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1. Welcome to PCET 2023

It is a real pleasure to welcome you to the 4th International Conference on Proton-
Coupled Electron Transfer. This conference follows successful meetings in France
(2011), Sweden (2014) and the United States of America (2018). Each of these
meetings has brought together researchers from various sub-disciplines of the field and
provided a venue for these scientists to share their latest results and engage in
discussion on emerging and exciting work in the area of PCET. The program in this 4%
PCET meeting reflects the growing diversity and expansion of this interdisciplinary field
covering organic, enzymatic, catalytic, theoretical and materials chemistry.

It is exciting to welcome so many experts in the field as well as the newcomers to their
first-ever PCET conference. It is my hope that the scientific presentations will cultivate
enthusiastic discussion in formal and informal settings, and that this gathering of
researchers from around the world will lead to continued advancements in the field of
proton-coupled electron transfer.

This conference would not have been possible without the hard work and contributions
of many people. | want to thank the members of the International Advisory Board,
especially Jillian Dempsey, the organizer of PCET2018, for their guidance in the
devel opment of this editionés program.

Anna M. Beiler and Carlos Garcia Bellido have done tremendous work as members of
the Local Host Committee helping in all aspects of the conference including logistics,
and will continue working tirelessly this week to ensure the success of the meeting. |
also want to thank the team at ICIQ including Anna Lopez Grau, Judit Martinez, and
Laia Plana Mendoza for their support. Also, | thank our sponsors that have generously
provided financial support for this meeting.

Most of all, | want to thank all of you for making the journey to PortAventura in
Tarragona to participate in this meeting. If there is anything we can do to help make
your experience a more positive one, please do not hesitate to ask.

Most sincerely,

Antoni Llobet



2. Meeting and Venue Information

Wireless Connection

ConventionCenter

Events2023

Inappropriate Behavior

PCET2018 will provide a welcoming and inclusive environment for all attendees.

Scientific debate is highly encouraged and should be carried out in a manner that is

respectful to all attendees. Inappropriate behaviord including harassment (including

sexual harassment), property destruction, or violation of lawsd will not be tolerated.
Inappropriate, suggestive, offensive, and/or unwelcome comments related to an attendee

or guestodos gender, gender identity or express
are expressly forbidden. Any attendee who feels they have been subjected to comments

or acts that violate this Inappropriate Behavior act should promptly report their concerns

to the conference chair. All matters will be handled discretely.

Recording Policy

All presentations at PCET2018 are off the record. No audio or video recording is
permitted, and photography of slides and posters is strictly forbidden. No scientific
content reported at this meeting should be shared via social media, blogs, or in
scientific publications without written permission from the presenters. Attendees are
welcome to take photographs at social events and share their enthusiasm for the
meeting via social media following the above policies.

Group Photo

The group photo will take place Wednesday, June 7, directly before lunch.



Map of Resort

MEETING ROOMS

OTHER SERVICES

24

/ Beach Volleyball

# Swimming Pool




Map of Meeting Area

Acceso desde
el exterior

Access from

Qutside

salida exterior

exit to the outside

Meeting Rooms
Reception

vistas
al exterior

Cartagena
Qutdoor views .
Balcon

Balcony

Vistas a los
jardines
Garden
WIBWS
Puerto Principe

Acceso desde |

racapclindal Holal 4—E Hall Balcon

et Hol el

WC.
Kingston
Hall
Balcon

Kingston

Balcony

vistas al lago

Lake vigws



Location Details

If you are staying at Hotel Caribe, check in for the room in the Hotel Caribe lobby.
Breakfast is included with the room reservation and will be served in Buffet el Bohio,
located downstairs directly beneath the meeting space.

All conference events will take place in the meeting area La Habana (see resort map).
Lunch is included in the conference registration and will be served in Buffet el Bohio,
located downstairs directly beneath the meeting space.

Conference check-in will be in the hall outside Kingston Room.
All talks will take place in the Kingston Room.
Refreshment breaks and poster sessions will be held in Puerto Principe.

Dinner is not included in the conference package. For those staying at Hotel Caribe, you
have the option to reserve spots at the on-site restaurants through the hotel app (a
reservation is needed). Feel free to explore other restaurants in the beach town of Salou,
or visit Tarragona’s historic Part Alta for dinner. Salou can be reached by foot (15-30
minutes) or by car or taxi (<10 minutes). Tarragona is a 12-minute train ride or a 20-
minute car or taxi trip. Dona hesitate to ask the Organizing Committee or local attendees
from ICIQ for recommendations!

Excursion Details

If you have signed up for the excursion to the Poblet Monastery, please meet outside in
front of the Hotel Caribe lobby at 15:15h on Wednesday, June 7. The bus will board
promptly at 15:30h.

If you have signed up for the conference dinner, please arrive at the Carbonic Restaurant
in Salou by 20:00h on Wednesday evening. The address is: Carrer Major, 55, Salou. It
can be reached by walking (15 min), car, or taxi. If you would like to walk from the
conference center, please meet outside in front of the Hotel Caribe lobby at 19:30h.



3. Block Schedule

9.00 h

10.00h

11.00 h

12.00 h

13.00 h
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15.00 h
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Monday

5t June

Tuesday

6 June

Wednesday
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Thursday

8 June

Friday

9t June

Oliver Wenger &
Murielle Delley

Andrea Sartorel
‘Wenjing Song

Alexander Miller

Registration

Leif Hammarstrom

Sharon
Hammes-Schiffer

B Matthew Kessinger |

Shane Ardo —+ —
Poster session A
Cecilia Tommos —+ —

Ellen Matson —

|- Coffee Break |

Jonas Peters
Helena Roithmeyer

Timothy Warren

Marcos Gil-Sepulcre

Vincent Artero

Sergio Gonell
Ana M. Geer

Marc Robert

Noémie Elgrishi

Victor Mougel —

James Mayer

Veronica Augustyn

Véronique Balland

= Poster session B u

Yogesh Surendranath

Cyrille Costentin

Sascha Ott

Sven Stripp

Moritz Senger

John W. Peters —1

Holger Dau

Gerald Meyer

Poster flash talks

Ana Moore

Closing Ceremony

Coffee Break —1 Coffee Break —

Ming-Tian Zhang

Matthew Chambers

Sven Schneider

Ally Aukaul

Pablo Garrido Barrios

Inke Siewert

Stephan Kupfer
Ludovic Troian Gautier
Jia-Wei Wang

Coffee Break

Poster flash talks 1-2

Ivana Iy

Gregorio Guisado-Barros

Javier C

P

Event Dinner
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[ shorttalk

Poster session

*In every poster session there will be a wine / coffee break
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4. Detailed Schedule

