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Introduction: PySCF

Software Focus

R t devel ts in the PySCF
PYSCEF: the Python-based package oo

simulations of chemistry
framework

Qiming Sun," Timothy C. Berkelbach,” Nick S. Blunt,** George H. Booth,> Sheng Guo,
Zhendong Li," Junzi Liu,” James D. McClain,'® Elvira R. Sayfutyarova,'®
Sandeep Sharma,® Sebastian Wouters® and Garnet Kin-Lic Chan'*

Python-based Simulations of Chemistry Framework
- Open-source

- Python-based (intuitive)

- Gaussian type orbital(GTO) for cluster systems

- GTO + planewave for periodic systems

—~ ~ 1 =721 2 =1yl g A Q. Sun, et al., WIREs Comput. Mol. Sci. 8, 1340 (2018) 9
© KCS awses Ams sews) Q. Sun, et al., . Chem. Phys. 153, 024109 (2020)



Introduction: Settings

@ Google Colab & Al =E click

Google Drive GitHub
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Introduction: Settings

@ Define/Modify note title

® PySCF installation — pip install pyscf
@ Add ==

/@ Left-click + modification

L tfoteiets| £ £ 2|2 part lipynb = S
ne =3 521(4) uee =7 s 2euzsso Hzs
+ 3C MKEA v ooas
® i
— Take care of the spacing, TR
< @ pip install pyscf
T - run p> button(or Crtl + Enter)
Leoking in indexes: bttps://pvpi.orgfsinple, h
Collecting pyscf
Downloading pyscf-2. 2. 1-cp38-cpa9-nany| inusx_2_17_%BE6_64. nany| inux2014_x36_64.whl (47.7 ME)
A7 74477 WB 146 MB/s eta 0:00:00
Feguirement already satisfied: numpw!=1.16,1=117,>=1.13 in fusrflocal/libfowthond, 9/dist—packages (from pyscf) (1.22.4)
Fequirement already satisfied: scipy!=1.5.0,1=1.5.1 in fusrflecal/lib/pvthond. 9/dist-packages (from pyscf) (1.10.1)
Requirement already satisfied: hBpy>=2.7 in fusr/local/lib/pvthond. 8/dist —packages (from pyscf) (3.8.0)
Installing collected packagses: pwscf
successful 1y instal led pvscf-2.2.1
4
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Introduction: Settings

® VESTA (Visulaization for Electronic and STructural Analysis)

(optional) ;
= VESTA

Visualization for Electronic and STructural Analysis

_—
B dD + | water_mon1xyz ... — i
About —— . . §
History oz = 27 ﬁ
Donate E-l-‘-l-z-l-g-l--_'-l-
i 3 <= Num. of atoms | L.
S str <= Comment line
Gallery O 0.000 0.000 0.000 —
” H -0.635 0.626 0.391 ]- Element XY Z
Forum H 0869 O'ﬂ-21 OOQO
Dysnomia
s ] =3 = (or W E7) - save *.xyz

0 33}5}3 5] 3 5 K. . J. Appl. Cryst. 44, 1272-1276 (2011
© KCS wasters) A1) sewxs) Mormsma, et al., ] Appl. Cryst. 44, 6(2011) g



Introduction: Settings

Part I. Basic Density Functional Theory Calculation
Input & Output for H,O monomer

Exercise) H,O dimer interaction energy

Part II. Geometry Optimization
Input & Output for LiH *database
Exercise) CH;OH optimization

Part III. Dispersion Correction

O KCS wasists) Ais seuws) °



Part 1. Basic DFT Calculation

<Input code>
from pyscf import gto, dft

mo |

= gto.M(

atom=

00 0 O

HO 0.77 0.58
HO -0.77 0.58

spin=0,

charge=0,

basis= ccpvdz ,
verbose=4) ®

mydft = dft.

UKS(mol)
mydft.xc = Db3Ilyp
mydft.kernel ()

mydft.analyze() @

I Take caution !!
bracket (), spacing,

comma, enter ...

