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ABSTRACT

The main goal of this thesis was the investigation of the thymine dimerization reac-
tion using nonadiabatic molecular dynamics methods. For this [2+2] cycloreaction,
both the direct pathway and the photosensitized triplet pathway were studied. For
the direct pathway, which models the dimerization after excitation to the singlet
manifold, static calculations were employed to confirm that the reactive S; state
shows a barrierless reaction profile. The character of the state could be determined
as mainly singly excited 7. Subsequent surface hopping dynamics simulations
were able to rule out any intersystem crossing occurring in the pathway studied,
showing that dimerization occurs solely in the singlet state manifold. Moreover,
it was found that a combination of conformational and electronic effects lead to
dimerization, showing that a correct treatment of both is necessary. The second
thymine dimerization pathway studied was the photosensitized pathway. In it, the
reaction occurs on the triplet manifold, after triplet-triplet energy transfer from a
photosensitizer. Static QM/MM calculations show that after energy transfer to a
locally excited state, a small energetic barrier leads the system to the T/Sy crossing
point. At this point the T; state is determined to be a Frenkel excitonic biradical
state. We used surface hopping dynamics simulations to sample the T;/S, degeneracy
region and by manually placing trajectories to the ground state we could investigate
which conformational parameters induce dimerization. This thesis also included
the development of the generalized ab initio multiple spawning (GAIMS) method,
which is based on non-adiabatic molecular dynamics and allows for the treatment
of intersystem crossing events within the multiple spawning framework. The new
implementation was first tested on a one-dimensional model system and the results
were compared to the ones obtained by exact and surface hopping simulations. Then,
the dynamics of the H,CS molecule were performed and analyzed, showing that the
implementation works for molecular systems.



ZUSAMMENFASSUNG

Das Hauptziel dieser Arbeit war die Untersuchung der Zyklobutan Thymindimerisie-
rungsreaktion unter der Verwendung von nicht-adiabatischen Molekulardynamikme-
thoden. Zwei Reaktionspfade, der direkte und der photosensibilisierte Pfad wurden
fur diese [2+2] Zykloaddition untersucht. Im Falle des direkten Pfades, welcher die
Dimerisierung nach der direkten Anregung in einen Singulettzustand modelliert,
wurde mit Hilfe statischer Rechnungen ermittelt dass der reaktive S; Zustand, wel-
cher vorwiegend einen m* Charakter besitzt, ein barrierefreies Reaktionsprofil
aufweist. Nachfolgende surface hopping Simulationen konnten zeigen dass die Re-
aktion nur auf den Singulettzustinden erfolgt und keine Interkombination in dem
untersuchten Reaktionspfad vorkommt. Zusétzlich konnte demonstriert werden dass
eine akkurate Beschreibung sowohl von konformationellen als auch elektronischen
Effekten notwendig ist, um den Dimerisierungsprozess korrekt zu modellieren. Der
zweite in dieser Arbeit untersuchte Thymindimerisierungspfad ist der photosensi-
bilisierte Mechanismus, welcher iiber Triplettzustdnde ablauft. Statische QM/MM
Rechnungen konnten zeigen, dass das System nach anfanglichem Energietransfer
zu einem lokal angeregten Zustand und Uberwindung einer kleinen Energiebar-
riere einen T;/Sy Kreuzungspunkt erreicht. An diesem Punkt ist der T; Zustand
ein Frenkel-exzitonischer Biradikalzustand. Mittels surface hopping Simulationen
konnten wir die T1/Sy Degenerationsregion erkunden. Durch manuelle Platzierung
von Trajektorien in den Grundzustand war es moglich, zu analysieren welche kon-
formationellen Parameter die Dimerisierung begiinstigen. Diese Arbeit beinhaltet
auch die Entwicklung der generalized ab initio multiple spawning (GAIMS) Methode,
welche auf nicht-adiabatischer Molekulardynamik basiert und es erlaubt, Interkom-
binationsereignisse mit dem multiple spawning Formalismus simulieren. Die neue
Implementierung wurde zuerst fiir ein eindimensionales Modellsystem getestet, und
mit den Resultaten von exakter Quantendynamik und surface hopping Simulationen
verglichen. Um zu zeigen dass die Methode auch fiir molekulare Systeme angewandt
werden kann, wurde im Anschluss eine Dynamiksimulation des H,CS Molekiils
durchgefiihrt.
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ACRONYMS

uv ultraviolet

T<>T cyclobutane thymine dimer

IC internal conversion

ISC intersystem crossing

SOC spin-orbit coupling

NAMD non-adiabatic molecular dynamics

SHARC surface hopping including arbitrary couplings
GAIMS generalized ab initio multiple spawning
TDSE time dependent Schrodinger equation
CASSCF Complete active space self consistent field

SA-CASSCF State averaged CASSCF
CASPT2 Complete active space perturbation theory second order
MS-CASPT2 Multi-state CASPT2

TDM le” transition density matrix
CT charge transfer

DL delocalization length

MD molecular dynamics

AIMD ab initio molecular dynamics
OM/MM quantum mechanics/molecular mechanics
oM Quantum Mechanical

MM Molecular Mechanical

NAC non-adiabatic coupling

FMS full multiple spawning
TTET triplet-triplet energy transfer
DE doubly excited

SE singly excited

FC Franck-Condon

L local excited triplet state
SBR biradical triplet state
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INTRODUCTION

DNA, the carrier of our genetic code, is a very important and complex biomolecule
in the human body. It is built up of the four nucleobases adenine, cytosine, guanine
and thymine which are linked to a sugar and phosphate backbone. The correct func-
tionality of DNA is vital to survival and any damage to it can be severely harmful,
leading to health risks like apoptosis or cancer!. One cause of DNA damage is ultra-
violet (UV) light?, with the chromophores, which absorb the UV photons, being the
previously mentioned nucleobases®. Upon UV irradiation and subsequent excitation
to the electronically excited states, DNA generally relaxes quickly back to the ground
state. These ultrafast relaxation pathways are responsible for the remarkable photo-
stability of DNA°. If this ground state relaxation is hindered, however, a multitude
of photolesions can occur!. In order to find preventive treatments and therapies for
DNA photodamage, a detailed understanding of these photodamage processes is
needed. One of the most prominent lesions caused by UV radiation is the cyclobutane
thymine dimer (T<>T)3®, which is formed through a [2+2] cycloreaction of two
geminal thymines, see Figure 1.

Figure 1: Schematic picture of the Cyclobutane Thymine Dimer molecule.

In general, after absorption of a photon by any molecular system, a plethora of
relaxation pathways open up, as shown in Figure 2. According to the selection rules
of quantum mechanics, the molecular system will get promoted into an electronically
excited singlet state, from where it can change to other singlet states in a process
called internal conversion (IC). Upon relaxation to the ground state the system can
either go back to the reactant minimum or, in a process labeled non-adiabatic photo-
chemistry, it can move to a different minimum, forming a photoproduct. In addition
to this relaxation path, the system can also eject a photon and relax through a pro-
cess called fluorescence. When including relativistic corrections, another relaxation
pathway opens up, called intersystem crossing (ISC), which allows the population
transfer from a singlet to a triplet state, is mediated by spin-orbit couplings (SOCs).
In the triplet manifold the system can again change between triplet states through
IC, move back to a singlet state via ISC, or emit a photon and relax photochemically
through a process called phosphorescence.

The role of triplet states on T<>T formation has been investigated, both exper-
imentally and theoretically since the 1960s”"°. In the main part of this thesis two
major pathways of dimerization were investigated. First, the direct (T<>T) formation
through UV excitation is studied. This process has been shown experimentally to
occur on a timescale of under 1ps, presumably in the singlet manifold!°. Although
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experimental and theoretical studies have discussed possible competing triplet path-
ways, their role on dimerization is still under dicussion in the literature!!™1>. The
second process investigated is the photosensitized triplet pathway, where, after
triplet-triplet energy transfer (TTET) through a photosensitizer, the dimer is formed
via the triplet manifold .
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Figure 2: Schematic diagram of the possible relaxation pathways of a molecular system after
excitation to an excited state.

In order to properly investigate the role of triplet states on the excited state dy-
namics of a molecular system, we need a non-adiabatic molecular dynamics (NAMD)
method which can account for ISC events. Recently, the group of Prof. Gonzalez has
developed the Surface Hopping including ARbitrary Couplings (SHARC) method,
which can run surface hopping dynamics using states of any multiplicity 18, How-
ever, surface hopping has several drawbacks, one of them being the fact that it cannot
account for nuclear coherences occurring in the dynamics'®. A different NAMD
approach, full multiple spawning, can in part account for the lost coherences but
was not able to include ISC events in the dynamics. Therefore, as part of this thesis,
the generalized ab-initio multiple spawning (GAIMS) method was developed which
allows for multiple spawning dynamics including triplet states.

The rest of this thesis is organized as follows: In chapter 2, several theoretical
concepts important to this thesis will be presented. Then, in chapter 3/the GAIMS
method will be presented in detail and its application to test systems will be presented.
Chapter 4 will cover the results on the formation of T<>T, both via the direct and
the photosensitized pathway. Finally, in chapter 5, a conclusion and summary of this
thesis is given.
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In this chapter the theoretical background relevant to this thesis will be described.
First, in section 2.1, some basic concepts of quantum chemistry will be covered.
Section 2.2 describes several wavefunction analysis concepts relevant to this work.
Finally, in section 2.3, excited state dynamics and the two non-adiabatic molecular
dynamics methods used in this thesis, surface hopping (2.3.2) and multiple spawning
(2.3.3) will be presented.

2.1 BASICS OF QUANTUM CHEMISTRY

In computational chemistry, the non-relativistic evolution of a molecular system is
described by the time-dependent Schrédinger equation (TDSE)?%:

ih% ¥R, 1, 1)) = HR, 1, 1) |[¥(R, T, 1)) . (2.1)

The TDSE states that the time evolution of a wave function, ¥, is dependent on its
Hamiltonian operator H. Both ¥ and H depend on the nuclear degrees of freedom (R),
the electronic degrees of freedom (r) and the time ¢. Using the Born-Oppenheimer ap-
proximation?!, we can separate the TDSE into an electronic and a nuclear Schrédinger
equation. Several methods are available for solving, or rather approximating, the
solution of the electronic Schrédinger equation. As in this thesis we are interested in
electronically excited states and their properties, we need a method which can prop-
erly describe all of these processes. One method which can do this is the complete
active space self consistent field (CASSCF) method??, where a subset of molecular
orbitals is chosen between which all excitations are considered. The selection of these
active orbitals is no trivial task and depends on the chemical or physical processes
one wants to simulate. In order to also obtain electron correlation in the orbital space
outside of this active space, the complete active space perturbation theory 2nd order
(CASPT2) method was employed?3.

