer - ELECOUP Module

Energy and Charge Transfer - ELECOUP Module :
1. Calculating the coupling integral between two electronic states of the same molecule based on HF;
2. Calculate the charge migration integral between two molecular sheets;

3. Calculate the energy migration integral between the excited states of two molecular sheets.
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Note: The HF-based calculation of the coupling integral between two excited states of the same molecule requires

the use of the ASCF method, usually using the mom function in the SCF module.

7.9.1 Iprt parameter type: integer

Print control parameters for debugging programs only.

7.9.2 UHF parameter type: Bool type

The coupling integral between the two electronic states is based on the UHF wave function.

7.9.3 Nexcit parameter type: integer

Specify the number of excited states per molecule.

7.9.4 GSApr parameter type: Bool type

Specifies whether to approximate the base state processing.

Calculate charge migration integral keywords

7.9.5 Electrans parameter type: integer array

This parameter is a multi-line parameter that specifies a number of pairs of Donor and Acceptor molecular orbitals
and calculates the charge migration integral between them. Format as follows.

First line: enter the integer n, specifying that the migration integral between n pairs of orbits is to be calculated

Line 2 to line n+1: input three integers i j k, i is the i-th track of Donor, j is the j-th track of acceptor, and parameter

k is 1 or 2, specifying alpha or beta tracks, respectively.

7.9.6 Dft parameter type: String

Specifies what exchange-dependent general function is used to calculate the charge migration integral. If you do not

enter this parameter, the same functional is used by default as when Kohr-Sham is calculated.

Localized excited states

7.9. Energy and Charge Transfer - ELECOUP Module 271



BDF-Manual

7.9.7 locales parameter type: integer

Specify the method to obtain the excited state of the localization.
 Default value: 0

¢ Optional values: 0, 1; 0 Boys definite domain method, 1 Ruedenberg localization methods

7.10 Molecular orbital localization - LOCALMO module

The LOCALMO module is used to generate delocalized molecular orbitals and contains methods such as Boys,
Pipek-Mezey, and a modified Boys delocalization. LOCALMO is also used to generate the initial molecular slice delo-
calized orbitals for the FLMO method.

Basic control parameters

7.10.1 Boys parameter type: Bool type

Specifies to use the Boys delocalization method to delocalize the track. boys is the default method for the LOCALMO

module.

7.10.2 Mboys parameter type: Integer type

Specifies the use of the improved Boys delocalization method, the next row is an integer, and the exponential factor

for the improved Boys method is specified.

7.10.3 Pipek parameter type: Bool type

Specifies to use the Pipek-Mezey delocalization method. The default is Mulliken charge, if the Lowdin parameter
is set, then the Pipek-Mezey method uses Lowdin charge instead of the default Mulliken charge. This method defaults
to the Jacobi rotation domainization track, if you need to specify the Trust-Region method, you need to use the keyword

Trust.

7.10.4 Mulliken parameter type: Bool type

Specifies that the Pipek-Mezey method uses Mulliken charges. Default option.
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7.10.5 Lowdin parameter type: Bool type

The parameter specifies that the Pipek-Mezey method uses the Lowdin charge.

7.10.6 Jacobi parameter type: Bool type

Specifies that the Pipek-Mezey method utilizes Jacobi rotational fixed-domain orbits.

7.10.7 Trust parameter type: Bool type

Specifies that the Pipek-Mezey method utilizes the Trust Region method for domaining tracks.

7.10.8 Hybridboys parameter type: Integer type

Selectable values: -100, 100

Specifies that the Pipek-Mezey or Boys localization method mixes Jacobi rotation with the Trust Region method to
localize the track. By default, the hybrid method is not used, if this parameter is added, the next input line must be an
integer. -100: Converts the virtual orbit to the Trust Region method to continue domaining only after the virtual orbit
has first been domained 100 times with Jacobi rotation or after the domaining has reached the convergence threshold
Hybridthre. 100: Converts the occupied and virtual orbit to the Trust Region method to continue domaining after the
occupied orbit has first been domained 100 times with Jacobi rotation or after the domaining has reached the convergence
threshold Hybridthre.

7.10.9 Hybridthre parameter type: floating point

Specifies the conversion threshold for the hybrid localization method.

7.10.10 Thresh parameter type: floating point

Specify the threshold for the convergence of the fixed-domain method, the input is two floating-point numbers.

7.10.11 Tailcut parameter type: floating point

¢ Default value: 1.D-2

Specifies the threshold value for ignoring FLMO tails.
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7.10.12 Threshpop parameter type: floating point

¢ Default value: 1.D-1

Specifies the threshold value for Lowdin placement.

7.10.13 Maxcycle parameter type: Integer type

Specifies the maximum number of cycles allowed for Boys domainization.

7.10.14 Rohfloc parameter type: Bool type

Specify the localized ROHF/ROKS orbit.

7.10.15 orbital parameter type: string

Specifies that the file is read into the molecular track.

$LocalMO
Orbital
hforb # Specifies the hforb read-in track from scaf computing storage

SEnd

7.10.16 Orbread parameter type: Bool type

Specifies that the molecular tracks are read from the text file inporb in BDF_TMPDIR.

7.10.17 FImo parameter type: Bool type

Specifies the projection LMO to pFLMO.

7.10.18 Frozocc parameter type: Integer type

Specify the number of double-occupied orbitals for indefinite domainization.
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7.10.19 Frozvir parameter type: Integer type

Specify the number of virtual orbitals for indefinite domainization.

7.10.20 Analyze parameter type: Bool type

Specifies to analyze a user-given fixed-domain orbit, calculating the number of occupied-empty orbital pairs and
MOS (Molecular Orbital Spread). To analyze the fixed domain orbits, a file named bdftask.testorb is read from
BDF_TMPDIR and the orbits are analyzed. This orbital file is in the same format as SCF’ s bdftask.scforb, both are text
files.

7.10.21 lapair parameter type: floating point

Specify the threshold value for counting the overlap of occupied-empty orbital pairs. By default, only occupied-

empty orbital pairs with an absolute overlap value greater than 1.0x10 * are counted.

7.10.22 Directgrid parameter type: Bool type

Specifies the calculation of the absolute overlap of the occupied-null orbital pair using the direct numerical integration
method.

7.10.23 Nolmocls parameter type: Integer type

Specify the occupancy track of the indefinite SCF.

7.10.24 Nolmovir parameter type: Integer type

Specifies the empty orbit of the indefinite SCF.

7.10.25 Moprt parameter type: Integer type

Specify the coefficients for printing the domain-definite molecular orbitals.
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7.11 Different Basis Set Expansion Tracks - EXPANDMO Module

The EXPANDMO module is used to extend the MO of a small basis group calculation to a large basis set MO.

The extended MO can be used for the initial guesses of the SCF and also for some Dual Basis calculations. In addition,

EXPANDMO can automatically construct the active space and initial guess orbits for MCSCF calculations using the

atomic valence active space.

7.11.1 Overlap parameter type: Bool type

Specify the expansion of molecular orbitals using the overlapping integrals of the small and large basis groups.

The Expandmo module dependency file is as follows:

filename description file format

$BDFTASK.chkfill | The check file for the small basis set calculation Binary input file
$BDFTASK.chkfil2 | The check file for the big basis set calculation Binary input file
inporb The MO file produced by the small basis set calculation text file input file
$BDFTASK .exporb | The extended MO coefficient file is stored in BDF_WORKDDIR | text file input file

#Calculate CH2 molecules with cc-pVDZ basis sets and extend molecular orbital.

—coefficients to aug-cc-pVDZ group for initial guessing of SCF calculations

# First
SCOMPASS
Title

Basis

Geometry

© 0.000000
H 0.000000
H 0.000000
End geometry
UNIT

Check
SEND

SXUANYUAN
SEND

$SCF
RHF

we perform a small basis set calculation by using CC-PVDZ.

