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Introduction to ORCA
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ORCA

» ab initio, DFT and semiempirical program package

» free of charge for academic users

» current version: ORCA 4.0.0

» runtypes: single point computation, geometry optimization,
energy gradient computation, scan for geometric parameters

» coordinates input: Cartesian or internal

» ORCA is invoked from the command line on all platforms

(Linux, MacOS, Windows, clusters) .
/\—'

ORCA

Neese, F. WIREs Comput. Mol. Sci. 2012, 2, 73-78.
ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf



Introduction to ORCA

ORCA input — the basics
» input file => a free format ASClII file

> file type => filename.inp

» keyword line starts with a ! sign
» input blocks enclosed between a % sign and end
» coordinates enclosed within two * symbols

» comments line starts with a # sign

» keywords => in any order, not case sensitive,
don’t need to be on one line
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ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf



Introduction to ORCA

» Example of the ORCA input file

# methane, single point
I HF 6-31G

v

%scf
convergence tight

v

end

v

*xyz01
6 0.000000000  0.000000000
1 0.789867000 -0.737667000
1 0.339410000 0.973121000
1 -0.888693000 -0.301995000
1 -0.240584000 0.066541000
*

v

0.000000000
0.148378000
0.357625000 ——
0.555952000
-1.061956000

N

atomic number

comments section
keyword line

input block

charge and multiplicity

coordinates




Introduction to ORCA

» Example of the ORCA input file — use in parallel

# methane, single point
I HF 6-31G
%scf

convergence tight
end
%maxcore 1000

%pal nprocs=1
end

*xyz01

6 0.000000000 0.000000000
1 0.789867000 -0.737667000
1 0.339410000 0.973121000
1  -0.888693000 -0.301995000
1  -0.240584000 0.066541000
%

0.000000000
0.148378000
0.357625000
0.555952000
-1.061956000

v

memory limit per
processing core

number of parallel
processes

Note: %maxcore refers only to the dominant work areas, the program may take more, therefore:
Provide a number that is significantly less than your physical memory!

ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf
All computations presented herein performed on the group’s HALO cluster.



Introduction to ORCA

» From the ORCA output file

R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R

L

"

SUCCESS
SCF CONVERGED AFTER

8 CYCLES

L

w

AR R AR R R R AR AR AR R R R R R R

Total Energy

Components:
Huclear Repulsion
Electronic Energy

Cne Electron Energy:
Two Electron Energy:

Virial components:
Potential Energy
Einetic Energy
Wirial Ratio

13.45277334 Eh
-53.6T73295841 Eh
-T79.77531339 Eh

26.10201457 Eh

-80.41607367 Eh
40.23554860 Eh
1.55863246

-1083.36767

3e7.15T03
-1460.5247T0
-2170.T79664
T10.27194

-2188.2326l
10594 .864594

single point energy

eV

eV
eV
eV
eV

eV
eV




Introduction to ORCA

» Geometry optimization using ORCA

RHF (or RKS) selects closed-shell SCF

!

very tight SCF convergence

~__—" (default is TightSCF)

%maxcore 1000
%pal nprocs=1
end

*xyz01

6 0.000000000
1 0.789867000
1 0.339410000
1  -0.888693000
1  -0.240584000
*

# methane, geometry optimMncies

I RHF B3LYP 6-31G VeryTightSCF Opt Freq

0.000000000
-0.737667000
0.973121000
-0.301995000
0.066541000

0.000000000
0.148378000
0.357625000
0.555952000
-1.061956000

T analytical frequencies

S, .
computation

T geometry optimization

J

Note: Some methods can only compute frequencies numerically (e.g., DLPNO-CCSD(T) and RI-MP2 with a
frozen core option), very time consuming, invoked by the NumFreq keyword




