Quantum Mechanical Modeling of
Photochemistry in
Complex Environments

Sebastian Reiter

Minchen 2024






Dissertation zur Erlangung des Doktorgrades
der Fakultat fur Chemie und Pharmazie
der Ludwig-Maximilians-Universitat Miinchen

Quantum Mechanical Modeling of Photochemistry in
Complex Environments

Sebastian Reiter
aus
Minchen

2024



Erklarung

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. November 2011
von Frau Prof. Dr. Regina de Vivie-Riedle und Herrn Prof. Dr. Christian Ochsenfeld
betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenstandig und ohne unerlaubte Hilfe erarbeitet.

Minchen, 10.12.2024

Sebastian Reiter

Dissertation eingereicht am: 11.12.2024
1. Gutachter: Prof. Dr. Christian Ochsenfeld
2. Gutachter: Prof. Dr. Benjamin Fingerhut

Mundliche Prufung am: 27.02.2025



Contents

Abstract %
List of Publications vii
Introduction 1
1 Synthetic Photoredox Catalysis: The Role of Preassemblies 5
1.1 Selective C(sp)-O Cleavages of Phosphinated Alcohols . . . .. ... ... 7
1.2 C-H Arylation of Pyrroles Catalyzed by 3d-Metal Complexes . . . .. . .. 20
2 Multiscale Quantum Dynamics 37
3 Onthe Road to Artificial Photosynthesis 51
3.1 Hydrogen Evolutionvia CoMabigq. . . . . .. ... ... ... .. ...... 54
3.2 The Light-Harvesting Network of Photosystem | . . . . ... ... ..... 73
3.3 Stabilizing Photosystem ina MOF . . . .. ... ... ........... 93
Summary and Outlook 107
A Supporting Information to Chapter 1 111
A.1 Selective C(sp)-O Cleavages of Phosphinated Alcohols . . .. .. ... .. 111
A.2 C-H Arylation of Pyrroles Catalyzed by 3d-Metal Complexes . . .. .. .. 125
B Supporting Information to Chapter 2 143
C Supporting Information to Chapter 3 157
C.1 Hydrogen Evolution via CoMabiq . . . . . ... ... ... ... ....... 157
C.2 The Light-Harvesting Network of Photosystem | . . . .. ... ... .. .. 164
C.3 Intermonomer Coupling in Photosystem | . . . . ... ... ......... 189
C.4 Stabilizing Photosystem linaMOF . . . ... ... ............. 190
List of Abbreviations 211
List of Figures 213
List of Tables 217
Bibliography 219

Danksagung 237






Abstract

Quantum chemical and classical calculations have become an indispensable part of modern
chemistry. A persistent challenge for computational methods is the description of weak
molecular interactions as they occur in complex environments such as in solution, in catalyst-
substrate assemblies, or in biomolecular contexts. This thesis presents a series of methods
and applications where such environmental elécts play a crucial role.

The first chapter focuses on organic photocatalysis with an emphasis on the formation of
dispersive ground-state preassemblies between catalyst and substrate in condensed phase.
By exploring the catalytic mechanisms through a series of high-level electronic structure cal-
culations, preassemblies are found to open new pathways in two conceptually dilérent types
of chemical transformations. These reactions include on the one hand the electromediated
photoredox conversion of phosphinated alcohols to carbanions by naphthalene monoimide
type catalysts and on the other hand the photochemical C-H arylation of pyrroles via
3d-transition metal complexes.

The second chapter presents a multiscale workflow to include atomistic environmental
elécts in quantum dynamic wave packet simulations by sampling the potential energy
surface over the course of a molecular dynamics trajectory. Using this method, the ultrafast
S!S relaxation in uracil is found to be strongly alécted by embedding the nucleobase
in an RNA strand, with a trend towards slower relaxation times.

The third chapter of this thesis deals with the topic of artificial photosynthesis. First, the
acid-strength dependent catalytic H, generationvia a cobalt-complex with the redox-active
Mabiq ligand is investigated using high-level DFT/MRCI calculations. In the future, H >
evolving catalysts like Co(Mabiq) could be combined with natural photosystems, which
would act as highly eldient photoactivated electron donors. This requires (a) a better
understanding of the light-harvesting process and (b) an option to protect the photosystem
against harsh environments while retaining or even enhancing its function. This work
thus introduces a new computational model of the excitonic network in cyanobacterial
photosystem |, which captures the molecular dynamics of the nanoscale system and describes
the complex photophysics of chlorophyll in its natural environment at the DFT/MRCI level.
This model is finally used to explore the structural and electronic elécts of encapsulating
photosystem | in the metal-organic framework ZIF-8.