Run —» @ Click or Ctrl+Enter

O KCS uwesas A3 senEs
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Part 1. Basic DFT Calculation

<Input code>

from pyscf import gto, dft

mol = gto.M(
atom=
00 0 O
HO 0.77 0.58
HO -0.77 0.58
spin=0,
charge=0,
basis= ccpvdz ,
verbose=4)

[ Import package ]

Define ‘mol’ from “gto’
— atom : nuc. type, coordinates (xyz, A)
— spin, charge: spin state(2S) and charge

— basis : basis sets = Prof. Sherrill’s note
* http://vergil.chemistry.gatech.edu/notes/

— Verbose : print level(4)

mydft = dft.UKS(mol)
mydft.xc = b3lyp
mydft.kernel ()

mydft.analyze()

— (UKS)RKS : (Un-)Restricted Kohn Sham

w/o a, f distinction. orbital occupation =2 or 0
— kernel() : perform calculation

— analyze() : population analyze

© KCS wenss Anis sanus 8




Part 1. Basic DFT Calculation

<Output>

Swstem: uname_result{systen='Linux', node='4149422508eh", release="6.10.147+", version="#1 SHP Sat Dec 10 16:00:40 UTC 2022', machine='x86_64"') Threads 2
Pvthon 3,916 (main, Dec 7 2022, 01:11:581]

[GCC 9.4.0]

numpy 1,224 scipy 1,101

Date: Tue &pr 25 03:55:63 2023

PvsCF version 2,21

PySCF path  fusrflocal f1ib/pythond. 9/ dist—packages/pysct

e e 4  Check if the input is
[MPUT] num, atoms = 3
[IKPUT] nun. elect rons = 10 well defined as the user thinks/wants!

[IMPUT] charge = 0

[INFUT] =pin (= nelec alpha-heta = 251 =0

[IMPUT] svametry False subgroup Wone

[IMPUT] Mole.unit = anastrom

[IMPUT] Swmbol ¥ ¥ z unit ¥ Y z unit  Magmom
[INFUT] 10 0. 000000000000 0.000000000000 0. 000000000000 &4 0.000000000000 0. 000000000000 0. 000000000000 Bohr 0.0
[INPUT] 2 H 0.000000000000 0. 770000000000 0, 580000000000 &4 0.000000000000 1. 455089115915 1.096041152248 Bohr 0.0
[IMFUT] 3 H [, dooooonooooo- -0, Fronoaooooon - 0, 580000000000 &4 0. 000000000000 - =1, 455089115915 1,096041 152248 Bohr 0.0

nuclear repulsion = 9. 126626910659514 nunber electrons alpha = 5 beta = 5 <
number of shells = 11 AC library pyscf.dft.|ibxc version 6.1.0
numnber of MR pGT0s = 40 S, Lehtola, C. Steigemann, W. J.T. Oliveira, and M. &.L. Marques., SoftwareX 7, 1-5 (2018)
number of MR cGTls = 24 AC functionals = b3lvp <
basis = copvdz < P. 4. M. Dirac.. Math. Proc. Cambridge Philos. Soc. 26, 376 (1930)
Bch = 11 F. Bloch., Z. Phws., 57, 545 (1929)
CPU time: 9.60 &, 0. Becke., Phws, Rev. & 38, 3098 (15988)
C. Lee, W Yang, and A, G, Parr.., Phys, Rev. B 37, 785 (1983)
B. Miehlich, &. Savin, H. Stoll, and H. Preuss,, Chem. Phws, Lett, 157, 200 (1939)
S, H. Yosko, L. Wilk, and M. Musair.., Can. J. Phws. 53, 1200 (1980}

© KCS wenss Anis sanus 2



Part 1. Basic DFT Calculation

<Input code> in Gaussian 16

P
#bv5lyp/cc-pvdz 1op(3/76=1000002000) iop(3/77=0720008000) 1op(3/78=0810010000)

title

01

o 0. 0. 0.

