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Why open - shells: practical perspective
Chemical bond < -> pair of electrons

Bond-breaking -> radicals, e.g9., H:F ->H + F
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Cis-trans Isomerization: 4 .o
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Cyclobutane ring opening:
diradical intermediate . .
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Also: reaction centers in enzymes, transition metals,
charge -transfer, photochemical process, and more...




Outline
1. Equation-of -Motion: A versatile electronic structure
method for open -shell and electronically excited species.
2. Examples:
- EOM for excitation energies (EOM -EE).
- EOM for diradicals and triradicals (EOM  -SF).
- EOM for ionized and charge -transfer systems:
EOM-IP and EOM -EA.
3. What is involved in setting and EOM -CC calculation.
4. Properties using EOM wave functions
Implemented in Q -Chem: Examples.
5. Recent developments: higher accuracy and larger systems.
- New non-iterative triples correction for SF, IP,(dT)
- FNO method for CCSD, CCSD(T), and EOM -IP
- parallel CC code
- IP-CISD method
6. Conclusions.



Ab Initio methods for open -shell and electronically excited
species

Challenges:

many electronic states;

small energy differences;

Interacting states of different character;
artificial symmetry breaking;

multi -configurational wave functions.

EOM-CC addresses these challenges within single -reference
formalism.



Equation-of -motion theory and specific models:
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Equation-of -Motion Coupled-Cluster Theory
Y =Re' F,

T: satisfies CCSD equations for the reference
= (R *Ri+R,)F,

=r,F +a r°F 2 + —é A S
4|jab

HRF, = ERF,
H=exp(T)H exp(T)



Setting EOM - CC calculations:

1. Choose excitation level for T and R: singles and doubles
(EOM-CCSD) is most common.

2. Choose the reference state F, and excitation operator
R such that to achieve the best description of your states of
Interest (target EOM states).

3. Specify which states to compute (how many, symmetry,
multiplicity).

4. Type of calculations (energies only, properties, transition
properties, optimizations, etc).



EOM MODELS: CHOICE OF R and F,

EOM-EE: Y (M=0)=R(M=0)Y ,(M=0)
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Equation-of -motion for excited states
EOM-EE: Y (M=0)=R(M=0)Y 4(M=0)

Y, Y Y

- Accuracy: 0.1-0.3 eV, relative state ordering usually better.

- Accuracy can be improved, i.e., EOM -EE(2,3) or EOM -EE(dT)
- no assumptions about the nature of states (no active space,
etc).

- multistate method: easy!

- balanced description of states of different nature, e.g.,

valence vs Rydberg, etc.

- correctly reproduces exact degeneracies, crucial for
Jahn-Teller systems.

- Size-extensive, can study systematic trends



Excited states of unsaturated hydrocarbon radicals
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vinyl propen -1-yl propen-2-yl 1-buten-2-yl trans -2-buten-2-yl
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Valence states (p-> p,+>p *p->n):
same as in vinyl.

Rydberg states (p- >Ry, n>Ry):
systematic changes.
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Koziol, Levchenko, Krylov, JPCA1102746 (2006)



Excited states in the cyclic N 5 cation (isomorphic to benzene
or sym-triazine )

Lowest states: excitations from
doubly degenerate HOMO to

doubly degenerate LUMO -
extreme degeneracies, interesting
Jahn-Teller pattern. -

See poster of Kadir Diri for
benzene dimer excited states

Mozhayiski, Babikov, Krylov, JCP 124, 224309 (2006); _+;
Babikov, Mozhayiski, Krylov, JCP 125, 084306 (2006)&/A\%
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EOM spin-flip and SF -DFT methods for diradicals and

triradicals
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- accurate singlet -triplet gaps.
- accurate geometries. 4555
- describes closed -shell and open-shell Rk oo, o o, o o
low spin states . Angéidndte
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See posters of Evgeny Epifanovsky
Prashant Manohar for recent
examples.
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Equation-of -motion for charge -transfer systems

reaction coordinate

EOM-IP-CC
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- Correctly describes charge localization at long distances  vs
charge delocalization at short.
-Describes both the ground and excited states.

Benchmarks against F(PieniazekArnstein Bradforth Krylov, Sherrill, JCP 127,
164110 (2007).



Molecular orbitals, potential energy surfaces, and
| the electronic spectrum of (C ;Hg),*
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What is involved in an EOM calculation:
1. Solve Hartree -Fock equations for the reference  F.
2. Transform integrals to MO: N > (regular or RI).

3. Solve CCSD eg-s (determine T): N .

4. Solve EOM: find lowest eigenstates of Hbar using
Davidson procedure. EE/SF: N ©, IP: N °.

5. If properties, gradients, or triples correction are requested:
find left eigenstates of Hbar (EOM is non-Hermitian ). Same
cost/scaling as #4.

6. Compute properties (may involve orbital response calculation).



How far can | go with EOM -CCSD?

Depend on the basis set used, symmetry, and system
resources. 300 basis functions Is almost routine.
Recent examples (all calculations performed on Krylov group
cluster from Dell):
Green fluorescent protein GFP (EOM -EE, EOM-IP).
Uracil dimer, adenine -thymine dimer (EOM -IP).
Benzeme dimer (EOM-IP-CC(2,3), EOM-EE-CCSD).
Guanine (EOM-IP-CCSD(dT))
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| T
Cap %L“.,, S: '
= .
[-1]' C 1




New developments:

1. Frozen Natural Orbitals: reduces virtual space by
1/2 ->2 speedup (Arik Landau).

2. IP-CISD method: N ° scaling. Inexpensive method
for optimzation (Piotr Pieniazek, Anna Golubeva).

3. Parallel EOM-CCSD code (Evgeny Epifanovsky).

4. New N triples correction for EOM  -SF (chemical
accuracy!) , EOM-EE and EOM-IP (Prashant Manohar).

5. Resolution-of -Identity (Martin Head -Gordon).

6. In the works: EOM+EFP (Prof. Lyudmila Slipchenko)



Which properties can you calculate with EOM -CCSD ?

1. Optimized structures (analytic gradients), frequencies
(FDIFF using gradients).

2. MECP (minimal energy crossing points between two PESS)
(see poster of Evgeny Epifanovsky ).

3. State properties as: dipole moments < nP, second moments
<Xe>, <¥>, <Z> (spatial extent of the electron density,
Rydberg-valence assignments); NBO/NRT analysis using EOM
density; <S2>.

4. Transition dipole moments < Y|} Y .>, including transition
dipoles between EOM states (e.d., electronic spectrum of the
lonized species or triplet -triplet absorption, etc).

5. Excited state densities and transition densities can be
visualized.

6. Dyson orbitals for ionization/ photodetachment , inlcuding
excited -state ionization.



Sym-triazine puzzle: The role of excited state in concerted
and stepwise three -body dissociation

EOM-EE/IP was used to =" PHYSICAL
compute: CHEMISTRY
- multiple degenerate and near -
degenerate PESs of (Cs-Tz)*
system;

-permanent and transition

dipole moments used to calculate
couplings determining charge
exchange probabillities.

SaveeMozhaiskiy Mann,Krylov, Continettj Science821, 826 (2008)
Mozhaiskiy Savee Mann,Continettj Krylov, JPCA112 123452008)



Spectroscopy in water: combining EOM -EE with point charges

Predicted solvent -induced shifts
In CN absorption: helped
experimental detection.

Pieniazek, Bradforth, Krylov, JPC (2006)



