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Photochemistry
Electronic transitions

First photochemistry law
Photoexcitation is the first step in a photochemical process where the reactant

is elevated to a state of higher energy, an excited state.
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ABSTRACT: Striving to define very accurate vertical transition FCI/cBs
energies, we perform both high-level coupled cluster (CC) calculations csora g8

(up to CCSDTQP) and selected configuration interaction (sCI)
calculations (up to several millions of determinants) for 18 small
compounds (water, hydrogen sulfide, ammonia, hydrogen chloride,
dinitrogen, carbon monoxide, acetylene, ethylene, formaldehyde,
methanimine, thioformaldehyde, acetaldehyde, cyclopropene, diazo-
methane, formamide, ketene, nitrosomethane, and the smallest
streptocyanine). By systematically increasing the order of the CC
expansion, the number of determinants in the CI expansion as well as
the size of the one-electron basis set, we have been able to reach mnear full CI (FCI) quality transition energies. These
calculations are carried out on CC3/aug-cc-pVTZ geometries, using a series of increasingly large atomic basis sets systematically

including diffuse functions. In this way, we define a list of 110 transition energies for states of various characters (valence,
Rydberg, n — %, 1 — ¥, singlet, triplet, etc.) to be used as references for further calculations. Benchmark transition energies
are provided at the aug-cc-pVTZ level as well as with additional basis set corrections, in order to obtain results close to the
complete basis set limit. These reference data are used to benchmark a series of 12 excited-state wave function methods
accounting for double and triple contributions, namely ADC(2), ADC(3), CIS(D), CIS(D,,), CC2, STEOM-CCSD, CCSD,
CCSDR(3), CCSDT-3, CC3, CCSDT,, and CCSDTQ. It turns out that CCSDTQ yields a negligible difference with the
extrapolated CI values with a mean absolute error as small as 0.01 eV, whereas the coupled cluster approaches including
iterative triples are also very accurate (mean absolute error of 0.03 eV). Consequently, CCSDT-3 and CC3 can be used to
define reliable benchmarks. This observation does not hold for ADC(3) that delivers quite large errors for this set of small
compounds, with a clear tendency to overcorrect its second-order version, ADC(2). Finally, we discuss the possibility to use
basis set extrapolation approaches so as to tackle more easily larger compounds.

@ 10.1021/acs.jctc.8b00406
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Theoretical Best Estimate

Theoretical Best Estimate TBE

The most accurate values we can obtain at the ab initio level. J

TBE calculation methods

o Selected Configuration Interaction (SCI)

o Configuration Interaction using a Perturbative Selection made lteratively
(CIPSI)
—

Quantum Package

@ Equation-of-motion coupled-cluster Highest possible level depending on
the system size up to EOM-CCSDTQ
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Quantum Package

Quantum
Package

A programming environmenfor wave function methods:

& https://quantumpackage.github.io/qp2/
) https://github.com/quantumpackage/qp2

Mickaél Véril QUESTDB 5/11


https://quantumpackage.github.io/qp2/
https://github.com/quantumpackage/qp2

The QUEST Project References Quantum Package Users Live demo Perspectives

Quantum Package demo

Funding

’ TuTORIALS
)

QP terminal

You can try Quantum Package in the terminal below. To configure the terminal for your

favorite text editor, set the EDITOR environment variable:

export EDITOR=vim

-~ Quantum Package Shell --
user@ap-deno:~$ s

user@ap-demo:~$ []

& https://quantumpackage.github.io/qp2/page/try
O https://github.com/mveril/qp_demo
https://hub.docker.com/r/mveril/qp_demo
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The two usage of the QUEST project

Two type of users
@ Create new methods and want to benchmark it

@ Use methods to compute photochemical properties and want to choose
the most suitable method
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Live demo

TODFT:
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Medium-size molecules

QUanTT
A. 3 |
ucesbTQ CIPSI
\ @ H S

& https://1lcpq. glthub .i0/QUESTDB_website
() https://github.com/LCPQ/QUESTDB_website
@ 10.1002/wcms.1517
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Reference Energies for Intramolecular Charge-Transfer Excitations

Pierre-Frangois Loos,* Massimiliano Comin, Xavier Blase,* and Denis Jacquemin®

Cite This: .. Chem. Theory Comput. 2021, 17, 3666-3686 I: I Read Online

ACCESS| sl Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: With the aim of completing our previous efforts devoted to local
and Rydberg transitions in organic compounds, we provide a series of highly
accurate vertical transition energies for intramolecular charge-transfer transitions
occurring in (#-conjugated) molecular compounds. To this end, we apply &
composite protocol consisting of linear-response CCSDT excitation energies
determined with Dunning’s double-{ basis set corrected by CC3/CCSDT-3
energies obtained with the corresponding triple-{ basis. Further basis set
corrections (up to aug-cc-pVQZ) are obtained at the CCSD and CC2 levels. We