2.2 WAVEFUNCTION ANALYSIS

One very important aspect when dealing with electronically excited states is their
correct analysis and the evaluation of their properties. In this section, several concepts
of wavefunction analysis important to this thesis will be shown, as included in the
wavefunction analysis program TheoDORE. For more information we recommend
the TheoDORE program documentation and publications?42>,

The 1e™-Transition Density Matrix (TDM) between the ground state to an elec-
tronically excited state I is defined as

DY, = (4| afay |4") . (2.2)

Here, 4 and d are the creation and annihilation operators, which in this case remove
an electron from orbital v and add one to orbital y. Using the TDM, we can measure
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several important properties of molecular systems. In order to obtain a measure of
the single excitation character we employ

Q= Z(DOIS),,V(SDOI),W, (2.3)
pv

where S is the atomic orbital overlap matrix. Therefore, if Q number is 1, the state in
question is a singly excited state, while if it is 0, it has no single excitation character
and is therefore doubly or higher excited. Another important property of excited
states is their charge transfer (CT) character. Taking as an example the two thymine
monomers investigated in this thesis the excited states can either be charge transfer
states, with the electron and hole on different monomers or a locally excited state,
with electron and hole on the same monomer. We can express the CT character of a
given state I using the TDM. First we have to define the CT numbers as

1
Qap = 2 > D (DY5),(SD” )y + DILSDYS), (24)
HEAVEB

which enables us to decompose the excitation in the contribution located on monomers
A or B. The total CT contribution can then be calculated as a sum over all off-diagonal
elements:

CT=Q! Z Qup. (2.5)
B#A

The delocalization length (DL) of the electronic state I can also be visualized using
Equation 2.4. The DL indicates how delocalized the excitation among the two
fragments A and B is. Using the definition of Q introduced in Equation 2.3, we
can express DL as

Q2

DL =

- (2.6)
SNERT

There is one more property used in this thesis which is not derived from the TDM,
which is the number of unpaired electrons (n,). Using a natural orbital basis, n,,
can easily be assessed using the natural orbital occupation numbers n;. In a HF
wavefunction they would either be 0 or 2, i.e. unoccupied or occupied. Therefore,
deviation from that can be seen as electron correlation. Here, n,, will be calculated
using the formulation proposed by Head-Gordon:2°

Ny = Z n(2 — n;)% (2.7)

2.3 EXCITED STATE DYNAMICS

In the chapters above we discussed the electronic Schrédinger equation and the cor-
rect treatment of electronic states. If we want to study the time-dependent behavior
of a molecular system, however, we need to solve the nuclear Schrédinger equation.
For time-independent Hamiltonian this can generally be done using propagation in
discrete time steps At

¥(x,t+ At) = exp (—%Hm) ¥(x,1). (2.8)
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Direct solution of Equation 2.8, which is generally done in quantum dynamics, is a
non-local problem. As such, the calculation requires the whole 3N — 6 dimensional
potential energy surface to be known in advance, with N being the number of atoms.
As the amount of points to be calculated scales exponentially with the number of
degrees of freedom, these calculations are only feasible for very small molecules or,
if one wants to simulate larger molecules, a subset of degrees of freedom has to be
chosen. In order to describe the dynamics of larger systems, one needs to circumvent
this requirement of non-locality. One option is to employ on-the-fly methods which
only need local information of the potential which can be calculated as needed on
the fly, as the name suggests.

2.3.1 Molecular Dynamics

In molecular dynamics (MD) simulations, the nuclei are propagated classically ac-
cording to Newton’s equation of motion?’

M d’R, (1) _

a dz2 Fo = _VaEe(R(t))- (2-9)

The Force F, acting on nucleus a only depends on the positions R of all nuclei.
Therefore, one only needs to calculate the energies and gradients of the current
positions for each timestep. As mentioned above, this approach is considered on-the-
fly as we only need the local information of the current geometry for the dynamics and
not the whole potential as in equation 2.8. There exist several ways in the literature
to integrate equation 2.9 and obtain the equation for the temporal evolution of R,
which is called a trajectory, with the most widely used one being the Velocity-Verlet
algorithm?8,

With the nuclei evolving classically, one needs to define the potentials on which
they run, i.e. where the forces and energies are obtained from. One very popular
option is to use parametrized force fields, a method that is normally called classical
MD, which has the advantage of allowing one to study systems of many thousands
of atoms on a ns time scale. However, classical MD lacks many quantum effects
and cannot describe processes such as bond formation and bond breaking. An
alternative which is able to simulate these processes is to run electronic structure
calculations, which results in so called ab initio molecular dynamics (AIMD). Using
AIMD, however, drastically reduces the size of the system one can simulate.

One major drawback of MD is that it runs only on one adiabatic state. In full
quantum dynamics, a wavepacket can spread onto multiple states at the same time.
In order to simulate this process, where a superposition of states are needed, we need
enhanced methods. Two of those methods will be presented here, namely surface
hopping and multiple spawning.

2.3.2  Surface Hopping
In surface hopping?°™3! a trajectory is propagated on a single state potential. At any
time step it is allowed to change the surface it is running on in a probabilistic manner,
based on the non-adiabatic couplings (NACs). By running multiple trajectories, a
so-called ensemble, the behavior of a quantum wavepacket can be approximately
simulated. Figure 3a shows a schematic description of the surface hopping process.
During the dynamics, each electronic state has a complex coefficient cj, and the
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electronic wavefunction is then defined as the linear combination of all the electronic
state wavefunctions

|D) = ZCI D7) . (2.10)

I

If we insert equation 2.10 into the TDSE and left-multiply with (®;| we obtain an
equation for the time-evolution of the coefficients

0
ECJ = —ZC[ [iH]] +K][] (2-11)

Here, Hj; is a matrix element of the electronic Hamiltonian H®, while K is the
NAC element between states ] and I, {(®;|0/0t|®;).

If two states get close in energy it is possible for the trajectory to hop and change
the state on which it is running on. The hopping probability to change from state J
to state I can be expressed as

2AT
P]_>I = F Re (C;C[ [iH]I + K]]]) . (2.12)
J¢T

The standard surface hopping algorithm presented above only allows for population
transfer of states of the same multiplicity, based on their NACs. In order to study ISC
processes, an extension to the standard surface hopping scheme has been developed
in the group of Prof. Gonzalez, called SHARC (Surface hopping including arbitrary
couplings) 118, Including SOCs, the Hamiltonian of the system has the following
form:

At = A+ {50¢ (2.13)

The resulting Hamiltonian, which we call spin-diabatic (sd) here, now contains
off-diagonal elements, which means that it is not adiabatic anymore. As has been
shown, this can lead to problems in surface hopping>2. Therefore, it is convenient to
re-adiabatize the Hamiltonian which can be done through unitary transformation

Adee = yTEstu. (2.14)

Within SHARC, the propagation of the coefficients in this new basis is as follows:

o . . o " 0
Ec“hag = —c% [;uTaMu + UTKMU + UTEU (2.15)

Equation 2.15 is integrated numerically for a small time step, i.e.
cB98(t 4+ A1) = UT(t + ADAYS(E + AD)U(1)e28(1) = AY8(r + Ar)cd28(r) (2.16)

A%% and A% are the propagator matrices in the diagonal and the spin-diabatic basis
respectively. The spin-diabatic propagator can be calculated using linear interpolation
with k sub-steps:

ANt + At) = ﬁ exp{- (in,d + K;d) At/k} (2.17)

I=1
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Using this new ansatz the hopping probabilities can be rewritten as

lep(t + At)|? R [Ca(t + At)Aj;,;c;(t)]
Pp o =|1- oL : (2.18)
lep(D)]2 - R [c,g(t + At)Aﬁﬁcﬁ(t)]
Note that we omitted the diag indices for both ¢ and P here.
A a) A b)
> P
<y <y
o 2| A
i w
o
Reaction Coordinate g Reaction Coordinate g

Figure 3: Schematic description of the non-adiabatic molecular dynamics methods used in
this paper, namely Surface Hopping (a) and Multiple Spawning (b).

2.3.3  Full Multiple Spawning

Full multiple spawning (FMS) is a different approach to AIMD than surface hopping.
The total wavefunction used is expanded as the sum of Born-Huang states*:

¥ = Z Q). (2.19)
(04

Here, Qj is the nuclear wavefunction, while ®; is the electronic wavefunction. This
approach is different to surface hopping, which uses classical trajectories on only
one single electronic state. In FMS, the nuclear wavefunction Q is built up of a sum
of frozen Gaussian basis functions y with their complex coefficients C(t)343>:

Ni(t)
Q= Z CLxL, (2.20)
k

The index k runs over all basis functions in the electronic state I.
By inserting equation 2.19 into the TDSE one obtains the equation for the time
evolution of the coefficients Cllc(t):

SC = —i(H - iS)C, (2.21)

with H being the Hamiltonian matrix and S and S the overlap matrix and its time
derivative. Note that H here contains both the electronic and the nuclear Hamiltonian.

. 0 N
St = Gl 8av S = Ol 15l S0 Hit = (i) @22)

To allow for population transfer between electronic states, basis functions need
to be present on both states. In FMS this is achieved through a process called
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spawning>>3¢, For each basis function in the ensemble all electronic properties are
evaluated at each time step. If for one of them the NACs exceed a predefined threshold
value a new basis function is spawned on the new state. Then, the propagation
continues with the enlarged set of basis functions. It is important to notice that the
spawning process itself does not include any population transfer, it merely enables the
possibility for it. All occurring population transfer is based only on the evolution of
the coefficients according to Equation 2.21. Figure 3b shows a schematic description
of multiple spawning. The initial basis function on the upper state can spawn to the
lower state as the two states get close in energy.

In order to use the multiple spawning scheme on-the-fly for molecular systems, two
approximations are generally employed to FMS. In the saddle point approximation,
the Hamiltonian elements H*”

\, in equation 2.21 are approximated by a zeroth order
Taylor series

A 51 I
Gl @R 1x]) = bl AL 1) = Hi (RE) Gy, 223)
where Rgflz, is the centroid position between the two gaussian basis functions k

and k’. The second approximation is called Independent First Generation, which
means that the initial ensemble of basis functions are not coupled and are propagated
independently. If they spawn, however, they always couple to their own child basis
functions. For more information to the approximations used in AIMS, we refer to
the following reviews3>37-3

2.4 INCLUSION OF THE ENVIRONMENT

One important concept in quantum chemical calculations is the inclusion of environ-
mental effects. Taking as an example the two thymine molecules studied in this thesis,
they are naturally embedded in a DNA strand and are surrounded by water and ions.
As such an environment is too large to be simulated at the quantum mechanical level
of theory, the system is separated into two regions. The inner region, consisting
of the two thymines is treated quantum mechanically, while the outer region, i.e.
the environment, is treated classically using a force field. This approach is called
mixed quantum mechanics/molecular mechanics (QM/MM), and it can be used for
both static and dynamics simulations. For the correct treatment of the system, the
interaction region of the QM and MM parts needs to be treated. The total energy of
the system can be expressed as

Etotal = Eom + Exm + Egmmm- (2.24)

One very popular way of considering the interaction term Egynm is the so called
electrostatic embedding scheme. In it, the electrostatic interaction is being treated
by adding an additional Coulomb term to the hamiltonian in the QM region. The
van der Waals and bonded QM/MM interactions, on the other hand, are treated on
the MM level. These latter classical terms vanish when computing vertical excitation
energies because the force field parameters are the same for all electronic states.
However, for running QM/MM dynamics simulations all terms have to be considered.
For more information on different QM/MM schemes available in the literature the
reader is referred to the review by Hans Martin Senn and Walther Thiel*°
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The original derivation of FMS allows only for spawning and population transfer
between states of the same multiplicity, based on their NACs. In order to extend this
scheme we had to modify the FMS code to also be able to account for ISC events.
This work, which is presented below, has been published in the Journal of Chemical
Physics*! and is reprinted in Appendix 1.

