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Avant-propos

Ce manuscrit présente un aperçu de mon parcours de recherche ainsi que des projets
scientifiques financés que j’ai dirigés ou auxquels j’ai contribué depuis ma nomination
en tant que chercheur au CNRS en octobre 2015. Il met en lumière mes contributions
à la photochimie théorique et décrit les principales orientations de recherche que j’ai
suivies au cours de la dernière décennie. De plus, ce manuscrit expose les objectifs
scientifiques et les projets que je souhaite explorer dans les années à venir. La plupart
des résultats présentés ici ont été publiés dans des revues à comité de lecture ou sont
en préparation pour publication.

L’habilitation est structurée en plusieurs sections. La première section inclut mon
curriculum vitae, soulignant mon engagement dans le financement de projets, l’encadr-
ement de jeunes chercheurs, l’enseignement ainsi que mes responsabilités admin-
istratives. Les sections suivantes offrent des résumés concis des recherches que j’ai
menées en tant que chercheur indépendant au sein de mon groupe. Bien que j’aie
abordé une variété de sujets, j’ai choisi de me concentrer sur deux axes principaux : la
dynamique du croisement intersystème et les processus de redistribution d’énergie
responsables des transitions de spin ultrarapides, ainsi que le développement de
nouvelles méthodologies pour étudier la réactivité en phase condensée. Enfin, dans la
dernière section, je présente mes objectifs de recherche pour l’avenir et les directions
scientifiques que je prévois de suivre.
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Foreword

This manuscript provides an overview of my research journey and the funded scien-
tific projects I have led or contributed to since my appointment as a CNRS researcher
in October 2015. It highlights my contributions to theoretical photochemistry and
outlines the key research directions I have pursued over the past decade. Additionally,
the manuscript presents the scientific goals and projects I aim to explore in the com-
ing years. Most of the results discussed here have been published in peer-reviewed
journals or are in preparation for publication.

The habilitation is structured into several sections. The first section includes my
curriculum vitae, emphasizing my involvement in project funding, mentoring young
researchers, teaching, and administrative responsibilities. The following sections pro-
vide concise synopses of the research I have conducted as an independent investigator
within my group. While I have explored a range of topics, I have chosen to focus on
two key areas: the dynamics of intersystem crossing and the energy redistribution
processes that drive ultrafast spin transitions, as well as the development of new
methodologies for studying condensed-phase reactivity. In the final section, I outline
my research objectives for the future and the scientific directions I plan to pursue.
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2.1 Quantum dynamics of intersystem crossing

2.1.1 Introduction
In this first set of examples of my work, I focused on the description of intersystem crossing (ISC), a
radiationless transition between electronic states of different total spin multiplicity.[1] In intersystem
crossings, vibrations can play a major role. The coupling between different multiplicities is a spin-
forbidden transition, absent in the approximate molecular Hamiltonian including non-relativistic
time-independent Born-Oppenheimer approximation frequently used in quantum chemistry.[2] In the
following works, we include the spin-orbit (SO) interaction via the Breit-Pauli Hamiltonian, which is
the simplest way of including such relativistic effects.[3]

Intersystem crossing transitions are usually slow process (nanosecond to millisecond), but can be
accelerated to the ultrafast regime (femtosecond to picosecond) due to the coupling with vibrations.[4]
In essence, the first order kinetic rate of intersystem crossing between a singlet (S) and a triplet (T) is
given by the simple Fermi’s Golden Rule formula,[5]

k1
ST = 2π

ℏ
∣∣〈ΨS |ĤSO |ΨT 〉

∣∣2
δ (ET −ES ) (2.1)

in which ĤSO is the spin-orbit Hamiltonian, andΨS andΨT the electronic wavefunctions of the singlet
and triplet states. This rate is directly proportional to the strength of the spin-orbit coupling, following
thus the El-Sayed’s rule.[6] In the literature, several groups have reported vibronic spin-orbit effects,
that would not only allow El-Sayed’s forbidden transitions, but also accelerate spin-orbit coupling to an
ultrafast regime.[7] The vibronic spin-orbit transitions were computed with first-order Fermi golden
rule, invoking a Herzberg-Teller-like mechanism of vibronic spin-orbit. In essence, in the first-order
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formula one can include a Taylor expansion of the spin-orbit Hamiltonian,

ĤSO(R) = ĤSO(R0)+∑
i

∂ĤSO(R)

∂Ri
(Ri −R0)+·· · , (2.2)

that could in principle accelerate the spin-orbit coupling. These derivative can be computed analytically
in the Breit-Pauli Hamiltonian, which contains only a one-electron spin-orbit term that explicitly
depends on the nuclear coordinates,

H SO
el = ℏe2

2m2
e c2

Nel∑
i

ŝi ·
Nnuc∑

A

ZA(ri −RA)× p̂i

|ri −RA |3
. (2.3)

In the literature, these derivatives were computed numerically directly applied to the matrix elements
of the spin-orbit coupling. This introduces extra terms in the Taylor expansion due to the derivative
of adiabatic wavefunctions, which can mix wavefunctions and accelerate the spin-orbit coupling to
unrealistic ultrafast regime. The electronic first-order kinetic rate is the same as in Eq. 2.1. The vibronic
spin-orbit coupling can be then obtained as a second-order kinetic rate considering,

k2
ST = 2π

ℏ

∣∣∣∣∣ ∑
T ′ ̸=T

〈ΨS |ĤSO |ΨT ′〉〈ΨT ′ |ĤN AC |ΨT 〉
ET ′ −ES

∣∣∣∣∣
2

δ (ET −ES ) (2.4)

+ 2π

ℏ

∣∣∣∣∣ ∑
S′ ̸=S

〈ΨS |ĤN AC |ΨS′〉〈ΨS′ |ĤSOC |ΨT 〉
ES′ −ES

∣∣∣∣∣
2

δ (ET −ES ) (2.5)

(2.6)

in which the sum over index T ′ and S′ runs over states of triplet and singlet multiplicity states respec-
tively. In this formula, forbidden spin-orbit transitions (〈ΨS |Ĥ SOC |ΨT 〉 = 0) from a singlet initial state S
to a triplet final state T could become allowed by the presence of intermediate triplet states T’ that have
simultaneously a strong SO and a strong NAC with the initial singlet and the final triplet respectively,
and the intermediate singlet states S’ that have simultaneously a strong NAC and a strong SO with the
initial singlet and final state respectively.

Vibronic rate theory was extensively used in the literature to compute intersystem crossing rates of
many photochemical processes like intersystem crossing, delayed fluorescence, etc.[8–12] However,
it is arguable that rate theory is valid for ultrafast vibronic intersystem crossing processes, in which
non-equilibrium effects are important. A most robust approach is the real-time propagation of nuclear
wavepackets on potential energy surfaces defined by vibronic Hamiltonians containing non-adiabatic
and spin-orbit couplings. This is has the advantage that is non-perturbative, considering thus all
non-equilibrium effects and couplings of any strength. In a series of studies, I extended linear vibronic
coupling model Hamiltonians to describe spin-orbit coupling, giving detailed mechanistic origin of
ultrafast intersystem crossing in organic and organometallic complexes.[13–19] In the following, I will
describe briefly the methodology and main results of such studies.

2.1.2 Methodology
Multi-configuration time-dependent Hartree (MCTDH) method is an efficient way of solving the time-
resolved Schrödinger equation for a nuclear wavepacket. The method has been lengthy discussed in
the literature[20] and only a brief explanation will be given here. MCTDH is based on the following
wave function Ansatz to solve the time-dependent Schrödinger equation.

Ψ(q1, ..., q f , t ) =∑
J

A J (t )ΦJ (q1, ..., q f , t ) (2.7)
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where f are the degrees of freedom for the system, J is a composite index J = j1... j f , AJ are the
time-dependent coefficients andΦJ the time and coordinate-dependent Hartree products of single-
particle-functions (SPFs).

ΦJ =
f∏

k=1
ϕ j k (Qk , t ) (2.8)

At the same time, the SPFs are formed by linear combinations of primitive basis, called discrete variable
representation (DVR). The DVR corresponds to the lowest energy solutions of the harmonic oscillator
of each coordinate.

ϕ(k)
j (Qk , t ) =

nk∑
k=1

a(k)
k j (t )χ(k)

j (Qk ) (2.9)

The multi-set formalism has been used to study the different electronic states. In this approach, a
different wave function is employed for each electronic state.

Ψ(q1, q2, ...,α, t ) =
σ∑
α=1

Ψ(α)(q1, q2, ...,α, t )|α〉 (2.10)

where α runs over the different electronic states.
The efficiency of MCTDH relies in a particular potential form of the Hamiltonian, V (Q) =V (Q1)V (Q2) · · ·V (QN ).

The total vibronic hamiltonian for intersystem crossing has the general form,

H(Q) = [T (Q)+V (Q)]1+H NA(Q)+H SO(Q) . (2.11)

The terms in the model Hamiltonian can be grouped in three different types: the diagonal elements T (Q)
and V (Q), the non-adiabatic couplings H NA(Q) and the spin-orbit couplings H SO(Q). The coordinates
Q are the normal modes mass and frequency weighted coordinates of the ground state. The off-
diagonal elements contain the mean-field Breit-Pauli spin-orbit coupling between singlets and triplets
and among triplets, computed at the CASSCF level of theory.[21] The non-adiabatic couplings are of
the form αI J ×Q, in which αI J is a parameter coupling states I and J electronic states of the same
multiplicity, fitted by performing 1 performing 1D cuts along normal modes to reproduce the adiabatic
electronic structure calculations.

The diagonal terms include the nuclear kinetic energy and the diabatic potentials. The expression
for the nuclear kinetic energy expressed in mass-frequency-weighted coordinates for the electronic
state I is a harmonic oscillator model (in a.u.), in which the kinetic energy operator is given by

T (QI ) =−1

2
∇QI

T WI∇QI (2.12)

while the diabatic potential is assumed harmonic and the shape that takes is the following form,

V (QI ) = E(0)1+ 1

2
QI

T WI QI . (2.13)

In both equations, the matrix elements [WI ]i j =δi jωi are the diagonal matrix of normal mode fre-

quencies, and the normal mode coordinates QI =W1/2
I LIM1/2∆R, in which L are the eigenvectors of

the internal Hessian matrix, M1/2 = δi j m1/2
i is the atomic mass metric and ∆R=R-Rref is the Cartesian

coordinate difference with the reference.
In the case of iron complexes, the potentials are fitted performing a Taylor expansion up to fifth order

and extra functions like exponential and Morse potentials to improve the fit of dissociative or highly
anharmonic potentials. In the case of xanthone, we developed a new model Hamiltonian including
Duschinsky rotations, as I will detail in the following. This is a convenient way to express the excited
state normal mode coordinates in terms of a common reference coordinate system. As reference, we
take the 11A1 normal modes coordinates as reference, symbolized hereafter as Q (i.e., without any
subscript). For this purpose, we introduce the projection of excited-to-reference normal coordinates
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through the Duschinsky rotation matrices, expressed as

QI =WI
1/2 (

W −1/2 J I Q +D I
)

(2.14)

is introduced with this aim and allows to re-write the expression of all the states in the basis of the
ground state. In the above expression, JI=LILT is a square matrix that contains the normal mode mixing
between the state I and the reference state and DI is the displacement vector between the state I
minimum geometry and the reference state geometry expressed in the normal modes of the latter.

The nuclear kinetic energy operator can be expressed in the ground state normal modes.

T (Q) =−1

2

(
∂

∂Q

)T

J I W J I
T

(
∂

∂Q

)
(2.15)

The diabatic potentials in the common coordinate system take the following expression:

V (Q) = E(0)1+ 1

2
QT (J T

I W 2
I W −1 J I )Q +D I

T WI
2W −1/2 J I Q + 1

2
DT
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2.1.3 Xanthone
Note: Reprinted (adapted) with permission from Journal of the American Chemical Society 2021 143 (51),
21474-21477. Copyright 2021 American Chemical Society.

Xanthone is an aromatic ketone exhibiting one of the fastest intersystem crossings among organic
molecules. The results discussed in this section are based on the article entitled Ultrafast Intersystem
Crossing in Xanthone from Wavepacket Dynamics , J. Am. Chem. Soc. 2021, 143, 51, 21474–21477. This
work was performed in collaboration with a visiting PhD student (Marc Alías-Rodríguez, that later
became post-doctoral fellow in my group) from the Universitat Rovira i Virgili in Tarragona.[15]
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Figure 2.1: (a) the 5 highest occupied and 4 lowest unoccupied orbitals with C2v labels
and common name in parenthesis. (b) structure of 9H-xanthen-9-one
(xanthone) with number and Cartesian axis orientation. (c) schematic
diabatic potential energy curve of the two lowest singlet (solid line) and
triplet (dashed line) excited states of nπ∗ (red) and ππ∗ (blue) character.
The vertical arrow indicates the absorption from the 1ππ ground state (not
shown in the figure).

Xanthone lowest energy state is a singlet 11A1 state (using C2v point group symmetry labeling, with
the orientation as described in Fig. 2.8). At this geometry, the 11A2 state is the first excited singlet,
corresponding to a 19b2 → 6b1 transition (also called 1nπ∗ state), which is dipole-forbidden. The
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second singlet excited state is the 21A1 state, which is represented by a 5b1 →6b1 transition (more
commonly referred to 1ππ∗ state), and is dipole-allowed. In the minimum energy structure of 11A1

state (Fig. 2.8), the triplets 13A2 and 13A1 are quasi-degenerate (0.03 eV gap), 0.166 eV below the singlet
11A2 state, in good agreement with the experimental value of 0.14 eV.[22] The 11A2 state is only 0.06 eV
below the 23A1 described mainly by a 4b1 → 6b1 transition, and the triplet 13B2 described mainly by a
3a2 → 6b1 is found ∼0.11 eV above 11A2. The 21A1 state (5b1 → 6b1) is the highest energy state, 0.4 eV
above the 11A2 state. Minimal energy structures of the lowest singlet and triplet states are planar of
quasi-C2v symmetry. As for the state crossings, on the one hand the 21A1/11A2 (1ππ∗/1nπ∗) cross in an
accidental different symmetry structure of Cs resulting from the linear combination of the carbonyl
symmetric stretching (essentially of a1 symmetry) and an asymmetric stretching vibration of mostly b1

symmetry involving the carbon atoms on the aromatic ring. On the other hand, 11A2 crosses with 13A1

state in a quasi-C2v structure expanded through totally symmetric vibrations involving the carbonyl
symmetric stretching of the aromatic rings.