0.00000 0.31399
-1.65723 -0.94197
1.65723 -0.94197

(continues on next page)
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Occupied
3 0 1 0
SEND

#Change the name of check file.

gmv SBDF_WORKDIR/chZ2.chkfil S$BDF_WORKDIR/chZ2.chkfill
#Copy converged SCF orbital to work directory inporb.
$mv SBDF_WORKDIR/ch2.scforb S$BDF_WORKDIR/chZ2.inporb

# Then we init a large basis set calculation by using aug—-CC-PVDZ
SCOMPASS
Title

Basis

Geometry

© 0.000000 0.00000 0.31399
H 0.000000 -1.65723 -0.94197
H 0.000000 1.65723 -0.94197
End geometry

UNIT

Check
SEND

7.12 Moller-Plesset Second Order Perturbation - MP2 Module

Mgller-Plesset second-order perturbation theory calculation module, mainly for implementing two-hybrid DFT cal-
culations. MP2 supports both RHF and UHF reference wavefunctions for the integral undirected symmetric matched-
orbit SCF-based algorithm (see Saorb keyword) and only RHF reference wavefunctions for the integral direct SCF algo-
rithm (by default, see Skeleton keyword).

7.12. Moller-Plesset Second Order Perturbation - MP2 Module 277




BDF-Manual

7.12.1 Nature parameter type: Bool type

Calculate the approximate density matrix and output the natural orbit.

7.12.2 Molden parameter type: Bool type

Output natural tracks as molden format files.

7.12.3 Iprtmo parameter type: Integer

Controls the track output print mode.

7.12.4 Fss, Fos parameter type: floating point

e Default value: 1.0

SCS-MP2 and the spin component scaling parameter used in some two-hybrid generalized functions. After cal-
culating the MP2 energy, the program multiplies the same-spin component by Fss and the opposite-spin component by

Fos.

7.13 Nuclear magnetic shielding constant calculation - NMR module

NMR is used to calculate the nuclear magnetic shielding constants of molecules.

7.13.1 igiao parameter type: Integer

Specify whether to calculate the NMR shielding constant for GIAQO, either O(do not do GIAO calculations) or 1 (do
GIAO calculations), the default is O and the input form is as follows.

igiao

1

7.13.2 icg parameter type: Integer

Specify whether to calculate the NMR shielding constant for COMMON GAUGE (CG), either O(do not do CG

calculations) orl (do CG calculations), with the default being 0, entered in the following form.

icg

1

278 7. Module Functions




BDF-Manual

7.13.3 igatom parameter type: Integer

Specifies the position of the canonical origin of the COMMON GAUGE calculation. The accepted input is either 0,
or a value from 1 to the number of atoms, with the default being 0. When igatom is 0, the canonical origin of COMMON
GAUGE is set at the origin of the spatial coordinates, while when igatom is a value from 1 to the number of atoms in the
molecule, the canonical origin is set at the atomic center of the first igatom. The input form is as follows. .. code-block::
bdf

igatom 3 # Sets the specification origin at the center of the 3rd atom

7.13.4 cgcoord parameter type: real 3 numbers

Specifies the position of the canonical origin of the COMMON GAUGE calculation to a coordinate point in space.
The default units for the input coordinates are atomic units (i.e. bohr, AU), whose units can be controlled by the parameter

cgunit.

cgcoord
1.0 0.0 0.0 # Enter 3 real numbers and place the canonical origin on a point with.

—spatial coordinates of (1.0, 0.0, 0.0).

7.13.5 cgunit parameter type: string

Given the units of the cgcoord parameter, the default is atomic units (i.e. bohr, AU), which can be changed to

angstrom by entering angstrom. For other inputs (e.g. bohr, AU, etc.), the coordinates are in atomic units.

cgunit
# The units of the cgcoord coordinates, which default to atomic units,
— and when the input is angstrom, the canonical origin coordinate units are angstroms
# Other inputs (e.g. bohr, AU) have coordinate units in atomic units.

—and inputs are not case-sensitive
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EIGHT

H 5 EA

8.1 ;rfl 1: itE SCF ReEHE. &t

BB FH % test003. zip

SCOMPASS
Title
H20 Molecule test run, cc—pvc

Basis

cc—pvdz

Geometry

O 0.000000000 0.000000000 0.369372944

H 0.000000000 -0.783975899 -0.184686472

H 0.000000000 0.783975899 -0.184686472

End geometry

$END

SXUANYUAN

$END

$SCF

RHF #Restricted Hartree-Fock

Occupied

3011 # HEEMTHRT L TREFRE T EENRBLRL A 3. 0. 1. 1
# O WRAFERERETH, MAXCENMNTLHRTLH G EEE, WENA
#Charge., SpinMulti Tidf Occupied FkiItE, WEZTHF 4 &

$END

$SGRAD # WH HF BE. E& DFT HEFEMSRESP Wik SGRAD, EKNTH 11

$END

$BDFOPT # M. SBDFOPT BT W E & )5, WH M E 7 SCOMPASS Hfu1 SXUANYUAN H: 2 |

SEND
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8.2 Rl 2: BANRFIMIRE & $EIAXTERME

BB 4% test006.z1p

$COMPASS

Title

Basis

Geometry

C 0.00000000000000 1.39499100000000 0.00000000000000

© -1.20809764405066 0.69749550000000 0.00000000000000

C 0.00000000000000 =-1.39499100000000 0.00000000000000

C -1.20809764405066 -0.69749550000000 0.00000000000000

© 1.20809764405066 -0.69749550000000 0.00000000000000

c 1.20809764405066 0.69749550000000 0.00000000000000

H 0.00000000000000 2.49460100000000 0.00000000000000

H -2.16038783830606 1.24730050000000 0.00000000000000

H 0.00000000000000 -2.49460100000000 0.00000000000000

H -2.16038783830607 -1.24730050000000 0.00000000000000

H 2.16038783830607 -1.24730050000000 0.00000000000000

H 2.16038783830606 1.24730050000000 0.00000000000000

End geometry

# BOAAR®E RHITE, B D(6h)

$END

$xuanyuan

Send

Sscf

RHF #Restricted Hartree-Fock

Send

SCOMPASS

Title

Basis

Geometry

© 0.00000000000000 1.39499100000000 0.00000000000000

C -1.20809764405066 0.69749550000000 0.00000000000000

@ 0.00000000000000 -1.39499100000000 0.00000000000000

© -1.20809764405066 -0.69749550000000 0.00000000000000

C 1.20809764405066 -0.69749550000000 0.00000000000000
(continues on next page)
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1.20809764405066 0.69749550000000
0.00000000000000 2.49460100000000
-2.16038783830606 1.24730050000000
.00000000000000 -2.49460100000000
-2.16038783830607 -1.24730050000000
2.16038783830607 -1.24730050000000
2.16038783830606 1.24730050000000

oD T D T DT Q
(@)

End geometry
Group

# ¥ % D6h M
$END

$xuanyuan

Send

Sscf
RHF #Restricted Hartree—-Fock
Send

$SCOMPASS
Title

Basis

Geometry
© 0.00000000000000 1.39499100000000
C -1.20809764405066 0.69749550000000
@ 0.00000000000000 -1.39499100000000
C -1.20809764405066 -0.69749550000000
C 1.20809764405066 -0.69749550000000
© 1.20809764405066 0.69749550000000
H 0.00000000000000 2.49460100000000
H -2.16038783830606 1.24730050000000
H 0.00000000000000 -2.49460100000000
H -2.16038783830607 -1.24730050000000
H 2.16038783830607 -1.24730050000000

2.16038783830606 1.24730050000000
End geometry
Group

# &% D3h KA

SEND

$xuanyuan

O O O O O o o

O O O O O O O O o o o o

.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000

.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000

(continues on next page)
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Send