Introduction to ORCA

» From the ORCA output file — frequencies

HMode freg (cm**-1) T** X Y TZ

& [ 1401.76 ) 25.156024 ( -3.48%094 -3.57944% 0.4120353)
T 1402 .55 25.325757 ( -0.581300 1.104015 4.875346)
8: 1403.65 24.7834977 ([ -3.523620 3.32972 -1.132262)
9: 1600.32 0.001233 ( -0.014025 -0.01le655 -0.027548)
10: 1600.75 0.00014Z2 ( 0.005234 -0.0050850 0.00%9411)
11: 3042 .64 0.022105 ( 0.125244 -0.079553 -0.00%502)
1z2: 3162.30 31.235479 ([ -3.581747 4.206263 -0.8B0113&)
13: 3165.67 31.03783% ( -1.942818 -2.555326 —4.553417)
2 30.844080 ( 3.7847%€ 2.656062 -3.076481)

14: \ JlE66.8Z )

The first frequency considered to be a wibration is &

o I

The total number of wibrations considered is ©

» section “Thermochemistry” in the output file lists ZPVE, thermal energy,
enthalpy, entropy and Gibbs free energy




2. Local Energy Decomposition (LED) Analysis
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Local Energy Decomposition (LED) Analysis

- N
J

DLPNO-CCSD(T) method

» domain based local pair natural orbital (DLPNO) methodology largely
improved in ORCA 4

» near linear scaling with system size (with respect to CPU and memory)
» significant speeding up of the coupled cluster (CC) technique

» CC computations on large systems (more than 600 atoms!)

Background

» localization of internal orbitals => reduction of the number of electron
pairs to be correlated (pair correlation energies fall off sharply with
distance)

» truncation of pair natural orbitals (PNOs), enables faster convergence of
the pair wavefunction

» PNO space for a given electron pair is local (located in the same region
of space as the electron pair)

Riplinger, C.; Neese, F. J. Chem. Phys. 2013, 138, 034106; Riplinger, C.; Sandhoefer, B.; Hansen, A.; Neese, F. J. Chem. Phys. 2013, 139,
134101; Riplinger, C.; Pinski, P.; Becker, U.; Valeey, E. F.; Neese, F. J. Chem. Phys. 2016, 144, 024109.
ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf 12



Local Energy Decomposition (LED) Analysis

AP\
Pl
Scaling comparison
500 T T T T T T T T 48 - ' ! ) ; ' ! T
—=— CCSD(T)
—e— LPNO-CCSD

. 400+ —w— DLPNO-2013-CCSD |-
E —— DLPNO-2013-CCSD(T) | | o~
Py —A— Triples-Correction § =
£ 300 - < / (12912)
= g .
x /
8 ': 24 - -
O 2004 : § * .
= 5 (8612)
< = a

100 < 1 ;

*— DLPNO-2013-CCSD(T)
—o— RHF (RIJCOSX)
0- = = DLPNO-CCSD(T)
T ! T ’ ! ' ' 0 T T T T T T T T
0 50 100 150 0 0 200 400 600 800 1000

Number of Atoms

Atoms

Scaling behavior of the canonical CCSD, LPNO-CCSD and DLPNO-CCSD(T) methods

ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf
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Local Energy Decomposition (LED) Analysis

bgo
Crambin protein — the first protein treated with a CCSD(T) level ab initio method
DLPNO-CCSD(T)/def2-SVP, 644 atoms, single core of a Linux computer, 4 days
Riplinger, C.; Sandhoefer, B.; Hansen, A.; Neese, F. J. Chem. Phys. 2013, 139, 134101. 14

ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf



Local Energy Decomposition (LED) Analysis
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Local Energy Decomposition (LED) analysis

» decomposing of DLPNO-CCSD(T) energy into physical meaningful
contributions

» anew feature in ORCA 4
» insights into the nature of intermolecular interactions

» however, only the total energy is an observable and decomposition is to
some extent arbitrary

Using LED

» two fragments need to be defined and the corresponding interaction
energy is decomposed

» invoked by the LED keyword in the input

» TightPNO settings for weakly interacting systems (e.g., London
dispersion bound complexes)

ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf
Schneider, W. B.; Bistoni, G.; Sparta, M.; Saitow, M.; Riplinger, C.; Auer, A. A.; Neese, F. J. Chem. Theory Comput. 2016, 12, 4778-4792.