The dynamic evolution of diabatic populations is shown in Fig. 2.7. The simulations started at the
21A1 state. The population rapidly decays in the first 200 fs, concomitant to the 11A2 population rise,
indication of a fast internal conversion. This is due to the barrierless access to two 11A2/21A1 accidental
different symmetry intersection. In this process, 80% of the 21A1 is transferred to 11A2, and 20% of the
population remains trapped in 21A1 decaying at a slower rate. The 11A2 being the major state after
200 fs rapidly decays to the triplets. Initially, the ISC is mainly due to 11A2 →13A1 but also 11A2 →23A1.
These are the main channels for generating triplet population, consistent thus with El-Sayed’s rule for
ISC. The transfer between triplets slowly builds up the population on the lowest triplet 13A2.
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Figure 2.2: Diabatic population evolution for the singlets 21A1 (1ππ∗, solid blue) and
11A2 (1nπ∗, solid red), and triplets 13A2 (3nπ∗, dashed red), 13A1 (3ππ∗,
dashed blue) and 23A1 (dashed green). Black dashed line corresponds to
the sum of all triplet populations. The dynamics have started from 21A1.

A first-order kinetic mechanism can be extracted from the 1.5 ps population dynamics of Fig. 2.7.

From the model, we can infer that the mechanism follows mainly a sequential transfer: 21A1
IC−→

11A2
ISC−−→ 13A1

IC−→ 13A2. First, the 21A1 state decays biexponentially to the 11A2 state via internal
conversion. About 80% of the population decays in a fast rate of 85 fs. This fast component is explained
as the first time the wavepacket reaches the 21A1/11A2 crossing with a large momentum, since the path
to it is barrierless. Only activation of coupling modes of a2 symmetry can make this transition happen,
which could explain the incomplete transfer. After that, 15% of the wavepacket remains trapped in the
21A1 minimum, and slowly decays to 11A2 with a rate of 5 ps via the activation of coupling modes. In
the 11A2 state, there are three possible ISC transfers. The 11A2 → 23A1 and 11A2 → 13B2 triplet rates are
obtained at 6.73 and 44.64 respectively ps. In this time, we do not observe a fast internal conversion to
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the 13A1 and 13A2, but probably this occurs at longer times. The fastest important ISC is the 11A2 →
13A1, which is the first populated triplet in time. The rate for this transfer is given by 2.0 ps, which is
probably explained by a strong spin-orbit coupling and the fact that the ISC minimum energy crossing
geometry is close to the minimum of 11A2 state. The internal conversion between 13A1 ↔ 13A2 is the
only pathway we obtained of population of the lowest triplet state, and is estimated at 602 fs for the
transfer to 13A2 and 803 fs for the back transfer to 13A1.

In the literature, a major channel corresponding to a “non-Kasha” transfer directly from 21A1 to
the 13A2 triplet was evoked, first by Baba and coworkers for xanthone in the gas phase,[22, 23] and
later confirmed by Gilch and coworkers for xanthone in ethanol[24, 25]. Baba et al. estimated the
rate of transfer from 21A1 in the gas phase at ca. 100 fs,[23] while the experiments of Gilch et al. in
ethanol estimated it at 1.5 ps.[24] Recently, theoretical studies using rate theory in the gas phase
by Rai-Constapel and coworkers predicted a 5 ps for the 21A1 →13A1 (El-Sayed’s forbidden), while
the 21A1 →13A2 (El-Sayed’s allowed) was found having a 200 ps rate.[7] In the gas phase, the main
decay channel observed from 21A1 is to the 11A2. This is estimated at a rate of 135 fs, close to the
experimental decay of 100 fs observed for 21A1 in the gas phase.[23] The 21A1 state has an almost
negligible vibronic spin-orbit coupling with energetically close 23A1 and 13B2 states. The 23A1 triplet
receives 5-10% population, while the population to the 13B2 states is negligible. This could explain
the triplet coupling evoked for the 23A1 state.[22] No direct transfer from 21A1 is observed to 13A2 nor
13A1 states. Rather, the ISC channel is 11A2 →13A1 in a rate of 2.0 ps, 10 times slower than the rate
obtained by Rai-Constapel and coworkers.[7] The combined 11A2 →triplets leads to a rate transfer of
1.5 ps. A similar rate is obtained if the dynamics are started directly from the 11A2 state. Finally, the
transfer between 13A1 →13A2 is fast, estimated at 602/803 fs for the forth and back transfers (in ethanol,
this was estimated at 12 ps).[24] Solvents have a strong impact on the energetic order of nπ∗ and ππ∗
states of aromatic ketones, and this has a major impact on the dynamics in the excited state. Using the
vacuum model, we have shifted the vertical energies to the values obtained for xanthone in solution.

In polar solvents, the order of electronic states changes with respect to the gas phase.[24, 25] For
triplets states, the 3ππ∗ is the lowest state both in water and ethanol. For singlet states, ethanol exhibits
the same ordering as in gas phase. In contrast, in water the 1nπ∗ fluctuates influenced by hydrogen
bonds between water and carbonyl. From 1 ps QM/MD water simulations, most snapshots exhibit
an 1nπ∗ state below the 1ππ∗ state. In such state ordering, quantum dynamics show that internal
conversion 1ππ∗ →1nπ∗ is within 325 fs prior to the ISC in 2.11 ps. The populated triplets are mostly
the upper 23ππ∗ and 33ππ∗ at variance with the gas phase. In contrast, when 1ππ∗ is lowest, the
wavepacket stays trapped in the singlets with a negligible ISC.

Currently, I established two experimental collaborations to determine this mechanism. First, Lionel
Poisson and Lou Barreau (U. Paris-Saclay) have performed time-resolved UV photoelectron spectra
which seems to confirm our mechanism (manuscript in preparation). This experiments were able to
clearly determine the kinetic rate of 1ππ∗ state, and potentially a second kinetic rate that is associated
to the decay of 1nπ∗. These experiments are waiting for a more clear validation from time-resolved
X-ray photoelectron spectra, a collaboration that I established with Markus Guhr (DESY, Germany).

2.1.4 Iron complexes
Note: Reprinted (adapted) with permission from J. Phys. Chem. Lett. 2023, 14, 38, 8571–8576. Copyright
2023 American Chemical Society.

In this work, we studied intersystem crossing on organometallic complexes using quantum dynamics.
This work was done in collaboration with two post-doctoral fellows, Swarnendu Bhattacharyya, who
developed the model Hamiltonian and Marc Alías-Rodríguez who finalized the analysis and performed
the quantum dynamics. This project is part of the ANR PRCi project MULTICROSS (2019-2024) devoted
to the combination of theoretical modeling to understand time-resolved X-ray spectroscopy produced
in X-ray free electron lasers. In this particular project, we explained the time-resolved X-ray emission
of [Fe(bpy)3]2+ (bpy=2,2’-bipyridine). The results were published in J. Phys. Chem. Lett. 2023, 14, 38,
8571–8576.[17]
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Molecules containing d4 to d7 octahedral metal complexes exhibit magnetic bistability known as
spin crossover (SCO), in which the metal center undergoes a transition from a low-spin (LS) to a high-
spin (HS) electronic configuration, induced by several kinds of external stimuli such as temperature,
pressure, light radiation or the application of a magnetic field.[26–33] Light-induced SCO reactions
(commonly known as light-induced excited spin-state trapping, LIESST) have attracted particular inter-
est. Such photoactive complexes can act as molecular switches due to the ultrafast conversion between
two magnetic states.[34] Conversely, efficient light-harvesting and photocatalyst complexes can be
produced by delaying the SCO reaction which stabilizes charge-transfer states.[35] The photochemical
pathways are highly dependent on the type of metal, the ligands, the electronic band structure, and the
initial absorbing state.[34] Elucidating the LIESST mechanisms is fundamental for designing complexes
with controlled photoreactivity.

The current understanding of LIESST mechanisms is in most cases incomplete, especially due to the
complex interplay between electronic and vibrational degrees of freedom and the ultrafast nature of the
photoreaction, which challenges the interpretation of time-resolved spectra.[28–33, 36–42] Theoretical
models, on the other hand, can only provide a complete model for the photoreaction when a balanced
treatment of non-adiabatic and spin-orbit couplings of electronic excited states with different spin
multiplicities is used, requiring state-of-the-art methodologies for electronic structure and quantum
dynamics.[4] Multi-configuration time-dependent Hartree (MCTDH) wavepacket dynamics, pioneered
by Pápai and Penfold, have been shown to successfully describe the photophysics of iron complexes.[43–
46]
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Figure 2.3: Representation of the potential energy surfaces and geometric changes
during LIESST reaction in [Fe(bpy)3]2+, including the high-spin (5T2), the
metal-centered triplets (3T1 and 3T2) and the singlet/triplet metal-ligand
charge transfer states (1/3MLCT).

The LIESST reactions in organometallic iron compounds have been the focus of much research, due
to the cost-effectiveness and scalability of iron complexes.[47] In the present study, we focus on the
LIESST mechanism of a well-known iron complex, [Fe(bpy)3]2+ (bpy=2,2’-bipyridine) (see Fig. 2.8). The
low-spin (LS) state of [Fe(bpy)3]2+ corresponds to a singlet closed-shell configuration (1A1), in which six
nitrogens form a dative covalent bond with the iron center. The high-spin (HS) states are constituted
by a quintet triad (5T2) with a gap of ca. 0.1 eV due to a small Jahn-Teller distortion.[48] According to
our simulations, the HS is characterized by a symmetric increase of the Fe-N distances (+0.2 Å) and a
slight decrease (-5.7◦) of the N-Fe-N bite angle with respect to the LS equilibrium geometry. This is a
consequence of populating eg antibonding orbitals. The absorption spectrum exhibits two maximum
absorbances at 520 and 350 nm corresponding to metal-to-ligand-charge-transfer (MLCT) states.[38,
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39, 49, 50]
The photochemical LIESST mechanism in [Fe(bpy)3]2+ has been thoroughly studied both experi-

mentally and theoretically.[16, 28–33, 38, 39, 41, 42, 51]. The [Fe(bpy)3]2+ photoreaction model depicted
by time-resolved spectroscopy has been refined in parallel to the development of new techniques
with improved time resolution.[36, 52] One of the first studies employing UV-visible transient absorp-
tion spectroscopy suggested a sub-ps 1MLCT→5T2.[53] Time-resolved fluorescence spectroscopy of
Gawelda et al. pointed out the population transfer between MLCT states (1MLCT→3MLCT) in 15
fs,[28] and mechanism via the MC triplets (3MLCT→ 3MC) in 120 fs prior to the HS transfer in 960 fs.
This mechanism was confirmed and refined by Gaffney and coworkers using time-resolved X-ray Kβ

fluorescence spectroscopy, with 150 fs MLCT/MC triplet transfer and a faster transfer to quintets in
70 fs.[31] Combining time-resolved X-ray emission and scattering, Gaffney et al. later indicated that
HS→3MC back-transfer occurs prior to the final relaxation to the HS.[36] Auböck and Chergui, based
on high-resolution UV-visible pump-probe spectroscopy determined a build-up of HS population in
less than 50 fs, assisted by high-frequency ligand modes.[32] Lemke et al. confirmed this mechanism
using time-resolved X-ray absorption spectroscopy estimating a slower transfer rate of 120 fs to the
HS.[33] Finally, Moguilevski et al. using ultrafast extreme UV photoemission spectroscopy determined
that both 3MC→HS and 3MLCT→HS were competing mechanisms.[54] From a theoretical perspective,
there is no unified model of the mechanism of [Fe(bpy)3]2+ photoreaction. Sousa et al. computed the
kinetic rates of intersystem crossing (ISC) using Fermi’s golden rule, determining a dominant 3MC→HS
mechanism due to larger MC/HS spin-orbit coupling,[51] but later considered the direct 3MLCT→HS
mechanism possible from the mixing between MC and MLCT states due to thermal disorder.[41] Iuchi
et al. have recently presented a trajectory surface hopping study in [Fe(bpy)3]2+ in aqueous solution
using a constructed model Hamiltonian, proposing a dominant SCO transfer via 3MC states.[55]

We construct a complete quantum dynamics model for describing the LIESST reaction in [Fe(bpy)3]2+

describing the SCO photodynamics upon absorption to the bright states within the MLCT band. The
details of the construction of the model can be found in the Supporting Information (see further in
Sec. S2). The model contains the lowest part of the excited state spectrum, which can be characterized
either by d-d type transitions (MC states) or a d- to π∗

1 bipyridine orbitals (MLCT states), composed of
a C2-C2′ bonding π region and a N-C2/N-C2′ anti-bonding π∗ region common of diimine bonds (see
Fig. S1 and S2). In the D3 geometry, the π∗ orbitals have an a2⊕e symmetry delocalized over the three
equivalent bipyridine units. The singlet bright states are found in the middle of the MLCT band and
have t2g →π∗

1 character, using the Oh notation. The excitation at the 1A1 minimum geometry is 2.65 eV,
with an oscillator strength of 8.5·10−2 a.u. The rest of the singlet MLCT band is dark. The 1T1 states lie
at the upper end of the MLCT band (around 3 eV) and are not accessible from the lower range of the
absorption spectrum. The triplet manifold consists of an MLCT band (2.09-2.51 eV) overlapping with
the 1MLCT band, the 3MC, and the 5T2 states. The 3T1 is found in a range of 1.91-2.13 eVs, while the
3T2 lies between 2.41-2.62 eV. These excited state energies are computed along 9 vibrational modes:
(i) the reaction coordinate (depicted in Fig. 2.8) consisting mainly of a symmetric stretching of all
Fe-N distances, (ii) two Jahn-Teller asymmetric Fe-N stretching modes that distort the complex in
axial/equatorial planes, and (iii) six ligand centered modes corresponding to a C2-C2′ coupled with C-C
and C-N inter-ring stretching modes of the bipyridine units accounting for the relaxation in the MLCT
bands.
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Figure 2.4: Diabatic population dynamics of 1,3MLCT, 3MC (3T1 and 3T2) and HS states
during the first 0.5 ps using the full hamiltonian model of [Fe(bpy)3]2+. The
singlet 1T1 is included in the model, but not depicted in the figure due to
negligible population.