Sscf
RHF
Send

SCOMPASS
Title

Basis

Geometry
C 0.00000000000000
@ -1.20809764405066
© 0.00000000000000
C -1.20809764405066
© 1.20809764405066
C 1.20809764405066
H 0.00000000000000
H -2.16038783830606
H 0.00000000000000
H -2.16038783830607
H 2.16038783830607
H 2.16038783830606
End geometry

Group

1.39499100000000
0.69749550000000
-1.39499100000000
-0.69749550000000
-0.69749550000000
0.69749550000000
2.49460100000000
1.24730050000000
-2.49460100000000
-1.24730050000000
-1.24730050000000
1.24730050000000

# dE cev HA

SEND

$Sxuanyuan

Send
Sscf
RHF

Send

SCOMPASS
Title

Basis

Geometry
© 0.00000000000000

1.39499100000000

.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000

O O O O O O O O O o o o

0.00000000000000

(continues on next page)
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-1.20809764405066
0.00000000000000
-1.20809764405066
1.20809764405066
1.20809764405066
.00000000000000
-2.16038783830606
0.00000000000000
-2.16038783830607
2.16038783830607
2.16038783830606
End geometry

T D D T DT Q Q Q Q Q
o

Group
D (3d)
SEND

$Sxuanyuan

Send

S8GiE
RHF
Send

SCOMPASS
Title

Basis

Geometry

0.00000000000000
-1.20809764405066
0.00000000000000
-1.20809764405066
1.20809764405066
.20809764405066
0.00000000000000
-2.16038783830606
0.00000000000000
-2.16038783830607
2.16038783830607
2.16038783830606

onomoT- = - om Q Q Q QQ Q Q
[

End geometry
Group

.69749550000000
.39499100000000
.69749550000000
.69749550000000
.69749550000000
.49460100000000
.24730050000000
.49460100000000
.24730050000000
.24730050000000
.24730050000000

# % D3d KB

.39499100000000
.69749550000000
.39499100000000
.69749550000000
.69749550000000
.69749550000000
.49460100000000
.24730050000000
.49460100000000
.24730050000000
.24730050000000
.24730050000000

O O O O O O O o o o o

O O O O O O O O o o o o

.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000

.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000

(continues on next page)
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# % D2h mE

SEND

$xuanyuan

Send

Sscf
RHF
Send

SCOMPASS
Title

Basis

Geometry
© 0.00000000000000
@ -1.20809764405066
© 0.00000000000000
© -1.20809764405066
© 1.20809764405066
€ 1.20809764405066
H 0.00000000000000
H -2.16038783830606
H 0.00000000000000
H -2.16038783830607
H 2.16038783830607
2.16038783830606
End geometry
Group

.39499100000000
.69749550000000
=1
0.
0.
.69749550000000
.49460100000000
.24730050000000
.49460100000000
.24730050000000
.24730050000000
.24730050000000

39499100000000
69749550000000
69749550000000

# HE c2v mE

SEND

$xuanyuan

Send

Sscf
RHF
Send

SCOMPASS
Title

O O O O O O O o o o o o

.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
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Basis

Geometry

T DD D DT Q Q Q Q Q Q

0.
=1

0.
=1.
.20809764405066
.20809764405066
.00000000000000
.16038783830606
.00000000000000
.16038783830607
.16038783830607
.16038783830606

00000000000000
20809764405066
00000000000000
20809764405066

.39499100000000
.69749550000000
.39499100000000
.69749550000000
.69749550000000
.69749550000000
.49460100000000
.24730050000000
.49460100000000
.24730050000000
.24730050000000
.24730050000000

End geometry
Group

# AR Cc1 KA

SEND

$xuanyuan

Send

Sscf
RHF
Send

O O O O O O O O o o o o

.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000
.00000000000000

8.3 ;=¥ 3: DFT itHE

BB 345 test012. 21p

SCOMPASS
Title

Basis

Geometry

O 0.000000000
H 0.000000000
H 0.000000000

0.000000000
-0.783975899
0.783975899
End geometry
$END

0.369372944
-0.184686472
-0.184686472

(continues on next page)
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SXUANYUAN

RS

0.33d0 # 48 % Range-Seperated 7 & W 7%
SEND

$SCF
RKS #Restricted Kohn-Sham
Occupied
3011 # AEEMNTHART S TREF NG F EEGREHRLF A 3. 0. 1. 1
DFT
CAM-B31lyp # 6% DFT 48 w3 #utl X & &
$SEND

8.4 rf3l 4: 1&ISAERI DU/RBEFORIRIEMEE

BB P H R test029. zip

# 1st task
SCOMPASS
Title

N2 Molecule test run, CC-PVTZ

Basis
CC-PVTZ
Geometry
N 0.0000 0.000000 1.05445
N 0.0000 0.000000 -1.05445

End geometry

Unit
Bohr # 15 AT KE AL
Group
D (2h) # 1% D2h RFH
SEND
$xuanyuan
Send
$SCF
ROHF #Restricted Open—-shell Hartree-Fock
charge # BEHK 1
1
spinmulti # HRSEE 2

(continues on next page)
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SEND

# 2nd task
SCOMPASS
Title

Basis

# 3-21G

Geometry

N 0.0000 0.000000 1.05445
N 0.0000 0.000000 -1.05445
End geometry

Unit

SEND

$xuanyuan

Send

$SCF
ROHF
charge
1
spinmulti
2
$END

85 w5 AREHR

BB 3458 test 031 . z1p

SCOMPASS
Title

Basis

Geometry

@ -0.66500000 0.00000000 0.00000000
@ 0.66500000 0.00000000 0.00000000

(continues on next page)
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H -1.14678878 0.96210996 0.00000000
H -1.14678878 -0.96210996 0.00000000
H 1.14678878 -0.96210996 0.00000000
H 1.14678878 0.96210996 -0.00000000
End geometry

$END

S$XUANYUAN

SEND

$SCF

UHF #Unrestricted Hartree-Fock

spinmulti

3 # HRZEE 3

Alpha

30110211 # #8& alpha ¥ beta MEBEM LA KT dHEREKHE
Beta

30010210

SEND

8.6 /~f5l 6: B EEEIAR

B N8k test032. 2z1p

#!test032.bdf

HF /cc-pvdz scan

geometry

)

H 1 R1

H 1Rl 2 109.3

R1 0.8 0.05 4

end geometry
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8.7 RfI 7: EFWEHFI% Cholesky 4 figfy SCF it&E

BB 4% test033. z1p

SCOMPASS
Title

Basis

Geometry

C 0.000000 0.00000 0.31399
H 0.000000 -1.65723 -0.94197
H 0.000000 1.65723 -0.94197
End geometry

UNIT # R AR E A

Group
# AR c1 KR
$END

SXUANYUAN
SEND

$SCF
RKS #Restricted Kohn—-Sham
Dft functional

numinttype # B
11
SEND

SXUANYUAN
Cholesky

1.d-4 # XWAREFROM Cholesky 4f, REF EMmEE
SEND

Sscf
RKS
Dft functional

numinttype
11
Send

(continues on next page)
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SXUANYUAN
Cholesky