Local Energy Decomposition (LED) Analysis

» LED analysis input

0.000000000
0.000000000
0.000000000
-0.896284000
0.896284000
0.000000000
0.000000000
0.000000000
0.896284000
-0.896284000

# two methanes LED analysis
Y%maxcore 1000

%pal nprocs=1

end

*xyz01

6(1) 0.000000000
1(1) 0.000000000
1(1) 1.034940000
1(1) -0.517470000
1(1) -0.517470000
6(2) 0.000000000
1(2)  -1.034940000
1(2) 0.000000000
1(2) 0.517470000
1(2) 0.517470000
%

I DLPNO-CCSD(T) cc-pVDZ cc-pVDZ/C LED TightPNO VeryTightSCF

\

0.00344700
1.101401000
-0.363568000
-0.363568000
-0.363568000
-3.567626000
-3.200611000
-4.665580000
-3.200611000
-3.200611000

> settings for pair
natural orbitals

T invoking LED

\ auxiliary basis

for correlated
computations

definition of fragments (very important!)

+

16



Local Energy Decomposition (LED) Analysis

» LED analysis output

F_ N7 N7 77
VAV A A R VAV AV A ff0 T T
Pl r i I fdd F i1 f_F it
/ / i/ 7 7 7 /

Fragment Interaction Analysis based on DLPHO

Maximum Iterations for the Localization .. 300

Tolerance for the Localization 1.00e-06
Humber of fragments
Fragment 1: O 1 2
Fragment 2: 5 & 7

¥

start of the LED section

oo |
LIt

contribution for dispersion acting
between the fragments

Lo

Y

Pipek-Mezey localization is used for localizing PHOs
Decomposition of the intra-fragment CCSD energies

FRAGHMENT 1= -0.185316273639 Eh ... done
FRAGMENT 2 = -0.185316273570 Eh ... done

Decomposition of the inter—-fragments CCS5D energies

FRAGMENTS 2,1 = -0.,001132586939 Eh ... done

Summary strong pair decomposition

Intra fragment contributions:

INTRL Fragment 1 -0.185204636
INTRL Fragment 2 -0.185204853

| Disper=sion contributions:

Dispersion 2,1 —-0.000987676 0.6 kcal mOI_l

17



3. Complete Basis Set (CBS) Extrapolation
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Complete Basis Set (CBS) Extrapolation

Complete Basis Set (CBS) extrapolation

» extrapolation of energies to the basis set limit => very accurate results

» MP2 and CCSD(T) correlation energies converge at a similar rate

» estimation of the CCSD(T)/CBS energy using only moderately sized basis sets
» a systematic series of basis sets is required

Level of theory

. impact of correlation

MP2/small basis set » CCSD(T)/small basis set
1]
(%)
v l impact of basis set size l
(%]
@

MP2/large basis set > CCSD(T)/large basis set

estimate

Truhlar, D. G. Chem. Phys. Lett. 1998, 294, 45-48; Riley, K. E.; Hobza, P. WIREs Comput. Mol. Sci. 2011, 1, 3-17; Neese, F.; Valeey, E. F. J.
Chem. Theory Comput. 2011, 7, 33-43.

19



Complete Basis Set (CBS) Extrapolation

> partitioning of the total energy (AE,““P() into the HF energy (AE ),
the MP2 correlation energy (AE g MP#°'") and into the contributions of
higher order correlation effects [ACCSD(T)]

AEHF — 3¢ HF 2% EHF

CBS — 3(1_20( E3 30!_20! 2
» for basis sets with cardinal
numbers 2 and 3

AEMPZ,corr _ 3ﬁ EMPZ,corr ZB

— EMPZ,corr
CBS 33 _ zﬁ 3

38 _ B 2

AEYR2 = AESES + AE R » basis set limit for MP2

AESSP™D = AEMPZ + ACCSD(T) » basis set limit for CCSD(T)

ACCSD(T) = (ECCSD(D) — pMP2y i basis set » correlation energy

Truhlar, D. G. Chem. Phys. Lett. 1998, 294, 45-48; Riley, K. E.; Hobza, P. WIREs Comput. Mol. Sci. 2011, 1, 3-17; Neese, F.; Valeey, E. F. J.

