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So, what are the problems that might be solved?

Depends on the quantum algorithms that allow for exponential or
high-order polynomial speed-up ...

Density matrices are not easily accessible

→ focus on energies for the time being
(specifically, trotterization on universal quantum computer)

⇒ study reaction mechanisms and questions of molecular design
(provided that molecular structures can be obtained from somewhere -

usually DFT optimizations)
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Elucidating reaction mechanisms on quantum computers

In 2014, Matthias Troyer stepped into my office: Are there applications of
moderately sized quantum computers (say, 200 logical qubits for state
representation) in chemistry? → static electron correlation

My choice was the iron-sulfur active site of nitrogenase:

Rigorous resource estimates (excluding state preparation):
For this model structure of the resting state, we obtained integrals to parametrize
the second-quantized Coulomb Hamiltonian for some electronic states in a
Hartree-Fock orbital basis.

M. Reiher, N. Wiebe, K. M. Svore, D. Wecker, M. Troyer, PNAS 114 (2017) 7555-7560.

QComputing for Chemistry Markus Reiher



QComputing replaces the exact diagonalization step

M. Reiher, N. Wiebe, K. M. Svore, D. Wecker, M. Troyer, PNAS 114 (2017) 7555-7560.
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Elucidation of Nitrogenase’s mode of action

M. Reiher, N. Wiebe, K. M. Svore, D. Wecker, M. Troyer, PNAS 114 (2017) 7555-7560.
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Be aware of
competitors in
classical computing!

M. Reiher, N. Wiebe, K. M. Svore, D. Wecker, M. Troyer, PNAS 114 (2017) 7555-7560.
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Quantitative data
requires dynamics
correlation!

M. Reiher, N. Wiebe, K. M. Svore, D. Wecker, M. Troyer, PNAS 114 (2017) 7555-7560.

QComputing for Chemistry Markus Reiher



Recall ...

We set out to study possible applications of quantum computing on
moderately sized machines

(still requiring thousands/millions physical qubits for error correction)

This choice introduces a distinction between static and dynamic
correlation ...

→ and is therefore the cause of all trouble

⇒ If we would have a quantum computer with, say, a few thousands
logical qubits than that would be a game changer in chemistry.
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Let’s have a look at current state of experimentation

Take the IBM experiment published last year in Nature as an example ...

A. Kandala, A. Mezzacapo, K. Temme, M. Takita, M. Brink, J. M. Chow, J. M. Gambetta, Nature 549 (2017) 242-246.

improved data available on arXiv: arXiv:1805.04492

see also:

Quantum Chemistry Calculations on a Trapped-Ion Quantum Simulator, by C. Hempel et al., Phys. Rev. X 8 (2018) 031022
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H2 curve classical computing: minimal basis
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Basis: STO-3G
# Basis fcts: 2
Disc: 7.51 MB
Wall time: 0.46 s
De: 0.203868 a.u. 535.26 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.137270 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

STO-3G
ECA [1]

QComputing for Chemistry Markus Reiher



H2 curve classical computing: small double-ζ
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Disc: 7.51 MB
Wall time: 0.50 s
De: 0.154628 a.u. 405.98 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.151683 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

6-31G
ECA [1]
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H2 curve classical computing: larger double-ζ
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Wall time: 0.50 s
De: 0.164279 a.u. 431.31 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.163414 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

cc-pVDZ
ECA [1]
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H2 curve classical computing: even larger bases
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Wall time: 0.52 s
De: 0.165205 a.u. 433.75 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.164623 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

aug-cc-pVDZ
ECA [1]
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H2 curve classical computing: even larger bases
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Wall time: 0.56 s
De: 0.172071 a.u. 451.77 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.172336 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

cc-pVTZ
ECA [1]
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H2 curve classical computing: even larger bases
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Disc: 9.40 MB
Wall time: 0.86 s
De: 0.172190 a.u. 452.09 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.172634 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

aug-cc-pVTZ
ECA [1]
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H2 curve classical computing: even larger bases
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# Basis fcts: 60
Disc: 16.43 MB
Wall time: 1.75 s
De: 0.173200 a.u. 454.74 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.173796 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

cc-pVQZ
ECA [1]
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H2 curve classical computing: even larger bases
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# Basis fcts: 92
Disc: 59.56 MB
Wall time: 14.29 s
De: 0.173150 a.u. 454.61 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.173867 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

aug-cc-pVQZ
ECA [1]
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H2 curve classical computing: even larger bases
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# Basis fcts: 110
Disc: 108.05 MB
Wall time: 15.64 s
De: 0.173482 a.u. 455.48 kJ/mol
Ref. [1] De: 0.173640 a.u. 455.89 kJ/mol
Eel(1.4 bohr): -1.174223 a.u.

[1] K. Pachucki, Phys. Rev. A 82 (2010), 032509

cc-pV5Z
ECA [1]
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Let’s get back to the question of what it actually takes to
solve a chemical problem ...

... and let’s not again bring up the Nitrogenase problem, which I took a an
example already at this Microsoft Workshop in 2012:

https://www.microsoft.com/en-us/research/video/quantum-computation-
for-quantum-chemistry-status-challenges-and-prospects-session-1
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Another Real-World Example: Hydrogenases

Catalyze the reversible oxidation of H2, H2 
 2 H+ + 2 e−.
Three unrelated classes are known → convergent evolution.
Common theme: Catalysis at Fe centers.

