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Fragment-based ' Electronic ‘ Code
W excited-state Correlation development
Ab initio Renormalized DMRG-based (Open)Molcas
exciton method (REM) MCSCE QCMaquis
REM-DFT/TDDFT Excited-state gradients eMC
o BSTATE (IOP)
w.f. analysis MSDFT (LU)
MRCI
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Base on the non-relativistic time-independent Schrodinger equations

/‘FTensorFlow\

Expanding the limits of

Density-Matrix Renormalization Group computational chemistry
Multi-Configurational approaches

PRVISLL It oo
Y, A MJ o
ky \ coFs \\,a: /
|‘I’MPS) =Z Z A‘{él - Ag: l“f 1 f;"’: ﬂlr‘ ngl:;az“ ~B§[‘,11|a>

o ap,,ar -1

% AR



PERAER
*ém c:c HEABSESPD
- ;a;um«qam i

‘ MOLCASE7t

MOLCAS/OpenMOLCAS
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Compartor Network Information Conter,

“MOLCAS (s a quantum chemistry software
developed by scientists to be used by scientists”

http://www.molcas.org/introduction.html
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olcas-8 Ny P =5 [A]
DMRG. QMC
Molcas-7 FR 31z LA

(Cholesky decomposition)

Atomic Natural Orbital (ANO) Basis Sets

\ 1988-924F, K J& i CASPT2 51k
3 Molcas7E H fr L KL R¥

Lund UniversityHB. O. Roos[Z1 A
2 AAEE (MCSCF) FiF
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Prof. Roland Lindh

Prof. Markus Reiher (Uppsala U.)

(ETH Zurich)

Dr. Stefan Knecht
(ETH Zurich)

Dr. Leon Freitag
", (U.Vienna / ETH Zurich)

Dr. Christopher J. Stein
(ETH Zurich/UC Berkeley)

Dr. Yingjin Ma

(ETH Zurich)
Dr. Sebastian Keller

(ETH Zurich/Stanford Univ.)

Prof. Markus Reiher group
Molcas/OpenMolcas@ETH Zurich

“OpenMolcas: From source code to insight”, J. Chem. Theory Comput. 2019, accepted. doi.org/10.1021/acs.jctc.9b00532
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MOLCAS/OpenMOLCAS FS4iE € C Fimnzes

chemistry community to collaborate. (3R &1F)

stochastic complete active space self-consistent field,
density matrix renormalization group (DMRG) methods, and
hybrid multiconfigurational wave function and density functional theory models.

(FENLEGE B TERICASSCE. AR B BALRE . 22 HE /5 2 RIS

optimization of conical intersections, the simulation of adiabatic and
nonadiabatic molecular dynamics and interfaces to tools for
semiclassical and quantum mechanical nuclear dynamics

CHEFEAZ X i flidl, AR AARZE 3] 757D

spectroscopic and magnetic phenomena such as the exact semiclassical
description of the interaction between light and matter, various X-ray
processes, magnetic circular dichroism and properties

Ottt X, B/ = Emig)

“OpenMolcas: From source code to insight”, J. Chem. Theory Comput. 2019, accepted. doi.org/10.1021/acs.jctc.9b00532
EPIﬁ?E’:rI’Eﬁ#EFﬂEHR‘PM

of Scientific Comy ions & Research, Chinese Acader
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MOLPRO > MOLCAS

CASPT2
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MOLCAS %3¢ 5¢ LU, 3 2 Ry s\ n] DR LB B 3 R e A B, Eedn

#MOLCAS/Maquis sa-solver
export MOLCAS=/home/yingjin/Chem_Soft/MOLCAS_developing/VLeon/
source /home/yingjin/Chem_Soft/MOLCAS_developing/VLeon/gcmaquis/bin/gcmaquis.sh

(i 22 3 Qe-Maquis DMRGHEH [#) 15 )

MOLCASH) A 85 fic & 19, 7] LA F molcasre XA
(—MZLL “.molcasrc” FITEAAET H P £ H xR 7 T LE RO

MOLCAS_MEM=10000
MOLCAS_WORKDIR=/scratch
MOLCAS_NEW_WORKDIR=YES
MOLCAS_KEEP_WORKDIR=YES
MOLCAS_PROJECT=NAME

2 JEHIiE, K pymolcas (S NpythonHIFEAZ A HIay 2k vl LR AT 5%,

pymolcas -b 1 -f molcas-input.inp (-b 1 = 82 287 B H )

quﬁ?BElfﬁﬁ#EFﬂﬁﬂﬂtpu

of Scientific Comy ions & Research, Chinese Acader
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Compartor Network Information Conter,

/ CHEMIGAL 20125|5Chem Rev. B FHLEETIH

Chinese Acadeny of SCences

REVIEWS

Introduction to the Quantum Chemistry 2012 Issue

satisfactory manner.

method. The electron correlation prg)blem for strgmgly multi-

configurational systems still cannot be regarded as solved in a Pyykko 5% ( BHEE PR
ETH0TFRERER)

\ﬁ%¥ﬁ*W§W§ﬂuf REET %ﬁ%ﬁ@%&i—i/

No guantum computer yet,
so the scaling is about

O( Ndetngrb)

With the N, can be
Moy !

orb

Neje !(norb - nele)!

det —

Knowles and Handy, CPL, 111, 315 (1984)

INEIEZS E] AT I s |21
(1 8MNEMEHE) l (40/\*§ EZIBED)

IU\§ﬁ~1 09 Iu\éﬁ'\"l 022
EaTERER SRR R LB
(CASSCF) (DMRG)

Roos, et al, Chem. Phys. 48, 157 (1980) White, Phys. Rev. Lett. 69, 2863 (1992)

hE A FRit 8N F N R PG
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Why we need multi-reference (multi-configurations)?