11:00 8 18:00h
15:159 15:30h

15:30 8 15:50h

15:50 8 16:00h
16:000 16:20h

16:20 0 16:30h
16:30 0 16:40h

16:40 0 16:45h
16:45 9 16:55h

16:55 6 17:00h
17:008 17:20h

17:200 17:30h
17:3006 17:50h

17:50 8 18:00h

Monday, June 6, 2023
Conference Check-in and Registration

Welcoming Remarks by Antoni Llobet (Institute of Chemical
Research in Catalonia (ICIQ), Spain)

Leif Hammarstrom (Uppsala University, Sweden)

iFr-ereer gy Dependence of PCET Reactio
Questions and Discussion

Sharon Hammes-Schiffer (Yale University, USA)

fHydrogen Tunneling and Excited Vibronic States in Proton-
Coupled Electron Transfero

Questions and Discussion
Martin Srnec (Czech Academy of Sciences, Czech Republic)

fi O-Dihgonal Thermodynamics And Its Effect On H-Atom
Abstraction Reactivitybo

Questions and Discussion

Matthew Kessinger (University of North Carolina at Chapel Hill,
USA)

fReorganization Energies for Interfacial PCET to a Molecular Water
Oxidation Catalysto

Questions and Discussion
Shane Ardo (University of California Irvine, USA)

fiMarcus Analysis of Excited-State Proton-Transfer Reactions, and
Resulting Applicationsii

Questions and Discussion
Cecilia Tommos (Texas A&M University, USA)

fUnderstanding The Thermodynamics and Pcet of Tyrosine and
Tryptophan Protein Residueso

Questions and Discussion



8:00 8 8:45h
9:00 8 9:20h

9:200 9:30h
9:308 9:40h

9:40 & 9:45h
9:45 9 9:55h

9:550 10:00h
10:00 8 10:20h

10:20 8 10:30h
10:30 8 10:50h

10:50 8 11:00h
11:00 6 11:30h
11:30 8 11:50h

11:50 8 12:00h
12:00 6 12:10h

12:10 6 12:15h
12:1568 12:35h

Tuesday, June 7, 2023
Breakfast
Murielle Delley / Oliver Wenger (University of Basel, Switzerland)

fH-Transfer Reactions with Inorganic Materials and Metal
Complexeso

Questions and Discussion
Andrea Sartorel (University of Padova, Italy)

fPhotoelectrochemical C-H Activation with Dyes Enabling Proton-
Coupled Electron Transferfi

Questions and Discussion
Wenjing Song (Chinese Academy of Sciences, China)

fAtomic Dispersed Metal Catalyzed Selective Hydrogenation Via
Proton Coupled Electron Transfero

Questions and Discussion
Alexander Miller (University of North Carolina at Chapel Hill, USA)

fMechanistic Insight into Metal Hydride Photochemistry Guides
Solar Fuels Catalyst Designo

Questions and Discussion
Ellen Matson (University of Rochester, USA)

fNet H-atom Uptake and Transfer at Polyoxovanadate-Alkoxide
Surfaceso

Questions and Discussion
Coffee Break
Jonas Peters (California Institute of Technology, USA)

fPCET pathways to catalytic, electrocatalytic, and
photo(electro)catalytic nitrogen fixationo

Questions and Discussion
Helena Roithmeyer (University of Zurich, Switzerland)

AHet erogeni zed El ectrocatalytic
Supramolecular Host-guest Syst emo

Questions and Discussion
Timothy Warren (Michigan State University, USA)

A E | ecatalytic)Ammonia Oxidation by Earth-Abundant Metal
Compl exeso

A mmoc



12:350
12:45 6

12:55 &
13:00 o6
14:30 &

14:50 o
15:00 6

15:10 06
15:15 0

15:25 06
15:30 0

15:50 9
16:00 0

16:10 0
16:1590

16:359
16:45 90

12:45h
12:55h

13:00h
14:30h
14:50h

15:00h
15:10h

15:15h
15:25h

15:30h
15:50h

16:00h
16:10h

16:15h
16:35h

16:45h
18:15h

Questions and Discussion

Marcos Gil Sepulcre (Max Planck Institute for Chemical Energy
Conversion, Germany)

fWater Oxidation Catalysis Using Ruthenium Coordination
Oligomers Anchored throughCh-8 | nt emacti ons

Questions and Discussion
Lunch
Vincent Artero (Université Grenoble Alpes, CNRS, CEA, France)

fProton Relays in Molecular Electrocatalysis: How Do They Allow
for Reversible Behavior?0

Questions and Discussion

Sergio Gonell (Institute of Advanced Materials (INAM). Universitat
Jaume [, Spain)

fProtonation Steps in Iridium and Cobalt Organometallic Piano-
Stool Complexes for CO:2 Electroreductiono

Questions and Discussion
Ana M. Geer (Universidad de Zaragoza, Spain)

fElectrocatalytic CO2 Reduction by Piperazine-bridged Multinuclear
Cobalt Complexeso

Questions and Discussion
Marc Robert (Université Paris Cité, CNRS, France)

fiCascade PCET to COz with 6 Electrons and 6 Protons Using
Molecular Cobalt Catalysto