P.M. Vignais, B. Billoud, Chem. Rev., 2007, 107, 4206–4272.
K.A. Vincent, A. Parkin and F.A. Armstrong, Chem. Rev., 2007, 107, 4366–4413.

A.L.D. Lacey, V.M. Fernandez, M. Rousset, R. Cammack, Chem. Rev. 2007, 107, 4304–4330.
W. Lubitz, H. Ogata, O. Rüdiger, E. Reijerse, Chem. Rev. 2014 114, 4081–4148.

Intensive efforts to employ them in H2-based clean-energy projects
by Armstrong, Fontecilla-Camps, Friedrich, Ghirardi, Happe, Leger, Lenz, Lubitz, ...

Most crucial obstacle: O2 inhibition !
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Focus on: Fe-only Hydrogenases

[Fe] hydrogenases occur only in methanogenic archaea.

→ reduction of CO2 to CH4 with H2.

[FeFe] hydrogenases in anaerobic bacteria and unicellular algae.

→ formation of H2, protons act as electron end-acceptor.

→ [FeFe] hydrogenases most efficient H2 producers!

R.K. Thauer et al., Annu. Rev. Biochem., 2010, 79, 507–536.

P.M. Vignais, B. Billoud, Chem. Rev., 2007, 107, 4206–4272.
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Structural characterization

[FeFe] hydrogenase structurally characterized from Desulfovibrio and
Clostridium species.

[Fe] crystal structure revealed unusual coordination of central Fe
atom.

[FeFe] [Fe]

S. Shima et al., Science, 2008, 321, 572–575.
T. Hiromoto et al., Angew. Chem. Int. Ed., 2009, 48, 6457–6460.

J.W. Peters et al., Science, 1998, 282, 1853–1858.
Y. Nicolet et al., Structure Fold. Des., 1999, 7, 13–23.
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DFT: mechanism of [FeFe] hydrogenases (selection)
Investigations into the catalytic cycle with a [2Fe]H model:

H.-J. Fan, M.B. Hall, J. Am. Chem. Soc. 2001, 123, 3828–3829

Z.-P. Liu, P. Hu, J. Chem. Phys. 2002, 117, 8177-8180

G. Zampella, C. Greco, P. Fantucci, L. De Gioia, Inorg. Chem. 2006, 45, 4109–4118

L. Yu, C. Greco, M. Bruschi, U. Ryde, L. De Gioia, M. Reiher, Inorg. Chem. 2011, 50,
3888–3900

⇒ Omitting the hydrogen bridges to the cyanides can change energetics

Thermodynamics of the µ-H vs. terminal-H species:
M. Bruschi, C. Greco, M. Kaukonen, P. Fantucci, U. Ryde, L. De Gioia, Angew. Chem.
Int. Ed. 2009, 48, 3503–3506

⇒ Relative stability of µ-H and terminal-H species only slightly affected by environment.
Kinetic hindrance?

QM/MM calculations on catalytic intermediates:
C. Greco, M. Bruschi, L. De Gioia, U. Ryde, Inorg. Chem. 2007, 46, 5911–5921

C. Greco, M. Bruschi, P. Fantucci, U. Ryde, L. De Gioia, ChemPhysChem 2011, 132,
3376–3382

⇒ Influence and interplay of cubanes on spin distribution and charges discussed in detail
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Catalytic mechanism studied for large [FeFe] model
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Catalytic mechanism studied for a large [FeFe] model
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(all energies in kcal/mol) A.R. Finkelmann, M.T. Stiebritz, M. Reiher, Chem. Sci. 2014, 5, 215–221
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Structure of [Fe] Hydrogenase
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Protonation state of the pyridinol ligand

In both conformations a hydrogen bond between His14 and the OH
group of the hydroxyl ligand is formed frequently
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1.08

Deprotonation of the pyridinol endothermic by only +2.3 kcal/mol in
the closed conformation and thermoneutral in the open conformation

⇒ Deprotonated form exists in significant amounts

A. R. Finkelmann, H. M. Senn, M. Reiher, Chem. Sci., 5 2014 4474–4482.
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Hydrogen cleavage

Hydrogen coordinated to the deprotonated form can rapidly be
cleaved (barrier estimated to be below 1 kcal/mol)

H2 cleavage exothermic by −18.7 kcal/mol

No stable hydride species can be optimized!

⇒ This mechanism complies with the criteria stated before

If the pyridinol is not deprotonated, H2 can still be cleaved via the
thiolate. This reaction is, however, less favored.

A. R. Finkelmann, H. M. Senn, M. Reiher, Chem. Sci., 5 2014 4474–4482.
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New view on H2 cleavage by [Fe] hydrogenase

Reactive closed conformation constructed and simulated

Evidence for deprotonation of FeGP via His14

H2 cleavage possible without involving a hydride species

Low barrier of this process, hence the H2-bound adduct need not be
very stable for this rare event to occur

Ionic and orbital push-pull mechanism

Reaction only possible in the closed conformation

A. R. Finkelmann, H. M. Senn, M. Reiher, Chem. Sci., 5 2014 4474–4482.

see also: E. D. Hedegaard et al. Angew. Chem. 127 2015 6344
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To actually solve
a chemical problem
will require many
calculations ...

A single quantum
computation will
not contribute
anything to
chemistry.

A parallel
quantum
computer will be
necessary.

M. Reiher, N. Wiebe, K. M. Svore, D. Wecker, M. Troyer, PNAS 114 (2017) 7555-7560.
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