3.1 ELECTRONIC REPRESENTATION

When extending the standard electronic Hamiltonian to include SOCs, we obtain
£ = A 4 AOC, (31)

When running standard FMS, the H®! used is diagonal, and therefore it is considered
to run in an adiabatic representation. After including SOCs, the resulting total
Hamiltonian is not diagonal anymore and two options are possible. Either we use
the non-diagonal total Hamiltonian in the dynamics and end up with a spin-diabatic
representation, which means that our Hamiltonian is adiabatic within one spin value
(singlets, triplets, . ..) and diabatic between them; or we re-diagonalize the total
Hamiltonian to obtain a spin-adiabatic representation. Spin-adiabatic means that we
are also adiabatic between spin values, i.e. the Hamiltonian is completely adiabatic.
In the current implementation of GAIMS we use a spin-diabatic formalism. It would
be interesting in the future, however, to compare it to a spin-adiabatic version of
GAIMS.

3.2 PROPAGATION

When including triplet states, the time-dependent molecular wavefunction is defined
as

Sj
¥xRO=) > YR (GR), (32)
J Msj==Sj

with <I>jVISj (x; R) being the electronic wavefunction for state J with the spin-multiplicity
(2Sj + 1) and with the spin-projection eigenvalue of Ms. Note that this approach
is general and applicable to any multiplicity. We will focus here on singlet Sj = 0
and triplet Sj = 1 states, but the code is capable of using any other multiplicity,
provided one can obtain the respective couplings. The nuclear wavefunction used in
this ansatz is

Ny, msj

MSj ,MSj ,MSj

QY R = > M@ MY (3.3)
k'=1

As can be seen in Equation 3.3, every single state, including the sublevels of the
triplet states, have a separate coefficient, which is necessary for a correct treatment
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of the time-evolution of the wavefunction. The propagation of these coefficients,
using the new wavefunction from equation 3.2, goes as follows:

dchMsir) Mss Msi  &ILMsiMs; (oI Ms:
=~ N _ —l(s 1)H,M51M51[HII,M51M51 _ ISH’MS‘MS’CI’MS’(t) (3 4)
dt ’
Sj
+> D, HUMaMschMs(p)] (3.5)
J MSj=-Sj
(3.6)
Here, H is the Hamiltonian matrix, and S and $ are the overlap matrix elements:
1],MSi,MSj I, MSi ,MS;j
Sk’]k, PMST = QM M) 8150 msims; 3.7)
<], MSi,MSj ,msi, 0 ,MS;j
Sk,Jk’ P = (™ n LMY 8178msi,ms)- (3.8)

(3.9)

As can be seen by the Kronecker deltas in the equation above, both the overlap matrix
and its time-derivative are only needed between basis functions on the same state,
which also includes the triplet sublevels.

As explained above, every |J, Mj) pair of states have their own gaussian basis
function with their independent coefficient. As GAIMS is an AIMD method which
runs on-the-fly, at every time step we need to evaluate the electronic structure
properties (energies, gradients, couplings) for every basis functions. However, as
our version of GAIMS runs in the spin-diabatic formalism the three sublevels of a
given triplet state (with Ms values of —1, 0, 1) all are energetically degenerate. In our
simulations we can use this fact to drastically reduce the computational cost. We
only need to evaluate the electronic structure information for one gaussian per triplet
state, and use the same information for the other two basis functions. However,
the coefficients are still propagated separately. One should keep in mind that this
reduction of the necessary number of electronic structure calculations is not an
approximation, but exact within the spin-diabatic picture.

3.3 SPAWNING

The key of the FMS code is the spawning procedure, which adds new basis functions
to the current ensemble, in order to allow for the wavepacket to spread. If a basis
function enters a region of nonadiabaticity, a new basis function can be spawned,
under certain conditions. The spawning criteria used in standard FMS is the strength
of the NACs. In the spin-diabatic approach used in GAIMS, we need to define a new
diabatic spawning criteria based on the SOC strength between the respective states.
Based on an already proposed effective coupling between diabatic states>>, we define
the effective coupling used here as:

1/2
, N Ms; 2
«bfﬁ(Rknrﬁ°C|®J%(Rk»|)

Zsi Sj
MSiZ—Si MSj:—Sj

B (Re) - E§'(Ry)|

AT = , (3.10)

which ensures that the spawning criteria is rotationally invariant. If the effective
coupling A‘?}f is larger than a predefined threshold, the spawning mode is triggered
and for a successful spawn to a triplet state, three new basis functions are generated
for the three triplet sublevels.
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3.4 APPLICATION TO TEST SYSTEMS

3.4.1 One-Dimensional Test System
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Figure 4: GAIMS results for a one-dimensional model system. a-c: Potential energy curves
for the model system with one Singlet (S;) and one triplet state (T;). The spin orbit couplings
between states S; and T%/Tl_1 is (Re(Hsoc) = i-Re(Hsoc)), while between S; and T(1) it is
(0 — i-Im(Hsoc)). The three cases a-c differ in where the coupling strength between the two

states changes sign, shown by the value of x;. d-f: GAIMS results for each model system,

compared to SHARC simulations and to the exact results, taken from reference 2.

In order to test our new method we employed it on a model system proposed by
Persico and co-workers>2, The one-dimensional model, shown in Figure 4a-c, consists
of a singlet and a triplet state. Both states are dissociative, with a single crossing
between them at x =10 bohr. The SOC elements between the two states are defined
so that they change sign at a certain point of the potential. By varying this point
we can simulate different SOC conditions for our code. In total, three different
simulations are being run, as shown by Figure 4(a-c). While for Figure 4a the point
where the SOC changes sign is exactly at x; =10 bohr, which is the crossing point
of the two states, for Figures 4b and 4c the SOC changes sign at x; =9.5 bohr and
xs =8bohr respectively.

For each of the three cases we ran GAIMS dynamics simulations using 200 initial
conditions each, sampled from a Wigner distribution of the initial wavefunction from

32 as well

reference®2. We compared our results to the exact results from reference
as to surface hopping simulations using SHARC 7%, The results are shown in Figure
4d-f. As can be seen, GAIMS manages to describe all three test cases reasonably well,

with a maximum error of 7%. Keeping in mind that we used both the saddle point
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and independent first generation approximations, and only spawned once per initial
condition our implementation shows promise for applications to more complicated
systems.

3.4.2 Thioformaldehyde

As a second test system for GAIMS we decided to run dynamics on the molecule
thioformaldehyde, H,CS. After excitation to the S; state, which is of nz* character,
two close lying triplet states, T;(nz*) and Ty ("), exist. Using GAIMS, we ran 20
initial conditions for 200 fs, sampled from a Wigner distribution*?. All electronic
structure calculations were performed at SA-CASSCF(4,3)/6-31G* level of theory,
state averaged over 2 singlet and 2 triplet states, using MOLPRO*3. The results can
be seen in Figure 5b. While there is basically no population transfer to the T state,
we see a slow rise of population in T,, which is in accordance with the El-Sayed
rules**. This early onset of population transfer has already been observed for the
similar molecular acetone®’, although on a smaller scale. Also shown in Figure 5b
are the total number of basis functions (orange line). At the end of the dynamics, at
200fs, here are 326 basis functions, among which 306 run on the triplet states.

In order to further analyze the dynamics and investigate what causes ISC to happen
we measured the C=S distance for all basis functions. The results are shown in Figure
5a, with T shown in red, T; in blue and S; shown in gray. As T; and S; are both of
the same nz* character, their dynamics is very similar, while the T, basis functions
show, on average, a larger C=S distance.
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Figure 5: GAIMS results for Thioformaldehyde (H,CS). a: C=S bond length expectation value
for all S; (gray), T; (red) and T; (blue) basis functions. The width of the lines corresponds to
the amount of population in the respective basis function. b: Population in the triplet states
during the dynamics. The light areas indicate the standard error of the simulation. Also, in
orange, the total number of basis functions at each timestep is shown.
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THYMINE PYRIMIDINE DIMER

The most frequent pathway for the formation of thymine pyrimidine dimers is direct
dimerization after direct UV excitation. This process has been shown to be ultrafast,
with the dimer being formed in less than 1 ps after excitation'’. Based on the fast
nature of the reaction, it was suggested that it occurs in the singlet manifold %3
The second process under consideration in this thesis is slower, occurring on a
ns timescale. It involves population transfer to the triplet manifold enhanced by
triplet-triplet energy transfer (TTET) from a photosensitizer, followed by dimeriza-
tion 1646749 Although triplet-mediated T<>T formation without the presence of a
photosensitizer has also been observed experimentally!!, it has been shown that the
presence of photosensitizers increases the dimerization yield*®. The results for these
two processes investigated in this thesis will be discussed here in detail:

4.1 DIRECT DIMERIZATION

As a [2+2] cycloreaction, T<>T formation follows the Woodward-Hoffmann rules,
which state that the reaction is ground state forbidden®’. In the excited state manifold,
however, two different states can lead to dimerization; either a singly excited (SE) or
a doubly excited (DE) state. Experimentally, it has been shown that the formation
of T<>T in DNA happens on a timescale of under 1ps'®. Based on the ultrafast
nature of the reaction, it was assumed that it occurs in the singlet state manifold.
However, in 2008 Kwok et al. experimentally discovered a possible doorway state
from a which both a singlet and a triplet pathway lead to dimerization!!. The triplet
pathway found, although happening on a ns timescale, shows ISC in under 1 ps. This
triplet pathway has been ruled out as a major contributor to T<>T formation in a
joint experimental/theoretical study by Banyasz et al. who claim that its contribution
is less than 10%'2. Two theoretical studies investigated the triplet mechanism of
T<>T formation following ISC after direct excitation. While Zhang and Eriksson>!
used DFT to find a barrier of 2.5 €V in the T; state to overcome, Wang and Chen?®,
using CASPT?2, observed a barrier of only 0.3 eV, thereby showing a valid triplet
dimerization pathway.

In this chapter, the results on the formation of T<>T in the singlet manifold after
direct excitation will be presented. First, static calculations will compare different
accessible direct excitation pathways. Then, AIMD simulations using SHARC 718
were run in order to simulate the dimerization mechanism and get more insight into
the conformational control of the reaction. While the static results are yet unpub-
lished, the AIMD results were published in the Journal of the American Chemical
Society>? which is reprinted in Appendix 2.

4.1.1 Static calculations

Several theoretical studies showed that the reactive state for dimerization is the
lowest 7" state, on which a barrierless dimerization pathway exists 21553761 In
2007, however, Blancafort and Migani stated that a higher lying DE state is the
precursor for dimerization®?. According to their calculations, this precursor state is
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THYMINE PYRIMIDINE DIMER

the Sq state at CASPT?2 level of theory, but the S; state when using CASSCF. In the
same year, Boggio-Pasqua et al. presented a dimerization pathway on the S; surface
using CASSCF, with the initially excited state as the DE state®?. No other CASPT2
study has investigated the importance of this higher lying precursor state in the
reaction. For this DE precursor state to play a role in the dimerization mechanism
there are two possibilities. Either, for certain geometries, the DE state can go down in
energy to a region where it can get excited to after UV radiation, or after excitation
to an SE state the population gets transferred to the DE state which then forms the
dimer. In order to investigate whether direct excitation to this DE state is possible,
we ran a quantum mechanics/molecular mechanics (QM/MM) dynamics simulation
on a DNA single-strand and took 250 snapshots from it*. For these snapshots we
ran single point QM/MM calculations using CASPT2 and, using the wavefunction
analysis program TheoDORE, grouped all excited states into either an SE or a DE
band. The results can be seen in Figure 6a. For no geometry in our set the energy of
the DE band is below 5.5eV. As the experimental excitation energy is at 4.7 eV'1?,
direct excitation to a DE state is therefore highly unlikely.
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Figure 6: (a) Absorption spectrum of the SE and DE states of two thymine molecules
embedded in a (dT); single strand calculated at CASPT2/Amber level of theory. (b) DE-SE
energy difference for the points of the spectrum for which the energy of the SE state lies
beneath 5 eV. The circle indicates the point of the smallest DE-SE energy difference.