1.d-5
SEND

Sscf
RKS
Dft functional

numinttype
11
Send

SXUANYUAN
Cholesky

1.d-6
SEND

Sscf
RKS
Dft functional

numinttype

11

Send

SXUANYUAN

Cholesky
1.d-4

SEND

Sscf

RKS

Dft functional

numinttype
11
Send
SXUANYUAN
Cholesky
1.d-6
$END
(continues on next page)
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Sscf
RKS
Dft functional

numinttype
11
Send

8.8 =fil 8: EF RI-J iy DFT it=

BB N test041. zip

#H###AAH##F C(2v) group is used

SCOMPASS
Title
Basis
Geometry
O 0.000000000 0.000000000 0.369372944
H 0.000000000 -0.783975899 -0.184686472
H 0.000000000 0.783975899 -0.184686472
End geometry
RI-J # ERW AR E
# B ENAEN
Group
# K cov BE#
SEND
SXUANYUAN
SEND
$SCF
RKS #Restricted Kohn—Sham

dft functional

gridtype # 5% DFT WERHEEAMEA B K&
100

SEND

SSCF

(continues on next page)
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RKS
dft functional

gridtype
100
SEND

$SCF
UKS #Unrestricted Kohn—Sham
dft functional

gridtype
100
SEND

$SCF
UKS
dft functional

gridtype
100
SEND

tH###FFAAFAAAF C(L) group is used
SCOMPASS
Title

Basis

Geometry

O 0.000000000 0.000000000 0.369372944
H 0.000000000 -0.783975899 -0.184686472
H 0.000000000 0.783975899 -0.184686472
End geometry

Check

RI-J

Group

SEND

SXUANYUAN
SEND

(continues on next page)
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$SCF
RKS
dft functional

gridtype
100
SEND

$SCF
RKS
dft functional

gridtype
100
SEND

$SCF
UKS
dft functional

gridtype
100
$END

$SCF
UKS
dft functional

gridtype
100
$END

8.9 =il 9: THHEEFRE ELHXRRS

BRI 345 test062. zip

SCOMPASS
Title

Basis

(continues on next page)
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Geometry
0.000000
1.332000

-0.574301

-0.574301
1.906301
1.906301

T - Do Q Q

End geometry
Group

SEND

$xuanyuan

Send

Sscf
RKS
dft functional

threshconv
1.d-10 1.d-8
Send

.000000
.000000
.928785
.928785
.928785
.928785

o O O o O o

.000000
.000000
.000000
.000000
.000000
.000000

#Restricted Kohn—-Sham

# 5= SCF WSk gk EA

$cp SBDFTASK.scforb S$SBDF_WORKDIR/SBDFTASK.scforbl
%cp S$BDFTASK.scforb SBDF_WORKDIR/S$BDFTASK.scforb2

$COMPASS
Title
Basis
Geometry
© 0.000000 0.000000 0.000000
© 1.332000 0.000000 0.000000
H -0.574301 -0.928785 0.000000
H -0.574301 0.928785 0.000000
H 1.906301 0.928785 0.000000
H 1.906301 -0.928785 0.000000
C -0.000000 0.000000 3.500000
© 1.332000 -0.000000 3.500000
H -0.574301 0.928785 3.500000
H -0.574301 -0.928785 3.500000
H 1.906301 -0.928785 3.500000
(continues on next page)
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H 1.906301 0.928785 3.500000
End geometry
Group
Nfragment
2
$END
$xuanyuan
Send

# calculate Electron and hole transfer integrals
# Hole transfer: Donor HOMO to Acceptor HOMO

# Electron transfer: Donor LUMO to Acceptor LUMO
Selecoup

electrans

2 £ 2 SRR HTH RS

8 8 1
9 91
dft

SEND

# calculate excitation energy transfer integrals

# S-S and T-T coupling: Donor HOMO->LUMO Excitation to Acceptor HOMO->LUMO excitation

Selecoup
enertrans

2

8 98 91

8 10 8 10 1
dft

iprint
1
SEND

Selecoup
enertrans

2

8 98 91

8 10 8 10 1
dft

(continues on next page)
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orthmo

iprint
1

SEND

Sxuanyuan
rs # 5% Range-Seperated % &
0.33

Send

Selecoup
electrans
2
8 8 1
9 91
dft # note: this calculates CAM-B3LYP coupling matrix elements upon PBEQO orbitals

SEND

Selecoup
enertrans

2

8 98 91

8 10 8 10 1
dft

iprint
1
$END

Selecoup
enertrans

2

8 98 91

8 10 8 10 1
dft

orthmo

iprint
1

SEND

&database

(continues on next page)
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fragment 1 6
123456
fragment 2 6

7 8 9 10 11 12
&end

8.10 /rf 10: P DI/REEXTFRLEHIRY TD-DFT HETTHHE

BB FE R test063. zip

SCOMPASS
Title

Basis

Geometry

O 0.000000000 0.000000000 0.369372944
H 0.000000000 -0.783975899 -0.184686472
H 0.000000000 0.783975899 -0.184686472
End geometry

$END

SXUANYUAN
SEND

$SCF
RKS #Restricted Kohn—-Sham
dft functional

SEND

#Full TDDFT

STDDET

iprint

3

iroot # F—NIAThRTHE 1 MIHAA

1

istore # ¥& ¥ TDDFT W HAERFHAES 1 /> TDDFT R XHE, W&E S TDDFT # E it 5 (# F
1

crit_vec # 46 TDDFT 5 3K & %l sk B (H

1.d-8

crit_e # &% TDDFT 4 # B AE

(continues on next page)
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1.d-14
SEND

Sresp

geom

method # #% TD-DFT WAAWHE

2

iroot # HEWH stddrt ERWHERERMKES (HF 1 AN8) WHE (EREFERN 182 X&)
1

nfiles # WA HWE (1) FEFfD L STDDFT #HZEH istore H—%

1

Send

8.11 /rf5l 11: DFT EXTHEITE

BB N 8 5%E: test065.zip

$COMPASS
Title
H20+ grad
Basis
cc—pvdz
Geometry
O 0.000000000 0.000000000 0.369372944
H 0.000000000 -0.783975899 -0.184686472
H 0.000000000 0.783975899 -0.184686472
End geometry
group # 8 E TR AR R A
c(2v)

SEND

SXUANYUAN
SEND

$SCF

UKS #Unrestricted Kohn-Sham

dft # DFT exchange—-correlation functional B3LYP
B3LYP

charge

1

spinmulti # HERWHFRTANARSER, EH 25+1=2

2

(continues on next page)
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SEND

Sresp
geom

Send

8.12 /rfl 12: JERIDUREEXTFRIE T #t1T TD-DFT BEMITE

BB N test068. zip

SCOMPASS

Title

Basis

Geometry

€ 1.20809735 0.69749533 -0.00000000
C 0.00000000 1.39499067 -0.00000000
@ -1.20809735 0.69749533 -0.00000000
€ -1.20809735 -0.69749533 -0.00000000
C 0.00000000 -1.39499067 -0.00000000
© 1.20809735 -0.69749533 -0.00000000
H 2.16038781 1.24730049 -0.00000000
H 0.00000000 2.49460097 -0.00000000
H -2.16038781 1.24730049 -0.00000000
H -2.16038781 -1.24730049 -0.00000000
H 0.00000000 -2.49460097 -0.00000000
H 2.16038781 -1.24730049 -0.00000000

End geometry

thresh # HIBF T xEAE Y B R

$END

SXUANYUAN

$END

$SCF

RKS

dft functional
# for SF-TD-DFT, a larger amount of HF exchange is required than
# for spin-conserving TD-DFT. Thus, for most organic molecules,

# BHHLYP (cx=50%) is recommended over B3LYP (cx=20%).

(continues on next page)
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BHHLYP
SEND

$TDDET

isf # isf=1, spin flip up

1

iprint

3

iroot # B—ARTHERTHE 1 MREA
1

istore # save TDDFT wave function in 1st scratch file
1

ialda

4 # collinear kernel

crit_vec # & TDDFT 5 3 & Bk sk
1.d-6

cEilt_& # ¥ TDDFT #H a2 RS HAME
1,e=¢

$SEND

Sresp
geom
method # &% TD-DFT ¥ AASHE
2
iroot
12 # the first and the second lowest roots
nfiles
1
jahnteller
1 # follow irrep component 1