Hartree-Fock (single-configuration):

qu: @ O W, =, — ¢,
oo

The Hartree—Fock model assumes it is doubly occupied

W=y, (1) ll’l( 2)
J. HF

W=y (1) (2)+ @, (1) 2 (2)+, (1) @y (2)+ 0y (2)py (1)

jonic covalent

®-®

Bond length  Bond energy

0.735A 84 kcal/mol
0.746A 106 kcal/mol
(from wiki)

HT + H- H + H lReasonabIe result around equilibrium geometry I




PRAPR

MCSCFRYETEENS N i

If far from equilibrium geometry : @ - - @

In separation limit, ionic terms will turn to 0, and covalent terms will turn to 1.

Since in HF method, ionic and covalent terms own the equal weight

W=, (1)@ (2)+9,(1) @ (2)+¢, (1) 9 (2)+ ¢, (2) (1)

jonic covalent

i | CSVGES | 1 =25 1 1 4 i 'y
1 2 3 4 3 . 2 * * o
WA A

I HF failure in bond dissociation! I

The most straightforward solution:

¥,= ,Dn[qq(l)cpl(2)+q>3(1)([:3(2)]+Ccm,[cpl(l)q:'2(2)+q:'1(2)q:-3(1)]

Valence bond description, but very hard to solve it due to
the non-orthogonal basis functions problem.

KA 5 52 ol

sssssssssss , Chinese Academy of Sciences
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MCSCFRYETEENS N i
Instead of VB, multi-configuration can do it!

using orthogonal molecular orbitals: introducing the anti-bonding orbital

—~ V=@,
q"Z: @ O Y=~ 9
q‘,] : @ @ Y, =@, +q,

q’zzll’z(l)ll’z(z)

L1l

W=, (1) (2)+@,( 1)([?'3(2 )—q‘q( 1 )q>v_,(2)—q>, (2) q}z( 1)

ionic covalent
Here, we can define

Equilibrium : C,~1,C,=0
®,, =C, W +C,W, q M i

Separation limit : C,=0.5,C,=—0.5

THHE F N AR PIb
pplications & Research, Chinese Academy of Sciences



MCSCFEIEEEIS CACoo=a

Was @ @ V=0, Then, how to get the C1 and C2 ?
®,.=C,¥,+C, ¥, ‘

Just simple CI diagonalization process !

Is there a method like HF-SCF to give a set of optimized orbitals?

MCSCF method
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MCSCFRYEEE R N itc il

-06 }

| 2 3 4 S 6 7

Fig. 5.14. The cc-pVQZ potential-energy curve of the hydrogen molecule for a two-configuration MCSCF
wave function (solid line) compared with the potential-energy curves of the FCI wave function (thick grey
line) and the RHF wave function (dashed line). Atomic units are used.

o B 0% i R 5

& Researcl h, Chinese Academy of Sciences
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Principle .
[E_mmw ]
Y Y

— _OE _
¥ =|wig ) _H_ g_ﬁorb_
————— OF
vo-lo-Yel) & oE dp dE eeg
— — " rg _ a_E —0
Vyeser = |Rr C) =e" |C> I A, == — %
or DMRG-SCF Y -< oL
Notice the color of orbitals kg B cR(orb) B

hE A FRit 8N F N R PG
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences
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W= [Preser )2 1T+ 6, 12746, |2 T ), [2:27) | 4=I1 = 2P M

C'=CU

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences
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The multi-configurational energy expression :

Epic :<kP||:||LP>

Assuming U can lower the energy, then

Eyc =<U\P| H |U\IJ> and U =¢" :1+R+%

with
N
5 _ ~
R= Z Ry Zaqaapo— (p, g MOs indices, o labels spin)
P o
in-active
and R is the skew symmetric matrix, i.e. R =—R _
active
R R ~R AR
As such, UTU:e et =e . =1 .
virtual 0

F N i R il
lesearch, Chinese Academy of Sciences
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1. Generalized Brillouin theory (¥} |H |¥)=
e.g. Super-Cl, Single excitation canonical transformation

<‘P|H<Zapa a, - Yl a pa>|‘1’> 0

(normally for CASSCF w.f.)
i.e. equivalent

EMC :<LP| H |LP>+2<F§LP| H |LP>+<FAQIP| H _E|F§T> via U=1+R Simple & robust

2. Energy expansion and derivatives
e.g. (Augmented Hessian) Newton-Raphson
E,,.c =<‘I’| H |\P>+2<F§\P| H |‘P>+<IR32‘I’| H |\P>+<F§\P| H |F€\P>+O(R3) .
A via U :1+I§+EF§2
May affect the conv.

H.-J. Werner and W. Meyer, JCP, 73, 2342 (1980)
P. G. Szalay, T. Muller, G. Didofalvim H. Lischka, R. Shepard, Chem. Rev. 112, 108 (2012)

PHE ?Eﬂ'ﬁﬁ#ﬂ;ﬂﬁﬁﬂ‘"b
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From the many-electron time-independent Schrodinger equation

N
HY = [T+TJ‘+{}]@= 3 (——vi) +ZV1‘¢)+ZUT“T‘J ¥ =E¥

(e}

(ilhli} (ijlkl)

For a given w.f,, the energy expression after 2" quantization

E( Z( |h|} ;11+ Z []|/‘l ikl

] IILI

where

7 =2 (¥

Lijrr = Z (7] éjré};r"éir”ﬁjr ¥)

T

To be called CASSCF: if |U) = an o) = Z Corop |01 ... o) IS Used.

o U]:"'_‘JL

To be called DMRG-SCF : if matrix-product state (MPS)

Z Z M7 M, - M oy...oL) =) MTM7-.- M7 |o)

..... N S O §

o
is used. (Similar thing for QMC-SCF)

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



Werner-Meyer-Knowles(WMK) algorithm ~ €NC fnszese

Ey =) (ilhlj)yij + 5 ZZ?W ikl

ij zjkl
Consider the possible orbital variations, e.g. |i')=[i)+|Ai)

Then, expand to 2"d-order :