H 0. 0.77 0.58
H 0. -0.77 0.58

<Input code>in ORCA

I B3LYP cc-pvdz

* xyz 01
c 0. 0. 0.
H 0. 0.77 0.58
H 0. -0.77 0.58

E

@’ KC S o) 33} 53] #|1313) Sr&wE 3 10



Part 1. Basic DFT Calculation

<Output>

init B= -76.31 76487258378
HOMO = -0, 424214880461059  LUMO = 0. 00576850782755609
cycle= 1 BE= =76, 2907860024321 delta_F= 0.0269 |gl=0.711 |ddu|= 1.37
HOMO = -0, 115580962229854  LUMO = 0, 0866957495862257
cycle= 2 B= =76, 2058987829547 delta B= 0.0848 |al= 0.933 |ddu|= 0.973
HOMO = -0, 288944569534566 LUMO = 0, 0500835157204298
cycle= 3 BE= -76.3830990955477 delta_B= -0.177 |al= 0.0234 |ddm|= 0.588
HOKMO = -0, 283089528138573  LUMO = 0.054203061 741246
cycle= 4 BE= -76.3831985069832 delta_F= -9.94e-05 |g|= 0.00375 |ddu|= 0.0136
HOMO = -0, 283413378722867  LUMO = 0.05389965641 96925
cycle= 5 B= -76.3832007801309 delta B= -2.27e-06 |gl= 0.000462 |ddn|= 0.00203
HOMO = -0, 2835551 13081661  LUMO = 0,0538724659684 704
cycle= B BE= =76, 3832008204877 delta_BE= -4.04e-03 |gl= 7.83e-06 |ddn|= 0.000284
HOMO = -0, 283555920718238  LUMO = 0.0538710838505195
cycle= 7 E= -76,3832008205172 delta B= -2.95e-11 |al= 1.18e-06 |ddn|= 1.38e-05
HOKMO = -0, ?B3555604005165  LUMO = 0,0538712791 418524
Extra cvcle |E= —TE.SBSEDDBED51TE| delta b= -4.12e-13  |al= 7.73e-07 |ddn|= 1.57e-06
converaed SCF energy = —-76, 38320082051 76

HOMO, LUMO - Gap Total energy [Eh]

© KCS ussss #1313 a2y 11



Part 1. Basic DFT Calculation

<Output>

+++x SCF Summaries ++++

Total Eneray =

Muclear Repulsion Enerav =
One-electron Eneragy =
Two—electron Coulomb Eneray =

DFT Exchange-Correlation Eneray =

=76, 383200820581 7644
4. 1266269106951 41
-123. 1035561 46575693
A6, 92301 781 2384003
-9, 329289397021 0859

*Eror =Eny +T + Ene +] + Exc

wxxx W EnErgy ++++ w++x W EnErgy *+++
WO #1  energy= -19.1186491430855 occ= 2 alpha | beta alpha | beta
WO #2  eneray= -0.0957661195417317 occ= 2 RKS MO #1  energy= -19.11864969637 | -19.1186496461307 occ=1 | |
MO #3  enerav= -0.51 0664437364799 occ= 2 WO #2  energy= -0.987661462457649 | -0.987661372193143 oce= 1 |
MO #4  energy= —0.357633759735553 occ= 2 MO #3  energy= -0.510664614938504 | -0.510864605728537 occ= 1 | 1
MO #5  energy= -0.283555604005165 occ= 2 WO #4  energy= -0.357633943450735 | -0.357633831652488 oce= 1 | 1
MO #E enerav= 0.0538712791 419524 oce= 0 UKS MO #5 energy= -0, 283555301071953 | -0, 2835557568253679 occ= 1 | ]
MO #7 eneray= 0. 129377406916558 o= 0 MO #E energy= [0,053371 1 765905053 | 0, 0538711791.352494 occ= 0 | 0
MO #2  encrav= 0 5G51110035TRERT  occ= O MO #7  energy= 0.129377341036489 | 0.129377321194523 occ=0 | O
MO #9  encrav= 0.GOBEISTIGI7TE oco= D MO #3  energy= 0.565110929334845 | 0.565110851128378 occ=0 | O
MO #10 eneray= 0 Q0325678987157 occ= O MO #3  energy= 0.G0B639581274333 | 0.606539541955059 occ=0 | O
MO #11 enerav= D, G724B9891076981 ocem MO #10 energy= 0.903258653420998 | 0.90325869870356 occ=0 | O
10 #12 enorav= D). 09T29RFEROR2 om0 MO 411 energy= 0.9224897322083 | 0.92248075994565 occ=0 | O
e - MO #12  energy= 0.997208267744648 | 0.997298291328731 occ=0 | O
MO #13 eneray= 1.22165454571497  occ= [ MO #13 eneray- 1.22165458103601 | |.221A5453335562 oce= 0 | O
MO #14 energy= 1.23085006056094  occ= [ MO #14 energy= 1.23085005447495 | 1.23095880890455  occ= 0 | O
MO #15  energy= 1.43783118825297  occ= O MO #15 energy= 1.43785111432482 | 1.43785104047603 occ=0 | O
MO #16  eneray= 1.60035726644132  occ= [ MO #16 energy= |.B0095713547502 | 1.GO095TIEE04632 occ=0 | O
MO #17  energy= 1.609920057307V4  oce= 0 MO #17 energy= 1.65002047448728 | 1.65092038796426 occ=0 | O
MO #1858 energy= 2. 11013760008181  occ= 0 MO 418 eneray= 2. 11013752941266 | 2.11013749434837 oco=01 0
MO #19  energy= 2. 1413010108255 oce= 0 MO #19 eneray= 2.14130082015479 | 2.14130080322529 oce=0 | O
MO #20 energy= 2.91220076054952  occ= 0 MO #20 energy= 2.91220059386519 | 2.91220065570533  occ=0 | O
MO #21  energy= 2,95986766410649  occ= 0 MO #21  energy= 2.96986780213131 | 2.96996751186434 occ=0 | O
MO #22 energy= 3.12174633634056  occ= 0 MO 422 eneray= 3.1217461533732 | 3.12174623431986 oco=0 1 O
MO #23 energy= 3.47733786606679  occ= O MO #23 energy= 3. 477337702458 | 3.47733770897637 occ=10 | 0
MO #24 energy= 3.72564501059997  occ= O MO 424 energy= 3.7256457306752 | 3.725645795022686  occ=0 | O
& KCS uasiss Asis) seuns) 12