The second possibility to investigate whether DE states are involved in the reaction
is to evaluate whether, after direct excitation to an SE state, the system can, through
a DE/SE conical intersection, move to the DE state and then dimerize. In order for
this path to happen, a DE/SE crossing point needs to be accessible by the system
after excitation. We therefore investigated the 250 QM/MM snapshots and measured
the DE-SE energy difference for all geometries where the SE state lies in an excitable
energy range of under 5 eV. The results of this analysis can be seen in Figure 6b. The
smallest DE-SE gap we can find in our ensemble is 1.8 eV (see the circle in Figure
6b). This geometry was taken as an initial conformation at the Franck-Condon (FC)
geometry from which two different dimerization pathways were investigated. While
pathway 1 does not include the higher lying DE state, it is included in the process
described in pathway 2.

For computational details, see SI of Rauer et. al J. Am. Chem. Soc. 138, 15911-15916 (2016)
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4.1 DIRECT DIMERIZATION

PATHWAY 1 For pathway 1 we optimized the (S1/Sy) crossing from the FC point,
using MS-CASPT2(4,4)/cc-pVDZ®* with an active space of 4 electrons in 4 orbitals.
The optimized geometry can be seen in Table 1. This geometry is identical to the
one published by Boggio-Pasqua et al®®, and the one we found in our dynamics
simulations (see chapter 4.1.2). Figures 7a and 7b show a linear interpolation scan
between our FC point and this (S1/Sp) conical intersection, and from the conical
intersection to the dimer, using MS-CASPT2 and SA-CASSCEF, respectively. Both
methods predict a barrierless pathway on the S; surface leading to dimerization. The
character of the S; state, however, is different between the methods, which can be
visualized using the Q value, as obtained by the program TheoDORE. The parameter
Q states the amount of single excitation character in an electronic state. Thus, we
can measure whether the reactive S; state is mainly of SE or of DE character. A value
of Q = 1 means a pure SE state, while Q = 0 indicates a state with no SE character,
but that it is instead comprised of double or higher excitations. Looking at the Q
value for the CASPT2 scan (Figure 7c), we see that it does not get lower than 0.8
throughout the whole scan. The S; state is therefore mainly SE. However, as the
scan approaches the (S;/Sy) crossing, the DE contribution of S; grows. Although
the DE character of S; never exceeds 20% we see that for a proper description of
the state we need to account for higher excitations than just SE. The S, state, which
has strong multiple excitation character is 2 eV above the S; state throughout the
reaction and does not play any role in this dimerization pathway.
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Figure 7: Potential energy scan for the three lowest singlet states for the reaction from the
initial FC point to the optimized (S,/S;) conical intersection, and from (S;/S;) to the dimer
using MS-CASPT2 (a) and SA-CASSCF (b). Figures c) and d) show the amount of single
excitation character for each excited states for the MS-CASPT2 and SA-CASSCEF results,
respectively.

The character of the reactive state during dimerization changes when using
CASSCF. Without dynamic correlation the SE state gets destabilized, and as a result
it crosses the DE state close to the FC point. As in the CASPT2 scan, the CASSCF one
shows a barrierless pathway going to the (S1/Sy) crossing (see Figure 7b). However,
the Q value of the reactive S; state, shown in Figure 7d, is different than in CASPT?2.
As the FC point lies close to the (S;/S;) crossing at CASSCF level of theory, after the
first step in the scan the two excited states change character and the S; state is of
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mainly DE character. As we approach the (S;/Sp) crossing, the S; state is a mixture of
SE and DE with an Q value of approximately 0.5. During the scan, the S, state stays
in the energy range of above 7 eV. However, it also shows a mixed SE/DE character
close to the conical intersection, indicating a mixing of the S; with higher lying
excited states.

Comparing the two scans in Figure 7 we can see that both CASSCF and CASPT2
predict a barrierless reaction pathway. However, CASSCF seems to overestimate the
amount of DE character in the reactive S; state.

PATHWAY 2 In order to investigate the possible role of the DE state in T<>T
formation using CASPT2, we optimized, from our Frank-Condon geometry, the
(S2/S1) crossing point, again using CASPT2(4,4)/cc-pvdz. This conical intersection
indicates a possibility for the DE state to get populated, as it is a crossing point
between a DE state (S,) and an SE state (S;). The optimized geometry can be seen in
Table 1, with the C5-C; and the C¢-C; bonds at 3.72 and 3.77 , respectively. According
to classical dynamics simulations, this geometry lies in a dynamically accessible
region of nucelobases embedded in B-DNA®*. Additionally, linear interpolation
between the FC point and this (S;/S;) crossing, using MS-CASPT2, shows a flat
potential energy profile along the initially populated S; state, see Figure 8a, therefore
also allowing for the possibility to cross to the DE state after excitation to the FC
point. Figure 8a also shows the scan from the new (S;/S;) crossing point to our
previously optimized (S;/Sy) conical intersection, and further to the formed dimer.
Figure 8b shows the Q value along the scan. As expected, the S; state is still mainly
SE, however, the SE contribution after the (S;/Sy) crossing is only 70%. Therefore,
as in the MS-CASPT2 scan of pathway 1 (see Figure 7a,c) we cannot neglect the
contribution of higher excitations to the active state in order to properly describe it.
Although possible, this pathway is less likely to occur than pathway 1 because the
potential of the active S; state is flat in the first part, compared to the gradient in
pathway 1, which is promoting dimerization.
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Figure 8: a) Excited state energies for the scan from the FC point to the (S,/S;) conical
intersection and further to the (S;/Sy) crossing using MS-CASPT2. b) Amount of single
excitation character for each excited states shown in a). c) Energies for the scan from the
FC point to the (S;/S;) crossing and then to the optimized (S;/Sy)’ conical intersection with
a mainly DE S; state using MS-CASPT2. d) amount of single excitation character for each
excited states for the scan shown in c).
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4.1 DIRECT DIMERIZATION

The scan shown in Figure 8a discussed above follows the primarily SE state after
passing the (S2/S;) crossing point. In order to find a possible MS-CASPT2 dimerization
pathway along the DE state, we optimized a crossing point between the ground state
and the DE state, which we call (S1/Sy)’. The resulting geometry is shown in Table 1.
As can be seen, the geometry is distorted compared to the (S;/S1) crossing, with the
Cs-C{ bond elongated to 4.5, while the C¢-C; bond retracts slightly to 3.5. Moreover,
two additional geometric parameters are worth mentioning. First, the C4 atom of
one of the monomers moves toward the other monomer, thereby distorting the ring
structure. Second, the C5-Cs and C;-C{ bonds elongate to 1.7 and 1.81, respectively,
from 1.5 at the (S,/S;) crossing. Figure 8c shows the energies of the first three excited
singlet states for the dimerization path along this newly optimized (S1/Sp)’ crossing
point. The energies of the first part, up to the (S2/S;) crossing, are the same as in
Figure 8a. However, upon leaving the (S;/S;) crossing the active S; state is of mainly
DE character (see Figure 8d). In order for the system to reach the (S1/Sy)’ point,
however, it needs to overcome an energetic barrier of 4.1 eV. The magnitude of this
barrier is expected, considering the geometric distortions at the (S1/Sp)’ crossing
point, as discussed above. After reaching the (S1/Sy)’ point, dimerization is possible
on the Sy state, after overcoming a second barrier of 0.6 eV. However, the size of the
first barrier already rules out this pathway for a possible dimerization mechanism in
DNA.

Cs-C; 2.27 3.72 4.50
Ce-Cy 2.17 3.77 3.50

Table 1: Conical intersection geometries optimized using CASPT2, as well as their Cs-C;
and C¢-C; bond distances in A(see Figure 1).

4.1.2 Dynamics calculations

In section 4.1.1 we presented stationary calculations of the investigation of the
mechanism of T<>T formation and the character of the reactive '77* state. In order
to gain more insight into the dimerization mechanism and to measure the importance
of triplet states, we also ran AIMD simulations, using the program SHARC 713, For
a system of this size, running on-the-fly dynamics using MS-CASPT?2 is not feasible.
Therefore, we employed SA-CASSCF for all electronic structure calculations. As
shown above, SA-CASSCF overestimates the amount of DE character in the reactive
state. However, we can still gain insights about the conformational control and the
role of triplet states in the reaction.

The starting geometries for the dynamics simulations were taken from a Wigner
distribution, centered on a geometry from the static scan done by Boggio-Pasqua
et al®3, which shows a closer thymine-thymine distance compared to natural DNA.
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From this geometry we sampled 10 initial conditions and started the dynamics from
the lowest 77" state (DE). For completeness, we also started 5 trajectories from the
second zt* (SE), and the S; state which is of nz* character. However, none of the
trajectories starting in the SE or the nz™ states showed dimerization. From the 10
trajectories started in the DE state, 5 underwent dimerization. One example for a
dimerizing trajectory is shown in Figure 9a-c. In Figure 9a, the evolution of the
energies of the 5 electronic singlet states included in the dynamics simulation are
shown. The color labels used in the figure are based on the amount of SE and DE
contributions for the respective states. All states are either labeled closed shell (CS),
SE or DE, regardless of them being of 7" or of nz* character. The active state of
the trajectory starts out as Ss, becomes S; after 10 fs and then, after 100 fs relaxes
to the ground state and forms the dimer. Similar as in section 4.1.1, the active state
is a mixture of SE and DE and CS contributions, making it difficult to determine
the diabatic character of the state. Figure 9b shows the time-evolution of the two
distances which later form the dimer, Cs5-C{ and C4-C;. The distances both start out
at 3A and slowly decrease during the dynamics. After relaxation to the ground state,
the Cs-C{ bond gets formed first and, 30 fs later, the C4-C; bond gets formed. As a
second conformational parameter, Figure 9c shows the dihedral angle Cs-Cg-C¢-C
(v) during the reaction. Initially, v decreases concomitantly with the Cs-C{ and C¢-Cy
distances. Around the S;/S, conical intersection, the dihedral angle starts increasing
to avoid steric clashes. After the cyclobutane ring is fully formed, v starts decreasing
again and at the end of the trajectory it reaches 0°.
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Figure 9: Time-evolution of the excited state energies for an exemplary reactive trajectory
(a). The states are colored as closed shell (CS), singly excited (SE) and doubly excited (DE),
based on their electronic wavefunction. (b) evolution of the two distances Cs-C; and C¢-Cy.
(c) dihedral angle Cs5-C¢-C¢-C during the reaction. (d) time evolution of the excited state
energies for an exemplary unreactive trajectory starting in the DE state, as well as the C5-Cz

and Cs-Cy (b), and the dihedral angle Cs-Cy-C¢-Cq, (c).