E® = E,+2 Z(Azlhh)%ﬁ + Z(AilhlAjh’ij

+ Z[Q(A’ijlkf)[\ijm + (A‘iﬂj“{.f)[‘ijk{
ikl

+ 2(Aik[IAf)Tigji]

hE A FRit 8N F N R PG
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



Werner-Meyer-Knowles(WMK) algorithm ~ €NC fnszese

EQ) — Ey+2 Z(Azlhlji)%j + Z(A‘ilh'lAjhfij

ij ij
+ D [2(AdG[ROT s + (AiAG|KDT 1
ijkl

+ 2(Aik|IA])Tigji]

Consider |Ai) = |i') — |i) = Z |-r with T. =R. +%Rfi 4

i [ D Ikl )+ Y (r [T9]5) F:’jki]

Tyt b Fuk
+ Z Z T, Ty [(?‘ |h| s)yi; + Z ( (r|J*| $) Tiju + 2 (r | K| s) Fikﬂ)]
i 8]
_EU+QZT7'34”+ZTH |Gij| >

1,],T,8

— Eﬂ + E ITHI A'r:' + Bri} 3
T H.-J. Werner and W. Meyer, JCP, 73, 2342 (1980)

hE A FRit 8N F N R PG
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



Solving for WMK algorithm C:C Bl as A

EEE)(T)

v

EY(T,AR) = E?(T) + QZ (AR, + %(&R)i)ﬁ,_i + Z AR, (U'GYU),AR,;

8,18,

JEP (T, AR
Gradients: g= ( (T.AR)

i xf ,
—2A—A",=0 V.
AR, )AR_D ( ) re

@
Hessian: H :(35 (T,AR)

= (1 —7)(1 — 7;) (2(UTGYU),, — (A, + Al)d;;
aaR?.iaast)Mzﬂ (1 =7)(1 = 7) (Z(UG U),s — (Ars + am)aq)

— gl 1/A
=0 x = {AR,;} with r > 1.
g H/A—¢ X

€= };gt}{ (augmented Hessian form, solved by Davidson)

U(R,AR)=U(R)-U(AR) for every micro-iterations
H.-J. Werner and W. Meyer, JCP, 82, 5053 (1985)
Sun, Q.; Yang, J.; Chan, G. K.-L.*,CPL, 683, 291 (2017)
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External orbitals ¢ —— No electron, optimized

I Electrons redistributed, optimized

Closed orbitals 4 '-T_
i

Frozen orbitals ’l - Doubly occupied, not optimized

Doubly occupied, optimized

N SR B 5T 1D

lesearch, Chinese Academy of Sciences



MCSCF. CASSCF, RASSCF N

CASSCF (=Fully Optimized Reaction Space)

Active space: Full CI

CAS

Figure 4.11

RAS3
All 0,1or2
excita- RAS2 excitations
_"_ tions
i RAS1
—|l—- —II— RASSCF;

Larger active space
dynamic correlation
If RAS2 =0=>CISD

Illustrating the CAS and RAS orbital partitions
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;lu\* E*s 5’] lu\* E* hc e o

MR-PT/CC/CT/...

W >~ External space
N, (virtual orbitals)

~BYNAM | CAE
CORRELATION
: Ny

Active space
(active orbitals)

External space
(core orbitals)

qllﬂﬁflﬁrl'gﬁﬁiriﬂﬁﬂﬁqﬂu
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MC:
%:0 E)=min’ R}f(ljllf&c |
Orbital optimization part Cl part
Both well developed, hard to get large progress
MC -> MR :

“MCSCF wave functions are often used as reference states for
Multireference configuration interaction (MRCI) or multi-reference perturbation
theories like complete active space perturbation theory (CASPT2). “

“These methods can deal with extremely complex chemical situations
and, if computing power permits, may be used to reliably calculate molecular
ground- and excited states if all other methods falil.”

THHE F N AR PIb
pplications & Research, Chinese Academy of Sciences
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ENCLZ HE AR SR = R P A
MOLCASH 4 H iy ,EI/JIjJ & R CASPT2.,

MOLCASH & & =W I, 52 N Rt 2k

TR, B
1.CASPT2
2.ANOZEZH Kz CholeskyFH 47 iT Lk
3.DMRG

YE NMOLCASH) 3 T2 W HH /T BE .

PERNFRITENFNARRPID
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



CASPT275E/E7 N
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A ZE 90 AR A AL R I CASPT2170 2 M T i ATAT N 2 2% (multi-
reference, MR) HL-F&EMTTHEITIEZ —>

LMK E T R A TR . CASPT25Lfp EEEAL
2 A ICASSCFT A Z B PT21HE HI BE 47

CASPT2{F % 24 MRy
|\ Sein i, LR LE BTl
e i v — Ak, (LA LA T
- _’_ EI/JMCVI}%O
iEE==E —— N .
smempe | |11 CASPT2] EHIMCII 5 -
FEM, R +;. [ f& NCASSCFit 5., wmILLE
R ) P T 2 BRI B
vemEn i R B
i « o qpEtESAE

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



CASPT25 &M@ G
Z 225 PIPT21HEA, FHsEn] DUBAR N IE FIMP21H 5L

ANFZ A FE T RMP2IH R S S RHFE R B, HFE RBE IR E HF AT A
Ao PARESHZAT P AP B 73T HUIE 5

:|:| |

CASPT2i 5 15 2% 25 /= CASSCFUY PRI 2, CASSCFIY PRI = MR IX 20 245 25 [a) N i& 1tk
2 (AT Bl BEIAT AN (BB ASESRED , PUERXT RANVAS /AT AR

W 7> T HLE -
= 3= 1 4

Y

hE AN FRit 8N F N AR PIL
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



MOLCASK CASPT2E AN CC iFimsazes

&GATEWAY

coord

2

angstrom

H 0.3500 0.0000 0.0000
H -0.3500 0.0000 0.0000
basis

h.DZ....