Part 1. Basic DFT Calculation

<Output>

=+ Mulliken pop on meta-lowdin orthogonal Als  +=
#+ Mulliken pop  *+

pop
Pop
Pop
Pop
$e]e]
pop
Rop
Pop
Pop
Pop
$e]e]
pop
Rop
Pop
Pop
Pop
$e]e]
pop
Rop
Pop
Pop
Pop
$e]e]
pop

of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of

00ls

—
L]
ra
0]

T T T T T W
[ I Y IS

oy
vz
dz"7
dxz
dxe—ve

Sy ]
-

™l

rar2ar2MR— — — — — OO o oCo oo oOod
[0 e
ot

T T T T T C T T i o i i T e T T D T T
I T I e Y 1 Y1 T 1 T S e O 0 Y T 1 T (0 O

=T
R

2 H Zpz

1,993596
1. 64653
0. 00367
1.93177
1.29611
1. 65644
0. 00228
0. 00540
0.00137
0. 00000
0.00435
0.00158
0. 00126
0.00159
0.67a70
0.0ro
0. 00235
0. 00131
0. 001339
0.67570
0.0ro
0. 00235
0. 00131
0. 00139

++ Mulliken atomic charges ++
charge of an =
charge of 1H =
charge of ZH =

-0.61632
0.30816
0.30316

6 ~ —0.62

67 = 0.31 67 = 0.31
B3LYP/ccpvdz

Population analysis
— Mulliken charge (LCAO-MO)

— Bader charge, ...

O KCS uwesas A3 senEs
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Part 1. Basic DFT Calculation

Exercise 1. Water dimer interaction energy

Ele. X

0.000
-0.635
0.869
-0.277
-0.975
-0.230

Monl

Mon2

L IZOTTO

Y
0.000
0.628
0.421
0.479

-0.048

0.212

* Interaction energy
E(AB) -E(A) - E(B)

B3LYP/ccpvdz
Result) -6.810 kcal/mol

e = mydft . kernel ()
el = mvdftZ. kernel (]
e? = mvdft3. kernel ()

printile - el - e2)+G27.509)
*1 Hartree = 627.509 kcal/mol

O KCS uwesas A3 senEs

14



Part 1. Basic DFT Calculation

Exercise 1. Water dimer interaction energy

Qv V

B3LYP

cc-pVDZ  -6.810 -7.985 Ref. -3.395 kcal/mol

cc-pVIZ  -4.469  -5.565 DLPNO-CCSD(T)-F12/aug-cc-pVQZ

cc-pVQZ  -3.659 -4.757

(§) K C S 33} 53] A|1313] st ¥ 3] S. Song, et al., Nat. Commun. 14, 799 (2023) 15



Part 1. Basic DFT Calculation

&
CHEMISTRY
13F | M) Check for updates A look at the density functional theory zoo with
12 the advanced GMTKN5S5 database for general ;
1 ot ey ™ main group thermochemistry, kinetics and E
=< 10 noncovalent interactionst E
E 9 Lars Goerigk, 2 ** Andreas Hansen, (2° Christoph Bauer, (2° Stephan Ehrlich, 1° E
— Asim Najibi 2 and Stefan Grimme (2*° E
-1
S 8
4 E
7
g
D6 E
z E
< 5
S E
= 4 E
= 3 ‘
3 :
oF | E
B o S o S Ot S R S RS B 2 A ST RT e S R SR Srae s
nmdmdm S I\cammmmzdmg .Engmmggﬂ-mm—@mgmﬂ-m \Q\QU)EG-NQ\Q_Q‘QBJ-:UUQ n-geﬂ.q'-h-l:‘—iha- 'szﬂd>ﬁ43ﬂ~=ﬂﬂm§mﬂm§:m
RET R AT SHSEY = S AT A T AT E AT S e ST E A AT i e T M S S 2y e S a R e PA S T
AEERGENRSLSSEOEECE T § BY mEOSICTZ Mg JTTEE 2UE mmesmdPet SSRIEERCH £7N% S tOrges
_.c.m‘:..gs ) 'ﬂ-dﬂ- = 3 = U = =] 23 [« ) = C-l8)
17 = [~ = g 8 mE 2 = £ A P
Q%g% E e P> Eﬂﬂ E % = A A PE& = g =
- -

Fig. 8 Final WTMAD-2 values over the entire GMTKNS55 for all assessed 83 dispersion-corrected DFAs (kcal mol™?). The red bars indicate the three best
approaches on their respective rung of Jacob’s Ladder. The suffix “D3"” was omitted in all cases, unless it is needed to avoid ambiguity.