In the nonreactive trajectories which start from the DE state, the system relaxes
initially to the lowest nz* state and stays in it throughout the simulation time. One
example trajectory is shown in Figure 9d-f. In Figure 9d the states are labeled based
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4.2 PHOTOSENSITIZED DIMERIZATION

on their electronic character, as their assignment is easier than for the reactive
trajectories due to the larger distance between the two thymine monomers. Looking
at the two distances relevant for dimerization, C5—C; and C6—Cg, we can see that
they increase during the simulation, indicating that the monomers move apart. The
dihedral angle v, similar as in the reactive trajectory, decreases during the simulation.
However, this behavior does not lead to dimerization as the populated state is of nz*
character.

A key question regarding the formation of T<>T is the involvement of triplet
states. For our simulations, none of the trajectories, irrespective of the excited state
they started from, underwent intersystem crossing to the triplet manifold. Even
when the populated singlet and a triplet state are lying close in energy for a longer
period of time (see inset of Figure 9a), no ISC occurs. While the two states are
0.0032eV (258 cm™!) separated, the SOC between them is only 0.03cm™!. From
this we conclude that for the process studied, triplet states are not involved in the
reaction, which is in agreement with experimental studies!’. However, Wang and
Chen recently published a possible triplet state dimerization pathway including
ISC from an 'nz* state’>. Although they do not state any time constants for the
reaction, it is assumed to occur on a ns timescale, far outside of our simulation
times. Therefore, we cannot exclude a possible dimerization pathway for our inactive
trajectories populating an 'nz* state.

4.2 PHOTOSENSITIZED DIMERIZATION

The second pathway investigated in this thesis is the photosensitized thymine dimer-
ization process . In this pathway, a photosensitizer, after excitation, undergoes ISC
and then transfers its electronic energy to a close-by thymine molecule, thereby
promoting it to its lowest triplet state. This process could be observed experimen-
tally, with a dimerization yield of 4%*°, which is 20 times more than the previously
observed yield for the triplet state pathway, showing that the presence of a photo-
sensitizer drastically increases the dimerization yield %!, Two experimental time
constants were detected for the process. The first one of 22.5ns*® was assigned
to a local triplet state (*L, Figure 10a,c), which gets populated by TTET from the
photosensitizer. The second time constant of 62 ns*® was assigned to a biradical
triplet state (°BR, Figure 10b,d,e), which gets populated from the 3L state. For the >BR
state, the C4-C¢ bond is already preformed and electronic density is distributed over
both thymine monomers, while in the ®L state, the charge is localized on only one of
the thymine units and no bonds are preformed. This >BR state discussed above can
correspond to two different electronic states, namely a Frenkel exciton (Figure 10d),
with two coupled local excitations, or a charge-resonance state (Figure 10e), which
includes two charge transfer excitations between the two monomers®. It is worth
mentioning here that, compared to the direct dimerization path, the Woodward-
Hoffmann rules are not applicable to triplet mediated reactions. Therefore, they are
not applicable to this pathway.
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Figure 10: Schematic pictures of the local triplet state *L (a) and of the biradical triplet state
BR (b). Electron configuration of a local state (c), a Frenkel exciton state (d) and a charge
resonance state (e). The two rectangles represent the two thymine monomers, and the black
arrows indicate an excitation from an electron (red circles) to a hole (blue circles). For a-c,
both delocalization length (DL) and charge transfer (CT) character are shown (recall Section
2.2).

Here, we use static and dynamics calculations to investigate the photosensitized
dimerization mechanism, and assign the two experimental time constants. We study
the formation of the *BR intermediate and identify whether it is a Frenkel exciton
or a charge-resonance state. The results shown here were published in Chemical
Monthly®®.

Experiments suggest that the state populated by TTET is of L character. This
behavior is expected, as the geometry at the *BR state already has the C¢-C/, bond
preformed. To find out whether any 3BR states could be populated in DNA, we took
the 250 QM/MM snapshots from chapter 4.1.1 and investigated the character of the
T; state for them. The results showed that the T; band of the spectrum is comprised
of 3L excitations, with only a negligible *BR contribution. Therefore, we assume that

the TTET occurs to a °L band, in agreement with experimental suggestions“¢.
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Figure 11: MS-CASPT? linear interpolation scan of the Sy, T; and T, energies for the triplet
state formation of T<>T (a), as well as (b) the evolution of the charge transfer (CT) and the
delocalization length (DL) (c). (d) SA-CASSCF linear interpolation scan and the CT (e) and
DL (f) analyses of it.

After population of the 3L state, the next step in the reaction is the formation of
the >BR state. In order to simulate this process, a linear interpolation scan has been
performed between the 3L point in the FC region to *BR, and from 3BR to the finished
dimer. The scan shown in Figure 11a has been performed at the MS-CASPT2(4,4)/cc-
pVDZ level of theory. After the T; state gets populated, the system relaxes to the T;
minimum marked 3L. From this minimum, a barrier of 0.3 eV exists which connects
the *L minimum to the *BR minimum. The height of this barrier is in agreement
with previous calculations!®> and with the experimental time constant of 22.5 ns*®
for this step of the reaction. After overcoming the barrier the system relaxes to the
second T; minimum marked >BR. Figures 11b and ¢ show the CT and DL character
of the T, state along the pathway, respectively. The DL character shows that the T,
state starts out as 3L, located on only one monomer, but after overcoming the barrier
it is >BR with a DL value of 2. Looking at the CT character of the state during the
reaction we can see that it is below 0.2 during the whole process, indicating that the
state is mainly not CT. Therefore, we can assume that the 3BR state involved in the
reaction is a Frenkel exciton, and not a charge-delocalised state.

After reaching the *BR state, the system is trapped in the T; minimum labeled *BR.
As this minimum coincides with a T;/S, crossing point, dimerization can occur after
ISC from T;. However, as the experimental time constant for this process is 40 ns“,
the process is expected to be very slow. After population transfer to the ground state
the system can either form T<>T, or return to the FC region. As the experimental
yield of dimerization is only 4%, we sampled the *BR minimum using the AIMD
program SHARC'"18, in order to investigate which factors determine the low yield.
As running AIMD using CASPT?2 for this system is not computationally possible,
we used the SA-CASSCF method. Figures 11d-f show that CASSCF successfully
reproduces the results obtained by CASPT2 (Figures 11a-c), both in the energies and
the character of the T; state.
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All trajectories were started in the Ty state for at least 100 fs. During this time, none
of them showed ISC to the ground state, which can be explained with the low SOC
between T; and Sy, which is on average only 1 cm™. This behavior is in agreement
with the long experimental time constant of 40 ns, and with predictions made by
previous theoretical calculations'*!. In order to simulate the ground state relaxation
process, we randomly sampled 38 initial conditions from the trajectories running
in the *BR minimum, manually placed them in the ground state and continued the
dynamics for at least 50 fs. Of these 38 trajectories, only 5 showed dimerization. In
order to rationalize the low dimerization yield, we analyzed the phase space of the
SBR/S transition geometries taken as the initial geometries for the trajectories.

Figures 12a-b show the C5-C{ and C4-C{ distances, as well as the angles (05 + 05)/2
and (0; + 6;)/2, where 05 is the angle between the velocity of the Cs atom with the
Cs-C{ vector and 0 is the angle between the velocity of the Cs atom with the C4-Cy
vector. The five trajectories that dimerized are shown as green pentagrams. Figure
12 shows that, in order for the conformation to show dimerization, the C5-C; and
Cs-C; distances need to be lower than 3 and 2.1, respectively. Additionally, the
velocities of the two monomers need to point towards each other, with the (05 + 65)/2
and (07 + 6¢)/2 angles above 90 and below 80 degrees, respectively. We can therefore
see that, although a large conformational space exists for the system, only a few
degrees of freedom induce dimerization.
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Figure 12: Analysis of the 38 initial conditions which were propagated on the ground state.
(a) Cs-C; and C¢-Cy distances, (b) linear combination of the angles formed between the
distances Cs5-C; and Cs-C; and the velocities at the atoms Cs and Cs. (c) definitions of the
distances and angles employed in the analysis. The lines between panels a and b indicate
that only the subset in the smaller rectangle is used in the subsequent analysis.
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CONCLUSION & OUTLOOK

The main goal of this thesis was the investigation of the formation of pyrimidine
thymine dimers using both static calculations and ab-initio molecular dynamics
simulations. Thymine dimers are formed after UV irradiation of DNA and can lead
to severe health risks leading up to cancer!. The correct understanding of the dimer-
ization mechanism is important for determining which factors enable dimerization.
The two main dimerization mechanisms, direct singlet and photosensitized triplet
dimerization, as sketched in Figure 13, were investigated.
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Figure 13: Schematic representation of the two dimerization pathways investigated in this
thesis. Black solid arrow stands for vertical excitation after UV irradiation. Dashed arrow
indicates population of the lowest triplet state either by intersystem crossing from a singlet
state or by triplet-triplet energy transfer from a photosensitizer.

For the direct dimerization pathway, static calculations showed a barrierless reac-
tion pathway on the lowest 7™ singlet state, in agreement with both experiments
and previous calculations %7, When comparing the different pathways obtained by
CASSCF and CASPT2, both show a barrierless reaction profile. However, the elec-
tronic character of the reactive state is different between the methods. When using
CASPT2, the S; state is of mainly SE character with only up to 20% contributions
from higher excitations. At the CASSCF level of theory, however, the assignment
of the active state is more complex. At the beginning of the linear interpolated
scan the state is mainly DE. Then, as the system reaches the S;/S, crossing the SE
character of the state increases to up to 50%. This shows that although CASSCF is
capable of describing a barrierless pathway for direct dimerization, the contribution
of doubly and higher excitations in the electronic wavefunction of the active state are
overestimated, compared to CASPT2. Using the AIMD method SHARC 718, we were
able to investigate the role of triplet states during the dimerization process. Due to
the very low spin-orbit coupling we did not observe any intersystem crossing events
during the simulation time. We could therefore show that the direct dimerization
process, which is ultrafast, occurs solely on the singlet state manifold.

For the photosensitized dimerization pathway, we employed static CASPT2 and
CASSCEF calculations. Initially, the T; state gets populated as a state locally excited
(*L) on one of the monomers. From this *L state, a barrier of 0.3 eV leads to a biradical
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3BR state minimum. The height of this barrier agrees with the experimental time
constant of 22.6 ns. The >BR minimum coincides with a T;/S, crossing allowing for
dimerization to happen in the ground state. In this T; minimum we ran SHARC
trajectories in order to investigate the dimer formation mechanism. Due to the large
experimental time constant of 40 ns we randomly relaxed 38 geometries in the T1/Sy
degeneracy region, of which 5 dimerized while the rest relaxed back to the FC region.
Conformational analysis of the 38 geometries show that not only the Cs-C; and
Cs-Cy, distances need to be low for dimerization to happen, but that also the velocities
of the four carbon atoms need to point towards each other.