Abstract

Taken together, this thesis emphasizes the importance of including complex environmental
elécts in the computational description of molecular transformations. The presented case
studies deepen our understanding of a broad range of photophysical and -chemical processes,
introducing new photocatalytic strategies in organic synthesis, exploring the photostability
of the genetic code, and paving the way toward artificial photosynthesis.
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Introduction

On the arid lands there will spring up industrial
colonies without smoke and without smokestacks;
forests of glass tubes will extend over the plains
and glass buildings will rise everywhere; inside of
these will take place the photochemical processes
that hitherto have been the guarded secret of the
plants, but that will have been mastered by human
industry which will know how to make them bear
even more abundant fruit than nature, for nature
is not in a hurry and mankind is. And if in a
distant future the supply of coal becomes completely
exhausted, civilization will not be checked by that,
for life and civilization will continue as long as the
sun shines!

— Giacomo Ciamician, 19124

The desire to control and harness the energy of the sun is as old as civilization itself. One
of the earliest uses of photochemistry was the bleaching of linen in ancient Egypt! but
photochemistry as a scientific discipline began to emerge only in the 0 century.l¥] At that
time, the e[@cts of sunlight on certain pigments were described on multiple occasiong; "]
including the invention of photography.['**?l These discoveries culminated in the seminal
works of Giacomo Ciamician, who systematically explored the potential of photochemical
reactions at the beginning of the 28" century.['31% Today, one hundred years after his
visionary lecture on the future of photochemistry,*! the scientific community is still trying
to crack the “guarded secret of the plants” and harness light for chemical reactions.

As a molecule is promoted to an electronically excited state, a multitude of processes can
follow: If the molecule remains in the excited state at least on a picosecond time scale, it
can undergo chemical reactions which are governed by the topography of the excited state
potential energy surface (PES). This can be exploited in the context of photocatalysis to by-
pass unfavorable thermodynamics or kinetics in the ground state PE$:>16] Typical modes
of operation for photocatalyzed reactions include single electron transfel,”*é! haloger'®2!
or hydrogen atom transfer[?!=2% bond dissociationsl?*=26] and isomerizations!?’=?°] The
absorbed energy can also be dissipated into the environment as heaia internal conversion
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Multiscale Quantum Dynamics

Chapter 2 Title Graphic: Multiscale quantum dynamics simulations unravel the ultrafast relax-
ation of the nucleobase uracil in its natural environment after photoexcitation.
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2 Multiscale Quantum Dynamics

The previous chapter examined photochemical reactions, focusing on selected critical
points in the reaction mechanism. Going beyond this steady-state picture, we shall now
shine a light on the ultrafast dynamics of the photoexcited nucleobase uracil, taking into
account interactions with its natural RNA environment.

Excited state dynamics often break the framework of the Born-Oppenheimer approxima-
tion, as the system evolves non-adiabatically from one electronic state to another through
Colns2%151] |n such cases, nuclear quantum el@cts begin to play a role, meaning that the
nuclei should no longer be treated as point masses but rather as quantum objects. There
are multiple ways to simulate non-adiabatic excited state dynamicd!®? One of the most
widely used methods is to approximate the nuclear wave packet statistically by a swarm of
independent trajectories!'>3-1571 Here, each trajectory treats the nuclei as classical parti-
cles and only an ensemble of many trajectories approximates the probability distribution
of the quantum system. Environmental elécts can be incorporated either implicitly via
continuum modeld®®! or explicitly in QM/MM or ONIOM frameworks. [#5158-160] Reviews
on environmental elécts in trajectory based methods are available in refs. 161-164. Despite
their merits, trajectory based approaches by design can not describe quantum elécts like
tunneling, wave packet interference or coherent control by laser pulses. Thus, in this work,
we shall focus on solving the time-dependent Schrdodinger equation (TDSE) by propagat-
ing a nuclear wave packet on electronic PESES%166] The underlying theory is outlined in
the following, before introducing a new approach to include environmental interactions in
the wave packet dynamics. This approach is then applied to model the ultrafast 3! $
relaxation of the nucleobase uracil in an RNA strand.

Wave Packet Dynamics

The time evolution of a quantum system is described by the TDSE®7-170]

ih@

ol X0= B ( x;t) (2.1)

wherei is the imaginary unit, h is the reduced Planck constant,}(x;t) denotes the Hamil-
tonian and ( x;t) the wave function. For a two-state system in the adiabatic picture, the
Hamiltonian in matrix form is defined as

0 1 0 1

hH=@2 %A, @1 f12a (2.2)
0 V2 for T2

where V; and V, are the potential energies of the two electronic states;T1; = To» is the
kinetic energy of the wave packet and 1, and f ;1 denote the non-adiabatic coupling elements
(NAC) that facilitate population transfer at the Coln. Optionally, the interaction between
the molecular system with dipole moment and an external electric field (t) can be included
by an additional term " (t). By separating the spatial (x) and temporal coordinates {) of
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Photostability of Uracil embedded in RNA

the wave function, a general solution to the TDSE reads

R i
( x;t)=  cpe nErt (x): (2.3)

n=1

Here (x) is a solution of the time-independent Schrddinger equation (TISE), obtained in
the Born-Oppenheimer approximation with standard quantum chemistry methods, while
the time-dependence is fully contained in the exponential term.E, denotes a discrete set of
eigenvalues to the electronic potential, thus the solution of the TDSE at any point in time

is a superposition of eigenstates, weighted with the coeldientsc,. This superposition is
called a wave packet. As a complete set of eigenstates is usually not available for molecular
systems, the TDSE must be solved numerically by propagating the wave packet in small
time increments t with respect to an initial condition ( X;tp):