« Comprehensive insight into {functional/basis sets} is required.

s i -
(g) K C S o8558 21313 SHE U E L. Goerigk, et al., Phys. Chem. Chem. Phys. 19, 32184-32215 (2017) 16



Part II. Geometry Optimization

** pip install pyberny (geometry optimizer)
© vip install pyberny

Looking in indexes https:/fpvel orafsinple, https/fus-python. pka. dev/colab-wheels/public/sinpl e/
Collecting pyberny

Downloading pyvberny-0.6. 3-pv3-none-any. whl (27 kE)
Fequiremnent already satisfied: numpy<2.0,>=1.15 in fusr/local /1 ib/pvthon3. 9/ dist —packages (from pyberny) (1.22.4)

Installing collected packages: pvberny
sSuccessful Iy instal led pyberny-0.6.3

<Input code>

from pysct import gto, dft
from pysctf.geomopt.berny solver import optimize

mol = gto.M(atom="Li O 0 O: HO O 1.5, basis="ccpvdz', verbose = 4)
mydft = dft.BKS(mol)

mydft.xc = pbe’

mol _eq = optimize(mydft)

print(mol _eqg.atom coords()=0.529) # 1bohr = 0.529 Angstrom

© KCS uwesnss Anis ey 17



Part II. Geometry Optimization

Potential Energy Curve (PBE/ccpvdz)

O-o

=50 4

_51 -

Interaction energy [kcal/mol]

_52 -

* Calculated point

T T T T
1.5 1.6 1.7 1.8 1.9

Li---H distance [AA]

* Finding optimal(most stable) structure

for a given system {charge, spin state, ...}

O KCS uwesas A3 senEs
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Part II. Geometry Optimization

<Output>

|MFO: pvsct ., geonopt | berny_solver, 1407096456401 680:5 + &1 criteria matched
[[ 0O . -0.06005128] X Y 7 (Li)

[ O, 0. 1.55854857]1 x v 7 (H)

printimol_eq.aton_coords()+0,529) # Thohr = 0,529 &ngst ron
= Optimal distance Li-H (PBE/ccpvdz) : 1.62 A

** verbose =4

Geometry optimization ovcle 4
Cartesian coordinates (Anastrom)
AT i Mew coordinates ] iy

Li  0.000000 O,000000 -0,058486  0.000000 10, 000000 -

H 0.000000 0.000000  1.558466 0. 000000 0. 0ooood

dZ
U. 005572
0. 005572

O KCS uwesas A3 senEs
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Part II. Geometry Optimization

Database <Cluster system>

Computational Chemistry Comparison and Benchmark DataBase release 22 (May 2022) Standard Reference Database 101 Mational Institute of Standards and Technology

Y
[ Home I Experimental I Calculated I Comparisons I Resources I FAQ Help ]

You are here: Home

The CCCBDB contains:

Experimental and computed (quantum mechanics) thermochemical data for a selected set of 2186 gas-phase atoms and small melecules.
Tools for comparing experimental and computational ideal-gas thermochemical properties.
Vibrational Frequencies, Rotational Constants, Electric Dipole, Electric Quadrupole, Polarizabilities

s Well-established experimental heat of formation.
s Atoms with atomic number less than 36 {(Krypton) with only a few transition metals. We have added a few molecules containing Te, |, and Xe
s Less than 15 heavy atoms and less than 30 atoms total. Except for a few larger molecules: tetracene, triphenylmethane, coronene, and C60.

MIST Computational Chemistry Comparison and Benchmark Database
NIST Standard Reference Database Number 101

[Citation|Release 22, May 2022, Editor: Russell D. Johnson I
http://cccbdbonist.gov/

DOR10.18434,/TA7CTZ

MIST policy on privacy,_security,_and accessibility,

© 2015 copyright by the U.S. Secretary of Commerce on behalf of the United States of America, All rights reserved.

The Mational Institute of Standards and Technology (MIST) is an agency of the U.S. Department of Commerce.