Both singlet and triplet pathways show that gas phase simulations are capable
of qualitatively modeling the thymine dimerization mechanism. However, for a
better understanding of the underlying processes, a proper treatment of the DNA
environment and the surrounding solvent are needed. Using a QM/MM scheme,
both the static as well as the dynamics simulations presented in this thesis can be
improved. By comparing the results obtained using QM/MM to the gas phase ones,
the effect of the solvent and the DNA backbone on the dimerization mechanism
can be properly evaluated. Recently it has been shown that electronic excitations in
DNA are not located only on one nucleobase, but that at least the two neighboring
bases are involved in the excitation as well®’. Therefore, a better treatment of the
backbone would also help in the correct treatment of the initially electronic excited
state. Moreover, for the direct singlet pathway, it would be beneficial to run the
dynamics using MS-CASPT?2, as we could show that SA-CASSCF cannot correctly
assign the character of the reactive state.

The work in this thesis also contained the development of the generalized ab initio
multiple spawning (GAIMS) method. GAIMS is an extension to the standard multiple
spawning framework, which allows for the treatment of intersystem crossing events
during the dynamics. The new code was first tested on a one-dimensional model
system and compared to both exact and surface hopping results. After this test system
showed that the implementation works we simulated the excited state dynamics of
H,CS. The dynamics of this small organic molecule showed that the GAIMS code is
capable of simulating ISC events in molecular systems. In order to further test the
capabilities of the method, it is planned to combine it with GPU-accelerated electronic
structure codes®®7!, and to compare the results from multi-dimensional molecular
systems to other nonadiabatic molecular dynamics methods such as surface hopping
or MCTDH”2,
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The reprints of the different publications forming the basis of this thesis can be
found in the following appendix. Appendix A.1 contains the paper discussing the
details on the GAIMS implementation and presenting the dynamics for both the
one-dimensional test system and the H,CS molecule, as discussed in chapter 3. Ap-
pendix A.2 covers the dynamics simulations for the direct T<>T formation pathway,
as discussed in chapter 4.1.2, Both the static and dynamic results obtained for the
photosensitized dimerization pathway (chapter 4.2) are presented in appendix A.3.
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BasiLe F.E. CurcHOD, CLEMENS RAUER, PHILIPP MARQUETAND, LETICIA GONZALEZ
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Full multiple spawning is a formally exact method to describe the excited-state dynamics of molecular
systems beyond the Born-Oppenheimer approximation. However, it has been limited until now to
the description of radiationless transitions taking place between electronic states with the same
spin multiplicity. This Communication presents a generalization of the full and ab initio multiple
spawning methods to both internal conversion (mediated by nonadiabatic coupling terms) and inter-
system crossing events (triggered by spin-orbit coupling matrix elements) based on a spin-diabatic
representation. The results of two numerical applications, a model system and the deactivation of
thioformaldehyde, validate the presented formalism and its implementation. © 2016 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4943571]

I. INTRODUCTION

Nonadiabatic molecular dynamics—coupled electron-
nuclear dynamics beyond the Born-Oppenheimer approxima-
tion—is a key technique for investigating photochemical and
photophysical processes of molecules. However, most of the
nonadiabatic methods commonly employed focus only on
internal conversion (IC), i.e., electronic state transitions that
conserve spin multiplicity. They often neglect intersystem
crossing (ISC) events which couple electronic states with
differing spin multiplicity due to relativistic spin-orbit
coupling (SOC)." Far from being a curiosity, ISC plays
an important role in the deactivation process of organic
molecules>™ and metal complexes’ that are used in energy-
related devices.®’

Apart from grid-based exact quantum dynamics for low
dimensional problems,? few nonadiabatic dynamics methods
have been extended to include SOC effects and, therefore,
to describe ISC.° As one example, the Multiconfiguration
Time-Dependent Hartree (MCTDH) technique has been used
to understand the role of intersystem crossing in benzene
photophysics.!® Trajectory surface hopping (TSH), which
approximates the dynamics of a nuclear wavepacket by a
swarm of independent classical trajectories, has also been
modified to incorporate SOC effects.!'~!> Freedom in the
choice of different spin representations''~'*1% or hopping
schemes!” has resulted in a plethora of TSH algorithms,
which are, however, prone to shortcomings of the independent
trajectory approximation.'®!® In particular, the spin-diabatic
representation for including SOC in TSH has been questioned
due to a lack of rotational invariance for electronic population
dynamics.'? It can further lead to problematic results whenever
sublevels are grouped in single multiplet states.'3

DE-mail: toddjmartinez@gmail.com

0021-9606/2016/144(10)/101102/6/$30.00

144, 101102-1

An ideal method for describing both IC and ISC processes
would be (i) derivable from first principles, (ii) able to treat
medium to large molecular systems, (iii) compatible with on-
the-fly calculations of electronic quantities, and (iv) able to
adequately describe coherence and decoherence effects during
nonadiabatic events. Full Multiple Spawning (FMS),?*2! or
its ab initio version AIMS,?>? fulfills all of the previously
listed requirements, combing the computational efficiency of
trajectory-based methods with quantum dynamics that is in
principle exact (in the limit of a large enough basis set).

In short, FMS represents a nuclear wavefunction by
a swarm of coupled frozen Gaussian functions following
classical trajectories.”>>* The number of trajectory basis
functions used to describe the nuclear wavepacket is adapted
during the dynamics—through so-called “spawning” events—
to accurately describe wavepacket bifurcation in nonadiabatic
regions. In the limit of a complete basis set and exact
evaluation of all the requisite matrix elements, FMS constitutes
a formally exact solution of the time-dependent Schrodinger
equation (TDSE). In the following, we show how FMS
and AIMS can be extended to the description of both IC
and ISC processes and present the resulting Generalized
FMS and AIMS (GFMS and GAIMS) methods and their
implementation.

Il. THEORY

The original derivation of the FMS method begins with
the standard molecular Hamiltonian,?2 defined as the sum
of the nuclear kinetic energy operator and the electronic
Hamiltonian,

I:Imol(ra R) = 7AﬂN + I:Iel(ra R)
= 7AWN + 7Awe + Vee(r) + VeN(rvR) + VNN(R)y (1)

©2016 AIP Publishing LLC
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where T, is the electronic kinetic energy operator and V,(r),
VL,N(r, R), and VNN(R) are the electron-electron, electron-
nucleus, and nucleus-nucleus potential energy operators,
respectively. The collective variables for electronic and
nuclear positions are denoted by r and R, respectively.
The Hamiltonian in Eq. (1) is non-relativistic and therefore
neglects all terms related to both nuclear and electronic spin.
Including SOC effects in the framework of the time-
dependent Schrodinger equation necessitates the derivation
and approximation of new extended electronic Hamiltonians
from the Dirac-Coulomb-Breit equation.”> The Breit-Pauli
Hamiltonian is commonly employed and its most important
parts®® comprise the non-relativistic Hamiltonian of Eq. (1),
a scalar relativistic part containing the mass-velocity and
Darwin terms, and a spin-orbit coupling Hamiltonian.>>”
We note that scalar relativistic effects, when important, are
often accounted for in quantum chemistry by using effective
core potentials.”® Incorporating the SOC Hamiltonian in
the electronic Hamiltonian,2”23! we obtain a molecular
Hamiltonian accounting for the electronic spin s,

H(x,R) = Ty + H,/(r,R) + Hsoc(x,R) ()

with x = (r,s). Inserting Eq. (2) into the time-dependent
Schrodinger equation leads to the starting equation for our
extension of FMS including SOC,

OY(x,R,1)

' ot
The following derivation will use electronic states obtained
from a spin-free electronic Hamiltonian as a basis, i.e., each
electronic state is an eigenstate of both the total spin operator
82 and the spin projection operator S..'* The time-dependent
molecular wavefunction is represented by a Born-Huang
expansion’? in the aforementioned spin-diabatic electronic
basis,

= A(x,R)¥(x,R,?). 3)

Sy
YERO=D> Y QY RNO, VxR @)

J MSJ:_SJ

where C[)ysj x;R) = |J, Mg J> is the electronic wavefunction
for the Jth state with spin multiplicity (2S; + 1) and spin-
projection eigenvalue My ,. While the formalism is completely
general, we focus our attention on singlet (S = 0) and triplet
|

a J,.M .M
TN'Xk/ SJ>R51]5MSIMSJ+<Xk o

3N
I,MSI
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The first two terms, as well as the electronic diagonal
contributions from the fourth term, couple TBFs evolving
on the same electronic state with the same sublevel (Fig. 1(a),
dotted arrows). E;l is the electronic energy for state I, and
m,, is the mass corresponding to nuclear degree of freedom p.
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(S = 1) electronic states, the latter having Mg values of —1,
0, or +1. The FMS ansatz?’?! for the nuclear wavefunction
becomes

Nymg (1)

M Y] LM —IM

O ®n= Y Mo (R;Rk, SI(1),
k'=1
—J,M J,.M J.M
P 0,70 0,00, 5)

which expresses the nuclear wavefunction for the electronic
state |J,Ms,) as a linear combination of multidimensional

S

. J, .
frozen Gaussians ., and corresponding complex

coeflicients CZ; Ms, (). Each term of the linear combination
is called a trajector_yJ l;lasis function (TBF). TE? Mtime—
dependent position R, 5J(t) and momentum P 51(1)
centers for each frozen Gaussian are propagated using
cljaiiical Hamilton’s equations, while the nuclear phase
7., >Y(1) is time-evolved semiclassically.> We note here
that the time-dependent parameters in the Gaussian functions
could be time-evolved in different ways, leading to
techniques for nonadiabatic dynamics like the direct dynamics
variational multi-configurational Gaussian®* (DD-vMCG)
or the multiconfiguration-Ehrenfest (MCE) approach,** for
example.

Inserting Egs. (5) and (4) in Eq. (3) leads to a set of
equations of motion for the complex amplitudes in Eq. (5).