&SEWARD

&SCF

&RASSCF

Ras2

11000000
&CASPT2

&GATEWAY
NI TR FEH L KRR
(geometry, basis sets, symmetry)

RETAE S

&SEWARD
VLT EPNE TN ER!

&SCF

ANBEEHERPRAG R
Hartree-Focka & DFTHI 5,
R AEAE A 18

&RASSCF
NZAZ ARG R

&CASPT2
NCASPT2 it fi

hE AN FRit 8N F N AR PIL
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



ANOEHF; CholeskyfR i (L CYC Himunsrs

MOLCASEL B B RO B L2 ANO R A HEZH, ANOFI A FF /& Atomic
Natural Orbital, EZEAHANO-S, ANO-L, ANO-RCC="1F7F .

ANO-SFIANO-LZ3 1% T /N AT R T ANOJEZH,  ANO-RCCHT B Y
A E XS RN FANOEEZH. (B MHBICmIFTER) » KA T
Douglas-Kroll Hamiltonian (DKH) 1% 1F.

KN ANOZR L H 2 18 i CASPT2 X BN R AT AR AL 2H, B
D REIEEESZAHE. 2SERNTE.

HTH XA T “generally contracted” B BT 58 0E, P LALIR 25 & 5K
WG Y R ThRe . lanm] LLAANO-RCC-VDZP I BUE 43 0], 4R
JEAEY R E|ANO-RCC-VTZP N, LABE A RIEAH T ik M= R A G2k
B FP) i) @t

PERNFRITENFNARRPID
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



ANOEHF; CholeskyfR43ik{Ll (N L

Relativistic ANO basis sets -- ANO-RCC

6s4p3dl1f for Hydrogen.
7s4p3d2f for Helium.
8s7p4d2flg for Li-Be.
8s7p4d3f2g for Be-Ne.
17s12p5d4f for Na.
9s8p5d4f for Mg-Al
857p5d4f2g for Si-Ar
10s9p5d3f for K
10s9p6d2f for Ca
10s10p8d6t4g2h for Se-Zn
9s8p6d41f2g for Ga-Kr
10s10p5d4f for Rb-Sr
10s9p8d513g for In-Xe
12510p8d4f for Cs-Ba
11s10p8d5f3g for La

1251 1p8d7t4g2h for Ce-Lu
11510p9d8f4g2h for Hf-Hg
11s10p9d6fdg for TI-Rn
12s11p8d5f for Fr-Ra
13s11pl0d8f6g3h for Ac-Pa
12510p9d7f5g3h for U-Cm

TE X ANO-RCCEAL —E HEi &
Douglas-Kroll-Hess (DKH) £ 1F

P
&SEWARD
RO20P02

molcas help basis X where X is the atom




ANOXELAF; CholeskyFR4iE{E GG

MOLCASﬁéﬂiRl ILE — MBI T BE R /& Cholesky Decomposition (CD)
Rl T %= XA%~A3E%ﬁ}Eﬁ1+ﬁﬂﬂﬁ$&o

HSHURA 70 sk i) REA8 32 e e 4 rp 0 AR o il el 4 B eR B 5N Elé
3 Th L R RO 3, LRSI 5E B  B A  50 3

(ilhlj) UILY)

N I ‘
v = (1 4V +0] e [z( 2V + VG + UG

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



&GATEWAY

coord

2

angstrom

H 0.3500 0.0000 0.0000
H -0.3500 0.0000 0.0000
basis

h.DZ....
&SEWARD

CHOLesky
&SCF
&RASSCF

Ras2

11000000
&CASPT2

ANOEHR CholeskyfR 3L A

&GATEWAY
N TR R AL Bl XARPE
(geometry, basis sets, symmetry)

RETAE S

&SEWARD
VLT EPNE TN ER!

&SCF

ANBEEHERPRAG R
Hartree-Focka & DFTHI 5,
R AEAE A 18

&RASSCF
NZAEZBIEHIRAE R

&CASPT2
JNCASPT2HE AL

hE AN FRit 8N F N AR PIL
Center of Scientif uting Applications & Research, Chinese Academy of Sciences



ZEIEIEEELEY (DMRG) C0C 2

DMRG4:Ff /& Density-Matrix Renormalization Group, B[} 2% & 4 [ B AL 3
s BB, R iR s BERE RE (ROAEED) AEE BT AHSE R,
?ﬁ;j&]ﬁﬁ*ﬁfhﬁ’ﬂiﬁ%@ﬁﬁ%éﬂk“Iﬂﬁ’]ﬁﬁ‘?@T (RPE®AL) , DPASE
R4

&2 i)

w=§ﬁmw>

mw R :
=Ycjcyj  (MNXMN) . {

00— 75 20 25 @0 35
i
AHE{E w, for RDM ~ exp[—(const/D)In’«a]
MxN - M

PERNFRITENFNARRPID
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences




%EEFEELEF (DMRG) N

Vector C(dL) . ‘ ‘ ‘ 4‘ E...;.......‘... ..... 3.;

Transform o, O,
Matrix W(d! x dt=1)

l SVD decomposition T1.0s0L

U1><Sl><Vﬁ =

l SVD decomposition
Uy X Uy X Sy X V)

MPS: [1)) = z MOLM% .. M%6,) ® ... ®|ay)

01,..,0],

Ui)(lk:X---XIUL

DMRG quantum chemistry (FCI/CASCI, CASSCF, CASPT2, MRCI, NEVPTZ, ...)
White, Chan, Reiher, Yanai, Xiang, Shuai, Legeza, Wouters, Ma, ...

hE A FRit 8N F N R PG
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



%EEFEELEF (DMRG)

&GATEWAY
coord
2
angstrom
H 0.3500 0.0000 0.0000
H -0.3500 0.0000 0.0000
basis
h.DZ....
&SEWARD
CHOLesky
&SCF
&RASSCF
Ras2
11000000
DMRG
RGinput
nsweeps = 20

max_bond_dimension = 100

EndRG
&CASPT2

PEAER
c‘ : HAH SRR D
Compartor Network Information Conter,

&GATEWAY
N TR R AL Bl XARPE
(geometry, basis sets, symmetry)

RETAE S

&SEWARD
VLT EPNE TN ER!