Send

8.13 /~"fl 13: &F TDDFT MIELABETE

BN 855 test081.zip

Scompass

title
PhCOMe

basis
def2-SVP

geometry

(continues on next page)
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T m =Z Q O O D D m D T Q Q Q QQ Q Q

end geometry

unit

nosymm

Send

SXUANYUAN
SEND

$SCF
rks

dft

SEND

Stddft
isf
1
ialda
4
iroot
2
crit_vec
1.d-6
crit_e

1.d4-8

#

.3657620861
.4915224786
.2618953860
.1436118499
.2879147462
.0183382809
.5627800515
.3630645857
.9523568496
.1604797959
.6948496439
.3897478526
.5733215239
.8017552120
.9771560760
.9780678476
.1205416224

.8928163606
.3493223987
.7463412225
.3999193588
.1871091769
.7824607425
.9313968857
.1868310874
.4075513123
.3598389310
.9629708946
.0915327760
.1533492423
.9131221777
.6352720097
.6353463569
.8569277129

Set unit of length as Bohr

# Restricted Kohn-Sham calculation

# ask for bhhlyp functional

request for triplets (spin flip up)

use collinear kernel

B AR T4 RFHE

i

S

(NAC only supports collinear kernel)

TDDFT 5 # & Uk sk (&

TDDFT 4% ¢ & W s B {1

.0000770328
.0001063823
.0001958732
.0000964543
.0000824391
.0001740921
.0001389666
.0002094148
.0003833263
.0001836001
.0003304312
.0002927344
.0002053903
.0003595831
.6803279168
.6789597597
.0002044899

(continues on next page)
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istore # £ ER BTG, save TDDFT wave function in lst scratch file
1

iprt # e RN R E

2

Send

# EX-EX NAC

Sresp

iprt

1

QUAD # 8% resp HATZMm Rt H

FNAC # % resp WHE—MELNBELHE
double #double AWAS-WHASELNFEEME
method # {2 TD-DFT W AAWE

2

nfiles

1

pairs # HETHIRHARKSZE N ELRFFGE T E
1

111112

noresp # 6§ F Double Fu FNAC it H 4w SRIT 55 & 48 [ HY vl B T
Send

8.14 x5l 14: FREIMEEHRMILLIRFATEERE) SA-TDDFT itH

BB 84 test085. zip

Scompass
title

NO2 constrainted geomopt
basis

6—-31GP
geometry

N -1.94323539 0.95929024 0.00000000
O -2.69323539 2.25832835 0.00000000
O —-0.44323539 0.95929024 0.00000000
end geometry

thresh

medium

Send

Sbdfopt

(continues on next page)
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solver
1
constraint
1 # Number of constraints
12 # Fix the bond length between atom 1 and atom 2

# If more constraints are included at the same time, simply add more lines
# If angles are to be fixed, use 3 atom numbers
# If dihedrals are to be fixed, use 4 atom numbers

Send

$xuanyuan

Send

$scf

roks #Restricted Open-shell Kohn-Sham
dft

b3lyp

spinmulti

2

Send

STDDFT

imethod #2 k U-TDDFT
2

itest # must specified in SA-TDDFT
1

icorrect # spin-adapted correction to U-TDDFT, must be specified in SA-TDDFT
1

iprt
3

itda
1

iroot
2

istore # save TDDFT wave function in 1st scratch file, must be specified
1

crit_vec # #4% TDDFT 4 3 & Sk & b 18
1.d-6

crit_e # % TDDFT 5 & WSk (E
1.d-8

gridtol # A EE N RS EE
1.d-7

$END

(continues on next page)
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Sresp

geom

method # 3% TD-DFT ¥ ARAWE

2

nfiles

1

iroot # WENH tddft ERWEWE - NSHHE

Send

8.15 /R 15: HHHBNEdi¥: (spin-flip) ) TDA

BB N 3B test098.2zip

SCOMPASS

Title

Basis

Geometry

N 0.00000 0.00000 0.5582
N 0.00000 0.00000 -0.5582

End geometry
group

SEND

SXUANYUAN
SEND

% echo "SVWN SCF "

$SCF

ROKS #Restricted Open-shell Kohn-Sham
DFT

charge
1
spinmulti
2
$END

(continues on next page)
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% echo "SVWN spin-flip TDA "

STDDFT

IMETHOD
2

ISF

ITDA
1
ialda
2
iroot
20
MemJKOP
2048
SEND

#ask for U-TDDFT

# ask for spin-flip up TDDFT calculation

#ask for TDA

% echo "BLYP SCF "

$SCF
ROKS
DFT

charge
1
spinmulti
2
SEND

% echo "BLYP spin—-flip TDA "

STDDFT

IMETHOD
2

ISF

ITDA

ialda
2
iroot
20
MemJKOP
2048
$END

# ask for U-TDDFT

# ask for spin-flip up TDDFT calculation

#TDA

(continues on next page)
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% echo "B3LYP SCF "
$SCF
ROKS
DFT

charge
1
spinmulti
2
$END

% echo "B3LYP spin-flip TDA "
STDDET

IMETHOD

2

ISF

ITDA
1
ialda
2
iroot
20
MemJKOP
2048
SEND

SXUANYUAN
rs
0.33
SEND
% echo "cam-B3LYP SCF "
$SCF
ROKS
DFT

charge
1
spinmulti
2
$END

(continues on next page)

308 8. HflkEA




BDF-Manual

(continued from previous page)

% echo '"cam-B3LYP spin-flip TDA "
STDDET

IMETHOD

2

ISE

ITDA

IDIAG

ialda
2
iroot
20
MemJKOP
2048
$END

8.16 il 16: IOl itH (BEF5HHEMIKFZR SCF itH)

BT AP test106.21p

# autofrag: a Python-based automatic fragmentation driver. Automatically
# fragments an arbitrary molecule, and prepares the BDF input files of the
# fragments (xxx.fragmentyyy.inp) and the global system (xxx.global.inp).
Sautofrag
method

ioi # To request a conventional FLMO calculation, change ioi to flmo
nprocs

2 # Use at most 2 parallel processes in calculating the subsystems

Send

Scompass

Title

Basis

Geometry # snapshot of GFN2-xTB molecular dynamics at 298 K

© -4.2028 =1, 1506 2.9497
C -4.1974 -0.4473 4.1642
€ -3.7828 0.9065 4.1812
€ -3.4934 1.5454 2.9369

(continues on next page)
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Z oD =D QO Q- & QT Q Q
|
w

Q
i
|
S

| | | | | | | | | |
o U1 oy oo oUW W

|
~J

m Q@D O @ m QD @D Q@oD @D o@D Q@D D QD Z2 @D @D QD @D QDD Q@m 2 o
| |
L =

|
w

.4838
.7584
.6123
.3035
.1684
.7159
.1506
.3495
.8779
.2554
> 9923
.6402
.8651
.3636
L4286
.5305
.4848
.5772
.1485
.8803
L2124
.4606
.3720
.7308
.8415
.8246
.7415
L7736
.8723
L7911
7773
.5107
.0564
.1510
.5290
.0054
L2224
.9636
.8611
L7773
.5145
.0308
.7858

.8240
.5191
.8793
.0061
.2214
.1988
.6292
.9087
.6687
.3937
.5989
L7763
.0100
.6632
.97175
.2960
.4392
.3876
.5393
.3760
.5750
.7754
.6699
.9469
.9938
.8244
.9365
.4887
.2143
.2324
.3908
.9108
.0823
.6033
.1358
.6820
.3823
.1502
.4210
.0861
.9086
.9184
- 6522