Please send questions, comments, corrections, additions and suggestions to ccchdb@nist.gow.

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

.(§) KC S o 8ha}5ts] A|1313) SHEuHE 3) https:/lcccbdb.nist.govlintrox.asp



Part II. Geometry Optimization

Database <Cluster system>

Computational Chemistry Comparison and Benchmark DataBase release 22 (May 2022) Standard Reference Datak

Y

[ Home I Experimental I Calculated I Comparisons I Resources I

You are here: Home Energy
Geometry Calculated geometry Al bond orders

The CCCBDB contains: \ibrations Rotation One type of bond

..................... Electrostatics Point group
Experimental and computed (quantum mechanics) thermochem|Entropy and Heat Capacity |State symmetry d small molecules.
Tools for comparing experimental and computational ideal-gas [Reaction wrex _
Vibrational Frequencies, Rotational Constants, Electric Dipole, ElfLookup by property Z-matrix @

Bad Calculations

Calculated Geometries

Please enter the chemical formula

|LiH | | Submit | @

O KC S o) 5+l 53) A)1313] SHSurE 3] https://cccbdb.nist.gov/introx.asp 99



Part II. Geometry Optimization

Database <Cluster system>
> Basis sets

Methods with standard basis sets

lsr0-3dz- 21032167 6-3166-316° 63167 631263116 631167 6-31602dEm
hartree fock HF 1511 1640 1640 1640 1e36] 1e30] 1eae] 1s0d] ae07 1624
MethOdS 1530] 1.636] 1636 1 1621 1.507] 1508]1.605] 1611
1526 1830] 1630 . 1613 1590] 1500[1599] 1604
1526 1.630] 1620] 519 1614 1sed| 159 1615 1591 1500]1.600] 1604
1531 1839 1620 625 1624 1603 1s0q] 1624 1599 15e9f1e0q] 1613
1529 1638 1638 624 1623 1602 1599 1624 1593 13
density functional : 615 1614] 1501  1soq] 1619 1584 .
63 1631 1610 1807 163 1603 6
632 1631] 1e11 1607 163 1605 60: .
625 500] 1624 1593 1508 ) 500
1624 600 1624 1599 1508[1607 1613 1508
627 1623 1626 1837 1629
1640 1614 1618] 1624 1613
il : IL e |
a6 1627 1628 160 16071604 1617 1607
o 1sag) 1631 1610 16081607 1619 1615
Coupled Cluster : 1529 1.624] 1.600| 1.598)1603) 1613 1607
4| 1ead 1630 1610] 16081607 1619 1608
CCSDM=FULL 629 1620 | e s EGE

General tips)

- The rightmost one with a similar name(basis sets)
- e.g.) BBLYP or CCSD(T) / aug-cc-pvqz

O KC S o) 5+l 53) A)1313] SHSurE 3] https://cccbdb.nist.gov/introx.asp 99



* Basis sets

HY = EY cc-pVDZ c-pVIZ  aug-cc-pVTZ
6-311G

v /\

Gaussian-type orbital, GTO

Q Ool * Dunning family) cc-pVnZ, n=D,T,Q,5,...
(Basis functions) Pople) 6-31G + {*, +, ()}

5TO-3G | 3-21G || 3-21G7 | 6-31G | 6-31G* || 6-31G**

—~ ~ o == . L http://vergil.chemistry.gatech.edu/not
(g) K\.o S o) 3+ 3}5}H3] 41313 S E 3 p:/lvergil.chemistry.gatech.edu/notes 73



Part II. Geometry Optimization

Exercise 2. CH,OH(Methanol) optimization
Suppose CH;OH structure is unknown. (can not find in database.)

Strategy) Replace one H with OH in the CH, structure.

CHy X Y Z
C 0.0000 0.0000  0.0000
H 0.6386 0.6386  0.6386
H -0.6386  -0.6386  0.6386
H -0.6386 0.6386  -0.6386
H 0.6386 -0.6386  -0.6386

© KCS uestss A1) shenws) 24



Part II. Geometry Optimization

Exercise 2. CH,OH(Methanol) optimization

Suppose CH;OH structure is unknown. (can not find in database.)