The vibronic model has been used in quantum dynamics starting from a wavepacket in the lowest
bright 1MLCT states. The results for the first 0.5 ps are shown in Fig. 2.9. The population on the
1MLCT undergoes a rapid decay becoming negligible after 150 fs. The first decay of the 1MLCT is
concomitant to the rapid growth of the 3MLCT population, which becomes dominant at around 50 fs.
The wavepacket is then split into three different populations. The dynamic evolution of populations of
the two 3MC states behaves similarly. On the one hand, the 3T1, which receives 30% of the population,
exhibits a rapid growth from the beginning of the dynamics followed by a slow decay after 150 fs. On
the other hand, the 3T2, which receives 10% of the population has a slow decay after 100 fs. The quintet
5T2 has a rapid and steady growth starting at around 50 fs until the end of the dynamics, becoming the
dominant population after around 120 fs.

The triplet intermediates (3MLCT, 3T1 and 3T2) have been experimentally observed during the SCO
photodynamics,[32, 33, 35, 54], but there is a debate on which triplet catalyzes the intersystem crossing
to the HS state. Indeed, two types of intersystem crossing mechanisms can be distinguished, either
via a direct intersystem crossing (“direct mechanism”, 3MLCT → HS) or a triplet internal conversion
prior to the intersystem crossing (“indirect mechanism”, 3MLCT → 3MC→ HS). In order to unravel
the mechanism, we performed wavepacket dynamics on “reduced” model Hamiltonians, in which
we deactivate certain interstate couplings or vibrational modes, allowing us to dissect the dominant
pathways in the excited state.
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Figure 2.5: Diabatic population dynamics using different reduced models, namely
(a) deactivating the spin-orbit coupling between 3MLCT and 5T2, (b) de-
activating the spin-orbit coupling between 3MC and 5T2, (c) deactivating
the couplings between 3MC and 3MLCT, and (d) not including the high-
frequency bipyridine modes.

The evolution of diabatic populations from the wavepacket dynamics on reduced models are shown
in Fig. 2.5. At first glance, the dynamics deactivating the 3MLCT-5T2 spin-orbit coupling are equal to
the full model. In contrast, the HS state is not populated when deactivating the 3MC-5T2 spin-orbit
coupling. This excludes the possibility of a “direct mechanism”, in agreement with the weak spin-orbit
coupling between 3MLCT and 5T2, and confirms the “indirect mechanism” as the dominant path to
reach the population of the HS state.

The deactivation of the 3MLCT/3MC non-adiabatic and spin-orbit couplings lowers the popula-
tion of the quintet state, proportional to the decrease of the population from the 3MC states. This
suggests, on the one hand, that part of the 3MC population is transferred directly from the 1MLCT
via intersystem-crossing. In addition, it shows that 3MC states are also populated from 3MLCT in an
internal conversion process. Finally, we deactivated 3T1/HS or 3T2/HS spin-orbit couplings (see Sec.
S3.D of the supporting information). The deactivation of the 3T2/HS does not exhibit significant differ-
ences in the HS population, whereas the deactivation of 3T1/HS drastically reduces the HS population.
Therefore, the 3T1 is the main intermediate populating the 5T2 state.

Figure 2.6: Schematic representation of the kinetic rates extracted from a first-order
kinetic model.

From these quantum dynamics results, one can infer a global first-order kinetic model for the light-
induced spin crossover (LISCO) reaction of [Fe(bpy)3]2+, summarized in Fig. 2.6. To obtain the rates for
each process, the kinetic rates have been optimized to fit the evolution of diabatic populations obtained
by the wavepacket dynamics with the full model (for further details, see Sec. S3.B in the supporting
information). For a successful first-order fitting, the back-transfer reactions between 3MLCT/3T1 and
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3T1/5T2 are required. Alternatively, such populations can be fitted by adding a delay time in the 3MC
states.[36] On the one hand, the total singlet/triplet transfer takes 40 fs, slightly slower than the <30 fs
transfer observed experimentally.[30] This transfer can be decomposed in a fast transfer to the triplet
MLCT, which takes 55 fs, and two slower transfers directly to the 3T1 and 3T2 MC states in 319 fs and
288 fs, respectively. The total triplet/quintet transfer takes place in 178 fs, in good agreement with the
120-130 fs reported in the literature. [28–31, 33] An equilibrium is established in the triplet MLCT/MC,
3MLCT ↔ 3T1 with a forward and backward kinetic rate of 44 and 123 fs respectively, thus favoring the
population of 3T1. The HS state is populated via a fast decay from the 3T1 state (68 fs) and a slower
decay from the 3T2 state (577 fs), further supporting the triplet T1 as the main state responsible of the
transfer to the HS. A back transfer reaction from the HS to the 3T1 states is possible, with a transfer rate
of 142 fs, confirming the picture by Gaffney et al. using Kβ emission.[36]

The role of the different vibrational modes in the ultrafast mechanism has been also a matter of
discussion.[32, 33] Previous studies agree that the symmetric Fe-N stretching is the dominant mode
activated during the LIESST photo process. We confirm this observation from wavepacket dynamics,
in which the Fe-N distance is increased by ca. 0.10 Å during the dynamics due to the population of
antibonding Fe-N orbitals in MC states. Axial and equatorial Fe-N distances evolve similarly, indicating
weak Jahn-Teller distortions. The N-Fe-N bite angle slightly increases (≈ 0.5◦) during the first 20 fs
of the simulation decreasing steadily to reach a value around -3.0◦ compared to the LS. The C2-C2′
bond length initially decreases because of the population of the MLCT states which stabilize at shorter
distances because of the π bonding character within the so-called π∗

1 orbital. Afterward, it increases as
a consequence of the transfer to MC states and the enlargement of Fe-N distances. As stated by Auböck
et al.[32], the high-frequency modes in bipyridine play a key role in the process. These modes allow
an efficient ISC and relaxation in the MLCT band. The exclusion of these modes in reduced model
dynamics exhibits a trapped population in the MLCT manifold (see Fig. 2.5).
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Figure 2.7: Schematic summary of the photoreaction of [FeII(bpy)3]2+ at key times as
determined by quantum dynamics. The wavepacket density along the re-
action coordinate is decomposed in the densities of 1MLCT (blue), 3MLCT
(green), 3MC (grey), and HS (magenta). The average position is shown as a
red circle. The first step is the conversion between MLCTs, dominated by
C-C stretchings whereas the MLCT to MC conversion is controlled by the
symmetric Fe-N stretchings.

In Fig. 2.7 we summarize the picture provided by wavepacket dynamics on the LIESST reaction of
[Fe(bpy)3]II, by showing the wavepacket density along the reaction coordinate for the first 500 fs of
the photoreaction. The intersystem crossing (1MLCT→3MLCT) occurs very rapidly and brings the
wavepacket to the bottom of the MLCT band. At this time, a 3MC population is already appreciable. No
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activation of the reaction coordinate is observed at this time; bipyridine stretchings exclusively domi-
nate the MLCT relaxation. The numerous vibronic and spin-orbit couplings between the MC/MLCT
triplets together with their small energy gap at the 3MLCT band minimum make the transfer between
the two very efficient. However, the compact Gaussian-like wavepacket at the minimum of the MLCT
band generates a hot vibrational wavepacket in the direction of the reaction coordinate, as observed by
the spreading of the density over a large region of Fe-N distances. This large spread implies that part of
the wavepacket is always sitting in a region of efficient transfer between the 3MC and the HS. After this
transfer is complete, the wavepacket rephases at longer times (>0.5 ps) by cooling down by releasing
vibrational energy to the environment.

2.1.5 Photolysis of carbon monoxide in myoglobin
In this project, I studied of the photophysics of carbon monoxide from a model of the heme active site
in myoglobin. At that time, this was the largest quantum dynamics simulation ever done, owing to the
number of electronic states and degrees of freedom. This project was part of a Humboldt fellowship in
collaboration with Prof. Irene Burghardt at Goethe University Frankfurt. In this particular project, we
explained the ultrafast mechanism of photolysis that was elusive for time-resolved X-ray spectroscopies
in the X-ray free electron lasers.[45]

Hemeproteins containing a porphyrin-iron complex (heme) play a major role in the storage and
transport of diatomic molecules.[56] The diatomic ligand dissociation occurs concurrently to a spin-
crossover (SCO) transition from low-spin (LS) to high-spin (HS) of the FeI I centre.[57] The heme
complex with carbon monoxide (CO) in myoglobin is one of the most studied hemeproteins of this
kind.[58–73] Heme–CO is initially in a singlet LS state (S=0), which transforms to a quintet HS state
(S=2) upon CO dissociation.[65] The unbound CO in the myoglobin cavity along with the motions
of the remaining heme initiate a “protein quake” that opens a channel for the diatomic molecule to
escape.[58] Over a century ago, Halden and Lorrain discovered that the CO dissociation can be initiated
photochemically,[74] by a mechanism which is still under debate. The photolysis can be initiated upon
absorption to the lowest singlet porphyrin band (1Q) or the second porphyrin band (1B).[75] Here,
we focus on the photochemistry of the heme–CO complex upon excitation to the lowest Q-band of
porphyrin.

The heme-CO photolysis is an ultrafast process. Recent pump-probe X-ray experiments of myoglobin,
with an initial pump pulse exciting the 1Q state, seem to agree on a two-step kinetic reaction: (i) a first
step taking <50-70 fs, attributed to both CO photolysis and partial SCO, and (ii) a completion of the
spin transition to the HS state in ∼300-400 fs.[60, 61, 75] Despite the numerous studies on heme-CO
photolysis, the kinetics and mechanism of dissociation are still under debate, notably regarding the
ultrafast nature of the reaction, and the spin and character of the photolytic state. The rate of photolysis
has never been experimentally reported, apart from the upper bound of 50-70 fs. As far as the photolytic
state is concerned, the most widely accepted hypothesis is that dissociation occurs from a metal-ligand
charge-transfer (MLCT) state.[70–73, 75] Still, experiments and theory do not provide a unified picture
to date. On the one hand, Franzen, Martin et al., based on time-resolved absorption and Raman
experiments, described a “rapid spin state change that must precede photolysis”.[75] They consider
that photolysis is occurring from a triplet metal→porphyrin ring transfer (3MLCT dissociation).[75, 76]
In the model by Franzen et al., the ultrafast reaction is due to valence tautomerism. This mechanism
implies a rapid interconversion of several quasi-degenerate electronic states involving d-transitions,
some of which are dissociative for the CO bond. On the other hand, Head-Gordon et al., employing time-
dependent density-functional theory simulations, proposed a dissociation in a singlet metal→σ∗

CO state
(1MLCT dissociation).[70–73] In the model of Head-Gordon et al., CO photolysis occurs in a Marcus-like
process, in which the initial 1Q population is transferred to the photolytic state after crossing a barrier
of <0.2 eV. However, this hypothesis seems in contradiction with experimental observations of absence
of fluorescense emission, an ultrafast reaction and a unity quantum yield for the heme-CO complex.[77]
The theoretical method used provided an incomplete description of ultrafast heme-CO photolysis,
since the coupled electron-nuclear motion was neglected. Recent theoretical studies of similar iron
complexes indicate the fundamental role of nuclear motions in explaining the ultrafast nature of
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intersystem crossing (ISC).[40, 78, 79] Such electron-nuclear strong coupling has been experimentally
observed in time-resolved X-ray absorption in a Fe(II) tris(2,2’-bipyridine) complex[32, 33] and also in
ferricyanide ion.[80]

a

e-

Singlet-Triplet 
transition

Photolysis

26 fs

429 fs

 1MLCT
 

76 fs

Triplet-Quintet
transition

b

c

 1Q
 

 3MLCT
 

 5MLCT
 

1.8

2.0

2.2

2.4

-0.2

0.0

Fe
-C

(O
) 

d
is

ta
n
ce

 (
  

) Fe O
O

P d
istan

ce (  )

0 100 200 300 400 500

 800700 900
0.2

Po
p
u
la

ti
on

0.0

0.2

0.4

0.6

0.8

1.0
Q-band
1MLCT

Triplet band
Quintet band

Time (fs)

0 100 200 300 400 500
Time (fs)

Figure 2.8: Photodynamics of photolysis and spin-crossover. Quantum photodynam-
ics of heme–CO complex during the first 0.5 ps, with initial conditions
averaged over 10 molecular dynamics snapshots. (a) Evolution of diabatic
populations for states 1Q (magenta), 1MLCT (orange), triplet band (green)
and quintet band (blue). The 1Q population rapidly decays giving rise to
1MLCT population dominating by 75 fs, at which point the triplet popula-
tion increases. The quintet population builds up more slowly, and evolves
into the dominant state at around 350 fs. (b) Schematic representation
of the reaction mechanism and interpretation in terms of time constants.
Upon initial excitation to the Q-band, the metal-to-ligand charge transfer
(MLCT) state is populated in ∼25 fs. In a second step, the system relaxes
to the triplet (∼75 fs) and to the lowest quintet state (∼430 fs). Black ar-
rows indicate the direction of the electron transfer and the main nuclear
motions. (c) Evolution of the Fe-C(O) distance (magenta, left axis) and the
Fe out-of-plane distance (black, right axis). Large amplitude motions are
observed with a period of oscillation of 40 fs. The amplitude of oscillation
is initially 0.9 Å and converges towards a value of 2.2 Å. At this distance, the
CO is essentially photolyzed. The standard deviation of these geometric
values is shown as a shaded area. In the inset, the Fourier transform of the
Fe-C(O) oscillations is shown (in cm−1).