After left-projection by < X,Ic’ Msi (I)?/IS’ |, we obtain
LM
dC dtSI(t) _ _i(s—l)II’MSIMSI [HII’MSIMSI

_ iSll’MSIMSI] CI,MSI(t)

Sy
+Z Z HIMsMs, 0l Ms;n L (6

J MS’:*SJ

where bold symbols indicate vectors or matrices in the
basis of Gaussian functions. The overlap matrices are

1J, Mg ,Mg I.Mg J,Mg
defined by S, "/, ™ J=<)(k ",\/k/ J>R5115MS,MSJand

1T, Ms Mg ILMg
1 J 1
Sex = <Xk

J.Mg

i) Xy J>R6,J6MSIMSJ. A general

at

Hamiltonian matrix element in Eq. (6) has the form

J.M

Sy
o >R61]6MSIMS]

Mg Mg I.Mg

1 J J

(Du ) ‘Xk’ R‘SMs,Ms_,
p=1

)

[

The third and fourth terms in Eq. (7) couple TBFs evolving on
different electronic states but having the same S and Mg values
(Fig. 1(a), dashed arrows). These terms depend on the first-

MSIMSJ

17 and second-

order nonadiabatic coupling vectors d
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FIG. 1. (a) General representation of the coupling pattern between TBFs in GFMS for a case with two singlet and two triplet states. The Gaussian shape
symbolizes the different TBFs (black = singlet, blue = triplet), where a continuous line is used for Mg =0 states, while dashed and dotted lines represent
M s =-1and Ms =1 for triplet states. These TBFs evolve along a classical trajectory represented by the filled circle. Intrastate (dotted arrow) and nonadiabatic
(dashed arrows) couplings are present between TBFs evolving in electronic states with the same spin multiplicity (as in the standard FMS method), while GFMS
introduces an important number of additional couplings due to SOC (plain arrows). Note that a more detailed representation of the couplings requires the use of
separate arrows for each possible coupling between sublevels (not shown). (b) Schematic representation of the GFMS method. A TBF is initiated in Sy, at time
t =0 (gray) and will at a later time spawn TBFs both in T,, (blue) and in Sy (black).

order nonadiabatic coupling DIA/;S iMs; , where the latter is change in time as a result of spawning events. In short, a TBF
usually neglected in nonadiabatic molecular dynamics.”> The ~ entering a region of strong nonadiabaticity—detected using
novelty of GFMS resides in the last term of Eq. (7) which an effective coupling—can under certain conditions spawn a
allows for amplitude transfer between electronic states with ~ new TBF on the coupled electronic state (Fig. 1(b)). Upon
different spin multiplicity, according to the rules of SOC  spawning, the size of the matrices in Eq. (6) is extended
(Fig. 1(a), continuous arrows), and fully preserves rotational and the resulting coupled propagation of the expanded set of
invariance. In addition, this last term can also couple TBFs ~ TBFs allows for an exchange of nuclear amplitude between
evolving on states that have the same spin multiplicity S,  electronic states. For detailed discussions about the spawning
but only if the conditions S; = S; > 0 and AMg = 0,+1 are algorithm between same-spin states, the reader is referred
fulfilled. It is important to note that any definition' of the  to previous works.”>**35 In GFMS, the spawning algorithm
operator Hgoc can be used in Eq. (7). needs to be extended to allow for spawning between spin-

A key feature of the FMS method is that it uses orbit coupled states. Based on an already proposed effective
an adaptive basis set to ensure an accurate description of  coupling between diabatic states,”” we suggest to measure
nonadiabatic processes. The number of TBFs describing the  the effective SOC strength between state / and state J at the
nuclear wavefunction in state |1, Ms,), Ny, g, (), will indeed position of TBF & as

) 1/2
N Mg
Hsoc|‘1), J(Rk)H
MSI:7SI MSJ:7SJ X

eff _
A (RO = |E<T(Ry) — EST(Ry)| ' ®

( ¥ 3 e

[

This rotationally invariant spawning measure indicates the the saddle-point approximation to the calculation of SOC
overall coupling between the sublevels of state / and those of ~ matrix elements in Eq. (7) is straightforward,
state J. If Ai’; (Ry) is higher than a certain threshold value,

: L . LMs)| [ Ms)| o | Ms,\ | J.Ms,

the spawning mode is triggered and a new TBF will be created < Xk <CD ) Hsoc‘q) 7 > ’ X >
in each sublevel of the electronic state J (see Fig. 1(b)).* M| Ms Ms.| JMs K

Ab initio multiple spawningzz’24 uses FMS nuclear = <X k’ ! Hsoé, I j] X J>R
dynamics combined with ab initio electronic structure calcu- Mg, Mg LMs, | J.Ms
lations, allowing for an on-the-fly solution of the molecular ~ H soé, I JJ (Rﬁfk)/) <X k "X Y J> > €))
time-dependent Schrodinger equation. Two approximations K
simplify the application of FMS to molecules, namely, where Rﬁfk), is the centroid position between TBFs k and

the saddle-point and the independent first generation (IFG) k’. Tt is important to realize that the quality of the saddle-
approximations. The (zeroth-order) saddle-point approxima- point approximation is expected to be especially good for
tion is used to compute the integrals over nuclear degrees of ~ SOC matrix elements, as they are usually slowly varying
freedom that appear in the Hamiltonian matrix.?*> Extending with respect to the nuclear position. The IFG approximation
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proposes that the initial TBFs, whose initial positions and
momenta are usually sampled from a Wigner distribution,
are run independently, i.e., the interactions between initial
TBFs are neglected. Each initial TBF however remains fully
coupled with any child TBFs it will generate in the course
of the nonadiabatic dynamics. For more information on these
approximations, the interested reader is referred to different
reviews on AIMS.>2237:38

To summarize, GFMS is a generalization to the in
principle exact method FMS for the description of both IC and
ISC processes. The GAIMS technique, which is amenable to
molecules, is obtained by applying the IFG and saddle-point
approximations to GFMS.

lll. TEST APPLICATIONS

The proposed AIMS extension to SOC is first tested on a
model system recently proposed by Persico and co-workers. '3
The model comprises a singlet (S;) and a triplet state (T)),
which cross at x = 10 bohrs and both have a dissociative
character (continuous curves in Figs. 2(a)-2(c)). All SOC
matrix elements between the singlet and the triplet sublevels
change sign at a given position, x;, that can therefore be used
as a parameter to tune the strength of intersystem crossing
processes. For example, x; = 10 bohrs leads to weak coupling
between the electronic states, as the SOC is small around
the point of crossing between the singlet and the triplet state
(Fig. 2(a)). In contrast, when the sign change of the SOC
takes place away from the states crossing point, e.g., x; = 8
bohrs, the intersystem crossing is strong as |H§’3c, STy and
‘chl)c,sm‘ = |H25C’SIT1| are equal to 219.5 and 155.2 cm™!,
respectively, at the point of crossing (Fig. 2(c)). Therefore,

J. Chem. Phys. 144, 101102 (2016)

varying x; allows testing GAIMS for different SOC strength
conditions.

The GAIMS dynamics is based on 200 initial conditions,
sampled from the Wigner distribution of the initial Gaussian
wavefunction, as defined in Ref. 13 (its corresponding
probability density is represented in Fig. 2(a)). As mentioned
in Sec. II, GAIMS uses both the IFG and the saddle-point
approximation, meaning that perfect agreement with an exact
solution is not expected. It is however only within these
two approximations that GAIMS can be routinely applied
to molecular systems, and the goal in the following is to
validate the general accuracy of GAIMS with respect to exact
calculations. GAIMS reproduces the exact results, obtained
by solving the TDSE,'? both qualitatively and quantitatively,
within a maximum deviation of 7%, for three different cases of
SOC coupling strength (right panels of Fig. 2). Furthermore,
Fig. 2 shows the results for uncorrected spin-diabatic TSH
dynamics,'? with the three sublevels of the triplet state grouped
into a single TSH amplitude. In this approximated formalism,
TSH does not capture sign changes for the SOC and is
unable to qualitatively describe ISC events, whenever the sign
change occurs as the two states come close in energy. To fix
this problem, a phase factor that forces a sign change in the
effective SOC at the crossing point x can be added, leading to
an excellent agreement with the exact result.!3 However, this
simple fix is limited, since it requires a priori knowledge of
Xs. Moreover, the contracted spin-diabatic approach to TSH
is difficult to generalize for a larger number of electronic
states.’® In contrast, such problems do not exist in the
GAIMS method, and its results for this one-dimensional
system highlight the accuracy of the IFG and the saddle-point
approximations. Importantly, this model system also validates
the naive spawning criterion (Eq. (8)) used to spawn TBFs in
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FIG. 2. GAIMS applied to a one-dimensional model system with one singlet and one triplet state. ((a)-(c)) Description of the model system—potential energy
curves (black and gray lines), SOC matrix elements (dashed lines), for the case (a) x5 = 10 bohrs, (b) x5 =9.5 bohrs, and (c) x5 = 8 bohrs. ((d)-(f)) Population
in the singlet state for the three corresponding x ¢ values. GAIMS (blue) is compared with an exact solution of the time-dependent Schrédinger equation (red)
and TSH in a spin-diabatic representation with no phase factor (gray), taken from Ref. 13.
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a state with different spin multiplicity. All the runs leading
to the results presented in Fig. 2 indeed underwent only
one spawning event. This behavior contrasts with that of the
spin-diabatic TSH dynamics, where a large number of hops
between states are observed.'> As discussed in detail in the
AIMS literature,??>® improving the spawning criterion would
surely result in an even better match with the exact result. We
intend to investigate potential improvements in the spawning
criteria for ISC in future research.

Having shown that GAIMS provides an accurate
description of ISCs for different SOC strengths, we now move
to an example of its real raison d’étre, namely, the study of ISC
processes in molecular systems. We choose for this purpose
the nonadiabatic dynamics of thioformaldehyde, H,CS, in its
first singlet excited state. The first excited electronic state (S)
of H,CS has nnt* character in the Franck-Condon region and
its 0-0 transition energy has been experimentally determined
at 2.033 eV.* Two triplet states lie close to S;: Ti(nm*) and
T,(mwt™). When the excited-state dynamics of H,CS is initiated
in S, we therefore expect to observe a direct application of the
El-Sayed rules**—S;(nn*) should be more strongly coupled
to To(mmt*) via SOC than to Ty(nst*) as a result of the change
in orbital type. We performed GAIMS dynamics considering
the first four electronic states of H,CS (Sp, S;, T, and
T,), using SA(4)-CASSCF(4/3)/6-31G* in Molpro*! for 20
Wigner-sampled initial conditions. This level of theory places
S; at 2.26 eV above the ground state in the Franck-Condon
region. We present here the first 200 fs of dynamics in S
and will mostly comment on the GAIMS algorithm. This
application is intended to provide a molecular test system for
GAIMS dynamics and does not seek to obtain a complete and
quantitatively accurate physical picture of the nonradiative
relaxation of HyCS (which might require larger basis sets and
dynamic electron correlation).

The small yet sizable population of T, shortly after
the beginning of the excited-state dynamics confirms the
El-Sayed rule (Fig. 3), while T, appears to be only weakly
populated in the same time window. This immediate, yet
weak, population of triplet states upon photoexcitation in S;
has also been observed for the parent molecule acetone,*?
although the population transfer is even weaker in this latter
case. The total number of TBFs in the different electronic
states grows quickly during the dynamics (orange line in
Fig. 3), reaching a total value of 326 TBFs, among which
306 evolve in triplet states. From an initial TBF evolving
in S;, GAIMS rapidly starts to spawn TBFs in both T, and
Ty, even though a sizable amount of population is eventually
only transferred to T,. To further analyze the dynamics, we
present in Fig. 3 (upper panel) a depiction of the C=S
bond length and electronic population for each of the TBFs.
This representation highlights the growing number of TBFs
in Ty (red) and T, (blue) over the course of the simulation
and depicts the different dynamics they experience, evolving
in electronic states of differing electronic character. Hence,
the dynamics of TBFs in T; is closer to those in S;—both
exhibiting an nit* character—while the st character of TBFs
evolving in T, is consistent with the longer average C=S bond
length. As noted before, population transfer between singlet
and triplet TBFs due to SOC is limited in the time scale of
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FIG. 3. GAIMS dynamics of thioformaldehyde after photoexcitation to S;.
Upper panel: C=S bond length for all TBFs produced during GAIMS dy-
namics. The width of each line is proportional to the population carried
by the TBF. TBFs are associated with the S; (light gray), T; (red), or T,
(blue) electronic state. Lower panel: population of the two triplet states during
GAIMS dynamics averaged over 20 initial conditions (light area indicates the
standard error). The total number of TBFs is given in orange.

this simulation and the projection is mostly dominated by the
TBFs evolving in S;.