Questions and Discussion
Noémie Elgrishi (Louisiana State University, USA)

fiControlling Proton and Electron Transfers to Oxyanions for Water
Purificationo

Questions and Discussion
Victor Mougel (ETH Zurich, Switzerland)

fFrom On-Demand Redox Potential Modulation to Catalytic

Applications: New Avenues for Syntheticlron-Sul f ur Cl uster s

Questions and Discussion

Poster Session A

10



8:00 8 8:45h
9:00 8 9:20h

9:200 9:30h
9:30 0 9:50h

9:50 8 10:00h
10:00 8 10:20h

10:20 8 10:30h
10:30 8 12:00h
12:00 8 12:20h

12:20 8 12:30h
12:30 8 12:50h

12:50 8 13:00h
13:00 8 13:20h

13:20 6 13:30h
13:30 & 15:00h
15:30 & 19:00h
20:00 0 22:00h

Wednesday, June 7, 2023

Breakfast

James Mayer (Yale University, USA)

fPCET Chemistry of Hydrogen at Semiconductor and Metal

Interfaceso
Questions and Discussion

Veronica Augustyn (NC State University, USA)

fAqueous Electrochemistry of Hydrous Transition Metal Oxideso

Questions and Discussion

Véronique Balland (Université Paris Cité, France)

fProton-insertion Coupled Electron Transfer at TiO2 Nanostructured

Electrodesh
Questions and Discussion

Poster Session B

Yogi Surendranath (Massachusetts Institute of Technology, USA)

AUnderstanding I nterfacia

Questions and Discussion

[ Proton

Cyrille Costentin (Univ Grenoble Alpes, DCM, CNRS, France)

AProton Coupled El ectron
and Applicationso

Questions and Discussion
Sascha Ott (Uppsala University, Sweden)

fiCation-Coupled Electron Hopping Transport And Redox
Conductivity In Metal-Organic Frameworkso

Questions and Discussion
Lunch
Excursion to El Monestir de Poblet

Conference Dinner at Restaurant Carboénic

11
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8:00 8 8:45h
9:00 8 9:20h

9:200 9:30h
9:308 9:40h

9:40 & 9:45h
9:45 9 10:05h

10:05 90 10:15h
10:15 9 10:35h

10:359 10:45h
10:45 9 11:15h
11:159 11:35h

11:359 11:45h
11:45 6 11:55h

11:55 9 12:00h
12:00 0 12:20h

12:20 6 12:30h
12:30 86 12:50h

12:50 8 13:00h
13:00 & 14:30h

Thursday, June 8, 2023

Breakfast
Sven Stripp (Technische Universitat Berlin, Germany)

firhe Unexpected Complexity of PCET in Biological Proton
Reductiono

Questions and Discussion

Moritz Senger (Uppsala University, Sweden)

fPCET Reactions in Non-Light Active Enzymes Triggered By Lighto
Questions and Discussion

John W. Peters (The University of Oklahoma, USA)

firhe Parameters That Define Flavin-Based Electron Bifurcationo
Questions and Discussion

Holger Dau (Freie Univ. Berlin, Germany)

Arhe Electron-Proton Bottleneck of Photosynthetic Oxygen
Evolutiono

Questions and Discussion
Coffee Break
Ming-Tian Zhang (Tsinghua University, China)

fEnergetics of Proton-Coupled Electron Transfer in M-(e-OH)-M (M
= Cu, Ni) Complexes fi

Questions and Discussion
Matthew Chambers (Louisiana State University, USA)

finsights into Light-Initiated Net Hydrogen Atom Transfers to Early
Transition Metal Ox0s0

Questions and Discussion

Sven Schneider (University of Gottingen, Germany)
fiNitrogen Fixation Strategies guided by PCET0
Questions and Discussion

Ally Aukaloo (Université Paris-Saclay, CNRS, France)

APorphyrins Decorated wAdivatioddanck a

Reductionbo
Questions and Discussion

Lunch
12

Func



14:30 &

14:40 0
14:45 &

15:05 8
15:15 06

15:25 0
15:30 6

15:40 9
15:459

15:55 9
16:00 0
16:30 &
16:45 9

17:059
17:159

17:259

14:40h

14:45h
15:05h

15:15h
15:25h

15:30h
15:40h

15:45h
15:55h

16:00h
16:30h
16:45h
17:05h

17:15h
17:25h

17:30h

Pablo Garrido-Barros (University of Granada, Spain)

fHarnessing Light for Photocatalytic PCET Using Molecular
Mediatorso

Questions and Discussion
Inke Siewert (Georg-August-Universitat Goéttingen, Germany)

fHydrogenation of C=0 Bonds in CO?, Ketones, and Aldehydes by
Electrons and Protonso

Questions and Discussion
Stephan Kupfer (Friedrich Schiller University Jena, Germany)

i T aimhde Electron Transfer Pathways in Photocatalysisd a
Quantum Chemical Perspectiveo

Questions and Discussion

Ludovic Troian-Gautier (Université catholique de Louvain,
Belgium)

AEIl ect r Accuniiatiortirolr(lll) Photosensitizers for Proton
and CarbonDi oxi de Reductiono

Questions and Discussion

Jiawei Wang (Institute of Chemical Research in Catalonia (ICIQ),
Spain)

fHomoleptic Al(lll) Photosensitizers for Durable CO2
Photoreductiono

Questions and Discussion
Coffee Break
Poster Flash Talks 1 & 2

|l vana | Bam ona iz lwdwi§g-Maximilian-Universitat
Minchen, Germany)

i E x c-BtateRCET Chemistry Under High-Pressure Measured By
Time-Resolved Femto- And Nanosecond Transient Absorption
Spectroscopyo

Questions and Discussion

Gregorio Guisado-Barrios (Universidad de Zaragoza- CSIC,
Spain)

fAcceptorless Dehydrogenation of N-heterocycles Catalyzed by a
Single Iridium(lll) Metal Co mp | ex Assi sted by

Questions and Discussion

13
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17:300 17:50h  Javier J. Concepcion (Brookhaven National Laboratory, USA)

fCO Insertion into a Ru-H bond: the Role of Formyl Intermediates in
the Interconversion between Three Isomerso

17:50 8 18:00h  Questions and Discussion

14



8:00 8 8:45h
9:00 8 9:20h

9:200 9:30h
9:30 6 10:00h
10:00 6 10:20h

10:20 7 10:30h
10:30 6 11:00h
11:00 6 11:30h

Friday, June 9, 2023
Breakfast
Gerald Meyer (University of North Carolina at Chapel Hill, USA)

fPCET Reactivity of Formyl Complexes and Organic Hydrides
within CHASEO

Questions and Discussion
Poster Flash Talks 31 6
Ana Moore (Arizona State University, USA)