The model taken as representative of the active center of the myoglobin protein consists of an Iron(II)
encapsulated in a porphyin ring, and axially ligated to a CO and an imidazole. Hereafter this model is
referred to as heme–CO for the complex with carbon monoxide and simply heme for the remaining
ligands. The LS state of the heme–CO complex has an electronic configuration (a2)2(a1)2(e∗x ,e∗y )0 for

the porphyrin and (dxy)2(dxz,dyz)4(dz2 )0(dx2−y2 )0 for Fe. In its minimum energy structure, the iron and
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porphyrin are coplanar and the CO is bound to Fe in an upright position perpendicular to the plane.
The Fe-C(O) bond is 1.80 Å, around 0.26 Å shorter than the Fe-N bonds with porphyrin or imidazole,
which are 2.03 Å and 2.06 Å respectively. Upon photolysis, the Fe changes into a quintet state, with
electronic configuration (dxy)1(dxz,dyz)3(dz2 )1(dx2−y2 )1. In the HS, the Fe-CO bond is unstable. The iron
is displaced from the porphyrin plane, distorted to a square-pyramidal structure. The Fe-N bond length
is 2.10 Å for the porphyrin nitrogens and 2.17 Å for imidazole.
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Figure 2.9: Potential energy surface along a dissociative mode. Plot of the poten-
tial energy surfaces along the Fe–C(O) distance. The LS state S0, and the
1Q states are shown in black and magenta respectively. The singlet man-
ifold is shown in orange, the triplet manifold in green and the quintet
manifold in blue. The metal-centered (MC) states are shown explicitly,
whereas the metal-ligand charge transfer (MLCT) states are depicted as a
quasi-continuous band. Further, a schematic evolution of the wavepacket
dynamics is shown. After absorption to the Q-band, the wavepacket under-
goes large-amplitude oscillations in the Fe-CO coordinate on the 1MLCT
state. Then, it cascades down acquiring more 3MLCT and 5MLCT character
as the spin crossover transitions occur. Finally, the wavepacket disperses,
and the Fe–C(O) distance oscillations decrease to a value of 2.2 Å.

The lowest valence states (up to ca. 2 eV) correspond to dark doubly-degenerate metal-centered
(MC) states, involving transitions from the occupied dxy, dxz and dyz orbitals to the unoccupied dz2

and dx2−y2 orbitals. The crystal field splitting of the iron orbitals corresponds to a square pyramidal
complex. The MLCT band is formed by states of mainly MLCT character, although some MC and LMCT
character is also observed. These bands of states have strong multi-configurational character, and were
not correctly represented in previous single-reference studies based on density-functional theory.[70,
73]

Quantum wavepacket dynamics has been performed using a vibronic model containing the main
vibrational coordinates (heme doming, symmetry-breaking, rotational and dissociative modes). The
evolution of diabatic state populations during the first 500 fs is shown in Figure 2.8a. The results
have been obtained by sampling 10 independent quantum dynamics simulations with different initial
conditions. The initial conditions are obtained by projecting the heme-CO geometries extracted from
molecular dynamics snapshots of a myoglobin protein onto our vibronic model Hamiltonian. In the
Figure, only the states which are mainly populated are shown. Following the dynamics of each spin
manifold, a sequential transfer is found to occur, first from singlet to triplet (S→T) and then from triplet
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to quintet (T→Q). The time constant for S→T transfer is estimated as 76 ± 15 fs, while the T→Q decay
time is 429 ± 70 fs, in perfect agreement with the experimental rates of Cammarata et al. and Franzen
et al.[60, 61, 75]. In the singlet manifold, we observe an abrupt decay of the 1Q population, which is
mainly transferred to the singlet 1MLCT manifold. The rate for this transfer is estimated to 26 ± 7 fs.
The overall reaction is thus sequential 1Q→ 1MLCT→ 3MLCT → 5MLCT (see Figure 2.8b). The initial
step is a complete transfer from the 1Q state to the 1MLCT state, resulting in a negligible 1Q population
after ∼100 fs. During the remaining transfer steps the three spin manifolds coexist. This is because the
three manifolds are close in energy and strongly mixed through spin-orbit coupling. However, a clearly
dominant spin state prevails during different intervals: singlet for t < 75 fs, triplet for 75 < t < 425 fs and
quintet at later times.

In Figure 2.8c, we show the evolution of the Fe–C(O) and the Fe out-of-plane distances for the
first 500 fs. Clearly, we observe damped large amplitude stretching motions for the Fe-C distance,
which converges to a steady value of 2.2 Å. These motions are coherent, with a period of 42 fs. The
Fourier transform of this signal shows a frequency of 800 cm−1, much faster than the Fe–C(O) stretching
frequency of 488 cm−1. In 21 fs, the Fe–CO distance oscillates between the equilibrium distance (1.7-1.8
Å) and 2.5 Å. These are the typical distances at which the ground-state dissociation occurs.[62] After the
first oscillation, the wavepacket is essentially in the MLCT bands, which are repulsive for CO such that
the CO does not recombine and undergoes continued oscillations. Relaxation of the structure damps
these oscillations until an equilibrium value of 2.2 Å is reached. Both the equilibrium value and the
coherent frequency might be disrupted by the presence of the protein, an effect not included in the
present model. This would introduce a faster decoherence of the Fe and CO interactions than what we
observe in our model. As for the evolution of the Fe out-of-plane motion, we observe oscillations of
±0.2 Å around the initial position, in good agreement with recent time-resolved X-ray crystallography
data.[59] As expected, the iron center reacts to the elongation of the Fe-CO distance by following the CO.
Very rapidly, it oscillates back to the porphyrin plane, where part of the energy is dissipated to histidine.
In the second and subsequent oscillations, the oscillations of Fe and CO are out of phase, indicating
that the bond is photolyzed. A large dispersion of the Fe-C distances, which is appearing after 0.2 ps, is
due to the delocalization of the wavepacket over the 1,3,5MLCT bands, indicating an unbound CO atom.
This dispersion is less marked for the Fe out-of-plane distance due to the more localized nature of the
Fe atom, bounded strongly to the heme and the proximal histidine.

Experimental evidence shows that the CO is photolyzed within 70 fs.[60, 61, 75] In order to determine
whether dissociation occurs from the singlet or the triplet state, we have considered a reduced model
with only the singlet manifold, in which we eliminate the coupling parameters to the triplet and quintet
states. In this case, an ultrafast transfer from Q→1MLCT is still observed. The Fe–C(O) distance again
exhibits oscillations with an amplitude of 0.7 Å. The fact that the amplitude is smaller than in the full
model can be ascribed to the absence spin-orbit couplings which introduce strong mixing of the 1MLCT
surfaces with 3MLCT states, that extend the region of oscillations. From these results, we can infer that
the transfer to the 1MLCT manifold is sufficient to dissociate the CO, although the presence of 3MLCT
favors further the photolysis. The dissociation is thus happening between 0.5 and 1.5 periods of the
Fe-C(O) oscillation (20-60 fs), when the wavepacket is mainly in the 1MLCT state.

After photolysis, the SCO mechanism brings the system sequentially to a HS state. After ∼75 fs,
the 3MLCT band is clearly dominant, although a residual 3MC participation is also observed. From
the triplet manifold, a population transfer on the HS states is slowly building up, until it becomes
dominant at around 400 fs. At this time, the wavepacket is distributed across the 5MLCT and 5MC
excited states, staying trapped in these states. This is consistent with the slow time constant of ∼3 ps
observed in myoglobin, which has been attributed to a vibrational cooling due to the protein.[75, 81]
Such excited state trapping has been observed recently in similar iron complexes.[33] This trapping
can be understood in terms of the potential energy surfaces depicted in Figure 2.9. Upon excitation to
the 1Q band, a sequential ultrafast transfer, first to 1MLCT and then to 3MLCT occurs. These transfers
are energetically favored and therefore extremely fast. In the 3MLCT manifold, the wavepacket relaxes
in a distribution of 3MLCT and 3MC states. The 3MC state can undergo direct transfer to the 5MLCT
state, which is, however, energetically less favorable (and thus slower) than the singlet→triplet MLCT.
The transition from the lowest 5MLCT to the 5MC state is energetically unflavored. On the other hand,
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the 3MC states are energetically separated from the rest of the states, such that a transfer to the 5MC
manifold becomes inefficient.

The initial structure is close to a C4v symmetric geometry, in which the CO is in upright position and
the porphyrin ring is close to the square planar conformation. The origin of the heme–CO bond is the
typical σ-donation π-back-donation mechanism. A partial electron transfer from an occupied σ orbital
of CO to an empty dz2 orbital of Fe occurs simultaneously to a partial back transfer of electron density
from the occupied dyz and dxz of Fe to the empty π∗,CO

y and π∗,CO
x orbital, respectively. At this geometry,

the π orbitals of porphyrin do not overlap with the d-orbitals.
Activation of the dissociative vibration is fundamental for releasing the CO from the heme. This

vibration is of ag symmetry, as it is a vibration along the principal symmetry axis. However, the
initial photon is absorbed exclusively in the porphyrin moiety. The porphyrin optical Q-state is E-
symmetric, thus localized in the perpendicular plane with respect to the principal axis. This implies
that the dissociative vibration is not activated in the quasi-C4v initial geometry. The dissociation
of CO thus requires an initial energy transfer from the porphyrin plane to the Fe center, which can
only be possible by populating symmetry breaking vibrations. In the excited states, strong symmetry
breaking of Jahn-Teller (JT) and pseudo Jahn-Teller (pJT) type occurs.[82, 83] The JT effect is the sudden
increase of inter-state couplings between an E-degenerate state along symmetry breaking vibrational
coordinates. These JT couplings induce a double-well minimum in the potential energy surfaces at
elongated coordinates, while the energy is maximum at the initially symmetric structure. The pJT effect
is analogous to the JT effect but applies to non-degenerate states, usually requiring more than a single
vibration and more than one electronic state. Both mechanisms are characterized by strong vibronic
couplings. In the particular case of the heme–CO complex, the E-symmetry of the Q-band can be
broken by b1 and b2 vibrations, in the so-called E⊗b JT mechanism.[82] A representative vibration of
this type is depicted in Figure 2.7d. Such a vibration is not directly coupled to the Fe–CO bond, but is
fundamental to induce the interstate coupling between the Q-band and the MLCT band. The relaxation
energy induced by such vibrations can be as large as 0.5 eV, which rapidly leads the wavepacket far from
the Franck-Condon region. Large amplitude motions have been experimentally observed in similar
iron complexes.[32]

In the heme–CO complex, the initially populated Q-band of porphyrin exhibits a negligible SOC
with any other state. In general, SOC is strong when metal density is present in the electronic state.
Therefore, the wavepacket is initially dominated by the symmetry breaking vibronic couplings in the
singlet manifold, leading to the transition 1Q→1MLCT and 1Q→1MC. Both the 1MLCT and 1MC have
strong spin-orbit coupling strength with 3MLCT and 3MC states respectively. In general, the SOC is
strong when the selection rules ∆S = 1 and ∆L = 1 are obeyed. The latter condition implies that one
of the d orbitals changes orientation between the triplet and the singlet state. For example, a strong
coupling occurs between the singlet state of character dxy →dx2−y2 with the triplet state of character
dxz →dx2−y2 . We observe that singlet-triplet transitions occur at a faster rate in the MLCT band than

within the MC states. At around 50 fs, the 3MLCT population becomes dominant, at the expense of the
singlet manifold populations. This is because there are a larger number of crossing points between
MLCT states of different multiplicity than between MC states (see Figure 2.9). This results in a dominant
population of 3MLCT and 5MLCT states during the spin-crossover transitions. The 3Q band triplets,
which were pointed out as playing a role in the photophysics of heme–CO, contribute negligibly to the
dynamics.[75] The 1MC state exhibits a residual population after 100 fs, following prevalent transfer to
the 3MC state, with a population which is two times smaller than the 3MLCT population. Finally, the
3MLCT→5MLCT transfer builds up population in the quintet band. A 3MC→5MC transfer, however, is
not observed, due to the fact that the 3MC and 5MC states do not cross in an accessible region. Our
results show rather that the wavepacket remains trapped in the 5MLCT band. The trapping occurs in
regions of the energy surface where relaxation to lower states (in this case MC states) is slow due to large
gaps and small vibronic couplings, whereas a band of electronic states acts as an energy dissipation
force, thus localizing the wavepacket in an excited state. Such observation for heme–CO is in line
with the valence tautomerism model of Franzen, Martin et al.[75] In summary, the existence of quasi-
continuous MLCT bands degenerate to the 1Q state and strong vibronic couplings are at the origin of
the ultrafast photolysis and spin-crossover in the heme-CO complex.
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Experimental confirmation: The predictions on the photochemical mechanism of myoglobin
carbon monoxide (MbCO) photolysis, especially in respect to the structural changes induced by the
photochemical reaction, have been confirmed by time-resolved serial femtosecond crystallography
(TR-SFX).[19] In this work, it is shown also that the reaction of the protein scaffold reacts immediately
to the dissociation of the gas and, therefore, energy dissipation due to the protein environment starts at
the ultrashort timescale. This work is part of a big consortium lead by Prof. Ilme Schlichting, involving
researchers from UK, USA, Germany, France and Switzerland. Experiments were performed at the
SwissFEL. In my case, I performed new simulations of the structural deformations after photoabsorp-
tion including the protein environment, matching the experimental observations. These results have
been published in Nature, 626, pages 905-911 (2024).

The hallmarks of MbCO photolysis are the observation of an unbound CO accompanied by changes
in the iron’s spin states and position. Since CO photodissociates from the haem iron within 70 fs, and in
line with our previous TR-SFX experiment that showed full occupancy of CO* within the first time point,
we did not anticipate any changes in CO* occupancy with time, given our time resolution. Unexpectedly,
however, our electron density maps show an apparent increase of the occupancy of CO* with time for
the 5 and 23 mJ cm−2 data and, to a lesser extent of the 101 mJ cm−2 data (see Fig. 2.10). Since the data
series were collected during two beam times using different batches of crystals, different dark-state
data and different laser settings, it is very unlikely that this finding is a product of experimental errors.
Of note, at 5 and 23 mJ cm−2 the apparent increase of CO* occupancy occurs with time constants of
approximately 350 and 450 fs, respectively, and are reminiscent of the damping constant of a coherent
nuclear oscillation of CO* that was predicted by recent computational wavepacket analysis.[45] Since
the time resolution of our experiment does not allow the predicted 1 Åamplitude, approximately
42 fs period oscillations to be resolved, they would manifest themselves simply as disorder due to
distribution of the electron density over a large volume, resulting in an apparently low occupancy. As
the oscillation damps, the CO* position “narrows” and its apparent occupancy converges to the value
observed for the respective laser fluences at approximately 10 ps. According to this interpretation, at
short time delays the crystallographic occupancy, which we determined from density peaks for the
CO molecule, does not reflect the true yield of the photolysis reaction. Rather, the plateau value of
the apparent crystallographic occupancy reflects the real photolysis yield. Accordingly, the time delay
structures were all refined using the plateau value of the apparent crystallographic occupancy for the
respective fluences.
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Figure 2.10: a, Apparent CO* occupancy (Fracc. occ.). Whereas at 5 and 23 mJ cm−2

there is a smooth, slow increase, at 101 mJ cm−2 there is a rapid initial
rise, followed by an equally slow increase to the final amplitude. The
101 mJ cm−2 curve can be understood as a superposition of contribu-
tions from the multiphoton-excited “front end” of the crystals with the
few-photon excited “rear end” of the crystals, resulting in almost instan-
taneous and apparently increasing occupancies of CO*, respectively. b,
The iron-out-of-plane distance (OOPFE) shows a larger amplitude with
increasing fluence. c, The distance (Dist.) between haem iron and proxi-
mal His93 Nϵ2 atom, too shows differences between the fluences used,
with the lowest fluence showing an oscillation and the highest fluence
first going up and then settling at a lower amplitude. d, The haem doming
(D̂ A2u

1 ) also varies with the fluence, with again the lowest fluence showing
an oscillation and the higher fluences do not.
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2.2 Energy dissipation in photoactive proteins

2.2.1 Introduction
Absorption of a photon induces a photoreaction of the chromophore in the prosthetic group of photoac-
tive proteins, which rapidly dissipates in the protein. The photon energy usually is transformed into
chemical energy thanks to vibrations, an effect commonly known as vibrational energy redistribution. A
clear example is myoglobin, that after photon absorption increases its volume by 100 Å3 as determined
by time-resolved X-ray scattering.[60] There is currently no methods that can connect the non-adiabatic
dynamics induced by the electromagnetic field with the dissipation to the environment.