&SCF

ANBEEHERPRAG R
Hartree-Focka & DFTHI 5,
R AEAE A 18

&RASSCF
NZAEZBIEHIRAE R

&CASPT2
JNCASPT2HE AL

hE AN FRit 8N F N AR PIL
Center of Scientif uting Applications & Research, Chinese Academy of Sciences



ERAXRFNE N

. : &IGATEWAY
@—@ N TR SLH L PR

&SEWARD
&GATEWAY VLA EPN R PN RS
coord
2 &SCF
angstrom N EEAE R A B
H 0.3500 0.0000 0.0000 Hartree-Fockal % DFTI 1T,
E-qssoo 0.0000 0.0000 LR R4 e
asis
h.DZ.... &RASSCF
o EZiESREeA 1L ONEES!
CHOLesky
ARASSCF BALASKA
- DR A BT T S AR R
11000000
&SLAPAF R AL T AR
&CASPT2
&CASPT2
JNCASPT2it i B

hE AN FRit 8N F N AR PIL
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



PEAER

Compartor Network Information Conter,
JL Chineve Acadeny of Scences

Y HTMOLCASE J5 I B K FL1HT MLuscus, 7] LAFT FFMOLCASA: Al i lus SCA:
https://sourceforge.net/projects/luscus/

luscus
<

molecular editor and viewer

Status: Beta  Brought to you by:

Downloads: Last Update:

Download Get Updates Share This

Files Reviews Support Wiki Code choets Discussion

Luscus is the program for graphical display and editing of molecular systems, The program allows fast and easy building and/or editing different
molecular structures, up to several thousands of atoms large. Luscus can also visualize dipole moments, normal modes, molecular orbitals,
electron densities and electrostatic potennals. In addition, simpie geometrical objects can be rendered in order to point out a geometrical
feature or a physical quantity. The program is developed as a graphical interface for MOLCAS program package, however it's adaptive nature
makes possible using luscus with other computational program packages and chemical formats.

If you use this program, please cite: G, Kovacevic, V. Veryazov, J. Cheminformatics, 7 (2015) 1-10;

DOl 10.1186/513321-015-0060-2

B ENF R NENRAHRPIL

Project Samples

I..

.'o
00%° 33638

Center of Scientific Co



TR N

YRR A IMolcas (<8.0) ERiNfFFHGV
http://www.molcas.org/GV/

4
5

build from templates use of symmetry

'Y i
’iﬁ,.
PR3O -
T e 4 i W (e
B EBY
Water orbitals HiRes pictures Active space publication example




&GATEWAY

coord

2

angstrom

H 0.3500 0.0000 0.0000
H -0.3500 0.0000 0.0000
basis

h.DZ....
&SEWARD

CHOLesky
&SCF
&RASSCF

Ras2

11000000
&ALASKA
&SLAPAF
&CASPT2

&GRID_IT
all

PEAER
C‘ c HAHASERDD
Compartor Network Information Conter,

Chineve Acadeny of Scences

&IGATEWAY
N TARZRRR B AR

&SEWARD
NG R BN B
&SCF
NEEIHFREAAE B
&RASSCF
NZHZHEHRAE R
&ALASKA

N RE IR TH R AR R

&SLAPAF
TR A T AR R

&CASPT2
SHCASPT21 1 & fei

&Grid_it
NAAAL SR Clus, grid) {5 AR B

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



MOLCASiHE R GIHER

(17 Slides)




PEARR
*ém c:c HAHAS BB
- ;-b;wm«vdm i

‘ BARSHS, SSEFRM

JEER. WRIR

SR RTES, RMIBEITHE

YeitF o Fdioxetonaneit JELHIothr

hE A FRit 8N F N R PG
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



BRSHS, S50

&GATEWAY
coord
2
angstrom
H 0.3500 0.0000 0.0000
H -0.3500 0.0000 0.0000
basis
h.DZ....
&SEWARD
CHOLesky
&SCF
&RASSCF
Ras2
11000000
&ALASKA
&SLAPAF
&CASPT2
&GRID_IT
all

PEAER
c:c HAHASERDD
Compartor Network Information Conter,

Chineve Acadeny of Scences

&IGATEWAY
NI TR R

&SEWARD
VSLAC g PSR!

&SCF
VIERGEZ KPS LTRSS

&RASSCF
NZHZHEHRAE R
&ALASKA

N RE IR TH R AR R

&SLAPAF
TR A T AR R

&CASPT2
SHCASPT21 1 & fei

&Grid_it
AR SCHE (lus, grid) (5 AR R

B RPRRE

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



HESE. WREER N

NESR. WMATRLEY

CASSCF+CASPT2 {5 i
&GATEWAY LI & I .
coord=CO-BTBP-Eu_C2.xyz @ "3 A A
Basis set . .: :
ANO-RCC-MB, N.ANO-RCC-VDZP, O.ANO- Eu-BTBP-(NO.),
RCC-VDZP, Eu.ANO-RCC-VDZP
&SEWARD
RO20P02
CHOLesky
fmff;c': %45 7 9 CO-BTBP-Eu_C2iH 51 F1— Mol T
fileorb=C0-BTBP-Eu_C2.ScfOrb {8 F§ ANO-RCC Z 5| [ 52 41
frozen=7971 [FI 15 1 DKH 2B LA i s B A X 1 A2 1
ras2 =6 7 {8 FH CASSCF % ek HF N CASPT2 [ 2 % 25
&CASPT?2 JE T BUKEE FICholesky 73 i
&GRID_IT
all