( Xito+ )= F—i?f—}t ( X;to): (2.4)
OC 1)

In practice, the evolution operator O( t) is expanded to arrive at a propagation schemé-’*!
Here, one possibility is to approximate the exponential by a finite Chebyshev series

L
O( t)=e it ax’ k
k=0

[

1t 2.5

h ! ( )
with the complex Chebyshev polynomials’  and expansion coe@ients ay.['"2l Compared to
other propagation schemes, the Chebyshev expansion olérs higher accuracy and numerical

stability over long simulation times, " which is the reason it was used in this work. The
propagation was performed with the softwareQDng.[*7%]

Hamiltonian in Reduced Dimensionality

As the TDSE is solved numerically on a spatial and temporal grid, the computational el0rt

of wave packet simulations scales exponentially with the number of molecular degrees of
freedom. Therefore, the coordinate space is reduced to few, typically two, active dimensions
that represent the molecular process in questiof:’41761 The Hamiltonian H is generally
defined as the sum of kinetic {') and potential (V) energy operators. While the potential
operator is multiplicative and translates directly into the reduced dimensional coordinate
space, the kinetic energy operator

RN 1 @

f= MU 1@
2, M @F

(2.6)

in Cartesian coordinatesx with massesm requires prior transformations, which can be
achieved in the Wilson G-matrix formalism.!*”"-181 Here, the transformed operator in a
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2 Multiscale Quantum Dynamics

two-dimensional space of internal coordinatesy is approximated as

EWW@ @

’ = G — (2.7)
q rs
2 r=1 s=1 @q @51
The G-matrix elements G,s are readily accessiblevia their inversel' 8l
@
X@x
., @n@g

using finite dilérencing. Comparing eq. (2.7) and eq. (2.8), the G-matrix takes the role
of a reciprocal mass in the kinetic energy operator. To obtain pure internal coordinates,
translations and rotations are removed by applying the Eckart conditiond'®? to the initial
Cartesian geometries. In this work, the PES was spanned by two orthogonalized Cartesian
dilérence vectors originating at the Franck-Condon point and ending at the S, minimum
and at the S,/S; Coln, respectively!*®3] The coordinates and consequently the G-matrix
were adopted from the gas phase simulation of uracift&3]

Including Environmental Effects

While there are numerous examples of wave packet simulations being performed on isolated
moleculesl?#174.180,183-18% the simulation of environmental e@cts remains challenging. As-
suming that the molecular process is fast enough that its timescale can be separated from
that of the environmental dynamics, the environmental influenceoem, is entirely contained

in a time-independent potential energy term of the Hamiltonian

V= <>mol + <>env (2.9)

where Vol corresponds to the PES of the isolated molecule. This assumption is valid
as long as the process takes less than a few hundred femtoseconds. At longer timescales,
the wave packet dynamics need to be coupled to the environmental motion, for example

in an Ehrenfest approach as described elsewheb€®] At short timescales, previous works
have introduced the dynamic continuum ansatz to modeXleny implicitly as a custom fitted
potential which decelerates the wave packet!%!]

Moving from an implicit to an atomistic representation of the solvent cage, the next
step was to parameterize the interaction potential for a large set of relative solvent-solute
orientations sampled by MD simulations[*°? X}, could then be approximated from the
library of precalculated parameters. The atomistic description of the solvent cage allowed
to distinguish multiple reaction channels in a photochemical bond dissociation depending
on the solvent orientation, which was not possible with the dynamic continuum ansatz°?
However, the parameterization routine requires a large amount of preparatory work and
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MD Simulation

Conformational m

Molecular Coordinates

Snapshots for PES
| | |
Full System Isolated Molecule
QM /MM Single Point QM Single Point QM Single Point Construct
(Low Level QM) (Low Level QM) (High-Level QM) G-Matrix
Energies | Energies ] [ Energies J { NAC } [ G,, ]
@ |

Environment Molecular

Potential f)env Potential f}mol

PESV II {Kinetic Energy ’f'}

@ |

|| Single Calculation

@] Repeat for Multiple Snapshots Solve TDSE

Figure 2.1: Multiscale quantum dynamics workflow to include atomistic environments in grid-based
wave packet dynamics simulations.

its complexity only increases for heterogeneous environments as they occur in biological
systems.