An important aspect in understanding dissipation is to classify the modes that induce reactivity
(usually the QM atoms that undergo the photochemical reaction) and the modes that are part of the
bath. Dissipation will thus occur between the “hot” modes of the QM system to the “cold” modes of the
bath. A way to characterize this coupling is by computing the so-called total spectral density,

J I (ω) =∑
i

c2
i ,Iδ (ω−ωi ) . (2.17)

This function contains all the information about the linear electron-nuclear couplings, the so-called
vibronic couplings ci ,I . In the harmonic approximation, they can be easily computed with the so-called
vertical gradient approach,

ci ,I =− (∇E I |Li )

ω2
i

, (2.18)

in which the ∇E I is the mass-weighted gradient of electronic state I , Li is the i th normal mode
coordinate, and ωi the corresponding frequency. Applying the separation into fragment local modes,
we can split the total normal modes into two contributions for the QM subsystem (LQM

i ) and the MM

subsystem (LM M
i )

Li = LQM
i +LM M

i . (2.19)

The local normal mode coordinates for the QM and MM subspaces have the same same dimension as
Li . This allows to separate the vibronic coupling in two contributions,

ci ,I = qi ,I +mi ,I , (2.20)

in which the vibronic couplings projected on the QM and MM subspaces are defined as

qi ,I = −
(
∇E I |LQM

i

)
ω2

i

mi ,I = −
(∇E I |LM M

i

)
ω2

i

. (2.21)

We can thus partition the total spectral density, Eq. 2.17, to obtain

J I (ω) = JQM
I (ω)+ J M M

I (ω)+2J mi x
I (ω) , (2.22)

in which we defined

JQM
I (ω) = ∑

i
q2

i δ (ω−ωi )

J M M
I (ω) = ∑

i
m2

i δ (ω−ωi )

J mi x
I (ω) = 2

∑
i

qi miδ (ω−ωi ) . (2.23)
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The spectral densities JQM
I (ω) and J M M

I (ω) can be interpreted as the local dissipative functions for
QM and MM respectively, i.e., the contribution of each subsystem to the initial dissipation of the
photoexcited chromophore. The J mi x

I (ω) measures the degree of dissipation from one subsystem to
the other. The application of this method requires on the one hand a localization of normal modes
that I developed in 2016,[84] and on the other hand the analytic Hessian at the QM/MM level that I
developed for electrostatic embedding in 2019-2021.[85–87] Despite the analytic Hessian is useful for
many applications like the computation of infrared spectra of proteins or the vibrationally resolved
absorption spectra, the main problem of applying this methodology for energy dissipation is that it
requires a minimum of the internal energy, for which is not always easy to define in extended systems, or
the definition of instantaneous normal modes.[88] In recent developments, I worked on an alternative
formulation of dissipation based on QM/MM molecular dynamics in periodic boundary conditions.[89,
90] Despite not yet finished, I will show the developments based on an efficient formulation of electro-
static embedding QM/MM based on electrostatic potential fitted charge operators. In the final chapter,
I will sketch the plans for simulating vibrational energy redistribution in photoactive proteins as part of
my future research.

2.2.2 Electrostatic potential fitted charge operators
The electrostatic potential fitted method allows for an efficient account of the embedding interaction
energy via the electrostatic interaction between the moments of a multipolar expansion of the electronic
density of each fragment.[91] This is particularly suited for defining QM/MM interaction energy, since
the non-bonded interactions in most MM forcefields are expressed by fixed multipolar moments. The
advantage of having a representation of the QM density also in molecular moments is that all the
QM/MM interaction terms are expressed like classical-like expressions, which facilitates the derivation
and implementation of different QM/MM frameworks. In general, the energy is expressed as

E = EQM +EM M +EQM/M M , (2.24)

in which EQM is the energy contribution from the gas phase Hamiltonian, EM M is the classical contri-
butions (comprising bonded and non-bonded interactions involving MM atoms only) and EQM/M M

comprises all energy terms involving a QM and and MM centers (typically electrostatics, van der Waals,
and angle, and torsions involving at least a QM center). For practicality, all purely classical terms
involving a QM and MM centers are included in the MM energy definition hereafter, and the EQM/M M is
only left with the non-bonded electrostatic interactions between QM and MM fragments. The QM/MM
interaction can be written in many ways. Here, and without lose of generality, I will restrict the it to

E 1
QM/M M =∑

A
qAΦA , (2.25)

in which qA = ZA −Q A is the atomic partial charge on center A, ZA is the nuclear charge, A A is the
gross electronic population, and the potential ΦA is the external potential on center A. Giving an
analytic formula to qA andΦA leads to different formulations of the QM/MM interaction energy and
the associated Hamiltonian. For the charge operator, there are many possible choices for the atomic
charges. For ab initio QM/MM, the usual choice is to take the electrostatic potential fitted (ESP)
charges, which are used to parametrize most forcefields. For semi-empirical QM/MM implementations,
especially for DFTB, we use Mulliken charges instead which are straightforwardly obtained from the
overlap matrix expressed in an atomic basis. The ESP charges, instead, a numerical grid is constructed
around the molecule on which one computes the electrostatic integrals

Vk =∑
µν

Pµν

∫
drχ∗µ(r )

1

|r − rk |
χν(r ) , (2.26)

where Pµν is the density matrix, χµ(r ) are the atomic orbitals, and rk . In Ref. [87], we showed that it is
particularly advantageous to define an atom-centered numerical grid rk = r A + rl , where r A and rl are
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the QM atom coordinates and the coordinates of the points in a Lebedev sphere around A. Cut-offs are
applied to exclude the grid points inside the van der Waals spheres of any atom in the molecule. This
introduces some numerical noise (during molecular dynamics, for example) due to an inequivalent
construction of grids during molecular dynamics, that can be partially remediated by using a dynamic
restricted ESP procedure.[92] Alternatively, dynamic weights used in the fitting procedure might avoid
the restriction of the ESP procedure with a definition of an arbitrary reference for each atomic charge.
Including the analytic derivatives of the grid is important to conserve properties of the charge and the
translational and rotational invariances of the energy and its gradients. The electrostatic integrals are
then fitted via a least square procedure to be approximated by a point-charge based potential defined
from the gross net charge on atom QM (Q A) and the electrostatic kernel Tk,A ,

Vk =∑
A

Tk,AQ A . (2.27)

The solution of the least square problem leads to the optimal charges by the expression using the
pseudo-inverse of T ,

Q A =∑
k

[(
T †T

)−1
T †

]
A,k

Vk . (2.28)

This is an overdetermined system of equations, since usually the number of grid points is much larger
than the number of QM atoms. Still, the use of Cholesky decomposition for performing the inversion of
T †T leads to stable solutions even during molecular dynamics. The resulting charges do not conserve
the total number of electrons (Nel ), but we showed that this can be easily corrected a posteriori without
the need to constraint the linear system of equations,

Q ′
A =Q A −∑

B

(QB −Nel )

NQM
. (2.29)

Deriving the last two equations with respect to the density matrix, lead to the necessary information for
building the interaction hamiltonian, namely

Qµν,A =∑
k

[(
T †T

)−1
T †

]
A,k

Vµν,k , (2.30)

and

Q ′
µν,A =Qµν,A −∑

B

(
Qµν,B −Sµν

)
NQM

, (2.31)

leading to a very simple form of the interaction Hamiltonian when using the corrected charges,

HQM/M M
µν =−

NQM∑
A

∑
n=1

Qµν,A (ΦA −Φav )−SµνΦav , (2.32)

where we defined the average potentialΦav = N−1
QM

∑NQM

A ΦA .

2.2.3 Analytic derivatives
NOTE: Reprinted (adapted) with permission from J. Chem. Theory Comput. 2021, 17, 1, 538–548. Copy-
right 2021 American Chemical Society.

The analytic derivatives of the total energy (Eq. 2.24) are fundamental for the routine application of
QM/MM methods. On the one hand, the first derivative (gradient) of the energy provides an efficient
way to optimize geometries and to perform molecular dynamics (MD) at the QM/MM level. On the
other hand, the analytic Hessians provide information on the topology of the minimum energy points,
accelerate the optimization via second-order algorithms, provide a framework to search for transition
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states, an analysis of the motions of the system based on vibrational normal modes, vibrational
spectroscopies (such as infrared, Raman, vibrational circular dichroism or rotational optical activity)
and allow to compute electron-vibrational couplings. During the Ph.D. project of Karno Schwinn, we
performed several developments in that direction that I summarize in this chapter.[85, 86, 93, 94] Here,
we will focus on the derivative of the QM/MM interaction energy, since the purely MM terms have
simple analytic derivatives from the classical expressions and QM terms have been lengthy discussed
in the literature.[95] In addition, we will only focus on the derivative of the first-order interaction term
(Eq. 2.64).

Gradient: The derivative with respect to QM and MM centers is given by

E x
QM/M M =−∑

A
Q(x)

A ΦA −∑
A

Q AΦ
x
A (2.33)

E x̃
QM/M M =−∑

A
Q AΦ

x̃
A , (2.34)

where we used the short-hand notation of E x = ∂E/∂x. The first equation correspond to QM center
derivative, whereas the second is the derivative with respect to an MM center. The parenthesis in a
derivatives implies that the density matrix is maintained fixed in the derivative. Such a derivative can
be avoided in the energy gradient of self-consistent field wavefunctions as shown in Ref. [95].

Hessian: The construction of the second derivative requires the full derivative of the atomic charge
operators with respect to QM and MM centers, since the Hessian is given by the QM-QM, QM-MM,
MM-QM and MM-MM blocks given by

E x y
QM/M M =−∑

A
Q(x y)

A ΦA −∑
A

Q(x)
A Φ

y
A −∑

A
Q y

AΦ
x
A +∑

A
qAΦ

x y
A

E x ỹ
QM/M M =−∑

A
Q(x)

A Φ
ỹ
A +∑

A
qAΦ

x ỹ
A

E x̃ y
QM/M M =−∑

A
Q y

AΦ
x̃
A +∑

A
qAΦ

x y
A

E x̃ ỹ
QM/M M =−∑

A
Q ỹ

AΦ
x̃
A +∑

A
qAΦ

x̃ ỹ
A . (2.35)

To construct the full Hessian, the first and second derivatives of the electrostatic potential are required,
which have straightforward classical expressions. The derivative of the ESPF charge operators are
constructed by first and second derivatives of the operators at fixed density matrix (symbolized as a
derivative superscript in parenthesis). We found that deriving Eq. 2.28 before the inversion of T lead to
computationally more compact and efficient equations to implement,

Qx
A =∑

k

[(
T †T

)−1
T †

]
A,k

[
V x

k −∑
B

T x
k,B QB

]
. (2.36)

Qx y
A =∑

k

[(
T †T

)−1
T †

]
A,k

[
V x y

k −∑
B

T x y
k,B QB +T x

k,B Q y
B +T y

k,B Qx
B

]
k

. (2.37)

Finally, the first derivative of the density matrix with respect to QM and MM centers is needed, that
requires the solution of auxiliary coupled-perturbed equations to make the computations tractable as
described in the next section.

Atomic charge derivatives: The derivative of the density matrix with respect to MM centers (P x̃ )
would require the solution of several thousands of coupled perturbed equations. At the time we
performed our study, only approximate solutions were given.[96, 97] Thanks to the use of Eq. 2.64,
we managed to workaround the computation of MM coupled-perturbed equations, by defining an
auxiliary set of coupled-perturbed equations, the Q-vector method. The derivative of the atomic charge
with respect to MM atoms reads

Q x̃
A =−∑

µν
P x̃
µνQµν,A . (2.38)
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in which P x̃ =C∗,x̃C +C∗C x̃ . The derivative of the molecular orbital coefficients by solving the coupled-
perturbed Kohn-Sham equation ∑

j b
(A+B)ai , j b U j b =−F x̃

ai . (2.39)

The interaction Hamiltonian derivative with respect to MM atoms is simply

F x̃
ai =−∑

A
Qai ,AΦ

x̃
A . (2.40)

This allows to solve an auxiliary coupled perturbed equation for each of the charge operators Qai ,A .
The Q-vector coupled perturbed equations scale with the number of QM atoms (which is much smaller
than the MM) and reads thus ∑

j b
(A+B)ai , j b Q̃ j b,A =−Q x̃

ai ,A . (2.41)

From the solution of these equations, we can straightforwardly construct Eq. 2.42 exactly

Q x̃
A =−∑

ai

∑
B

Q̃ai ,B Q̃ai ,AΦ
x̃
B . (2.42)

From this equation and the coupled-perturbed equation (with respect to QM atoms), the full “polariza-
tion” terms of the Hessian (terms that depend of derivative of the density matrix) in Eq. 2.35.

2.2.4 Vibrationally resolved absorption spectra
NOTE: Reprinted (adapted) with permission from J. Chem. Theory Comput. 2020, 16, 6, 3816–3824.
Copyright 2020 American Chemical Society.