A Mul t i Goupled Ebentron Transfer Thermodynamics and
Dynamicso

Questions and Discussion
Closing Ceremony

Refreshments

15
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FREE-ENERGY DEPENDENCE OF PCET REACTION RATES

Leif HAMMARSTROM

Address: Department of Chemistry i Angstrém Laboratory, Uppsala University, Box 523, SE75120
Uppsala, Sweden. Leif.hammarstrom@kemi.uu.se

Theories for proton transfer (PT) and proton-coupled electron transfer (PCET) predict a
free-energy dependence of the rate constant that is analogous to that for electron
transfer (ET), i.e. of the form given by eq. 1.[%? Here, the driving force (- DG ) and
reorganization energy (/) will be different for the three types of reactions, even when
the same reactants are involved. This offers a useful way to distinguish and deliberately
control the different concerted and step-wise mechanisms of PCET reactions. We
recently illustrated the possibilities to change mechanisms in mechanistic zone
diagrams(®l, which generalize our experimental results with small organic molecules[*®!,
model proteins®”] and metal hydrides(®1%, and the presentation will discuss some
recent examples. We argue that these guidelines are useful to designing efficient
catalysts for PCET transformations.

In spite of the success of PCET theories, the quadratic free-energy dependence of eq.
1 had until recently not been experimentally demonstrated. Instead, almost all studies
show a linear dependence of In k vs. - DG pcer over up to more than 1 eV change in

- DG pcet. Therefore, the recent demonstration of the Inverted region behavior for
concerted PCET was of fundamental importance.*!l In addition, several studies have
reported different free-energy dependencies of kecer for the same reaction when
acid/base or oxidant/reductant was varied, i.e. different Bronsted slopes. This has led to
suggestions of Aasynchronouso PCET, which i
and proton from a join transition state.[31% |t is interesting to examine the origin of the
different Bronsted slopes, and why they appear in some systems while others show a
perfectly symmetric dependence on DG prand DG pcer.

Acknowledgements: | am grateful for rewarding collaboration with Sascha Ott, Starla
Glover, Cecilia Tommos, Sharon Hammes-Schiffer, James Mayer and their groups,
whose individual names are given in the references.

References:

[1] Cukier, R.I.; Nocera, D.G. Ann. Rev. Phys. Chem. 1998, 49, 337.

[2] Hammes-Schiffer, S. Acc. Chem. Res. 2001, 34, 273.

[3] Tyburski, R.; Liu, T. Glover, S.D.; Hammarstrom, L. J. Am. Chem Soc. 2021, 143, 560.

[4] Nilsen-Moe, A.; Rosichini, A.; Glover, S.D.; Hammarstrom, L. J. Am. Chem. Soc. 2022, 144, 7308.
[5] Tyburski, R.; Hammarstrom, L. Chem. Sci. 2022, 13, 290.

[6] Nilsen-Moe, A.; Reinhardt, C.R.; Glover, S.D.; Liang, L.; Hammes-Sc hi er , S°mHammar str
Tommos, C. J. Am. Chem. Soc. 2020, 142, 11550.

[7] Nilsen-Moe, A.; Reinhardt, C.R. Huang, P.; Agarwala, H.; Lopes, R.; Lasagna, M.; Glover, S.D.;
Hammes-Schiffer, S.; Tommos, C; Hammarstrom, L. in preparation.

[8] Bourrez, M.; Steinmetz, R.; Ott, S.; Gloaguen, F.; Hammarstrom, L. Nature Chem. 2015, 7, 140.

[9] Liu, T.; Guo, M.; Orthaber, A.; Lomoth,R.; Lundberg, M.; Ott, S.; Hammarstrom, L. Nature Chem.
2018, 10, 881.

[10] Liu, T.; Tyburski, R.; Wang, S.; Fernandez-Teran, R.; Ott, S.; Hammarstrom, L. J. Am. Chem. Soc.
2019, 141, 17245.

[11] Parada,G.A.; Goldsmith, Z.K.; Kolmar, S.; Pettersson Rimgard, B.; Mercado, B.Q.; Hammarstrom,
L.; Hammes-Schiffer, S.; Mayer, J.M. Science 2019, 364, 471.
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HYDROGEN TUNNELING AND EXCITED VIBRONIC STATES IN
PROTON-COUPLED ELECTRON TRANSFER

Sharon Hammes-Schiffer?

! Department of Chemistry, Yale University, New Haven, CT 06520, United States.

E-mail: sharon.hammes-schiffer@yale.edu

Proton-coupled electron transfer (PCET) reactions play a vital role in a wide range of
chemical and biological processes. This talk will summarize the main concepts from our
PCET theory and will present recent applications to catalysis and energy conversion. Our
general theoretical formulation for PCET4 includes the quantum mechanical effects of
the electrons and transferring protons, as well as the motions of the donor-acceptor
modes and solvent or protein environment. This PCET theory enables the calculation of
rate constants, current densities, and kinetic isotope effects for comparison to
experiment. This theoretical framework also enables the study of the nonequilibrium
dynamics of PCET processes. Applications to electrochemical, photochemical, and
biologically relevant PCET will be presented, with emphasis on the roles of hydrogen
tunneling, excited vibronic states, reorganization, electrostatics, and conformational
motions. Inverted region behavior for PCET and the recently discovered proton-coupled
energy transfer mechanismB! will also be discussed. The fundamental insights obtained
from these theoretical studies are guiding the design of more effective catalysts and
energy conversion devices.

References:

[1] Soudackov, A.; Hammes-Schiffer, S. J. Chem. Phys. 1999, 111, 4672; J. Chem. Phys. 2000,
113, 2385.

[2] Hammes-Schiffer, S. J. Am. Chem. Soc. 2015, 137, 8860.