PERNFRITENFNARRPID
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



HESE. WEWER N

&GATEWAY DMRG-CASSCFif &

coord=CO-BTBP-Eu_C2.xyz
Basis set

ANO-RCC-MB, N.ANO-RCC-VDZP, O.ANO-RCC-VDZP,
Eu.ANO-RCC-VDZP

&SEWARD ,.:j o 8L IR (IS Rl aetL *c:- s
" S ‘ Sv. QY. gt MWL Wt
RO20P02 o e ?& {3 ] %%
CHOLesky ,,» spe8
&RASSCF .; G R
0. l() 0.08 0.06 0.06 0.05 0.02 0.01

SPIN=7

et <oeD
symm=2 e <. ,,* # *“ .' '?‘4'-,.
fileorb=BTBP-Eu-NO3 C2.RasOrb 199 198 194 1.93 192 190

typeindex - ‘n\ !}\- ; su en\ ::s:a o ,s”
THRS:l.Oe-OS 5'0e-02 5.0E'03 ! 0.10 0.09 Ull\ 0.06 .(:)f:) l.l?l: .(:).:ll

DMRG
DMRG(38e,360)[1000]-SCF

RGinput
ANO-RCC-VDZP(MB) + DKH2
nsweeps = 20

max_bond_dimension = 1000
orbital_order="30,12,4,23,10,29,31,3,20,13,11,17,27,9,25,14
,33,8,24,6,21,28,35,19,2,18,34,1,36,16,5,22,15,26,7,32"

EndRG

&GRID_IT
all Z. Luo, Y. Ma*, C. Liu*, H. Ma*, JCTC, 13,4699 (2017)

PHE ?El‘l‘ﬁﬁ?ffﬁﬂ?fﬁq!ll.l



N PEALR

VR LA al
Compartor Network Information Conter,

—n Chinese Acadeny of SCences

gEA N, FERH “» Do while 7 {FF4
fid 4 &ALASKA. &SLAPAFIE I KK iHAT .

>>>>>>>>>>>>>>>>>>> DO while <<<<<<<<<<<<<<<<<<<<
&SEWARD
Symmetry
Xz
Basis Set
C.cc-pVDZ....
C0.00.00.0
End of Basis
Basis Set
H.cc-pVDZ....
HA 1.67103 -1.18160 0.00000
HB 0.00000 1.18160 1.67103
End of Basis
NoCD
&SCF
KSDFT
B3LYP
&ALASKA
&SLAPAF
C1-DIIS
>>>>>>>>>>>>> ENDDO <<<<<<<<<<<<L<LLLLLLLLLLLLLL<L

PERNFRITENFNARRPID

Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



JiES. RMEEITR

&GATEWAY
Coord=3
Angstrom
H 0.000 1.070 0.000
C 0.000 0.000 0.000
N 1.150 0.000 0.000
Basis = STO-3G
Group = NoSymm
NoCD
>>> Do While
&SEWARD
&SCF
&SLAPAF
FindTS
TSConstraints
d1 =bond H1 C2
d2 = bond C2 N3
al =angle H1 C2 N3
Values
d1=1.202 angstrom
d2 =1.222 angstrom
al =72.8 degree
End of TSConstraints
>>> EndDo

>>> Copy SProject.RunFile SProject.RunOld

&MCKINLEY

PEAER
c. c HAHN SRR
Compartor Network Information Conter,

Chinese Acadeny of SGences

&SLAPAF %54 “Do While”
FindTSoo F AL VES

&MCKINLEY
TEAE, el ESs

N4 (reaction vector) {RAFELE
RUNOLD X A+, T a2 HIIRCIHH&

EFIﬂ?ErI‘ﬁﬁ?EHﬁHR!PM

of Scientific Computing Applications & Research, Chinese Academy of Sciences



L Elb‘s &F‘- Eg 1‘1—% c:c g«”ﬁ@iﬁm

. (L)

&GATEWAY
Coord = SProject.Opt.xyz
Basis = STO-3G
Group = NoSymm

NoCD
© &SLAPAF 454 “Do While”
>>> Do While IRCI 74 T S V. B 45

&SEWARD
&SCF
&SLAPAF
IRC
nIRC=4
>>> EndDo

NENRAHRPIL
ns & Research, Chinese Academy of Sciences



YelbFE D FdioxetonaneitESEFISHT  CNC Fimeeawe

X B IATEOG AR R B A% 077 T dioxetonane N, — & —2 0 i it

CAS(30,26)/CAS(28.25)  Luciferin anion

dinyvetumone

hE AN FRit 8N F N AR PIL
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



Yt FE 5 FdioxetonaneitELHISHr  CRC Enuere.

100
80 -
= 60 |
> 40} 1
2
~ 20 -
% : :
z 0 F -9 9 o ®
= N ~ ™ Iy .
= o o == = .
o =20 F m =% o: \ * ® -
= °). b’?. = {(no,. 9c):Min ' (noy, 96c)-Pr
= A0r : z -
é ] I(O(K)-”(.)()]‘Min : é .
-60 } : : \\..,’_ ® -
: : ®
-80 F Initial - Biradical : Fragmented Yo ,(,.a('ml—l’.]\)d

-1 -08-06-04-02 0 0204 06 08 1 12 14

Reaction Coordinate (a.u.)

LB s A e s IR f] 1A
X HLFRAT30E HIH{C e} i i S fL - Z5 R T T

5 I B 55 o il
search, Chinese Academy of Sciences



Yt FE 5 FdioxetonaneitELHISHr  CRC Enuere.