In Fig. 2.11, I showed that the normal modes and the vibrationally resolved absorption spectrum that
we computed for plant crypthochrome. For analyzing the normal modes, we employed the participation
ratio, which measures the degree of delocalization of normal modes. In this case, most normal modes
are localized, besides the low frequency modes, which span the whole protein. In addition, we added a
second measure, the QM character measure, defined as

QM(ωi ) =
3N∑

j∈QM

(
0L†

i , j

)2
. (2.43)

With that measure, we observe that most modes are pure protein modes, not involving the QM fragment.
However, between 1000 and 2000 cm−1 have mixed QM and MM character. This has an effect when
computing the vibrationally resolved spectrum. The comparison between the experimental and
theoretical vibrationally resolved absorption spectrum shows a perfect agreement. The first peak is
composed of a single π→π∗ transition, whereas the second peak is composed of three higher energy
transitions of mainly π→π∗ character also.
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Figure 2.11: (left) Schematic representation of Arabidopsis thaliana plant cryp-
tochrome; (middle) normal mode analysis and partition ratio; (right)
vibrationally resolved spectrum.

2.2.4.1 Infrared spectrum
NOTE: Reproduced from Ref. M. Huix-Rotllant, K. Schwinn and N. Ferré, Phys. Chem. Chem. Phys., 2021,
23, 1666 DOI: 10.1039/D0CP06070D with permission from the PCCP Owner Societies.

The construction of the Hessian allowed to perform several applications. An obvious example is the
analysis of infrared spectra, which can be computed as,[98]

A = NA

6c2ϵ0ℏ

Nvib∑
k
ωk

∣∣∣∣〈νi | ∂µ
µµ

∂∆X k
|ν f 〉

∣∣∣∣2

, (2.44)

in which i and f refer to the initial and final state, ω is the normal mode harmonic frequency, c is the
light velocity, ϵ0 is the permittivity in vacuum. The induced dipole with respect to a normal mode
displacement ∆X is given by,

∂µµµ

∂∆X k
= L†

k M−1/2 ∂µµµ

∂R
. (2.45)

Here, µµµ is the induced dipole moment from an external electric field. Indeed, in the presence of an
external static electric field E⃗ , the total energy can be expanded in the Taylor series

E(E⃗ ;R) = E(0;R)−∑
f
µ f (R)E⃗ f +O (E⃗ 2) (2.46)

in which f = x, y, z indicates the direction of the electric field. Many derivations of electric field
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derivative using analytic derivative method exist in the literature. Here, we follow the derivation of
Amos.[Amos85] The induced electric dipole moment can be defined as the derivative with respect to
the induced electric field operator e f

µ f (R) =−∑
µν

Pµν〈µ|r f |ν〉 =
∑
µν

Pµν(R)e f
µν(RQM) , (2.47)

in which the atomic orbital density matrix P is defined as Pµν =∑
i C

µ,i C∗
i ,ν, where Cµ,i is the molecular

orbital coefficient. Hereafter, indexes i , j , ... are used for occupied orbitals, a,b, ... are used for virtual
orbitals and p, q, ... are unspecified. The dipole moment derivatives with respect to a QM atom are
given by

µ
XC
f = 4

∑
pi

U XC
pi e f

pi +
∑
µν

Pµνe f XC
µν (2.48)

The derivatives of the induced dipole with respect to an MM atom are simply given by

µ
X I
f = 4

∑
pi

U X I
pi e f

pi . (2.49)

This equation would require the solution of a set of coupled-perturbed equations for each MM pertur-
bation, which would make the simulation intractable. Similar to the atomic charge derivatives, we can
workaround this by solving an auxiliary set of equations, the Q̃-vector technique,[0] to obtain

µ
X I
f = 4

NQM∑
A

∑
ai

Q̃ A,ai
(
Φav −φA

)X I e f
ai (2.50)

It is to be noted that this corresponds to the dipole response contribution due to MM motions, but
does not lead to the full IR spectrum of the MM subsystem. The main contribution is usually obtained
from the Fourier transform of the real-time dipole-dipole autocorrelation function.[99] The presented
method here is rather useful to represent the QM frequencies with the steric and electrostatic effects of
the MM environment taken into account in addition to the mode-mixing between the QM and MM
systems.

In Ref. [84], we described a strategy to decompose normal modes in fragments. The method is based
on the fact that submatrices of a positive semi-definite matrix are also positive semi-definite. The
total Hessian at a true minimum is positive semi-definite, the frequencies of which are interpreted
as the characteristic frequencies of vibration. Therefore, the submatrices grouping the atoms of
a pre-defined fragment can be interpreted as the local modes of the fragment. The local normal
modes can be obtained from the fragment Hessians, defined from the total Hessian as [HF ]A,B =
δA∈F,B∈F∂

2E/∂RA∂RB . Here, the total Hessian is organized in such a way that the atoms of a fragment
are consecutively appearing in the Hessian blocks. From the fragment Hessians, we obtained the local
normal modes and frequencies,

L†
F HF LF =ωωω2

F . (2.51)

Note that the local Hessian and the local normal modes have the dimension of the total Hessian. The
sum Lloc =

∑Nfrag

F LF gives a block diagonal transformation for the total Hessian,

Hl oc = L†
l oc HLloc . (2.52)

The transformed local Hessian Hloc consists of block diagonal matrices for the fragments that are
simply the fragment frequencies, and the off-diagonal blocks lead to the fragment vibrational couplings.
In addition, the total normal modes can be decomposed as a linear combination of local modes

Li =
∑

j
αi

j [Ll oc ] j . (2.53)

Finally, the local normal modes can be used in Eq. 2.45 to decompose the IR spectrum in terms of
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fragments.
In Fig. 2.12, a summary of the main results obtained from these infrared spectra of arabidopsis

thaliana plant cryptochrome are summarized. The total infrared spectrum of the oxidized form of
flavin adenine dinucleotide (FAD) has been decomposed in its subunits. This analysis simplifies
the interpretation of the infrared spectrum, from which one can clearly distinguish the adenine and
isoalloxazine vibrations in the high frequency zone from the diphosphate region between 1000-1200
cm−1. Experimentally, the difference infrared spectrum is frequently used for studying the spectroscopic
signals of a protein before and after a reaction. This allows to exclude the fixed parts of the spectrum (the
amide peaks) and focus only on the vibrations that significantly change. In the case of cryptochrome,
after blue light absorption, the prosthetic group is reduced with one electron and neutralized with a
proton from the protein. The main signals come from the N −H vibrations (bending in lower frequency
and stretching in higher frequency) that we were able to accurately reproduce.

Figure 2.12: (left) Schematic representation of Arabidopsis thaliana plant cryp-
tochrome with inlay on its prosthetic group and its decompoposition
on fragments; (middle) Infrared spectrum of cryptochrome decomposed
in the local normal mode contributions of each subunit; (right) Difference
infrared spectrum between the neutral reduced and the oxidized forms.

2.2.5 Non-adiabatic dynamics of thymine
NOTE: Reprinted (adapted) with permission from J. Chem. Theory Comput. 2023, 19, 1, 147–156. Copy-
right 2023 American Chemical Society.

Here we formulate an electrostatic embedding QM/MM method for excited states, combining the
strengths of MRSF-TDDFT and electrostatic embedding QM/MM using electrostatic potential fitted
(ESPF) charges. We recently developed the ESPF QM/MM method including total charge conservation
and grid derivative effects up to the second derivative of the energy for ground-state single-determinant
wavefunctions solutions of a set of Fock equations, showing an overall linear scaling with respect to MM
subsystem size.[86, 87, 93] A particular transformation to spinor-like mixed spin functions combines
|αα〉 (MS = +1) and |ββ〉 (MS = −1) of a restricted open Hartree-Fock (ROHF) triplet into a hypothetical
single reference[100, 101] in the MRSF-TDDFT formulation.

The total energy of an excited state I with a total spin S at the QM/MM level is given by,

E [S]
I = E [S]

I ,QM +EMM . (2.54)

in which the QM energy is E [S]
I ,QM = Eref +Ω[S]

I is the sum of the reference state energy and the MRSF

excitation energyΩ[S]
I . In an electrostatic embedding QM/MM formulation these energies are obtained

from the solution of a hamiltonian containing the interaction term between the QM and MM systems.
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Using electrostatic potential fitting charges, we can define such interaction as a one-electron operator

hESPF
µν =

NQM∑
A

(
Φav −φA

)
Q A,µν−ΦavSµν , (2.55)

in whichφA is the external electrostatic field generated by the MM charges on QM center A, the average
external field is defined asΦav = N−1

QM

∑
AφA , S is the overlap matrix and QA is the net charge population

of QM center A, which is defined as

Q A,µν =
Ngrid∑

k
T +

A,k〈χµ|
1

|r− rk |
|χν〉 . (2.56)

Here, rk = RA +α ·rl refers to a Lebedev grid point, constructed on the QM centers by adding a Lebedev
points rl multiplied by a factor α that ensures that the grid points lay outside the Van der Waals surface
of the molecule. The matrix T+ is defined as T+ = (T†T)−1T† and corresponds to the pseudoinverse of
the electrostatic kernel Tk,A = |rk −RA |−1. The electrostatic one-electron integrals are constructed on a
grid around the QM atoms. To respect the symmetry properties of the Hamiltonian in an electrostatic
embedding formulation, it is advantageous that the grid is atom-centred.[0]

The MRSF excitation energies are obtained from poles of the response function of the mixed reference
(within the Tamm-Dancoff approximation)∑

r s
A[S]

pq,r s X [S]
r s,I = X [S]

pq,IΩ
[S]
I , (2.57)

for the singlet (S = 0) and the triplet (S = 1) states. The orbital Hessian matrix consists of two matrices,
i.e. A[S] = A[S](0)+A

′[S]. On the one hand, the spin-pairing coupling matrix (A
′[S]) is a posteriori coupling

between the responses from the two references. This coupling is given by a series of two-electron
integrals, and thus, remains equivalent in the ESPF QM/MM formulation. On the other hand, A[S](0) is
given by

A[S](0)
pq,r s = U [S]

pq

[
δpr F p

qs

− δqs F h
pr − cH (pr |sq)

]
U [S]

r s (2.58)

in which

F h
pr = h0

pq +hESPF
pq +∑

i

[
2(pq |i i )− cH (pi |i q)

]+∑
x

[
(pq |xx)− cH (px|xq)

]
F p

pr = h0
pq +hESPF

pq +∑
i

[
2(pq |i i )− cH (pi |i q)

]+∑
x

(pq |xx), (2.59)

h0
pq and (pq |r s) are the one- and two-electron integrals, respectively, cH is the mixing coefficient

for the exact Hartree-Fock exchange, and U [S]
pq is the dimensional-transformation matrix introduced

previously.[101] in such a manner that a majority of existing SF-TDDFT codes can be utilized for the
implementation of MRSF-TDDFT. We can find the ESPF contribution in the Fock matrix as an additional
mean-field contribution. For these expressions, the analytic gradients were also implemented.

MRSF-QM/MM calculations for four excited states were performed on the 478 snapshots from the
QM/MM-MD trajectories at S0 state, which was utilized to produce a simulated UV spectrum and the
results, where distinct two bands of near ∼ 220 and ∼ 260 nm are observed, faithfully reproducing
previous studies of two bands in aqueous conditions. (comparison with experiments requires a red-
shifted of the theoretical spectrum by 40 nm.) In the case of thymine in gas phase, the S1 and S2 are
dark nπ∗ and bright ππ∗ states, respectively.[102] The relative order of bright and dark states tends to
be reversed in QM/MM scheme with the bright S1 and bright S2 ratio of 7:3. The lowering bright state
energy in a polar solution can be understood by its polar zwitterionic character.
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Figure 2.13: Time evolution of thymine populations from gas phase NAMD from initial
excitation to S2 state (left). The middle and right are the same population
changes of solution QM/MM-NAMD. The former and the latter are ini-
tially excited to S2 and S1, respectively.

Therefore, contrasting to the NAMD simulation in gas phase[102], the three state (S0, S1 and S2)
TSH QM/MM-NAMD simulations with MRSF/BH&HLYP were initiated in the bright S1 state on the 30
randomly selected snapshots of ground state QM/MM-MD. This particular bright S1 state corresponds
to the lower energy bright state of the two distinct bands.

The time evolution of the three state populations up to 500 fs are presented in the Fig. 2.13, where
the corresponding NAMD results in gas phase are also shown. The initial S2 population is quickly
transferred to S1 in the gas phase by the characteristic BLA (bond-length alternation) vibrations in
about ∼ 100 fs. On the other hand, the same change is not observed in the solution phase except for
minor S1 → S2 internal conversions, since the NAMD was started from S1 state. In both cases, the
ground state populations start to appear after ∼ 100 fs. Contrasting to the slow S0 population increase
in gas phase, an abrupt changes are seen in solution reaching 50% ∼ 70% of the total population in
300 fs, regardless of initial excitation of S2 or S1. This QM/MM-NAMD result is consistent with recent
liquid jet time-resolved photoelectron spectroscopy[103], where the lower lying ππ∗ (S1) state is found
to decay in ∼ 400 fs independent of pump photon energy.

2.2.6 Periodic boundary conditions
NOTE: Reprinted (adapted) with permission from J. Chem. Theory Comput. 2024, 20, 10, 4338–4349.
Copyright 2024 American Chemical Society.

The periodic boundary condition (PBC)-adapted electrostatic interaction energy between the QM
and MM subsystems can be written in simple terms from electrostatic potentials as

Eint =
NQM∑

A
qA

(
ΦM M

A + 1

2
Φ

QM
A

)
. (2.60)

The ESPF charges qA interact with two external potentials: ΦMM originating from all the permanent
MM point charges and ΦQM originating from the ESPF point charges located in the images of the
original cell (replica cells). Deriving Ei nt with respect to the density matrix results in a compact form of
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the interaction Hamiltonian,

hESPF
µν =−

NQM∑
A

Q A,µν

(
ΦMM

A +ΦQM
A

)
, (2.61)

to be added in the gas phase Fock operator of the QM subsystem. Using standard Ewald sums, the QM
and MM electrostatic potentials have the following expressions. The MM potential is

ΦMM
A =∑

n=0
∑NMM

i=1
qi

|rAi n|erfc
(
β |rAi n|

)+ 1
πV

∑
m̸=0

e
− π2m2

β2

m2 Re
[
e−2πi m·rA SMM(m)

]
,

in which V is the volume of the cell, β is the Ewald range-separation parameters, NMM is the total
number of atoms in the MM region, rAi n = |rA − ri +nL| is the distance between QM atom A in the
original cell and any MM atom i , and SMM(m) is the structure factor (vide infra). The sum n runs over
all the original and replica cells, while the sum m runs over the reciprocal space vectors.