[3] Rimgard, B. P.; Tao, Z. Parada, G. A.; Cotter, L. F.; Hammes-Schiffer, S.; Mayer, J. M;
Hammarstrom, L. Science 2022, 377, 742.
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OFF-DIAGONAL THERMODYNAMICS AND ITS EFFECT ON H-ATOM
ABSTRACTION REACTIVITY

Martin Srnec,* Mauricio Maldonado-Dominguez,* Daniel Bim?

1 Address: J. Heyrovsky Institute of Physical Chemistry, Czech Academy of Sciences.

We formulated an original and unique theoretical framework aiming at the prediction of
C-H bond activation reactivity.l?! In its current form, it features two thermodynamic
factors that we named asynchronicity and frustration that together modulate coupled
proton-electron transfer reactivity. Only after addition of these two factors to the classical
well-documented effect known as linear free energy relationship (LFER capturing the
effect of reaction energy on the barrier) a complete thermodynamic basis for the control
of reactivity/selectivity is formed. Asynchronicity lowers the reaction barrier (increasing
the reaction rate) so that a more asynchronous reaction gets faster, whereas frustration
acts on the barrier in the opposite way so that a more frustrated reaction gets slower. In
principle, each of the two factors and their combination enable changing the preference
of which C-H-bond is likely to be activated that would be otherwise driven by LFER, which
favors the weakest C-H bonds in molecules. To demonstrate the power of the approach,
we will show and discuss H-atom abstraction reactivity of several transition-metal
complexes and organic radicals.

1 Acknowledgements: The financial support of the Grant Agency of the Czech
Republic (Grant No. 21-10383S)

References:

[1] Bim, D.; Maldonado-Do m2 ngu e z , M. ; R u IPPo@Natk Sci. Acad; U.SSAr, 2088; 115, M.
E10287-E10294.

[2] Maldonado-Dominguez, M.; Srnec, M. Inorg. Chem., 2022, 61, 188117 18822.
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Reorganization Energies for Interfacial PCET to a Molecular Water
Oxidation Catalyst

Matthew KESSINGER,! Alexander SOUDACKOV,2 Kai, CUI2, Jeremiah, XU, Sharon
HAMMES-SCHIFFER?, Gerald MEYER?

1 Address: University of North Carolina at Chapel Hill, Chapel Hill North Carolina, USA, 27514
kessmO5@email.unc.edu
2 Address: Yale University, New Haven, Connecticut, USA, 06520

Proton-coupled electron transfer (PCET) reactions are vital steps in the fuel-forming
reactions of artificial photosynthesis. In these systems several independent reactions
occur in concert to generate chemical fuels. Of these reactions, water oxidation at
electrode-electrolyte interfaces to vyield electrons and protons remains a lasting
challenge. Therefore, understanding how various reaction conditions, such as solution
pH, buffer identity and concentration, and electric field strength, impact the kinetic
parameters of interfacial PCET reactions is crucial for designing effective artificial
photosynthetic schemes. Here, we have investigated the interfacial PCET reaction
between a model water oxidation catalyst bound to the surface of a conductive metal
oxide electrode and an aqueous electrolyte.l!! Pulsed laser excitation of the catalyst
triggered the interfacial PCET reaction of interest, and the resulting kinetics were
collected as a function of free energy change. Analysis of this data within the framework
of Marcus-Gerischer theory provided the reorganization energy for the PCET reaction.
We found that the PCET reorganization energy was independent with respect to both
electric field strength and solution pH. However, the PCET rate constant exhibited a weak
dependence on the solution pH from pH 3-7. These findings and more are discussed in
the context of artificial photosynthesis with an eye toward future applications in solar fuels
synthesis.

References:
[1] Kessinger, M.; Soudackov, A.; Schneider, J.; Bangle, R.; Hammes-Schiffer, S.; Meyer, G. Journal of
the American Chemical Society, 2022, 144, 20514.
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MARCUS ANALYSIS OF EXCITED-STATE PROTON-TRANSFER
REACTIONS, AND RESULTING APPLICATIONS
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Marcusds | andmark prediction that activation
dependence on standard thermodynamic driving
(Second) GoldenRuleFer mi 6s Gol den Rule is based on p

therefore it assumes weak electronic coupling. Notwithstanding, over a half-century of
experiments have shown that Marcus theory holds for reactions that involve significant
nuclear transfer along the reaction coordinate, such as proton-coupled electron-transfer
reactions,?! many times where strong electronic coupling is presumed. This conundrum
remains at the forefront of chemical kinetics research.

In an effort to bridge this knowledge gap, we synthesized several new organic

photoacids that were specifically designed to assist us in evaluating whether the

behavior of excited-state proton-transfer (ESPT) reactions is consistent with classical
Marcus theory. Photoacids, and analogous photobases, constitute a class of molecules
that upon absorption of light undergoes a reversible change in acidity, i.e. pKa. Using

the weak aqueous photoacid 5-aminonaphthalene-1-sulfonate (pKa* & 12), we
demonstrated dynamic ESPT quenching by glycine, proline, phosphate,

trifluoroethoxide, and hydroxide.®! Using the strong aqueous photoacid 9-
hydroxyphenathrene-3,10-disulfonate (pKa* & 2), we demonstrated dy
guenching by formate, (bi)carbonate, acetate, chloroacetate, and water. These data
collectively support the existence of Marcus normal region behavior.

While these photochemical studies are fundamentally interesting, also appealing is the
ease by which important information is gleaned using readily available steady-state
photoluminescence spectroscopy. Moreover, use of confocal microcopy to map dye
fluorescence in three dimensions reports on nanoscale activity of agueous protonic
species, including the first direct measurements of pOH in a gas diffusion electrode
driving electrochemical COz2 reduction at >0.1 A/cm?.[4l Collectively, our efforts form the
foundational framework to increase spatial resolution for quantitative measurements of
local species activities in complex microenvironments, and to assess the suitability of
models for reactions that involve substantial nuclear transfer.