The present work therefore introduces an extension to the atomistic approach, where the
interaction potential is evaluated explicitly at each point of the PES, without the need for
precalculated parameters (figure 2.1). To this end, environment configurations are sampled
from classical MD simulations. The quantum system, in this case uracil, is constrained at
its ground state minimum geometry during the MD to ensure reproducible starting points
for the setup of the PES. At each grid point of the PES, the geometry of the quantum
system is inserted into the MD snapshot and aligned by satisfying the Eckart condition&-6]
with respect to the frozen geometry from the snapshot. Next, the potential energy of the
full system is evaluated at each point of the PES in a QM/MM ansatz. By subtracting
the energy of the isolated quantum system at the same quantum mechanical (QM) level
of theory from the QM/MM energy, only the interaction potential Ven remains. The final
PES is then obtained by adding(?em, to the precalculated excited state potential Omm of the
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2 Multiscale Quantum Dynamics

quantum system. AsXeny is unique to the MD snapshot chosen for the QM/MM calculation,

this procedure is repeated many times to model dilérent environment configurations. Along
with the also precalculated kinetic energy operator of the quantum system, the TDSE can
be solved for each snapshot.

Compared to the library approach,'? this procedure requires less preparatory work and
is easily transferable to any kind of environment, homo- or heterogeneous. Moreovetmol
as well as the NACs can be calculated once at a high but expensive level of theory for the
isolated molecule, while a dilérent and computationally faster level can be used for the
repeated evaluation of the interaction potential. In this work, Veny Was calculated in the
ground state, which saved computational eldrt and could be justified by similar charge
distributions in the ground and excited state of uracil. The same workflow is easily adapted
to evaluate Yeny for an excited state by using an excited state method in the QM/MM
calculation.

Photorelaxation of Uracil

The workflow described above was applied to model the 8 S; relaxation of uracil in an
RNA environment. Like the other canonical nucleobases, uracil dissipates absorbed UV
radiation in the form of heat on a timescale of few hundred femtoseconds?®! This ultrafast
relaxation protects the genetic code against photodamage and has been proposed as an
evolutionary selection criterion under high UV pressure in the early Earth history.*94-196]
Yet, photodamage occurs frequently enoughn vivo that sophisticated repair mechanisms
have evolved!'9/-2°1 prompting the research question of the article below: Does a natural
RNA environment aléct the ultrafast relaxation to the ground state?

After photoexcitation around 250nm to a bright excited state ($),[2°4 uracil can
relax to a dark n  state (S;) and from there back to the ground state via Colns.??%] The
first step of this relaxation has been modeled previously for the isolated nucleobadé?!
whereby the wave packet evolved from the Franck-Condon point to the potential energy
minimum on the S, PES before crossing a barrier to the §S1 Coln seam. The simulated
decay had a half-life of186fs after excitation with a Gaussian laser pulse and could be
accelerated or delayed by custom shaped pump laser pulsgs®]

The article “RNA Environment Is Responsible for Decreased Photostability of Uracil”,
published 2018 inJ. Am. Chem. Soc. investigates to what extent the natural environment
of uracil alécts the relaxation process on the $ PES. The most important results are
summarized below:

» PESs for uracil were calculated using 250 MD snapshots containing a 7-base RNA
single-strand solvated in water. The environmental potential was explicitly calculated
in a QM/MM framework for each snapshot, according to the scheme illustrated in
figure 2.1. Subsequently, the nuclear wave packet dynamics after photoexcitation to
S, were simulated with a focus on the ultrafast $! S; relaxation through a Coln
seam.
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3.3 Stabilizing Photosystem | in a MOF

A major challenge in using biological systems for catalysis or energy conversion is ensuring
their stability in harsh environments, for example in organic solvents or at non-neutral
pH. One possibility in this context is encapsulation of the biological component in a MOF,
which has been successfully demonstrated by embedding PS | in ZIF18*? While the
photosystem retained its function in that study, a reversible change in fluorescence was
observed during the encapsulation-release cycle (figure 3.6). Encapsulation gives rise to a
prominent emission at 680nm which is indicative of isolated chlorophyll and disappears as
soon as PS | is released from the MOF. Where spectroscopic techniques are hindered by the
complexity of the system and especially the strong scattering of the MOF, computational
models allow microscopic insights into the molecular interactions underlying this modified
fluorescence.

This is where the article “Molecular Interactions of Photosystem | and ZIF-8 in Bio-
Nanohybrid Materials” comes into play, where the structural and electronic elécts of em-
bedding PS | in the MOF ZIF-8 are investigated. The most important results of the article
are summarized below:

» A bio-nanohybrid between PS | and ZIF-8 was synthesized and analyzedia absorption
spectroscopy. Comparing the spectra of encapsulated and free PS | in bulér solution
indicated that the photosystem remains intact in the presence of the MOF. The
interactions at the PS I/ZIF-8 interface were subsequently investigated in detail
computationally.