The QM potential has a similar expression which is

Φ
QM
A =∑

n ̸=0
∑NQM

B=1
qB

|rABn|erfc
(
β |rABn|

)+ 1
πV

∑
m̸=0

e
− π2m2

β2

m2 Re
[
e−2πi m·rA SQM(m)

]
− 2βp

π
qA − ∑′NQM

B=1
qB

|rAB0|erf
(
β |rAB0|

)
. (2.62)

The last two terms in Eq. 2.62 arise to correct respectively for the spurious self-interaction and the
double-counting of long-range QM-QM interactions in the original cell.[104] In the previous equations,
the structure factors SQM and SMM are given by

SQM(m) =
NQM∑

A
qAe2πi mrA

SMM(m) =
NMM∑

i
qi e2πi mri . (2.63)

Analytic gradient: The derivative of the total QM/MM energy (Eq. ??) with respect to any parameter x
is given by d x E = d x EQM+d x EMM+d x Ei nt . Hereafter, we use the shorthand notation for derivatives as
a superscript, which represents a partial derivative (∂x E = ∂E/∂x) or a total derivative (d x E = dE/d x).
Both derivatives are expressed as E x if there is no need to specify the type of derivative. The expression
for the d x EQM, that is, the gas phase QM energy, depends on the methodology used, but for most
common electronic structure methods, there exist analytic formulas for computing it.[105] Similarly,
the d x EMM contains classical terms with simple analytic formulas for the computation of gradients.
Therefore, here we focus on the derivative of the QM/MM interaction energy. In the following, firstly,
we discuss the derivatives of the ESPF atomic charges, a quantity that is important for all further
development. Then, we detail the computation of the interaction energy partial derivatives with respect
to QM and MM centers. In the last part, we describe also the partial derivatives with respect to the
lattice parameters, necessary to compute for example the pressure.[106]

The derivation of the interaction energy with respect to a generic atom (i.e., QM or MM) is reported
in detail in SI Section 1. If we consider a QM atom B , the derivative can be written as

E xB
i nt =−

NQM∑
A

q xB
A

(
ΦM M

A +ΦQM
A

)
+

NQM∑
A

qA

(
Φ

M M ,xB
A + 1

2
Φ

QM ,(xB )
A

)
. (2.64)

where the first term contains the derivative of the ESPF charges and the QM and MM Ewald potentials
defined in Eqs. ?? and 2.62. The second term requires, instead, the derivatives of the Ewald potentials
with respect to a QM atom coordinate. In the following, we give explicit expressions for constructing
the derivative of the total energy. The general expression of the QM potential on QM atom center A
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derivative with respect to the coordinate of QM atom B is given by

Φ
QM ,(xB )
A =−

NQM∑′
B=1

qB d xB

(
1

|rAB0|
)

(2.65)

+ ∑
n=0

NQM∑′
B=1

qB d xB

[
erfc

(
β |rABn|

)
|rABn|

]

+ 1

πV

∑
m̸=0

e
− π2m2

β2

m2 d (xB )
{

Re[e−2πi m·rA SQM(m)]
}

.

The derivatives of QM potentials with respect to MM displacements are zero since the potential only
depends on QM coordinates. Therefore, the first derivative with respect to an MM atom coordinate xi

reduces to

E xi
i nt =

NQM∑
A

qAΦ
MM,xi
A , (2.66)

where the derivative of the MM potential on center A with respect to an MM atom i , is given by,

Φ
MM,xi
A = ∑

n=0

NMM∑
i=1

qi d xi

[
erfc

(
β |rAi n|

)
|rAi n|

]
(2.67)

+ 1

πV

∑
m̸=0

e
− π2m2

β2

m2 d xi
{

Re
[

e−2πi m·rA SMM(m)
]}

.

The coordinate transformation r = hu transforms fractional (u) into Cartesian coordinates (r ) through
the cell tensor h, which is defined by its transpose as

hT =
 a b ·cos

(
γ
)

c ·cos
(
β
)

0 b · sin
(
γ
) −c · sin

(
β
) ·cos(α∗)

0 0 c · sin
(
β
) · sin(α∗)

 , (2.68)

where a, b and c are the lattice vector lengths, α, β and γ the lattice angles. The superscript ∗ denotes
the reciprocal lattice angles, which are related to the real lattice angles through the relation,

cos
(
α∗)= cos

(
β
)

cos
(
γ
)−cos(α)

sin
(
β
)

sin
(
γ
) . (2.69)

The total derivatives of the QM/MM energy (Eq. ??) with respect to a lattice parameter a is given by
d aE = d aEQM +d aEMM +d aEi nt . The total derivative concerning lattice parameters can be written as
the

d aE = ∂aE +
N∑
p

(∂p E) · (∂a hup ) . (2.70)

The first term vanishes for interactions accounted for only in the original cell, namely, the EQM and
classical bonded terms in EMM. The second term depends on the derivative of the total energy with
respect to the QM or MM coordinates and the derivatives of the atom Cartesian coordinates.

The partial derivative of the QM/MM interaction energy can be written as,

∂aEi nt =
NQM∑
A=1

qA

(
ΦM M ,a

A + 1

2
Φ

QM ,a
A

)
(2.71)
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The only term within ΦQM
A that has non-zero derivatives with respect to the lattice parameters is

the long-range potential in the reciprocal space (second term in Eq. 2.62), containing an explicit
dependence on the volume of the simulation cell. Considering a cubic box, the derivatives with respect
to cell length are written as

Φ
QM ,a
A =− 3a2

πV 2

∑
m̸=0

e
− π2m2

β2

m2 Re
[

e−2πi m·rA SQM(m)
]

(2.72)

while the derivatives with respect to cell angles are equal to zero, as the volume in the cubic cell is
expressed as V = a3.

2.2.6.1 Free energy from QM/MM
The isomerization of peptidyl bonds in proline is a fundamental step of the protein folding process
which often coincides with the rate-limiting step of the process,[107, 108] catalyzed by prolyl cis-trans
isomerase (PPIase) enzymes.[109, 110] Considering the numerous experimental and computational
studies available on the isomerization of proline-containing peptides,[111–117] the cis-trans isomer-
ization reaction involving proline (Ace-Pro-NHMe) and a proline-containing peptide (succinyl-Ala-
Ala-Pro-Phe-p-nitroanilide) were chosen in a previous study as a benchmark for our PBC-adapted
QM/MM MD methodology.[0] The aforementioned systems are employed again in the current study as
a benchmark of the proposed PBC-adapted DFTB/MM method and of DFTB parameters.

In Fig. 2.14 we reported the trans-to-cis free energy profiles in proline computed at the DFTB2-MIO
(depicted in light blue), DFTB2-OB2 (depicted in green), and DFTB3-3OB (depicted in red) levels of
theory. For the sake of comparison, we reproduced also the profiles computed at the MM level of theory,
using a modified set of Amber99sb parameters reported in the literature,[118–120] where the heights
of the barrier associated with the peptidyl bond torsion were adjusted to match the experimental
data (reported in dark blue), and at the B3LYP/6-31G* level of theory (reported in violet), which
underestimates the height of the barrier, probably due to the self-interaction error.[90]. To compare the
profiles, the zero has been arbitrarily set to the free energy value of the trans isomer.

Experimentally, the free energy for the trans-cis isomerization barrier is 20.40 kcal·mol−1, and a
cis/trans ∆∆G is 0.57 kcal·mol−1.[111] While DFTB2-MIO/MM free energy profile recovers correctly
the position of the transition state and the relative energies of the cis and trans isomers (∆∆G = 0.05
kcal·mol−1), it underestimates the height of the barrier with a ∆∆G‡ of 3.43 kcal·mol−1. On the one
hand, the DFTB2-OB2 profile reproduces correctly the relative energies of the cis and trans isomers
although it slightly underestimates the cis/trans energy (∆∆G = 0.32 kcal·mol−1). In that case, the
position of the transition state is correctly described, and the height of the trans-to-cis barrier is
correctly reproduced albeit overestimated, with a ∆∆G‡ of 1.49 kcal·mol−1. Similar results have been
obtained for the DFTB3-3OB profile, where the height of the barrier is overestimated with a ∆∆G‡

of 1.51 kcal·mol−1. However, contrarily to the two profiles computed at the DFTB2 level, the DFTB3
profile wrongly reproduces the relative energies of the cis and trans isomers, with the cis conformation
which is predicted to be the more stable one (∆∆G = 1.64 kcal·mol−1). Based on these benchmarks, we
decided to use DFTB2 in combination with OB2 parameters set as the default options for the other
studied reactions.
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Figure 2.14: Isomerization free energy profile for proline, showing the profile obtained
applying the new DFTB/MM PBC-adapted model described in this article
using DFTB2 with two different sets of parameters (MIO in light blue, and
OB2 in green) and DFTB3 with 3OB parameters (in red). Profiles obtained
at ab initio B3LYP/MM level (reported in violet) and pure MM level using
a modified version of Amber99sb force field (depicted in dark blue), are
reported as well. The Amber99sb and B3LYP results have been adapted
from literature.[90]
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3 Research proposal
Vibrational energy redistribution in photoactive proteins is usually mediated by an initial fast out-of-
equilibrium process.[121] The advent of X-ray free electron lasers, have made possible to observe such
processes with a time resolution of the order of few femtoseconds, with experimental techniques such
as time-resolved serial femtosecond crystallography and time-resolved X-ray scattering.[122, 123] In the
specific case of myoglobin, for example, we demonstrated that few femtosecond coherent oscillations
spanning multiple residues within the cavity enables efficient energy transfer across the protein.[14,
19] Energy redistribution in myoglobin flows in specific pathways, directing energy from the active side
to the F and E alpha helices, and subsequently to D and C alpha helices in a few picoseconds, which
allows the gas to escape.[124] This targeted redistribution is essential for the maintaining biological
activity and is closely linked to a protein’s evolutionary adaptability.[125]

My research proposal aims at developing a general strategy to simulate energy flow in photoactive
proteins. This requires multi-scale modelling strategies to describe: (i) the shortest-time non-adiabatic
dynamics, (ii) the middle time range, in which out-of-equilibrium energy redistribution happens in the
ground state, and (iii) the long time at which a new equilibrium is reached. For non-adiabatic dynamics,
nuclear quantum effects are fundamental for describing strong coupling between electrons and nuclear
motions. Still, for the middle and longer times, nuclear quantum effects can become important,
especially electron-coupled proton transfer reactions, or out-of-equilibrium energy redistribution in
condensed phase.[126] Indeed, nuclear quantum phenomena such as tunneling and especially zero-
point energy (ZPE) are central to the redistribution of energy in proteins.[127] The ZPE significantly
influences vibrational modes and their coupling within the protein matrix. In classical mechanics, ZPE
leakage (artificial transfer from localized high-frequency modes to lower-frequency modes) can affect
the flow and dissipation of energy throughout the protein.

In the previous chapter, I showed the developments we have performed up to the computation of free
energies in NVE, NVT and NPT ensembles using an efficient QM/MM approach in periodic boundary
conditions, using ab initio and semi-empirical methods. These development will be central to describe
condensed-phase energy redistribution in photoactive proteins including nuclear quantum effects.
Nuclear effects will be implemented in an incremental way. First, I will only treat quantum hydrogen
atoms in proton-transfer electron coupled reaction, by extending the ESPF QM/MM description with
the nuclear electron orbital method. Second, I will combine QM/MM PBC with path integral molecular
dynamics (PIMD), which will generalizes the description of quantum effects for all atoms in the system.
This will require several parallel developments, that will allow in a single framework to describe the
photoexcitation from the initial photon absorption to the dissipation of energy at longer times.

This project faces a technical problem, which is the computational cost of treating the quantum
effects of nuclei, both for ground and excited states. Computational cost limits molecular size, sim-
ulation timescale and sampling. In the ANR MAPPLE project, we have been focusing on bringing
polarizable embedding QM/MM (QM/MMPol) molecular dynamics to the nanosecond timescale.
Despite the efforts of defining a new QM/MMPol interaction that scales linearly with the number of
MM atoms,[128] most of the computational cost comes from the ab initio QM calculations. Several
strategies in the literature have been focusing on reducing the cost of two-electron integrals.[129–134]
Still, the computational cost of energy, gradients, and non-adiabatic couplings makes the computa-
tion of long-time energy dissipation with the sampling that is required. In the case of QM/MM PBC,
we demonstrated that semi-empirical DFTB/MM was accurately reproducing free energy profiles of
molecules in solution. For the excited states, I will explore the accuracy of a tight-binding version of
mixed-reference spin-flip TDDFT.
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3.1 Proton-coupled electron transfer in condensed
phase

Proton-coupled electron transfer (PCET) reactions are a fundamental kind of reaction for catalysis and
energy transformation, both in synthetic and biological systems. For example, photoinduced PCET has
been shown to activate C-H bonds by hydrogen atom transfer (HAT).[135] In a redox process, coupling
the movement of a proton with that of an electron can provide an energetic advantage over electron
transfer alone by reducing both the activation barrier and the driving force of the reaction. Simulation
of such reactions requires (at least) a quantum treatment of the proton that is coupled to the electron
motion. The inclusion of tunneling effects and zero-point energy has a dramatic effect on pKas, with
the nuclear quantum effects downshift 4.5 pKa units in liquid water.[136]

A simple approach to include the quantum effects on protons is the nuclear-electron orbital (NEO)
approach,[137] in which the NEO wavefunction can be written with the AnsatzΨNEO =ΦeΦp . In that
case, both electrons and quantum nuclei wavefunctions are expressed in a Gaussian atomic basis set,
leading to two coupled Fock operators for electron and proton,

Fe Ce = ϵe Se Ce (3.1)

Fp Cp = ϵp Sp Cp (3.2)

Incorporating this approach to our developed ESPF QM/MM scheme in periodic boundary conditions
is simple. Indeed, the NEO Hamiltonian can be complemented with the QM/MM interaction in a
usual way Ĥ = Ĥ NEO + ĤQM/M M .[138, 139] In this case, the QM/MM Hamiltonian interacts both with
classical nuclei, quantum nuclei and the electrons. For non-periodic boundary conditions and simple
electrostatics,

Ĥ QM/MM =
NMM∑
i=1

qi

(
Ne∑
α=1

−1

|re
α− ri |

+
Np∑

a=1

1

|rp
a − ri |

+
Nc∑

A=1

ZA

|RA − ri |

)
, (3.3)

in which NM M , NQM , Np and Nc are respectively the number of MM atoms, the number of QM atoms,
the number of quantum nuclear centers and the number of classical centers. We can take advantage of
the ESPF approach to define a charge operator for electrons and quantum protons. The ESPF approach
is applied with no modifications, in which two grids, one for electron electrostatic integrals and one for
quantum nuclei integrals will be constructed and fitted in the usual way,

Q̂ =
(
T†

e Te

)
T†

eV̂ e (3.4)

Ẑ =
(
T†

p Tp

)
T†

pV̂ p , (3.5)

leading to the simplified NEO ESPF QM/MM Hamiltonian,

Ĥ QM/MM =
Nc∑
c

(
Zc −Q̂c

)
φc +

Np∑
p

(
Ẑp −Q̂p

)
φp , (3.6)

with the usual definition of the MM electrostatic potential (which depends on the treatment of electro-
statics). The first term is equivalent to the ESPF interaction Hamiltonian. The second term steams from
the quantum treatment of protons. As I showed in the applications, this will simplify the computation
of energy and gradients, in addition to simplify the definition of a NEO QM/MM approach in periodic
boundary conditions and the extension to polarizable forcefields.