1 Acknowledgements: This material is based on work performed by the Liquid
Sunlight Alliance, which is supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, Fuels from Sunlight Hub under Award DE-
SC0021266, and the U.S. National Science Foundation under Award 2102665.
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UNDERSTANDING THE THERMODYNAMICS AND PCET OF

TYROSINE AND TRYPTOPHAN PROTEIN RESIDUES
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Redox proteins use metallocofactors, a few universal organic molecules, and four types
of amino acids (tyrosine (Y), tryptophan (W), cysteine and glycine) to perform electron
transfer (ET) and proton-coupled electron transfer (PCET) reactions.!!] Redox proteins
participate in a myriad of metabolic pathways and are essential for most, if not all, living
organisms. Within the context of protein ET/PCET, the amino acids listed above serve
as one-electron, or radical, redox mediators. Amino-acid radicals are notoriously difficult

to study and, consequently, detail ed mechani

redox tools was missing. This lack of knowledge
motivated us to develop a rigorous approach to
systematically map the fundamental properties of
protein Y and W redox reactions.

We have made, and continue to develop, a family of
well-structured model proteins specifically designed to A 7
study Y and W oxidation-reduction (Fig. 1).[1 These SO  model protein family: >
called asX proteins have a single redox-active residue _ %' %' . 2 X
(X32) buried inside a 65-residue protein scaffold (as). Q K:/ 7:;: fj'//j X

CH; CH;

Previous work has shown that the asX proteins remain -~~~ -+~ A o
agY o4(2,3)F,Y oy(3,5)F,Y a4(2,3,5)F,Y a4(2,3,6)F,Y
stable and well-structured across a broad pH range and o o ;:f
that residue Xs2 can be uniquely and reversibly oxidized "\ HOQ NG Y
. 4 N\
and reduced. We have assembled a unique jc& /IN L ' ‘ e
At hermodynamic | adder 0o f or . uY wrocWawra Nutlc atw

. - - . - OH
canonical Ys2* residues containing reversible E°j values o rﬁw oy C’NH C\f”“
obtained at near identical protein and solution . ¢ ¢ o x5 MG

oy 1 . . ! [ ] I
condlthns.[]Tms data set was expanded to include fuII ot abomw adam aromy
Pourbaix (E°j vs. pH) diagrams for the asX proteins Figure 1. The asX proteins are based
shown in Fig. 1, top and middle rows. In collaboration with on an a-helical scaffold (as) with a
the Hammarstrom and Hammes-Schiffer groups, PCET Single redox-active residue at interior
. . . . . . . . position 32 (X32). Site 32 is occupied by
kinetics and mechanisms associated with Xs2 oxidation in v, (in the asy protein), Wa (in asw),
asY,? asw,iBl 2MP-a3C and 4MP-a3C (Nilsen-Moe et al. 2,3F2Yz (in a3(2,3F2)Y) and so forth for
; ; ; ; in the displayed residues. The top ribbon
mangscnpt in preparatlpn) h_avg been characterized in diagram displays the 32-member NMR
detail. We have also gained insights on how the protein ensemble of structures representing the

controls the lifetime of the very long-lived Xs2A r a d i asw protein in solution.

We are currently expanding the asX system to include a series of non-canonical W32*
residues (Fig. 1, bottom row). Rigorously determined DEA(®/s2* i WS32) values will be
obtained to serve as benchmarking data to refine and broaden the scope of the
computational protocol described in Reinhardt et al. JPC B 2021 for the residues shown
in Fig. 1, top row. We also work to develop aszXX proteins (X =Y, W and/or non-canonical
Y/W residues) to study Y/W-based multistep ET/PCET.

Acknowledgements: National Institutes of Health award R01 GM19079
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H-TRANSFER REACTIONS WITH INORGANIC MATERIALS AND
METAL COMPLEXES

Murielle F. DELLEY, Oliver S. WENGER

Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel, Switzerland

Heterogeneous catalysis is essential to most industrial chemical processes. However,
these processes are often not efficient or selective enough, and typically use rare and
expensive noble metals as catalysts. Improving the sustainability of current processes
will rely on the development of new controls in catalysis and of abundant materials as
catalysts. Earth-abundant transition metal phosphides and sulfides have recently
emerged as promising materials for the catalysis of H-transfer reactions, such as
hydrotreating and water splitting.[:-4 This highlights the catalytic potential of transition
metal phosphides and sulfides, but this potential has not been exploited much yet due to
a limited understanding of their interfacial chemistry. This talk will discuss our current
efforts in expanding the catalytic universe of transition metal phosphides and sulfides,
and in developing new control elements to tune catalytic properties by chemical surface
modification and electric fields.

Photoredox and energy transfer catalysis have become popular in organic synthesis, but
understanding the photochemical reactivity on a fundamental level is often challenging.
The second part of the talk will focus on different types of photoreactions, for which a
basic mechanistic understanding seemed particularly desirable for the development of
more rational approaches to photocatalysis. In recent work, an iridium(lll) hydride
complex was found to undergo photo-triggered hydrogen atom transfer (HAT) to olefins, ®!
which represents a fundamentally different type of photoreactivity compared to the single
electron transfer (SET) behavior seen for most transition metal complexes. Newly
emerging concepts in photocatalysis are based on the consecutive absorption of multiple
photons per substrate turnover,®! to accumulate the energy of two photons for particularly
challenging reactions.
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PHOTOELECTROCHEMICAL C-H ACTIVATION WITH DYES
ENABLING PROTON-COUPLED ELECTRON TRANSFER
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Dye-sensitized photoelectrochemical cells are an appealing technology for exploiting
solar light towards the activation of small molecules. The most investigated process has
long been light driven water splitting into hydrogen and oxygen;™ more recently,
oxidation of organic compounds has emerged as an alternative anodic route, in
particular for the oxidation of alcohols.l? In this work, we have developed dye-sensitized
photoelectrodes for the oxidative activation of C-H bonds, which is considered a Holy
Grail in organic reactivity. The key feature is the use of a quinacridone organic dye that
operates through a proton-coupled electron transfer, converting the N-H group into a N
centered radical, capable of hydrogen atom abstraction from allylic and benzylic C-H
groups. The reactivity in terms of photocurrent response is indeed correlated to the
Bond Dissociation Free Energy of the N-H bond in the quinacridone dye (80.5 Kcalmol
1) and of the C-H bonds in the organic substrates (Figure 1). This work provides a
mechanistically oriented strategy to the design of dye-sensitized photoelectrodes for
selective organic transformations.
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Figure 1. Photoelectrochemical C-H activation through quinacridone dye-sensitized
SnO:2 electrodes (left) and photocurrent response in terms of the Bond Dissociation
Free Energy of N-H in quinacridone and of C-H in organic substrates (right).
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ATOMIC DISPERSED METAL CATALYZED SELECTIVE
HYDROGENATION via PROTON COUPLED ELECTRON TRANSFER
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Address: Key Laboratory of Photochemistry, Institute of Chemistry, Chinese Academy of Sciences,
Beijing 100190, China
Email: wsongunc@iccas.ac.cn