» To this end, the atomistic model of PS | introduced in the previous chapter was
extended to include the MOF, using the force fieldnb-ZIF-FF to describe ZIF-8.

1.0

— PS|
— PS I@ZIF-8
— PS I@ZIF-8, pH 5.5

fluorescence [arb. u.]

T T T T T
600 650 700 750 800

wavelength [nm]

Figure 3.6: Change in fluorescence upon encapsulating PS | in ZIF-8 and again after dissolving
the MOF in acidic conditions. Data extracted from fig. 6a of ref. 242.
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3 On the Road to Artificial Photosynthesis

In contrast to other MOF specific force fields, nb-ZIF-FF employs a non-bonded
potential for the interaction between the building blocks Zn?* and 2-methylimidazolate
(2-MIm ) and thus allows the simulation of bond-breaking and -formation.

» With this model, the initial stage of the ZIF-8 crystallization process around PS | as
well as the fully-formed PS I@ZIF-8 crystal was investigated by MD simulations. It
was found that neither the protein structure nor the chlorophyll network are impacted
by the encapsulation, thus ruling out large-scale structural modifications as the source
for the observed change in fluorescence.

« Instead, the anionic MOF building blocks 2-MIm  frequently coordinate to the Mg?*
ions of chlorophylls on the outside of the photosystem. High-level quantum chem-
ical calculations at the DFT/MRCI and SCS-! PBEPP86 levels showed strong CT
contributions to the first excited state of these coordinated chlorophylls, transferring
electron density from the 2-MIm anion to the chlorophyll. By sampling the excited
states of these chlorophylls in dilérent MD snhapshots at the DFT/MRCI level, the
CT was confirmed as a frequent event inside the MOF.

» The CT contributions significantly alter the excited state energies and transition dipole
moments of the al@écted chlorophylls, el@ctively preventing their excitonic coupling
with other pigments in the light-harvesting network. This could explain the elusive
fluorescence signal observed experimentally, as the excitonic network features nearly
uncoupled chlorophylls upon encapsulation by the MOF.

» However, the primary function of the photosystem remains unalécted, as the reaction
center is shielded from interactions with the MOF and the vast majority of the light-
harvesting network stays intact. Encapsulation of PS | by ZIF-8 therefore olérs an
attractive route towards artificial photosynthetic devices that can operate in a variety
of otherwise adverse environmental conditions.

The article “Molecular Interactions of Photosystem | and ZIF-8 in Bio-Nanohybrid Mate-
rials” was published 2024 inPhysical Chemistry Chemical Physicsunder the Creative
Commons Attribution 3.0 License’ (CC-BY 3.0). It is reprinted hereafter from Phys.
Chem. Chem. Phys, 26, 23228-23239 (2024). The supporting information is available at
https://doi.org/10.1039/d4cp03021d and reprinted in appendix C.4. Copyright 2024, the
authors.

' License available at: https://creativecommons.org/licenses/by/3.0/
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A.2 C—H Arylation of Pyrroles Catalyzed by 3d-Metal Complexes

the detection of two dil@rent triarylaminium radical cation/haloarene precomplex geome-
tries (edge-to-face T- and face-to-face - ) on the basis of changes in EPR spectra and
DFT calculations.['”] There, it was proposed the face-to-face - geometry was “unreactive”
upon photoexcitation.

Therefore, the thermodynamics of precomplexation in the ground state is only one aspect
to consider in a larger scheme. Our computational results demonstrate that there indeed
are stable candidate preassemblies of phosphinate substrate and radical anion catalyst.
Moreover, we show that the introduction of substituents at the ortho-position of the N-
aniline moiety destabilizes these complexes and makes their formation less likely due to a
higher kinetic barrier upon approach of the two molecules. Further studies are required to
investigate the excited states of our optimized candidate structures and whether certain
geometric factors can facilitate SET within preassemblies upon photoexcitation.

A.2 C-H Arylation of Pyrroles Catalyzed by 3d-Metal Complexes

The complete supporting information to the article “Cobalt-Mediated Photochemical C-H
Arylation of Pyrroles” was published 2024 in Angewandte Chemie International Edition
and is available at https://doi.org/10.1002/anie.202405780. An excerpt of the most relevant
computational details (section S7in the original document) is reprinted below. Optimized
geometries are openly available at https://doi.org/10.5281/zenodo.10528903.