The NEO ESPF QM/MM approach will be applied to study several types of reactions. To show
the usefulness of this approach, several applications with incremental complexity will be developed.
First, the computation of pKas and redox potentials of nucleobases in explicit water solvation,[140]
by developing a thermodynamic integration approach. Second, the computation of excited state
pKas of photoswitches in the excited state.[141] Finally, this approach along with molecular dynamics
will be used to study the light-induced PCET reaction of a dye, which induces the appearance of
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fluorescence.[142]

3.2 Energy redistribution in condensed phase
Energy distribution in condensed phase, especially when it is photoinitiated, is still lacking from solid
simulation protocols that can model the strong electron-nuclear coupling effects in short time, and the
coupling with low-frequency modes in longer timescales.[143] In the past, I have attempted to apply
the instantaneous normal mode approach by developing efficient electrostatic embedding QM/MM
Hessian calculations and localization of normal modes.[84, 85, 93] This approach corresponds to a
posteriori analysis of non-equilibrium molecular dynamics simulations. However, it is too costly to be
applied to large molecular systems.

Treating both the long-time energy distribution and the short-time electron-nuclear coupling for
non-adiabatic dynamics requires that atoms are treated quantum mechanically. The NEO QM/MM
approach is one practical possibility, but it only introduces QM effects on selected nuclei in the QM
region, whereas most of the system is still treated classically. There have been simple solutions to add
quantum effects by employing quantum thermal baths along with Langevin dynamics. This is indeed a
practical solution, but suffers still from the well-known zero-point energy leakage problem that affects
classical mechanics and prevents, for example, the study of energy redistribution.

In this project, I will explore new models for describing photoinduced electron distribution treating
all nuclear quantum mechanically by means of path integral molecular dynamics (PIMD). The main
problem of PIMD is to efficiently span the space of all possible pathways. A simple and approximate
way to implement the PIMD approach is the so-called ring-polymer molecular dynamics (RPMD)
theory. The RPMD approach it is based on a discretization of the canonical partition function,

Z = Tr
[

e−βĤ
]
= lim

n→∞

( n

2πℏ

)n
∫

dxdpe−βn Ĥ RP
n (x,p) , (3.7)

in which β is the reduced temperature, and H RP is the ring-polymer Hamiltonian,

H RP
n (x,p) =

n∑
α

p2
α

2m
+ 1

2
mω2

n (xα−xα+1)2 +V (xα) , (3.8)

where βn = β/n and ωn = (βnℏ)−1. In this Hamiltonian, the kinetic and potential energies are the
usual ones in classical dynamics. However, each particle has several simultaneous representations
(called beads) that can exchange energy due to the bead spring terms. Performing thus approximate
quantum dynamics with the RPMD Hamiltonian, one recovers quantum effects in classical trajectories
integrating the equation of motion defined as

ẋα =∂H RP (x,p)

∂pα
= pα

m
(3.9)

ṗα =∂H RP (x,p)

∂xα
= mω2

n(xα+1 +xα−1 −2xα)− ∂V (xα)

∂xα
. (3.10)

This approach allows to define more rigorously a QM/MM molecular dynamics simulation. Indeed,
we can partition the total QM/MM Hamiltonian in the following way,

ĤQM/M M (x,p) = Ĥ M M (pM M ,xM M )+ ĤQM (pQM ,xQM )+ V̂QM/M M (xQM ,xM M ), (3.11)

where

HQM (pQM ,xQM ) =T̂ QM (pQM )+ V̂QM (xQM ) (3.12)

H M M (pM M ,xM M ) =T̂ M M (pM M )+ V̂M M (xM M ) . (3.13)
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Taking now the definition of the Boltzmann operator,

Z = Tr
[

e−βĤQM/M M
]

(3.14)

we can approximately write

Z ≈ Tr

[
N∏

i=1
e−

βN
2

(
V̂QM+V̂M M+V̂QM/M M

)
e−βN

(
T̂M M+T̂QM

)
e−

βN
2

(
V̂QM+V̂M M+V̂QM/M M

)]
. (3.15)

The trace here traces on QM and MM nuclear positions as well as electronic degrees of freedom. If one
performs the nuclear trace |xM M 〉 and |xQM 〉 positions and a single electronic state |i 〈, one obtains

Z ≈ 1

(2πℏ)n

∫
dpM M

∫
dpQM

∫
dxM M

∫
dxQM e

(
−βH RP,QM/M M

n (xQM ,xM M ,pQM ,pM M )
)

, (3.16)

in which the QM/MM ring-polymer Hamiltonian has the usual form as in Eq. 3.8. In this project, I
will first test the validity of the ESPF approach for RPMD QM/MM in electrostatic and polarizable
embedding. For each set of bead coordinates, an electrostatic potential is generated, which generates
in turn a set of charges. The effect of this approximation for computing the QM/MM interaction
will assessed, especially focusing on the average charge at each QM center, the average electrostatic
interaction between QM/MM and the stability of NVE dynamics. The correct implementation of this
approach, will allow to reconstruct free energy profiles, especially when proton transfer is involved. We
will re-examine the pterine and SN 2 reactions at the DFTB/MM level, comparing the results of PIMD
with purely classical dynamics.

The main interest for using RPMD is however the use of non-adiabatic dynamics for excited
states.[144] Indeed, the trace over electronic states in 3.15 can be done over several electronic (adiabatic)
states and nuclei waveunctions. For each bead, a stochastic hop can occur renormalized by an overlap
term between the different adiabatics added to the RP Hamiltonian. This overlap term can be related
to the nuclear decoherence. If adjacent beads are on the same adiabatic surface, they only interact
through the ring-polymer potential, whereas if adjacent beads are on different diabatic surfaces, the
contribution to the partition function (and to the averages) decreases. Implementing PIMD coupled to
surface hopping in the adiabatic picture is simple. As a test case, I have performed a simulation of a
trajectory on which all beads start on the same initial surface of a model for a conical intersection, in
which the potentials are

V1(X ,Y ) = 1

2
k

(
(X −X0)2 + (Y −Y0)2) (3.17)

V2(X ,Y ) = 1

2
k

(
(X +X0)2 + (Y +Y0)2) (3.18)

V12(X ,Y ) =αe−(X−X0)2−(Y +Y0)2
(3.19)

in which the parameters have been chosen as X0 = 1, Y0 = 0, k = 1.0, and α = 0.1. For the PIMD, 15
beads have been propagated using Verlet algorithm, with β= 1.0 for 1 ps, starting from X0 = Y0 =−2
and initial random velocities for each bead. The results are shown in Fig. 3.1 for a single trajectory, in
which all beads start in the first potential energy surface. Each bead hops independently, following a
compact path around a well-defined centroid shown in black. Statistics of all possible combinations of
beads in all possible adiabatic states, when the number of beads tend to infinity, one should be able to
reconstruct the exact quantum probability of the nuclear wavepacket. In this second part of the project,
I will explore strategies to implement and especially accelerate ring-polymer non-adiabatic dynamics
in the excited state.
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Figure 3.1: Non-adiabatic path-integral molecular dynamics simulation on a model
conical intersection defined in Eq. 3.17

for 15 beads. The potential energy surface is shown for both first and second adiabatic
states. The initial condition for all beads is shown as a blue circle. The path of the

centroid is shown in black, and the independent bead path in color depending on the
surface in which it is found.

Merging the QM/MM in periodic boundary conditions and non-adiabatic path integral molecular
dynamics will provide a computational framework to study energy dissipation not only of photoactive
proteins, but also electron-transfer proteins. The final part of this project will be to provide an analysis
of the energy flow in protein from dynamic trajectories. A way to do it is to compute the energy flow
from an atomic decomposition of thermodynamic work,

∆Wi (t1, t2) =
∫ qi (t2)

qi (t1)
Fi ·vi d t , (3.20)

which describes the change in potential energy for atom i along the trajectory from t1 to t2.[145] A
similar equation can be derived for the kinetic energy flow per atom.[146] These quantities allow to
make a map of the energy flow in protein. I will reformulate these quantities for QM/MM, in order to
map the energy flow due to the photon energy.

As a test case, I will study the fluorescence loss of GFP chromophore in water,[147] which has been
shown by time-resolved Raman spectroscopy to reach a twisted intramolecular charge transfer state in
3 ps and a loss of the photon energy in the solvent in 250 ps. The described simulations will provide
the first picture of the energy dissipation in water, with a full account of long-range electrostatics and
quantum effects both in the ground and excited states.

3.3 Semi-empirical methods for excited states
Spin-flip linear-response time-dependent density-functional theory (SF-TDDFT) has been proposed as
a cost-effective way of capturing multi-configurational correlation effects in the ground- and excited
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states.[148, 149] In the usual formulation, the reference density is obtained from a Kohn-Sham (KS)
wavefunction for the lowest open-shell triplet (Ms =+1), from which response functions are expanded
in the basis of spin-flip excitations (∆Ms = ±1). Despite some successful examples for describing
ground- and excited-state conical intersections,[150] the spin contamination of electronic states de-
scribed by configurations outside the open-shell orbitals limited its applications. This problem has
been recently solved by formulating a spin-flip approach on a mixed-reference triplet of Ms = ±1,
a method dubbed mixed-reference spin-flip TDDFT (MRSF-TDDFT). It nearly eliminates the spin
contamination of SF-TDDFT by expanding the electron configuration space while still maintaining a
favorable computational cost.[101, 151–167]

In order to reduce the cost of the QM calculations, I will derive, implement and test the use of
density functional based tight binding version of SF-TDDFTB and MRSF-TDDFTB. I have performed a
preliminary implementation of SF-TDDFTB, showing surprisingly accurate results with respect to all-
electron MRSF-TDDFT.[168] As a test case, I tested the photoisomerisation connecting all-trans retinal
protonated Schiff base (rPSB) to 11-cis rPSB is the main reaction in visual rhodopsin proteins. The
main isomerisation reaction is initiated in the S1 excited state, for which a conical instersection S0/S1

at approximately 90◦ twisting. In Figure 3.2, the potential energy surface interpolating the 11-cis, the
conical intersection (CX) and the all-trans rPSB computed at the SF-TDDFTB is shown. A comparison
with all-electron MRSF-TDDFT is added as reference on the same interpolated geometries. Overall, the
topology of the surfaces at the MRSF-TDDFT and SF-TDDFTB level are very similar. The ground state
average difference between MRSF-TDDFT and SF-TDDFT is 2.04 kcal/mol, with a standard deviation
of 1.90 kcal/mol. For the excited state it is 5.23 kcal/mol with a standard deviation of 1.53 kcal/mol. The
main changes come at the the CX. The CX is computed at the SF-TDDFTB level and features a 99◦ twist
between the two moieties. At this geometry, MRSF-TDDFT has an energy gap of 6.03 kcal/mol. This is
indicating that the MRSF-TDDFT CX is not exactly at the same geometry as SF-TDDFTB. The 11-cis
conformer is 4.17 kcal/mol less stable than the all-trans conformer in SF-TDDFTB, in good agreement
with the 5.42 kcal/mol of MRSF-TDDFT.In the excited state, the all-trans to CX SF-TDDFTB features a
barrier of 9.03 kcal/mol, in comparison with the 10.39 kcal/mol in MRSF. For the 11-cis to CX the barrier
is slightly larger, with 14.36 kcal/mol in SF-TDDFTB compared to 10.39 kcal/mol in MRSF-TDDFT.
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Figure 3.2: Comparison of SF-TDDFTB (solid line) and MRSF-TDDFT (dashed line) for
the ground- (blue lines) and first excited (red lines) state potential energy
surfaces along an interpolation coordinate for a protonated Schiff base
model. The structures correspond to the interpolated coordinates. The
dihedral angle (yellow, green, blue and magenta carbon atoms) is specified
as an offset on each structure.
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Alternatively, machine learning potentials become especially suitable for summarizing costly elec-
tronic structure calculations on a model machine learning potential. This kind of potentials can be
useful for MCTDH, accelerating the development of model Hamiltonians for studying reactivity of gas-
phase molecules, but also for coupling these to an electrostatic environment via a QM/MM coupling.
In the former case, only the energies are required along selected nuclear distortions to produce an
accurate potential energy surface. This can nowadays be routinely done. I show in Fig. 3.3 a trained
ML potential that diabatizes a model for a conical intersection represented as displaced harmonic
oscillators. The neural network takes 2 inputs (x and y coordinates), and output three values (diabatic
energy of state 1 and 2 and the coupling). A single hidden layer is used with 64 neurons and ReLU
filtering to add non-locality. A training set of 1000 random points have been generated to train the
neural network.

Figure 3.3: Neural network fitting of a diabatic model Hamiltonian from an adiabatic
surface. The reference surface (left) is compared to the fitted adiabatic
surface (right).
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