The use of water as a source of hydrogen is attractive for selective hydrogenation
reactions, where hydrogen liberation is a crucial step.[*2 Our study describes the
selective hydrogenation catalyzed by the (carbon nitride) pyridinic nitrogen ligated
Ni%*(Nxi Ni?*).I341 Upon excitation, the electron transfer from carbon nitride to Ni?* is
coupled to heterolysis of the adsorbed water, transferring proton to a non-coordinated
nitrogen: Nxi Ni2* + e + H* Y Nx1i Ni*t NH*. The active intermediates (Nx-1i Ni*t NH)
hydrogenates alkyne substrates, likely following the proton coupled electron transfer that
bypasses the hydride transfer. The sequential two (photo-induced) electron-proton
transfer affords alkene with high selectivity. This reaction paradigm offers a facile method
for synthesizing valuable deuterated alkene products with high deuterium incorporation
using D20 and unlabeled alkynes. It is expected that analogue PCET mechanism would
promote the hydrogenation/valorization of various unsaturated functionalities, with
efficient and selective conversion relying on well-managed electron/proton
transfer/migration.

ONn@N@uo c@o

Scheme 1. lllustration of the photo-induced proton coupled electron transfer over (carbon
nitride) pyridinic nitrogen ligated Ni?* that liberates hydrogen from water for semi-
hydrogenation of alkenes.
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MECHANISTIC INSIGHT INTO METAL HYDRIDE PHOTOCHEMISTRY
GUIDES SOLAR FUELS CATALYST DESIGN
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Transition metal hydride complexes are featured intermediates in biological,
organometallic, and energy conversion catalysis. Photoexcitation of such metal hydride
intermediates can initiate a myriad of possible reactions (Figure 1A).1 If the
appropriate photoinitiated proton-coupled electron transfer (PCET) reaction can be
enforced, visible light can be used to reduce kinetic barriers, lower electrochemical
overpotential, or unveil entirely new reaction products. Coupling photochemical fuel
formation with electrochemical regeneration of the hydride reveals opportunities for
solar fuels catalysis. Mechanistic studies of metal hydride photochemistry will be
described in the context of developing molecular photoelectrocatalysts,? single-
component catalysts that both harvest visible light and mediate chemical bond
formation (Figure 1B). Thermodynamic analyses are paired with time-resolved kinetic
studies to elucidate the molecular-level mechanistic details of the PCET pathways that
lead to Hz evolution and hydrogen transfer reactions. Comparisons with traditional
multi-component semiconductor/electrocatalyst solar fuels approaches will be
discussed.

single photo/
A ; B /J\ electrocatalyst
> | M +H* y

/—> LoM" + HA (M) substrate-H,
—> L M+H
L,Mi H
N—> L MiH+L
H* and/or
N\ [LoMi H]@D*
LM+ LiH -, n Substrate

L,Mi H conducting light-driven fuel formation
> electrode Alow-overpotential pathways
Aenergy-storing reactions
Figure 1. (A) Possible photochemical pathways of transition metal monohydride
complexes. (B) General scheme for single-component molecular photoelectrocatalysis.

[L,Mi H]* + [L,Mi H]'

References:

[1] Perut z, R. N. ; Procacci, B. A PICbhemoRewh 2006j 146, ry of Tr i
85061 8544. https://doi.org/10.1021/acs.chemrev.6b00204

[2IBreret on, K. R.; Bonn, A. G.; Mi | | dar Light®rivend . M. AMol e

Hydr ogen PrAG3HEnerdyiLett.2018, 3, 11287 1136. https://doi.org/10.1021/acsenergylett.8b00255

26


https://doi.org/10.1021/acs.chemrev.6b00204
https://doi.org/10.1021/acsenergylett.8b00255

Net H-atom uptake and transfer at polyoxovanadate-alkoxide surfaces
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The rich electrochemical properties of transition metal oxides have positioned these
materials as valuable materials for emergent energy-related technologies. In all these
applications, a defining feature of active materials is their ability to accept and transfer H-
atom equivalents (i.e. proton/electron pairs) via proton-coupled electron transfer (PCET).
Challenges associated with understanding these surface mediated chemical
transformations with atomic resolution has resulted in the study of polyoxometalate
clusters as mol ecul ar model s. I n t his
understanding net H-atom uptake at the surface of reduced variants of the Lindqvist-type
polyoxovanadate-alkoxide cluster, [VeO19-n(OMe)n]". In the case of these low-valent
vanadium oxide assemblies, nucleophilic bridging sites are kinetically inhibited by
functionalization of the cluster surface with organic ligands. This molecular modification
enables selective H-atom uptake at terminal oxide sites. The impact of reaction site and
cluster electronics on reaction driving force of PCET is explored. Additional work
described will contrast the kinetics of PCET at terminal oxide sites to the reactivity
observed at bridging oxides in POV-alkoxide clusters.
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PCET pathways to catalytic, electrocatalytic, and
photo(electro)catalytic nitrogen fixation

Jonas Peters

Division of Chemistry and Chemical Engineering, California Institute of Technology (Caltech),
1200 E California Blvd, Pasadena, CA-91125 USA