P o W o o b 01> O O N Ul

.7363
.7505
.0715
.9269
.8030
.9297
.2183
.3473
.2878
.3124
.4076
.0362
.1859
.7847
.0366
.0482
.0261
.6303
.7839
- 8959
.7031
.2653
.3034
.7870
.0424
.0837
.7484
.8943
.3196
.6563
.1393
.4646
L1142
.7836
L1412
.6847
.8639
L7739
.8855
.6209
L2227
.3736
.1906

(continues on next page)
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© -5.5414 4.6280 1.3533
H -5.8612 3.8081 0.7198
H =5,9086 4.3451 2.3469
H -6.1262 5.5024 1.0605

End geometry
MPEC+cosx
Send

$xuanyuan

rs # the range separation parameter omega (a.k.a.
0.3

Send

Sscf
rks

dft

iprt
2
charge
2
Send

$localmo
FLMO
Send

mu) of wB97X

8.17 RBI17: MAMAZHEESHERGETE

BB 345 test 116.z1p

Scompass

title

basis

RI-C
# RI-MP2 auxiliary basis =
geometry
-0.6347196970
-2.5637570606
-0.0589873685

def2-TzVP/C

-2.4888833088
-2.5802060356
-3.4710591095

-0.0001987285
-0.0187542806
1.5591466837

(continues on next page)
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@ O m

H
end geometry

unit

MPEC+cosx
Send

Sxuanyuan

Send

Sscf
rks

dft

D3
Send

Smp?2
Send

.0283791648
.5661204194
.1735090569
.3916890605

.4872452297
.8752419284
.0640211402
.8947369696

.5375008955
.0000247838
.0014981011
.0002005778
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APPLICATIONS

9.1 BBHTE/RE

1958 4F-, R. L. Mossbauer 7ERFSE v SPAIRMACILGS, KT B2 R . B RERLFS (isomer
shift; 6'%) JEEIE/RIGH BN S 82—, BT B R 575 B 140 2 A P A
HARH . M FAFERFER SN, SEUR T MBI G R R AR, T 675 STk FE MR AU,
BERTDARBRIFE R TR EALSS, A, VARG . B/ RIER 7 — A EEWN SR 2 N2, K
PRI A% P DUAR AR5 J 1A% ]l LS BB (electric field gradient; EFG) Z[EJRAHEAEM . BEAL, 257
ETOMES T, TR TR, B K it & Zeeman 33

SIS AIPAFIR N EICEAEM IR K R A FIS KR R o “H 835" (effective contact density; ED) &{
“Pefih s (contact density; CD) ZARfb By gk %

5" = a(pa — pr)

=alpa—C)+p
PAEPIAS AR A 42 7 #2 (calibration equation) , Jirp 675 2 A R A AHXTFZ IR R 1 [ T e R
SEEe{H, ED 8 CDH pa Fl pr WA ISR, o F1 68 BREHUGISEL Hb o WA E HEL
(nuclear calibration constant), C 2{F&E R, —KEED B CD MEHHY . Z S pr FISHAEERE, —%
ME— Mo TilE.

Note: CD {5 7& i T FHE A T2 23 21 ), BT DU — A S T AR (— SR 4z
ODPCERE R, BHARR I — RIS % EHOMBCTY ) s ED £ 58 TR FEEMAES S0, RN
HIEEA, RE2MBFITEME CD, M7 BDF 115 ED, —EFHI{WH LB R (S 03k [73] () Table
S2. S3), B AT AR o

N T HERTR ED AN A (i, FREH AN AR
o T RRA MRS, AR S AT ] BE 2 R EUL R IRE! I EAE xu-

anyuan ¥ E nuclear =1,

o TEEEEARIERY. . X T EH ISR W S UL s BT AR S 0 A A S FEA IR R,
2 A AEARTS T LN B p AR R FAZMHE A 27 (S W3CHR (73] 19 Table S6) , ATiXT p X
JCE MY ED 1 e PEFE . 76 BDF ] DU sf-X2C I 5 i ml H fry 42 14625 R bR S AHRHE RO, i
xuanyuan B he ££ =21 (F5ifE sf-X2C), 22 (sf-X2C-AXR), #( 23 (sf-X2C-AU) F5iA.
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9.1.1 & (°'Fe ) {LEMMFRIEMEE

Y STRIRICRI RS JLRIE T exp(—E2) , MBI ARE B, #it 200 keV 5, — AR AEILINE] B /R
B, S 5 B AR . TTFe SR THE A SRR A B2 —, At fEBng i,
RIS R R BT K5

T3 ED F2AERREN (Wil s iriaBaRm ) 1Y s BYmlr i s 804 R HE R 4 B e R 1A% B i
M5 XA p AT/ p KOTE, IFZAHEREER p B ek g, 520 i bn e i 5L 4
WAMFEER . BBORH ce-pVnZ Blal ANO B4 ARG S, FHEH Ay s L (p KITRIEH p hE)
PR AEAL B . FEDA R 4 TAIRETHE Y, BRI ANO-R2 4] (AR = THEE), FHHE s ekl
HEALRR, W2 MR s BRB A R 143, HARIREE A 6 B5CH O, SRS F B 344 (41 ANO-R2-ED).
HT205G 4p T, p RECREE . 48 ANO-R2-ED i HUTIHHEWERT, LEmmitEEm (T
#4559 ano-r2-ed.zip ).

AT T BRI — R AL AP HEA T A IR 3 Bz s IS T3, {Z Kkl PBEO, AHXFIE MG BN
sf-X2C-AU, [ TERASMIRICR 4T def2-TZVPP B4, EFE Kr JURZAlE T4 734, mAVEIEH
SHEM, EATHT 18 BICRMHNE TR VR . FEZ TR T 447K H Sk [74] - DA FeFe* ™ SAfil,
AT :

Scompass

title

basis-block

def2-tzvpp

Fe = ANO-R2-ED
end basis
geometry # AFEALI, Bfi: %

Fe -0.000035 0.000012 0.000014
2.116808 -0.003546 0.032360
-2.116824 0.001611 -0.030945
.003602 2.164955 0.001902
0.001648 -2.165219 -0.003295
0.032586 0.003638 2.109790
F -0.030580 -0.001452 -2.109825

L3 I I I 1 L |
|
o

end geometry
MPEC+cosx # f#fl MPEC+COSX Anik
$end

$xuanyuan

heff # sf-X2C-AU; WH ED sk 21-23 w#—4
23

nuclear # BHAMRBEA,; ED LMEH 1
1

Send

(continues on next page)
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Sscf
charge
-4
spinmulti
5
uks

dft functional

grid # DFT 5 ED RERKEH R

sgl
reled

26 # AU Fe ¥ ED (HTAM, 10 £ 26 WEKEN)
Send

WRSEIUR, 7E SCF 1l {H B2 5 nT AT E] ED 4521 :

Relativistic effective contact densities for the atoms with zZa > 25

PAREL R, SERH BB A2 719 ED W8 (M A SO T #8863 ed-fe.zip ). ED 4558 DAM 675 52
B fi [74] 5UF F 3

Table 9.1: #RMRAL A" R SRl FE

SF 2S+1 o1S (mm/s) ED ( bohr—3)
FeCl,*~ 5 +0.90 14551.76
Fe(CN)g*~ 1 -0.02 14555.78
FeFg*™ 5 +1.34 14552.68
FeCly ™ 6 +0.19 14553.98
Fe(CN)g>~ 2 -0.13 14556.08
FeFg*~ 6 +0.48 14553.01
Fe(H,0)¢>" 6 +0.51 14554.12
FeO,2~ 3 -0.87 14558.17
Fe(CO)s 1 -0.18 14556.37
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X SCHHR TG, SRR
615 = —0.29226(p4 — 14550) +1.6089, R? =0.85

UL AR ZE LR, X AT REAE DA T I PR A -
IR N4
2. B R R X S I B S R A PR, SRR A SR RN — B PRI R
B[75] . HRARERL [76] ATRESE i .
3. BRHSLEL S WA I, T, BE A OE AR s R AR R ) T
TR, ST SE A R R T 67 . BN IR IR R AR (77], A R
Z REHE T FAFE] ED Jy 14554.25 au., fARUEFFLAGE] 675 Sy 0.37 mm/s, 5525 {E 0.53 mm/s [77] FhA
L.