CASSCF 5
B — b R BUAE IR A ], %4k &
)2 B A3 M 25 AL R B

}a CAS(16,13)
"‘H - j
q
O CAS(1%,15)
& .
" W - 3

hE A FRit 8N F N R PG
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



FelbFE D FdioxetonaneitESEFISHT  CNC Fimeeawe

CASSCFiH4. THEL58 JE M 2 1 1 22 a8
& GATEWAY 4
coord=dio DMRG_opt_CICC_130.0pt.xyz b 3 At 4
basis=ANO-RCC-VDZP L BN R N
group=NOSYM . R
12 9 %80 ‘
&SEWARD 0%
R02002
&RASSCF Y.
fileorb =dio_ DMRG_opt_CICC_130.RasOrb “ ! '
inactive =11 “ "
RAS2 = 13 - g
TS 0 08 675 TR AT RIS by
= 1.0e-06 1.0e-02 1.0e- & 7
&GRID_IT . ‘?h’ . “‘
all 200
127

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



PEAER

Yt E A Fdioxetonaneit ELFINHT  CRC e

AR -
A RATTI A 1 >>COPY SProject.RunFile RUNFIL1
1% FH X ANO-RCC-VDZP >>COPY SProject.RunFile SProject.RunOld
AkeH, B eRAILL &GATEWAY
14 F REXPBAS JC 4 7 coord=dio_DMRG_opt_CICC_130.0pt.xyz
PRI 2H 2= ANO-RCC- basis=ANO-RCC-VTZP
VTZP, group=NOSYM
>>>Copy SProject.RunFile RUNFIL2

REEH 5 2 AR &EXPBAS
T hnEh 0 5 T AR FileOrb = SProject.RasOrb
sresle), RS &SEWARD
FH ST B AT DA IR R02002
B2 B R AH S RE - &RASSCF

inactive=11

RAS2=13

fileorb=SProject.ExpOrb
Clroot=22;12;11
THRS= 1.0e-06 1.0e-02 1.0e-03

PERNFRITENFNARRPID
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences




Yot F 3 Fdioxetonaneit BELGISHT  CRC Hinuere.
K &EXPBAS Ay R IR A, Hr3tdl T ICASSCRIERAT AL LUl Bt SR IR 2

Iter CI SX ClI RASSCF Energy max ROT max BLB max BLB Level Ln srch Step QN Walltime
iteriterroot energy change param element value shift minimum type update hh:mm:ss
17 0 -301.82461230 0.00E+00 0.33E-01* 16 901 0.99E-01* 0.24 0.00 SX NO 0:02:35
15 0 -301.84456833 -0.20E-01* 0.70E-02 16 901 0.15E-01* 0.24 0.00 SX NO 0:01:10
14 0 -301.84514608 -0.58E-03* 0.19E-02 16 901 0.25E-02* 0.24 0.00 SX NO 0:00:52
13 0 -301.84521281 -0.67E-04* -0.21E-02 16 901 0.91E-03 0.24 0.00 SX NO 0:01:22
12 0 -301.84523492 -0.22E-04* -0.28E-02 8 291 0.30E-03 0.24 2.38 LS YES 0:01:25
0
0
0
0

=

12 -301.84524864 -0.14E-04* -0.32E-02 18 131 1-0.65E-03 0.24 1.25 QN YES 0:01:46
12 -301.84525960 -0.11E-04* 0.62E-02 16 901-0.47E-03 0.24 2.14 QN YES 0:01:43
11 -301.84527060 -0.11E-04* -0.35E-02 16 301 0.26E-03 0.24 1.44 QN YES 0:02:03
10 -301.84527384 -0.32E-05* 0.29E-02 8 291-0.19E-03 0.24 1.72 QN YES 0:01:42
10 9 10 0 -301.84527565 -0.18E-05* 0.14E-02 7 191 0.13E-03 0.24 1.39 QN YES 0:01:56
11 8 9 0 -301.84527628 -0.63E-06 0.61E-03 16 301-0.93E-04 0.24 1.43 QN YES 0:01:43
Convergence after 11 iterations

12 7 9 0 -301.84527647 -0.18E-06 0.61E-03 16 301-0.44E-04 0.24 1.43 QN YES 0:01:51

OO ~NOOULILE WN -
00 O 00 00 U1 U1 P W

¢Iﬁ$ﬁl‘l’£ﬁ$ﬁﬂiﬁﬁﬂ¢hﬂi

f Scientific Co ns & Research, Chinese Acadi



Yt E A Fdioxetonaneit ELFINHT  CRC e

EERE, BASHHAaRECKTF0.0517 5Nk ik, %1 n
TS

printout of Cl-coefficients larger than 0.05 for root 1

energy= -301.845550

conf/sym 1111111111111  Coeff Weight
2 2222222ud0000 0.93479268 0.87383736
19 2222220ud2000 -.10476077 0.01097482
2647 u2222222d0000 -.22324040 0.04983627

X+ A2

printout of Cl-coefficients larger than 0.05 for root 2
energy= -301.845003
conf/sym 1111111111111 Coeff Weight
4 2222222020000 -.45281801 0.20504415
20 2222220022000 0.05041200 0.00254137
2648 u222222d20000 -.79820121 0.63712518
2666 u222220d22000 -.08814461 0.00776947
12937 0222222220000 0.27124343 0.07357300
40279 u222ud222d000 0.05216987 0.00272170

Beit 88§ 5 R 5 P i

mputing Research, Chinese Academy of Sciences



YelbFE D FdioxetonaneitESEFISHT  CNC Fimeeawe

CASPT2 i1 &
CASSCFYS S5, 1] LIR A &CASPT2iE i -R - J5 CASPT2 v H 45,  SReAs: IE L7~ MH < BE

. (L)

&CASPT2

MULT=all HermuLT=all, REEFIXL

CONVergence=1.0d-05 —/NEZARCASPT21H4

&GRID_IT

all AANEIN 7 &GRID_ITIET R,
%%ﬁﬁéT%% I BT

PEAZRITENFENARR P
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences



Yt E o Fdioxetonaneit ELFISHT  C€NC Hineer.