A.2.1 General Procedure for Geometry Optimizations and Ground State Energies

Unless otherwise noted, all quantum chemical calculations were performed with the software
packageOrca 5.0.3.[246:3201 Geometries were optimized at the FSCAN-3d3?!] level of theory
and verified as energy minima by the absence of imaginary vibrational frequencies?$CAN-
3c is a recently developed composite method based on thé3CAN density functional and
including three empirical corrections. These comprise the atomic charge dependent D4
dispersion correctiod®??! as well as a custom fitted triple- basis set?!! (def2-mTZVPP)
and the geometric counterpoise correctioi?®l to correct for the basis set superposition
error. r’SCAN-3c has proven to yield superior energies and geometries for a wide variety of
benchmark sets, including also transition metal complexes, on par with or even surpassing
much more expensive hybrid density functional methods with larger basis set§?!1 Solvation
eleécts were included with the conductor-like polarizable continuum model?*?! (C-PCM)
using parameters for acetonitrile. The final wave functions were checked for internal and
external instabilities. Thermodynamic corrections for enthalpies and Gibbs free energies
were extracted from the frequency analyses in the quasi-rigid-rotor-harmonic-oscillator
(QRRHO) approximation 324! at 29515K and 1 atm.

Coupled cluster energies were calculated with the DLPNO-CCSD(T1) method, using an
iterative triples correction (T1) which is especially recommended for radicald?80:325:326]
Scalar relativistic e@cts were included in the ZORA formalism[*?7*?8] and a quadruple
basis set with dilise functions, ma-ZORA-def2-QZVPP,[247:32%] was employed for these
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calculations, in particular to ensure an accurate description of the open-shell and bromine-

containing compounds. Tight SCF and PNO criteria were applied and a tighter-than-default

integration grid was used (DefGrid3). The RIJCOSX approximation [250:251.304 was used

with the def2-QZVPPD/C 253 and def2/3[?°?! auxiliary basis sets to speed up the Hartree-

Fock reference calculation. The C-PCM?*°l was employed to model solvation in acetonitrile.
Molecular visualizations were created withVMD 1.9.3.27¢]

A.2.2 Calculated Thermodynamics of Preassemblies between [1-Co]?* and
Various Amines

Table A.4: Energies and enthalpies for the formation of preassemblies betweei-Co] 2* and
amines, relative to the energies of the isolated molecules {BCAN-3c). Distances refer to the
N—H distance for assemblies betweefil-Co] 2* and amines (see figure A.21).

Substr. ID E [kcalmol ']  H [kcalmol '] Dist. [A]
DMEA g 5:75 4:38 243
DIPA h 6:57 5:28 263
DIPEA i 5:84 4:22 249
DMA j 6:57 5:21 291
pyrrolidine  k 5:47 4:25 233

A.2.3 Conformer Sampling

lterative metadynamics (iMTD) calculations were performed at the GFN2-xTB [*47] |evel
with the CREST 2.11.2 software packag&®’"l at a simulated temperature of 29815K.
Solvation elécts were taken into account with the analytical linearized Poisson-Boltzmann
(ALPB) model, using parameters for acetonitrile. The non-covalent interaction (NCI)-
iIMTD algorithm "l was used to prevent dissociation of the preassemblies, which would
have resulted in an infinite number of conformers. No other constraints were applied to the
geometries during conformer sampling.

A larger fraction of the sampled preassemblies already shown in figure 3 of the main article
is provided below in figure A.12. The results of additional control calculations, where both
NEt; and 2ag, coordinate to the catalyst at the same time, are visualized in figure A.13.
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Figure A.13:
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Figure A.12: Sampled conformations of preassemblies between (§)-Co] >* and triethylamine

(3423 structures) and (b) [1-Co] * and 4-bromobenzonitrile 2ag, (7554 structures) within an
energy window of4 kcalmol * of the respective lowest energy conformer. Sampling was performed
at the GFN2-xtb level of theory. Colored spheres indicate the respective substrate, in particular
the coordinating N atom in the case of NEf and the center of the aryl unit in the case of 2ag;.

o NEt;, N-atom
o 2ag,, aryl center

Sampled conformations of preassemblies between (g)l-Co]?*, NEt; and 4-
bromobenzonitrile 2ag; (855 structures) and (b) [1-Co] *, NEt; and 4-bromobenzonitrile 2ag,
(998 structures) within an energy window of 2:5kcal mol ! of the respective lowest energy con-
former. Sampling was performed at the GFN2-xtb level of theory. Colored spheres indicate the

respective substrate, in particular the coordinating N atom in the case of triethylamine and the
center of the aryl unit in the case of 2ag;.
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A.2.4 DFT Orbitals and Spin Densities

The canonical Kohn-Sham orbitals and spin densities for the electronic ground states of
[1-Fe] 2* and [1-Fe] * at the r2SCAN-3c level are depicted in figure A.14.