Strategy) Replace one H with OH in the CH, structure.

miguey X Y 2
C 0.0000 0.0000 0.0000
H 0.6386 0.6386 0.6386
H -0.6386 -0.6386 0.6386 G
H -0.6386 0.6386 -0.6386
O 0.6386 -0.6386 -0.6386
H 1.1386 -0.9386 -0.9386

© KCS uassrs A1 steunsy 25



Part II. Geometry Optimization
Exercise 2. CH,OH(Methanol) optimization

1.106 A
1.424 A

<VESTA> <OVITO>

(§) KC S srslats] 21313 B3t 3 A. Stukowski, Modelling Simul. Mater. Sci. Eng. 18, 015012 (2010) »g



Part II. Geometry Optimization

Exercise 2. CH,OH(Methanol) optimization

** Generating a reasonable initial guess structure (Maestro)

dit Select Workspace Scripts View Window Help

=== All ':' Pravic fine... :: L H

e [N =

Ligand Interaction Protein Preparation Surface (Binding Si KMinimize Selected & Gick Align F =

Title: str

.(§) KC S o 8ha}5ts] A|1313) SHEuHE 3) https:/lwww.schrodinger.com 97



Part II. Geometry Optimization
Exercise 2. CH,OH(Methanol) optimization

** Generating a reasonable initial guess structure (Maestro)

A2 Afome Selecied

Measure Length
Adjust Length

Set Length...

Switch to Bond Menu

Undisplay

Style »
Expand Selection »
Focus View b

el Set (dihedral—)a“ﬂé_lue, length

Find Torsicns

SeleCt H L Delete Atoms

.(§) KC S o 8ha}5ts] A|1313) SHEuHE 3) https:/lwww.schrodinger.com g



Part II. Geometry Optimization

Database <Periodic system>

The Materials Project Apps v  ibout v  Community v ML API 9 v

Apps

Apps Overview

EXPLORE AND SEARCH

Materials Explorer @ Mate r|E||5 E}::F:ll'::'rer

Molecules Explorer

The Materials Project

Harnessing the power of supercomputing and state-of-the-art methods, Battery Explorer

the Materials Project provides open web-based access to computed Synthesis Explarer
information on known and predicted materials as well as powerful analysis

tools to inspire and design novel materials. Catalysis Explorer

MOF Explorer

ANALYSIS TOOLS

Phase Diagram
Pourbaix Diagram
Crystal Toolkit
Reaction Calculator

Interface Reactions

CHARACTERIZATION

X-ray Absorption Spectra

.(§) KC S o 8ha}5ts] A|1313) SHEuHE 3) https://materialsproject.org  9q



Part II. Geometry Optimization

Database <Periodic system>

e.g.) Bi,Te; unitcell structure

I-.fIEZ-I The Materials Project Apps v  About v  Community v ML API

12 materials match your search
Showing 1-12

Home Apps

. Materials E)(plorer X Chemical System:; Bi-Te

App by Materials Project

Materials Explorer

Material ID Fermula Crystal System Space Group Symbel
Search for mate
Materials Bi-Te W mp-34202 BisTes Trigonal R3m
mp-28229 BisTey Trigonal R3m
H
U * mp-23224 BiTe Trigonal PIm1
*
Na Mg

mp-1214397 Trigonal P3m1

Rb | Sr Y Zr Nb Mo Tc Ru Rh Pd

Cs Ba H Ta W Re Os Ir Pt

la Ce Pr Nd Pm Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu

Ac  Th Pa u Np  Pu

© KCS uwesnss Anis ey 30



Part II. Geometry Optimization

Database <Periodic system>

e.g.) Bi,Te; unitcell structure

Bi,Te; 1 A\ E

mp-34202 o
CIF (Symmetrized)

\ cIF

TABLE OF CONTENTS
Crystal Structure
Properties

JS5ON

Thermodynamic Stability

Electronic Structure

¥

Prismatic

Phonon Dispersion
Diffraction Patterns

Aqueous Stability

VASP Input Set
Magnetic Properties

Elastic Constants * V ESTA
Dielectric Constants @ .

Equations of State ‘

Bi2Te3.poscar

This structure was authored by Michael Kocher, Anubhav Jain, Shyue

X-ray Absorption Spectra = =
Ping Ong, Geoffroy Hautier.

Charge Density

— Bi2Te3.vasp

© KCS uwesnss Anis ey 31



Part II. Geometry Optimization

Database <Periodic system>

e.g.) Bi,Te; unitcell structure

Big Ted

1.0
2, 2090652234007 724
2, 2090652234007 724
0, Q000000000000 000

Bi Te

549

direct
0, 3333333333333333
0, 3333333333333333
0, Q000000000000 000
0, Q000000000000 000
0, BEEEEEE0EEEEG 666
0, BEEEEEE0EEEEG 666
0, BEEEEEEEEEEEE 666
0, Q000000000000 000
0, Q000000000000 000
0,3333333333333333
0, BEEEEEEEEEEEE 666
0, BEEEEEEEEEEEE 666
0, Q000000000000 000
0, 3333333333333333
0, 3333333333333333