9.1.2 HHERRMLEVAXEMEENIZTEH

X 4d VAERICER, SRRIEOAR SR EGEA B DA AR IR TAZME A 7oA, R AN —
S RIS A U HR R, BN, 2R co-pVnZ Hink ANO ZU ARk A R BEE Y 4-6 4~ s B iiE i o (p KE
JCRAEHE p M0, EATNERIR R AT LR AR

Ina; =A+iB, i=1,2,...

WL LGRS A, B, FREdsME (0 ARFEEC0.5 B-1) , BIMIS 3 LI ) S s 4. —BhmA
2-5 ANTEREUSRY s BRAC 1-3 ASTEREUSH) p s BT L 20K, (H2 2kl 10 1 DA RS e, il
AE T NEATE -
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FREQUENTLY ASKED QUESTIONS

10.1 Restart an interrupted computing task ?

The BDF supports breakpoints for a selection of common tasks, including:

1. SCF single point energy: Use the guess keyword to read the molecular orbital of the last SCF iteration of the
interrupted task as the initial guess. Specifically, just specify the first guess as readmo in the $scf module, and

rerun the input file.

Sscf

guess
readmo

Send

2. TDDFT single-point energy : When the TDDFT task is interrupted and idiag is not equal to 2, the TDDFT excitation
vector of the last TDDFT iteration (Davidson iteration when idiag=1, iVI iteration when idiag=3) of the task can
be read as a first guess. In this case, when idiag=3, only the computation with C(1) symmetry allows for breakpoint

sequencing.

The way to continue the calculation of the TDDFT task breakpoint is as follows:: The TDDFT task is broken by
reading the converged SCF wave function of the interrupted task with the gue s s keyword in the $scf module and
specifying the TDDFT excitation vector of the interrupted task with iguess in the $tddft module. Assume that
the input file is

Sscf

Send

Stddft

iguess

21
Send
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where the tens digit 2 of iguess=21 indicates the selection of the tight-binding initial guess (but this is not necessary
for this example, i.e. the following discussion also applies to iguess=1 or iguess=11), and the single digit 1 indicates
that the TDDFT excitation vector for each step is written to a file (when idiag=1, the excitation vector is saved
(when idiag=1, the excitation vector is stored in a file with the suffix .dvdsonvec*; when idiag=3, the excitation
vector is stored in a file with the suffix .tdx). If the task is interrupted, the breakpoint will be continued by changing

the input file to:

Sscf

guess
readmo

Send

Stddft

iguess

11 # or 10, if the user is sure that the job will not be interrupted again

Send

where guess readmo is to read the tracks of the previous SCF iteration, thus avoiding wasting time to re-run
the SCF iteration, and iguess=11 with a decimal 1 means to read the TDDFT excitation vector from within the
.dvdsonvec* or .tdx file as a first guess. See tddft subsection for details on the meaning of the various values of

iguess.

Note that: (1) due to the characteristics of the Davidson and iVI methods, the number of TDDFT iterations saved
by the above methods is less than the number of iterations saved by SCF breakpoint sequencing under the same
conditions, so unless the TDDFT iteration of the previously interrupted task is close to convergence, breakpoint
sequencing may not save as many iterations as computing from scratch; (2) TDDFT does not by default The TDDFT
excitation vector in the iteration is saved to the hard disk; you must specify iguess of 1, 11 or 21 to save the TDDFT
excitation vector in the iteration to the hard disk. If the previously interrupted computation does not contain this
keyword, it is not possible to perform a breakpoint continuation. The main reason why the program does not save
the excitation vector for each step by default is that the resulting hard disk read/write time may not be negligible,

so the user needs to weigh the need to specify saving the excitation vector when performing the calculation.

3. Structure Optimization: just add the restart keyword to the $compass module, see compass subsection.

4. Numerical Frequency Calculation: add restarthess keyword in the $bdfopt module, see the bdfopt subsection.
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10.2 How is BDF referenced ?

The first step in using a BDF is to cite the original text of the BDF program [1, 78, 79, 80] ., In addition to this, the
different functions of a BDF should also be used with references to the corresponding method’ s article, see the section

on Citation Notes instructions.

10.3 False excitation energy/complex excitation energy problem for
TDDFT calculations

If the ground state wave function is unstable or if the SCF converges to a state that is not the true ground state, the
TDDFT calculation will suggest the appearance of false excitation energy and, rarely, even complex excitation energy.
The false and complex excitation energies have no physical significance. When using the Davidson method, the program
gives a warning Warning: Imaginary Excitation Energy! and gives the modes of all imaginary/complex excitation
energies after convergence of the iterations; when using the VI method, the program gives a warning Error in ETDVSI:
ABBA mat is not positive! Suggest to use nH-iVI., and the subsequent calculation does not try to continue solving
for the imaginary/complex excitation energy, but only for the real excitation energy (so when using the iVI method, one
cannot conclude that the system does not have excited states with imaginary/complex excitation energy just because the
final converged excitation energy is all real). In this case, the ground state wave function should be re-optimized to find a

stable solution, or the TDA should be used to calculate the excitation energy.

10.4 Available Memory and Computational Efficiency of J and K Op-
erators for TDDFT

The keyword MEMJKOP of TDDFT module can be used to set the maximum available memory for TDDFT to
compute J and K operators if the number of roots required to be solved by TDDFT is large and the default memory of
the program is not enough, which makes TDDFT computation less efficient. For example, if 4 roots are required to be

computed, TDDFT gives the following output.

Maximum memory to calculate JK operator: 1024.000 M
Allow to calculate 2 roots at one pass for RPA ...
Allow to calculate 4 roots at one pass for TDA ...

The maximum available memory for calculating JK operators is 1024M, where the unit is megabytes (MB). In case
of RPA (i.e. TDDFT) calculations, 2 roots are allowed per integration calculation, and 4 roots are allowed for TDA
calculations. If the user requires TDA calculation, one integration calculation will get JK operators of all roots, and RPA
calculation needs to calculate the integration twice, which reduces the calculation efficiency. You can set MEMJKOP to
2048MB to increase the memory so that only one integration is computed for each iteration step. Note that the actual
physical memory used is about 204§MB*OMP_NUM_THREADS , i.e. it needs to be multiplied by the number of
OpenMP threads.
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10.5 Calculating segmentation fault with available stack area mem-
ory

If a segmentation fault occurs in a BDF calculation, most of the time it is caused by the user not having enough
memory available in the stack area, and under Linux, the available stack area memory size can be set with the ulimit

command.

First enter the command :

Sulimit -a

The output prompt is as follows:

core file size (blocks, -c) O

data seg size (kbytes, —-d) unlimited
scheduling priority (-e) O

file size (blocks, —-f) unlimited
pending signals (-i) 256378
max locked memory (kbytes, -1) 64

max memory size (kbytes, -m) unlimited
open files (-n) 4096

pipe size (512 bytes, -p) 8

POSIX message queues (bytes, —-qg) 819200
real-time priority (-r) O

stack size (kbytes, -s) 4096

cpu time (seconds, -t) unlimited
max user processes (-u) 256378
virtual memory (kbytes, -v) unlimited
file locks (-x) unlimited

Here stack size (kbytes, —s) 4096 means that the user has 4096KB of memory available in the stack

area, which is only 4 megabytes, and can be accessed with the command

ulimit -s unlimited

Set an unlimited amount of stack area memory available to the user. Many Linux distributions have limits on the
stack area. Strictly speaking, there is hard limit and soft limit on the size of the stack area memory limit, and normal
users only have permission to set the stack area memory smaller than the hard limit . If ulimit -s unlimited

prompts an error

Sulimit -S

—-bash: ulimit: stack size: cannot modify limit: Operation not permitted

You need to change the hard limit of memory in the available stack area with your root account or contact your

system administrator to resolve the issue.
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10.6 OpenMP Parallel Computing

BDF supports OpenMP parallel computing and requires the number of available OpenMP threads to be set in the

run script as follows:

export OMP_NUM_THREADS=8

Here is set up to have a maximum of 8 OpenMP threads available for parallel computing.