/
N . ¢
report 30 transitions ubumal in 17 u:mpuunds (ammnhcmmmtnh, aniline, Intrggiolecular chargestranster uuza@f
azulene, dimethyl N i = %
niline, dipeptide, f-dipeptide, hydrogen chloride, nitroaniline, nitrobenzene, AN ﬁu Y
N-oxide, and roE

quinoxaline]. These reference values are then used to benchmark a series of

wave functions [CIS(D), SOPPA, RPA(D), EOM-MP2, CC2, CCSD, CCSD(T)()* CCSDR(3), CCSDT-3, CC3, ADC(2),
ADC(3), and ADC(2.5)], the Green's funetion-based Bethe—Salpeter equation (BSE) formalism performed on top of the partially
self-consistent evGW scheme considering two different starting points (BSE/evGW@HF and BSE/evGW@PBED), and time-
dependent density-functional theory (TD-DFT) combined with several exchange-correlation functionals (B3LYP, PBEO, M06-2X,
CAM-B3LYP, LC-wHPBE, wB97X, wB97X-D, and MI1). It tums out that the CC methods including triples, namely,
CCSD(T)(a)*, CCSDR(3), CCSDT-3, and CC3, provide rather small average deviations (<0.10 eV), with CC3 emerging as the
only chemically accurate approach. ADC(2.5) also performs nicely with a mean absolute error of 0.11 eV for a O(N®) formal scaling,
whereas CC2 and BSE/evGW@PBEO also deliver very satisfying results given their respective O(N®) and O(N') computational
scalings. In the TD-DFT context, the best performing functional is @B97X-D, closely followed by CAM-B3LYP and M06-2X, all
providing mean absolute errors around 0.15 eV relative to the theoretical best estimates.

@ 10.1021/acs.jctc.1c00226
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cyclopentadiene furan

The QUEST Project

full i ion i ion correlation energy estimates for five-

and six-membered rings

‘Yann Damour,’ Micka@l Véril," Fabris Kossoski,' Michel Caffarel,' Denis Jacquemin,2-* Anthony Scemama,’ "
and Pierre-Frangois Loos'*

"Laboratoire de Chimie et Physique Quaniques (UMR 5626). Université de Toulouse, CNRS, UPS, France

Université de Nantes, CNRS, CEISAM UMR 6230, F-44000 Nantes, France

Following our recent work on the benzene molecule [J. Chem. Phys. 153, 176101 umm] itslf motivated by the
blind challenge of Eriksen ef al. [J. Phys. Chem. Lett. 11, 8922 (2020)] on the report accurate full
interaction (FCI) f for twelve fiv I

s ibered ring mol

. benzene, pyrazine, pyridazine, pyridine, pyrimidine,
azin) in the 14 contelation-consstent double.¢ Dunning basis et (e pVDZ). Our FC1 comtaton
cnergy ith estimated error smaller than 1 millihartree, are bascd on energetically optimized-orbital selected
umhgumnm\ interaction (SCI) calculations puﬁmmd with the Configuration Interaction using a Perturbative Selection
made lteratively (CIPSI) algorithm. Having at our disposal these accurate r:fsrcm:: c crrgcs,te respective performance
and convergence properties of several popular and widely-used families of si ence quantum chemistry methods
ar investigated. In partcula, we study the comvergence propertis of § the | Mollor Plesst perturbation scrics up
fifth-order (MP2, MP3, MP4, and MPS), i) the iterative approximate coupled-cluster series CC2, CC3, and CC4, and i)
the coupled-cluster series CCSD, CCS| 'Q. The performance of the ground-state gold standard CCSD(T)
as well as the completely renormalized CC model, CR-CC(2,3), are also investigated. We show that MP4 provides an
interesting accuracy/cost ratio, while MPS systematically worsen the correlation energy estimates. In addition, CC3
iperforms CCSD(T) and CR-CC(2,3), as well as its more expensive parent CCSDT. A similar trend is observed for the
methods including ‘£ quadruple excitations, where the CC4 model is shown to be slightly more accurate than CCSDTQ,
both methods providing correlation encrgies within 2 millihartrec of the FCI limit

KLyLlannl.l iene, furan, imidazole, pyrrole, thiophene,
@

imidazole pyrrole thiophene

peis oo e goRel

https://arxiv.org/abs/2108.00321
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