—3.8262132041 636301
3.8262132041636301
0, 0000000000000000

0, CEECEBEEEEEEEE6E
0, BEEEEBEEEEEEEEE 7
0, 0000000000000000
0, 0000000000000000
(0,3333333333333333
(0,3333333333333336
(0,3333333333333333
0, 0000000000000000
0, 0000000000000000
0, CEECECEEEEEEEE6E
0,3333333333333333
(0,33333353333333333
0, 0000000000000000
0, CEECEBEEEEEE6E6E6
0, CEECEBEEEEEE6E6E6

O KCS uwesas A3 senEs

* POSCAR format
Comment line
Scaling factor
Lattice vectors
Atoms

Number of atoms

Positions

0216307 7399999599 TeZ-
0,4498589266666669 TeZ-
(0,3333333333333333 Tez-
0.5501410733333331 Tez-
0, 7831922600000002 Tez-
0. CEECECEEEE0E6E6E TeZ2-
0.8834 744066666664 Tez-

D= O

—o b

32



Part III. Dispersion Correction

(Grimme) DFT-D4

Etotar = Epra + Eqisp  Eppa @ Partl

* Lots of dispersion correction methods. (XDM, MBD, vv10, ...)
= DFT-D4 linked with PySCF

© ©vip install dftdd

Looking in indexes: httpst/fovei.ora/sinple, https:/fus-python. pka. dev/colab-wheels/publ ic/sinplef
Collecting dftdd
Downloading dftdd-3.5, 0-cp39-cp39-nany| inux_2_12_x36_64, many! inux2010_x86_64,whl (15.2 HB)
15.2/15.2 HBE 11.0 MBfs eta 0:00:00
Requirement already satisfied: numpy in fusrflocal /ibfovthond, 8/ dist-packages (from dftdd) 1.22.4)
Requirement already satisfied: cffi in fusr/local /1 ib/ovthon3, 9/ dist-packages (from dftdd) (1.15.1)
Requirement already satisfied! pyoparser in fusrflocal/lib/pyvthon3. 9/di st-packages (from cffi-=dftdd) (2.21)
Instal ling collected packages: dftdd
successful Iy instal led dftdd-3.5.0

(§) K C S o ksl8t3) A)1313] SFSuE s E. Caldeweyher, et al., |]. Chem. Phys. 150, 154122 (2019) 33



Part III. Dispersion Correction

<Input code> | Added line |
import dftd4.pyscf as disp mydft = dft.RKS(dim)
from pysct import gto, dft mydft.xc = xc

e dfa = mydft.kernel ()
bas= ccpvdz’
Xxc = 'phe’ dd = disp.DFTD4Dispersion(mol ,xc=xc)
e dd = d4_kernel () [0]

dim = gto.M(

atom = e dimer = e dfa + e _d4
0 0.000 0.000 0.000

-9
i =0.635 U625 0.3 * Interaction energy ). V

H 0.869 0.421 0.030
0 -0.277 0.473 -2.567

H —0.975 -0.048 -2 956 Eint = Eqimer — Emon1 — Emon2
H -0.230 0.212 -1.603" .

501 =0, Part l. Esys = Epras3Lyp, PBE...)
charge=0,

basis = bas, Part 1. ES)/S — EDFA + Edisp
verbose=0)

© KCS uestss A1) shenws) 34



Part III. Dispersion Correction

Exercise 1. Water dimer interaction energy

On
omg Ref. -3.395 kcal/mol
DLPNO-CCSD(T)-F12/aug-cc-pVQZ

B3LYP B3LYP-D4 PBE PBE-D4

cc-pVDZ  -6.810 -7.501 -7.985 -8.427
cc-pVIZ -4.469 -5.160 -5.565 -6.007
cc-pVQZ  -3.659 -4.350 -4.757 -5.199
* (D4) Independent on basis sets D oo - correctes

* Mostly improved results (exceptions of course exist.) rignthere.

© KCS uwesnss Anis ey 35



Part I. Basic DFT Calculation
* Make sure the input is well defined as the user intended.

* Comprehensive insight into {functional/basis sets} is required.

Part II. Geometry Optimization
* Initially, refer to the published database.
* If the desired structure does not exist,

initial structure can be created from similar structures.

Part III. Dispersion Correction
* Almost all of the dispersion corrected DFT calculations

give improved results. This file is uploaded to tccl.yonsei.ac.kr
and the copyright belongs to TCCL

© KCS uwesnss Anis ey 36
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