10.7 OpenMP’ s stack area memory size

Intel compiler available stack area memory, especially when using OpenMP parallel computing, the intel compiler
puts dynamic memory from the parallel area into the stack area to obtain higher computational efficiency. Therefore, the

user needs to set the size of the available stack area memory for OpenMP in the BDF run script as follows :

export OMP_STACKSIZE=2048M

Here the available stack area memory size of OpenMP is set to 2048MB. Note: If you use OpenMP for multi-thread
parallelism, the total heap memory used by the system is OMP_STACKSIZE*OMP_NUM_THREADS .

Important: The environment variable OMP_STACKSIZE is a general environment variable and has an overlay rela-

tionship with the special environment variables of other OpenMP runtime libraries
KMP_STACKSIZE (Intel OpenMP) > GOMP_STACKSIiZE (GNU OpenMP) > OMP_STACKSIZE

Therefore, if a higher priority environment variable is set in the script, the value of OMP_STACKSIZE will be

overwritten.

10.8 Intel 2018 Edition Fortran Compiler

The Intel 2018 version of the Fortran compiler is buggy and should be avoided for compiling BDFs.

10.9 SCF non-convergence

See the section on dealing with non-convergence in self-consistent field calculations in the SCFTech chapter
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10.10 SCF energy is far below the expected value (more than 1
Hartree below the expected value) or SCF energy is displayed
as a string of asterisks

This is usually caused by the basis group linear correlation problem. See the discussion of basis group linear correla-
tion problems in the section on dealing with nonconvergence in self-consistent field calculations in the SCFTech chapter.
Note that while this section focuses on solutions to problems where the SCF does not converge due to basis group linear

correlation problems, these methods are also applicable in cases where the basis group linear correlation problem only

causes errors in the SCF energy and does not lead to non-convergence.

10.11 How to use custom base groups

See the section Custom Basis File in Gaussian-Basis-Set .

322 10. Frequently Asked Questions



ELEVEN

CITATION NOTES

Use BDF for related calculations, please cite the following related literatures

1. Wenjian Liu, Gongyi Hong, Dadi Dai, Lemin Li, and Michael Dolg. The Beijing four-component density functional
program package (BDF) and its application to EuO, EuS, YbO and YbS Theoretical Chemistry Accounts, 96(2):75—
83, Jul 1997. doi:10.1007/s002140050207.

2. Yong Zhang, Bingbing Suo, Zikuan Wang, Ning Zhang, Zhendong Li, Yibo Lei, Wenli Zou, Jun Gao, Daoling
Peng, Zhichen Pu, Yunlong Xiao, Qiming Sun, Fan Wang, Yongtao Ma, Xiaopeng Wang, Yang Guo, and Wenjian
Liu. BDF: A relativistic electronic structure program package The Journal of Chemical Physics, 152(6):064113,
2020. doi:10.1063/1.5143173.

3. Wenjian Liu, Fan Wang, and Lemin Li. The Beijing Density Functional (BDF) Program Package:
Methodologies and Applications Journal of Theoretical and Computational Chemistry, 02(02):257-272, 2003.
doi:10.1142/S0219633603000471.

4. Wenjian Liu, Fan Wang, and Lemin Li. Relativistic Density Functional Theory: The BDF Program Package, chap-
ter 9, pages 257-282. Volume 5. World Scientific Publishing, 2004. doi:10.1142/9789812794901_0009.

If it involves ground state/excited state structure optimization using DFT or TDDFT methods, please addi-

tionally cite the relevant literatures below

1. Zikuan Wang, Zhendong Li, Yong Zhang, and Wenjian Liu. Analytic energy gradients of spin-adapted
open-shell time-dependent density functional theory The Journal of Chemical Physics, 153(16):164109, 2020.
doi:10.1063/5.0025428.

If it involves the use of the sf-X2C-SA-TDDFT/SOC method to calculate the spin-orbit coupling between
excited states, please additionally cite the relevant literatures below

1. Zhendong Li, Bingbing Suo, Yong Zhang, Yunlong Xiao, and Wenjian Liu. Combining spin-
adapted open-shell TD-DFT with spin—orbit coupling Molecular Physics, 111(24):3741-3755, 2013.
doi:10.1080/00268976.2013.785611.
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2. Zhendong Li, Yunlong Xiao, and Wenjian Liu. On the spin separation of algebraic two-component relativistic
Hamiltonians The Journal of Chemical Physics, 137(15):154114, 2012. doi:10.1063/1.4758987.

3. Zhendong Li, Yunlong Xiao, and Wenjian Liu. On the spin separation of algebraic two-component
relativistic Hamiltonians: Molecular properties The Journal of Chemical Physics, 141(5):054111, 2014.
doi:10.1063/1.4891567.

If it involves the calculation of non-adiabatic coupling using the NAC-TDDFT method, please additionally
cite the relevant literatures below

1. Zhendong Li and Wenjian Liu. First-order nonadiabatic coupling matrix elements between excited states:
A Lagrangian formulation at the CIS, RPA, TD-HF, and TD-DFT levels The Journal of Chemical Physics,
141(1):014110, 2014. doi:10.1063/1.4885817.

2. Zhendong Li, Bingbing Suo, and Wenjian Liu. First order nonadiabatic coupling matrix elements between ex-
cited states: Implementation and application at the TD-DFT and pp-TDA levels The Journal of Chemical Physics,
141(24):244105, 2014. doi:10.1063/1.4903986.

3. Zikuan Wang, Chenyu Wu, and Wenjian Liu. NAC-TDDFT: Time-Dependent Density Func-
tional Theory for Nonadiabatic Couplings Accounts of Chemical Research, 54(17):3288-3297, 2021.
doi:10.1021/acs.accounts.1c00312.

If solvation effects are involved and employed, please additionally cite the relevant literatures below

1. Eric Cances, Yvon Maday, and Benjamin Stamm. Domain decomposition for implicit solvation mod-
els The Journal of Chemical Physics, 139(5):054111, 2013. URL: https://doi.org/10.1063/1.4816767,
arXiv:https://doi.org/10.1063/1.4816767, doi:10.1063/1.4816767.

2. Filippo Lipparini, Benjamin Stamm, Eric Cances, Yvon Maday, and Benedetta Mennucci. Fast Domain De-
composition Algorithm for Continuum Solvation Models: Energy and First Derivatives Journal of Chemical
Theory and Computation, 9(8):3637-3648, 2013. PMID: 26584117. URL: https://doi.org/10.1021/ct400280b,
arXiv:https://doi.org/10.1021/ct400280b, doi:10.1021/ct400280b.

3. Filippo Lipparini, Giovanni Scalmani, Louis Lagardere, Benjamin Stamm, Eric Cances, Yvon Maday, Jean-Philip
Piquemal, Michael J. Frisch, and Benedetta Mennucci. Quantum, classical, and hybrid QM/MM calculations
in solution: General implementation of the ddCOSMO linear scaling strategy The Journal of Chemical Physics,
141(18):184108, 2014. URL: https://doi.org/10.1063/1.4901304, arXiv:https://doi.org/10.1063/1.4901304,
doi:10.1063/1.4901304.
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