Nitrogen reduction to ammonia is a requisite transformation for life and there is growing
interest in developing sustainable technologies for ammonia synthesis using renewably
sourced energy. Such approaches can lead to distributed on-demand fertilizer
production and may enable ammonia to be used as a zero-carbon alternative fuel. Our
group has had an ongoing interest in the study of well-defined synthetic catalysts that
mediate nitrogen reduction (N2R) to ammonia (and hydrazine). We are especially
interested in the operative mechanisms by which such catalysis occurs. Most recently,
we have been pursuing the idea that proton-coupled electron transfer (PCET) pathways
for N2R can be more thermally efficient than step-wise ET/PT pathways and have
tested this hypothesis via the development of electrochemical PCET (ePCET)
mediators that enable electrocatalytic N2R (and other reductive transformations) to be
driven at potentials sufficiently anodic that the competing hydrogen evolution reaction
(HER) is mitigated. Relatedly, we are pursuing novel catalysts and conditions for
photodriven N2R, and systems that enable (photo)electrochemical N2R. Here, visible
light rather than temperature, pressure, or electrochemical potential, provides the
primary driving force needed for catalytic ammonia generation.
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HETEROGENIZED ELECTROCATALYTIC AMMONIA OXIDATION
WITH A SUPRAMOLECULAR HOST-GUEST SYSTEM
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Surface-anchored host molecules allow for the
binding of catalytically active guest complexes. The

heterogenization of ammonia oxidation

electrocatalysts via surface-bound host-guest (HG) N,+3H,
complexes combines high stability and high C
performance. For that purpose, a tailored HG system }\(
with the ability to oxidize ammonia in both organic

and aqueous solutions was designed. The backbone

of the Ru(bpy-NMez)(tpada)(Cl)](PFe) (Where bpy-  Mlecular catalyst
NMez is 4 , -Bisgdimethylamino)-2 , -2 @ipyridyl,  withadamantyl
tpada is 4'-(adamantan-1-yl)-2,2":6',2"- terpyridine) = bindinggroup
(Figure 1) catalysts features an adamantyl motif as
the binding group, which showed high binding
c onst an tcgclodextrin im sobution (K= 1580.7+
6%) as determined by 'H NMR titration. Strong
binding affinities were also observable when the
catalyst was absorbed on a mesoporous ITO (mITO)
surface  functionalized with a phosphonated Figure 1: Heterogenized
der i v a tcyclodgextronfWelsompared our newly gmmonia oxidation with a
designed catalyst to our previously developed tajlored surface bound host-
naphthy|ene-SUbStltuted Ca'[a|ySt [RU(bpy' guest System_
NMe2)(tpnp)(CN](PFe)X! (where

tpnp is 4'-(naphthalen-2-yl)-2,2":6',2"-terpyridine) for its stability, endurance and
recyclability during catalysis. Both guests are able to oxidize ammonia in both organic
and aqueous solutions and are stable on the order of hours. The host-bound electrode
can be refunctionalized multiple times after catalysis without a reduction in the
performance of the functionalized electrode. We found that guest 1 exhibits a higher
surface loading, higher currents and significantly higher stability towards basic
conditions.
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Electrocatalytic Ammonia Oxidation by Earth-Abundant Metal
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Owing to its high energy density and established global production and distribution
networks, ammonia (NH3s) is an appealing fuel, particularly when synthesized by green
methods. On a per-hydrogen atom basis, ammonia contains nearly the same chemical
energy as hydrogen (Hz). Thus, sustainable catalysts that electrocatalytically oxidize
ammonia for fuel cells or on-demand hydrogen production with only nitrogen (N2) as a
byproduct are highly desirable.

We describe electrocatalytic ammonia oxidation using molecular systems based
on Earth-abundant copper!¥ and iron. Each approach focuses on enabling the
conversion of NHs to masked forms of the amidyl radical ANH2 via PCET. Copper(l) b-
diketiminate catalysts [Cu'] enable ammonia oxidation via deprotonation of oxidized
copper(ll) ammine complexes {{[Cu'"]-NHs}* to form copper(ll) amide species [Cu'"]-NH2.
The significant unpaired electron density on the amide N atom in [Cu']-NH: facilitates N-
N coupling to dicopper(l) hydrazine species [Cu']-NH2NH2-[Cu']. While experiemental
studies reveal that ferrocenium (Fc*) can stoichiometrically oxidize NHs, a combination
of mechanistic and computational studies suggests that outersphere oxidation of H-
bonded ammonia dimers or trimers [NHs]x (x = 2 or 3) occurs. To encourage H-bonding
near the Fc* center, we synthesized a family of ferrocene complexes that feature pendant
pyridine bases that serve as efficient electrocatalysts for ammonia oxidation. We
hypothesize that a pendant pyridyl base engages in H-bonding to ammonia that facilitates
PCEToftheH-bonded ammonia mol ecul es t Jstapiizeddy
a protonated pyridinium base en route to hydrazine (H2N-NH2) that undergoes facile
oxidation to nitrogen (N2).

1 Acknowledgements. We are grateful to the US Department of Energy, Office of
Science, Basic Energy Sciences program (DE-SC001779) and Michigan State
University for support of this work.
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The search for environmentally benign renewable energy sources as alternatives to
the combustion of fossil fuels is a key target considering the continuously increasing
energy demands and the consequences of the associated greenhouse gas
emissions. 2 Within this context, artificial photosynthesis is one of the most promising
solutions. In particular, water splitting with sunlight (hv-WS), where sunlightdrives the
water oxidation to dioxygen (WO) and proton reduction (PR) to hydrogen isone of the
most promising approaches. To achieve the design of an efficient and robust artificial
device, a catalyst is needed for both processes.

Here, we prepared a new family of Ru-based oligomeric catalysts that can be
anchored on the surfaces of graphitic materials throughCH-" i nt er act ithens bet
auxiliary ligands bonded to Ru center and the hexagonal rings of the graphitic surfaces.
A combination of spectroscopic, microscopic and electrochemical techniques allows
an exquisite molecular control of the anchoring and the catalytic process. The resulting
hybrid materials achieved current densities in the range of 0.2-
0.3 A/lcm? at neutral pH values, and remarkable long-term stabilities for more than 12
hours towards oxidation of water to dioxygen (Figure 1).[451 The present work provides
the basis for the design of robust and efficient hybrid molecular electroanode materials
based on Ru complexes.

Figure 1. CV of molecular Ru-based hybrid electroanodes at pH 7, and the DFT
calculated structure a single Ru unit anchored by CH-’ i nteractions on
surface.
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