[1-Fe]**

[1-Fe]t

unrestricted = restricted
= no relevant spin density

($?) = 0.00 ($?) =0.76 ($%) =0.75
(ideal: 0.00) (ideal: 0.75)
Figure A.14:

Canonical Kohn-Sham orbitals and spin densities from unrestricted DFT calculations
(r?SCAN-3c) on the ground states of[1-Fe] * and [1-Fe] * (Isovalue: 0.04 for orbitals, 0.002
for densities). The spin densities show the dilérence between - and -densities, where yellow
denotes unpaired -spins and blue unpaired -spins. For completeness, the restricted open-shell
spin densities are also shown, along with the energy dilérence between the unrestricted and the

restricted open-shell SCF solution. The expectation value S? gives a quantitative estimate of
the amount of spin contamination.
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The unrestricted corresponding orbitald®3?] and spin densities for the electronic ground
states of [1-Co] 2* and [1-Co] * at the r2SCAN-3c level are depicted in figure A.15. As
discussed in the main text, [1-Co] * exhibits a small amount of spin contamination, i.e.
unpaired -spin density on the ligands.

[1-Co)*+

[1-Co]*

($%)=0.77 (§°) =0.75 ($?) =2.38 (8% =2.00
(ideal: 0.75) (ideal: 2.00)

Figure A.15: Unrestricted orbitals and spin densities from DFT calculations (r?SCAN-3c) on the
ground states of [1-Co] * and [1-Co] * (Isovalue: 0.04 for orbitals, 0.002 for densities). Virtual
orbitals are canonical DFT orbitals.  denotes the spatial overlap between - and -orbitals.
The spin densities show the dilérence between - and -densities, where yellow denotes unpaired

-spins and blue unpaired -spins. For completeness, the restricted open-shell spin densities
are also shown, along with the energy dilérence between the unrestricted and the restricted
open-shell SCF solution. The expectation value S? gives a quantitative estimate of the amount
of spin contamination.
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A.2.5 Multireference Calculations on the Ground States of [1-Co]?* and [1-Co]*

The ground state electronic structure of [1-Co] ?* and [1-Co] * was further characterized
by CASSCF calculations usingMolpro 2023.2[311.:312.331] The active space contained 12
electrons in 9 orbitals (Figure S49), namely the five d-orbitals and two pairs of / *
orbitals, one pair on each ligand. State-averaging was performed over seven electronic
states of the same multiplicity to stabilize the active space. The def2-TZVH?**"] basis
set was used throughout. Integral evaluation was accelerated by density fitting with the
def2-TZVP-JKFIT [2%] auxiliary basis.

Figure A.16: Active space used in CASSCF and NEVPT2 calculations, exemplary visualized for
[1-Co] * (Isovalue: 0.04).

Due to the non-negligible amount of spin delocalization, the possibility of a quintet ground
state for [1-Co] * was also investigated. To this end, the geometry of the quintet was
optimized at the BP86[302:332:333)def2-TZVP [247] level of theory, using the D3BJ>343%%] and
gCP323] corrections and modeling implicit solvation in acetonitrile via the C-PCM. Initial
optimization attempts at the r °SCAN-3c level were not successful due to SCF convergence
issues. The energies of both the triplet and the quintet ground states were evaluated with
the partially contracted NEVPT2 method [336-338] at the respective optimized structures,
using the same CASSCF(12,9) protocol as described above for the reference calculations.
At both the triplet and the quintet geometry, the triplet is significantly more stable than
the quintet (table A.5). The adiabatic energy dil@rence, i.e. the dilérence at the respective
minimum energy structures, is 0:41eV, suggesting that the ground state of [1-Co] * is
indeed a triplet rather than a quintet.

A.2.6 Thermodynamics of a Competing Radical Chain Mechanism

Scheme A.1 illustrates the beginning of a radical chain starting from the amine radical
cation obtained in the photoreduction of the [1-Co] 2* complex to [1-Co] *. First, the
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Table A.5: Calculated energies off1-Co] >* and [1-Co] * at the CASSCF(12,9) and NEVPT2 level.
Energy dilérences for [1-Co] * are given with respect to the triplet calculation at the respective

geometry.
Species Geometry Mult. E cassce [Eh] Epto [Eh] Epto [eV]
[1-Co] * Doublet-Min. 2 2 3776700076 3786310081 /
[1-Co] *  Triplet-Min. 2 3 3776933910 3786615121 /
5 3776925877 3786592 655 061
Quintet-Min. P 3 3776898585 3786615104 /
5 3776892719 3786600010 %41

2 optimized at r 2SCAN-3c level; ® optimized at BP86-D3BJ-gCP/def2-TZVP level

radical cation NR3-* is deprotonated by a second amine molecule, yielding an-aminoalkyl
radical NR3-. In a second step, this radical can abstract a halogen atom (halogen atom
transfer XAT) from the substrate (4-bromobenzonitrile, 2ag,) to form an iminium bromide
and an aryl radical which in turn initiates the chain reaction as shown in scheme A.2.