Chem. Theory Comput. 2011, 7, 33-43.

20



Complete Basis Set (CBS) Extrapolation

» optimized exponent values

basis sets O3y Baa
cc-pVnZ : 518 ao05
oen 702 201 9.78 4.09
def2 e
ano-pVnz 541 243 448 297
saug-ano-pVnZ 548 221 418 283
‘aug-ano-pVnZ 512 2041 - _

» reliable empirical values found by Neese and co-workers

» implemented in the extrapolation procedure available in ORCA 4

Neese, F.; Hansen, A.; Liakos, D. G. J. Chem. Phys. 2009, 131, 064103.
ORCA Manual, https://orcaforum.cec.mpg.de/OrcaManual.pdf



Complete Basis Set (CBS) Extrapolation

» CBS extrapolation input

SN
*
2/

# methane CBS extrapolation

| RHF ExtrapolateEP2(2/3,cc,MP2) VeryTightSCF
%maxcore 1000
%pal nprocs=1
end

*xyz01

6 0.000000000 0.000000000 0.00000000
1 0.785860000 -0.733925000 0.147626000
1 0.337688000 0.968184000 0.355811000
1  -0.884185000 -0.300463000 0.553132000
1
*

-0.239364000 0.066204000 -1.056569000

— defining methods

T~ basis set cardinal numbers

T

keyword for extrapolation

Note: CBS extrapolation can be invoked with the Extrapolate keyword (extrapolation using just the MP2 or
the CC method) or with the ExtrapolateEP2 keyword (extrapolation using both MP2 and CC methods)

22



Complete Basis Set (CBS) Extrapolation

o0
o
/"1-55'3."'\
» CBS extrapolation output

Alpha 4.420 | (5CF Extrapolation)

BEeta Z2.49460 ) (correlation extrapolation)

SCF energy with basis cc-pVDZ: —-40,198631007

SCF energy with basis cc-pVIZ: —40,213437515

Extrapolated CBS 5CF energy [—ﬁﬂ.: 8253229] (-0.004815414)

MPZ2 energy with basis cc-pVDZ: -0.161012483 \\\\\\\\\\\\*

MP2 energy with basis cc-pVTZ: -0.198228719 AECBSHF

Extrapolated CEBS correlation energy —G.:lEETEElTI(—G.GZITHETESJ

CCED(T) correlation energy with basis cc-pVDZ: —0.188115945&

CCSD(T) - MPZ energy with basis cc-pVD2a: -0.0271065973

) AE MP2,corr
Estimated CBS total energy |-40.465335719 | CBS
AE,CCsPm) ACCSD(T)

23



Summary

» ORCA - program of choice for MP2 and CCSD(T) level
computations on large systems

» LED analysis — additional tool for studying weak
intermolecular interactions

» CBS extrapolation — obtaining highly accurate energies
(basis set limit)

» examples of input and output files (methane) are
available on the JLUBox (single point, optimization, LED
analysis and CBS extrapolation)

24



» examples available on the JLUBox (folder “ORCA files”)

Single point Optimization Other
HE/6:31G )-CC
MP2/cc-pVTZ MP2/cc-pVTZ CBS (2/3,cc,M

R ’ . Mw“Bw%\W@NMW\\@iwWW%MMMNNNMMMNMMMM B I o

CCSD(T)/cc-pVDZ

“““““““ \mmmmmmMNNNMNMNNNmNMNMNNN*mmm\‘Hu\‘*‘\(\wm L W
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