CASPT2RIG R, HIL T HFARENTHE

The CI coefficients for the MIXED state nr. 1
CI COEFFICIENTS LARGER THAN 8.58D-81

Occupation of active orbitals, and spin coupling
of open shells. (u,d: Spin up or down).

sGUGA info is (Midvert:IsyUp:UpperWalk/LowerWalk)

Conf SGUGA info Occupation Coefficient Weight
4 ( 1:1: 4/ 1) 2222222628608 -8.452823 8.285848

280 ( 1:1: 28/ 1) 2222226022008 g.a5e413 8.882541
2648 ( 2:1: 2/ B) u222222d20000 -8.798218 8.637138
2666 ( 2:1: 28/ B) u2222208d220080 -B.888146 8.Be777e
12937 ( 3:1: 1/ 21) 0222222228608 8.271246 8.873575
48279 ( 5:1: 1/ 24) u222ud222de06e B8.852178 8.082722

The CI coefficients for the MIXED state nr. 2
CI COEFFICIENTS LARGER THAN 8.58D-81

Occupation of active orbitals, and spin coupling
of open shells. (u,d: Spin up or down).

sGUGA info is (Midvert:IsyUp:UpperWalk/LowerWalk)

Conf SGUGA info Occupation Coefficient Weight
2 ( 1:1: 2/ 1) 22222232udeooe B.934862 8.873855

19 ( 1:1: 19/ 1) 2222228ud2888 -8.184762 8.8168975
2647 ( 2:1: 1/ B) u2222222d8008 -8.223243 8.B849837

NZ R HN SN AR D0
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TS ERER S Z S E T E (EFEMOLCASH 5 FICASPT2) N
KEEFID IR, NG EMSHSEHER R GECASPT2 i A I HER T

I AR T ER R B RE R 2R R R ERIRN T # .

B YeHESE — N V. Veryazov, P.-A. Malmqvist, B. O. Roos7E20124F & K I
How to select active space for multiconfigurational quantum chemistry?

J. Quantum Chem., 111, 3329-3338 (2011).

https://sci-hub.tw/10.1002/qua.23068}
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*Rydberg 4 J5i it 115 75 Bk FEx) W i) Rydberg#LiE

TESBRLESY

CrECurt®k, —MFHEHFE “double shell” (3d+4d) %R
R ) 2 2 ik 2 d E I3 AT AR AL IS i

o5 SR AT I S R AR R — RN TR A R dBE
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*5d, 65 (6p) — MR Ui B NEE N HUIE . Ak or B 1B ik 59T e
i AT IE A E TS TESOE IR o X T IEA B IR BUR A e, - Z 2R
T3 2 TR RN BR 1] AR5 DMRG 812 55 4 £ 5 JIR 17 334 fa )

« (fFE LR & BERSR A e E P e iS5 s — 1
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e 1SS [E)iEEY NC iiimanass

y P 2 A Ak B 32 B2 JE ik & RASSCRZE il -~
] FROZen. INACtive. RAS1. RAS2. RAS3%%&f=r ki B iE 2% a)

HARRBIEGRTOE WL TR,
DELETED
0 Virtual
in-active
0-2 RAS 3 arbitals containing
active a max. number of electrons
0.2 RAS2 arbitals of
- arbitary occupation
. RAS] arbitals conlaining
0-2
virtual 0 a max. number of holes
2 INACTIVE
2 FROZEN

5 I B 55 o il
search, Chinese Academy of Sciences
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R EEE R MESERE G, NP2 ESESHTE T
%<, MOLCASH RASSCF# /) 2 S IR 281

*CAS-Cl Kfi#s XN K12 472 RAS2

*RAS-CI Kfifds X R[] Z %502 RAST+RAS2+RAS3 %K fif

*GAS-CI K XJ B[RS %2 GASSCF

*DMRGKfifE#s XN 23 A48 vl LA F QCMaquis, 41, Block
code LA S CheMPSHL 2 A LA FH )
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http://159.226.193.15/lib/exe/fetch.php?tok=3c3bf9&media=https%3A%2F%2Freiher.ethz.ch%2Fsoftware%2Fmaquis.html

- BEYY R A CYC Himunsrs

MOLCAS H i F Z I FE LA J7% 8 Quasi-Newton #1 Super-Cl J7i%

BRAINI 7 e Je K HISuper-Cl, A a1y (RPERZE +) Quasi-
Newton /712

AN DX AR 2% 1 1 T 2 e

*MOLCASH* % %) Ny orb-only B3 i i fitwo-step uncoupled ) )5 %,
Quasi-Newton A2 R IS, SuPer-Clj'\jT)Hi'HWi(Wﬁﬁ

Super-ClUTEW SR BE U — 28, Quasi-NewtonUU 842/, (H 280k
AT SR I fige i B BRAR %2

hE AN FRit 8N F N AR PIL
Center of Scientific Computing Applications & Research, Chinese Academy of Sciences
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XFT-CASPT2 (38 — AN S5 B AE &RASSCRIE I J5 1, 4k&2dsin
&CASPT2iE I AT LA T s

CASPT2H5 % R TE S e s e /e, 30T DLk 2K 2 BT i)
&RASSCFi&E T+~ B A &, #UFROZen. RAS2. DELEted.
RLXRoot%54%,

FH 24T CASSCFit 5, CASPT2iH5H & B A /ML R 1)) LA a2
CONVergence (WRFIEUSREE)  IPEAshift (EZITAMG ) |

G & AR i 4 2 ) B8 Y CASSCRU L RE ) BB i

Je4t, {ERRF Cholesky S RIBUT L BLIIN %, LOVCaspt2,
FNOCaspt2fJCASPT2 /7 &t & 1] ISR H
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MOLCAS Command-Line Help System €JC iZinseere

#E N\ molcas help 7] PLiFE A MOLCAS Command-Line #5Bh & 4.
3T Y pymolcashi A 2 it A ] A D

*molcas help produces a list of available programs and utilities.

*molcas help module yields the list of keywords of the program module.
*molcas help module keyword offers the detailed description of the keyword.
*molcas help -t text displays a list of keywords that contain the text word in their

description.

B @ ENE http://www.molcas.org/
PL K MolcasZ 2% H % B[] ) test U449
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