Jo Y Py vy o ©‘

NEt; DMEA DIPA DIPEA DIPEA pyrrolidine DM
(ethyl) (iPr)
. AGdeprot AGred 0,
radical [kcalimol] [kcalimol] Y 7]
NEt -3.76 -5.95 81 . AG
i NR; + NR; ——%Prot_ NRy + HNR,
DMEA -3.62 -4.17 65
DIPA -9.04 -4.98 42 CN CN
DIPEA (ethyl) -1.95 -5.84 34 \ AGreq -
+ _— + | Br
DIPEA (iPr) -0.48 -10.14 34 _N. N*
R™ 'R : R” 'R
pyrrolidine -7.92 -3.88 25 Br
DMA 3.89 10.89 0

Scheme A.1: Calculated Gibbs free energies for the start of a possible competing radical chain
mechanism, starting from a one-electron reduced amine radical cation (level of theory:?6CAN-
3c + DLPNO-CCSD(T1)/ma-ZORA-def2-QZVPP). Experimental yields refer to the yield of 4a
as reported in table A.4.

The reactants and products of both reaction steps were optimized at the ¥SCAN-3c level
of theory. Electronic single-point energies were subsequently calculated at the DLPNO-
CCSD(T1) level, as described in appendix A.2.1. The resulting electronic energies were
added to the enthalpy and entropy corrections from harmonic frequency analyses at the
r’SCAN-3c level to obtain the Gibbs free energies shown in scheme A.1. The product yields
obtained with dilérent amines generally follow the Gibbs free energies Gyeq Of the second
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reaction step, i.e. the reduction of the aryl bromide. Only DIPEA appears as an outlier.
DIPEA can form two dirent -aminoalkyl radicals, either at the 'Pr-carbon or at the
ethyl carbon. In agreement with previous DFT studies[**°] the ethyl radical is more stable
than the 'Pr radical, resulting in a less exergonic Gyeq. Nevertheless, the reduction of
2ag, by both the ethyl and the 'Pr DIPEA radicals is exergonic with a significantly negative

Gred, Which seemingly contradicts the low experimental product yield 34 %). The Gibbs
energy of the preceding deprotonation step Ggeprot May explain this discrepancy, as the
formation of both possible -aminoalkyl radicals from the DIPEA radical cation is not as
favorable as for amines with higher product yields.

hv, 450nm

~

N

ST )

d CN
Br o
: \
~ N~ \v H
Br~ K . - HBr . N
| _
\/N+\/ >_<

thermodynamics shown in Scheme S3 CN CN

7 "N—

Scheme A.2: Possible radical chain mechanism initiated by -aminoalkyl radicals .45
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Figure C.24: Control MD simulation of ZIF-8 building blocks in methanol. Starting from the
initial configuration before equilibration (left), the building blocks undergo self-assembly to form
an amorphous phase (right). H-atoms omitted for clarity.

Next, we set up two ZIF-8 crystals, solvated in methanol and in water, respectively.
The cubic simulation boxes had an edge length 08:63nm (methanol) and 3:44nm (water)
after equilibration and contained 96 Zré* ions, 192 Mim ions and 379 (methanol) or 541
(water) solvent molecules. Both were equilibrated according to the same protocol: First,
the energy was minimized until the maximum force was belowl000kJ mol *nm 1. Next,
the temperature was raised from10K to 300K over 2nsin an NVT ensemble, controlled
by the V-rescale thermostat®®’! ( 1+ = 0:1ps). The system was propagated in the same
ensemble at constant temperature for anotherlns. In the second step, the system was
equilibrated for 2nsin an NPT ensemble at1bar, controlled by the Berendsen barostat®®e!

( p=2:5p9). The isothermal compressibility was set t06:02 10 Sbar * for methanol*5°]
and4:5 10 Sbar ! for water.l*’%] The temperature was kept stable at300 K using the same
settings as before. Production MD simulations were conducted fol nsin the same ensemble.
The Zn?*—zn?* radial distribution function (RDF) were evaluated in both simulations
(figure C.25) and found to agree well with that of the original force field implementation>>°
and an experimentally determined®’*! RDF. For comparison, figure C.25 also depicts the
RDF for the PS I@ZIF-8 simulation, which also agrees well with the reference.
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—_ 1.0 -- Experiment
$ 0.8+ -~ nb-ZIF-FF
T — ZIF-8 in MeOH
=f 0.6 — ZIF-8 in Water
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Figure C.25: Normalized Zn?*-Zn?" radial distribution function in various control simulations
compared to literature values**%271 Satellite peaks in the experimentally determined RDF are
most likely due to defects in the crystal structure. The RDF from the present work is averaged
over the entire trajectory and thus smoother than the calculated reference RDF.
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C.4.2 Structural Changes of PS | in Water

Figure C.26: RMSD of key PS | components in water. C : Protein backbone, CLA: chlorophyll a,
BCR: -carotene, PQN: phylloquinone. The jump in the -carotene RMSD at32nsis due to
the reorientation of a peripheral carotenoid, as shown on the right, where the motion of the
carotenoids over100ns is illustrated with respect to the first frame of the trajectory (view from

the stromal side).
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