IV. CONCLUSION

In this Communication, we presented a generalization
of the full and ab initio multiple spawning methods to the
description of internal conversion and intersystem crossing
processes, both treated on an equal footing. The derivation
of GFMS and GAIMS uses a spin-diabatic formalism and
the implementation of GAIMS has been validated both
with a model system and with a molecular application, the
nonadiabatic dynamics of thioformaldehyde. This work will
be followed by an extensive study of the interplay between the
TBFs and the development of improved rules for ISC-triggered
spawning that will minimize the number of unpopulated
TBFs on triplet states. GAIMS opens the door for complete
simulation of deactivation pathways in molecules and,
when combined with GPU-accelerated electronic structure
codes, % will be used to study the competition between
internal conversion and intersystem crossing in both organic
molecules and organometallic complexes.
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ABSTRACT: The formation of cyclobutane thymine dimers is one of the most
important DNA carcinogenic photolesions induced by ultraviolet irradiation. The
long debated question whether thymine dimerization after direct light excitation
involves singlet or triplet states is investigated here for the first time using
nonadiabatic molecular dynamics simulations. We find that the precursor of this [2 +
2] cycloaddition reaction is the singlet doubly #°z** excited state, which is
spectroscopically rather dark. Excitation to the bright 'zz* or dark 'nz* excited states
does not lead to thymine dimer formation. In all cases, intersystem crossing to the
triplet states is not observed during the simulated time, indicating that ultrafast
dimerization occurs in the singlet manifold. The dynamics simulations also show that
dimerization takes place only when conformational control happens in the doubly

excited state.

1. INTRODUCTION

Exposure to ultraviolet (UV) radiation can damage DNA." The
deleterious action of UV light originates from the photo-
chemical changes that lead to biological alterations. One
harmful reaction occurring in DNA after light absorption that
eventually causes skin cancer is the formation of intrastrand
cyclobutane thymine dimers.” Although the existence of T <>
T dimers was already reported in the 1960s,>~> the molecular
details of this photoreaction still remain controversial. Durin
the past decade, intensive experimental®™'° and theoretical' ™'
research has debated the involvement of singlet or triplet
electronic excited states in the formation of T <> T dimers.
According to femtosecond (fs) time-resolved infrared experi-
ments on thymine single strands, cyclobutane thymine dimers
are fully formed in less than 1 ps as a result of a barrierless
decay of the electronic singlet 'zz* state.”'® This view has been
challenged by another fs time-resolved experiment,® which
identified a triplet state as a major precursor of cyclobutane
thymine dimer formation. Later time-resolved and steady-state
experiments found the contribution of the *zz* state to be
smaller than 10%,"" in agreement with the identification by
nanosecond (ns) spectroscopy of a long-lived nonreactive
triplet intermediate.

Quantum chemical calculations have also attributed the
ultrafast nature of this reaction to internal conversion from the
lowest singlet 'z7* excited state to the ground state.'>'>'>"”
Interestingly, ref 12 characterizes this state as a doubly excited
state, while others, e.g. refs 15, 17, report the state to be singly
excited. Reaction pathways claiming the participation of the
3ar* state have also been calculated."®"” In addition to direct
excitation, T <> T dimers can also form under triplet
photosensitization. In the latter case, it is well established that
the reaction proceeds via triplet states: After excitation, a
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photosensitizer undergoes intersystem crossing and then
transfers its energy to a thymine molecule, thereby promoting
the latter to its triplet state. This triplet thymine then reacts
with another thymine in the ground state and gives the final
adduct.'*"** Despite the dimer yield being low for both
sensitized and direct UV excitation cases,” the mechanism for
the reaction in the absence or presence of a photosensitizer
might be very different.

In this paper we investigate whether UV exposure triggers T
<> T dimer formation in the singlet or triplet manifold. To this
aim, we report the first ab initio nonadiabatic molecular
dynamics simulations of a stacked thymine dimer including all
relevant singlet and triplet states. The calculations are
performed in gas phase using the surface-hopping including
arbitrary couplings (SHARC) scheme>?** coupled to multi-
configurational state-average complete active space self-
consistent field”® (SA-CASSCF) energies, gradients, and
spin—orbit couplings (see computational details in Section S1
of the Supporting Information (SI)).

2. RESULTS AND DISCUSSION

2.1. Dynamics Simulations. Formally, the formation of T
<> T dimers is a [2 + 2] cycloaddition in which two adjacent
stacked thymines are linked via the C;—Cg4 bonds forming a
cyclobutane ring (see Figure 1). Insight about this and other
concerted pericyclic reactions can be gained by means of the
Woodward—Hoffmann rules.”® These rules forbid a thermal
dimerization in the ground state; however, they do not
prescribe whether photochemical dimerization should proceed
in the singly excited ('SE) or doubly excited ('DE) state. For
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Figure 1. Cyclobutane thymine dimer with labeling of the forming
bonds.

the sake of later discussion of the states involved in the
dimerization of thymine, the orbital and singlet state correlation
diagrams of the [2 + 2] cycloaddition of ethylene are shown in
Figure 2. In agreement to the Woodward—Hoffmann rules,
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Figure 2. Woodward—Hoffmann orbital (a) and state (b) correlation
diagrams for the [2 + 2] cycloaddition of two ethylene molecules on
singlet surfaces. DE (doubly excited), SE (singly excited), and CS
(closed-shell) states are indicated by cyan, blue, and green,
respectively.

CS' (0202050)

ethylene dimerization is thermally forbidden, as the ground
state changes its character from one closed shell (CS)
configuration, with orbital occupation 77,7 to another closed
shell configuration, CS’(6,%6,%). Photochemically, the reaction
is allowed from the 'SE or 'DE state. During the course of the
reaction, the involved states can be classified in two ways: (1)
according to the orbital evolution and (2) according to the
number of excited electrons. Looking at the first criterion, the
'DE state evolves into the CS’ state (dashed curve in Figure 2b,
called diabatic representation in the following). Analogously,
the initial ground state CS evolves into the 'DE’ state and 'SE
into 'SE’. According to the second criterion, the number of
excited electrons, the 'DE corresponds to the 'DE’ (solid
curves in Figure 2b, called adiabatic representation in the
following) and similarly CS to CS’ as well as 'SE to 'SE’.
Dimerization of ethylene occurs from the singlet 'DE state
potential.”” > Interestingly, a direct comparison of the role of
ISE and 'DE states in the cyclobutane thymine dimer formation
is absent in the literature, mostly because the majority of papers
dealing with this reaction employ theoretical methods, such as
density functional theory, unable to describe DE
states.'"'*°°7>* Here, in contrast, we employ multiconfigura-
tional methods which can describe DE states.

To answer the question about the precursor state, trajectories
in full dimensionality were run starting from all eligible states:
the 'DE(zz*), 'SE(nn*), and 'nz* states. For each of these
trajectories, the respective gradients and couplings determine
which state will be subsequently populated; then, at every
geometry, the energies of the other states are calculated
vertically. The starting geometries of the trajectories are taken

from the static calculations reported in ref 13. In these
geometries, the initial separation of the C;—Cy’ and C4—C’
bonds is slightly above 3 A, mimicking the shortest distances
found in ?revious ground-state molecular dynamics simulations
of DNA.*

We first discuss the dynamics started in the 'DE state, for
which S out of the 10 trajectories showed dimerization. We
note that the purpose of these dynamics simulations is to find
possible dimerization pathways and not to provide statistical
information regarding reaction rates or time constants. In
Figure 3, the evolution in time of the relevant energy levels
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Figure 3. Time evolution of energy levels (a), the C;—Cy’ and C4—Cg’
distances (b), and the dihedral angle 7(Cs—C4—C4'—Cs') between
them (c) for a reactive trajectory started from the doubly excited state
('DE). The black dots indicate which state is populated. The color
code in panel (a) is similar to that in Figure 2: green for closed-shell
(CS), blue for singly excited (SE) states (both nz* and 7z*), cyan for
doubly excited (DE) states. The first SO fs are zoomed in the inset.
Diabatic states, including nz* states (pink and violet), 7z* states (blue
(SE) and cyan (DE)), and triplet states (red), are displayed. Vertical
lines in panels (a—c) indicate the times corresponding to the
geometries displayed in Figure 4.

(panel a), the Cy—Cy’ and C4—C4' distances (b), and the
dihedral angle 5(C;—C¢—C4'—Cs’) (c) are shown for one
example reactive trajectory (see also Figure S4). Following the
diabatic states along the reaction is only possible at the
beginning of the trajectory (inset of Figure 3a), when the
separation between the two nucleobases is still large and the
identification of the orbitals is clear. Once the C—C bonds start
to form, the four frontier 7z orbitals evolve toward four o
orbitals (recall Figure 2) and other remaining orbitals become
energetically degenerated, undergoing strong mixing. As a
consequence, diabatic characterization of the electronic states is
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hardly possible and Figure 3a shows the adiabatic evolution of
the states. In this representation, the electronic states can have
closed-shell, singly excited, or doubly excited character (see
more details in Section S1.3 of the SI).

The underlying mechanism for the reactive trajectory
elegantly complies with the simple Woodward—Hoffmann
correlation diagrams discussed for the [2 + 2] cycloaddition of
ethylene: The system initially evolves on the 'DE state during
the first 50 fs. Then, the character of the populated electronic
state becomes adiabatically singly excited. After ca. 120 fs, the
populated state is of closed-shell character, which corresponds
to the CS’ (ground state) in Figure 2. The inset of Figure 3a
shows the further complexity involved in the deactivation: At
the considered initial geometry (Figure 4i), the 'DE state

i)t=0fs

i) t=10

iii) t=118

Figure 4. Geometrical snapshots of the reactive trajectory depicted in
Figure 3. Cs—Cy’ and C4—C' distances in angstroms and dihedral
angles 7(Cs—Cys—C¢'—Cs’) in degrees.

corresponds to the S; state, which crosses after a few
femtoseconds with two electronic states (mainly of 'nz*
character) and thereby becomes adiabatically the S1 state
within less than 50 fs. The hopping geometries for the S3/S2
and S,/S, crossing points are very similar to the initial
geometry because this geometry is already quite close to the
crossing area. The deactivation to the ground state proceeds via
the S;/S, conical intersection (Figure 4ii), which is different
from the crossing point reported by Blancafort et al.'>
(probably due to a differing reactant geometry) but identical
to the crossing point proposed by Boggio-Pasqua et al."* At this
geometry, both C;—Cy’ and C4—C,’ distances are very similar,
but the C;—Cy’ bond is shorter indicating the preference for
the first bond to be formed. Indeed, the C;—C;’ bond is formed
earliest in all the reactive trajectories. The cyclobutane ring is
then only fully created in the electronic ground state. The
evolution of the C;—C;' and C¢—C,’ distances (Figure 3b)
shows that the C;—C;’ bond is established first (Figures 4iii
and 4iv) and, after ca. 30 fs, the C4—C,’ bond formation follows
(Figure 4v), illustrating the “concertedness” of this pericyclic
reaction, in the spirit of the Woodward—Hoffmann rules. The
snapshot at 200 fs (Figure 4vi) shows how the newly formed
bonds asynchronously alternate in time, due to excess
vibrational energy.

Dimerizable conformers at the chosen initial geometry have a
dihedral angle close to that of B-DNA (57 = 33°).3* During the
reaction, 77 decreases concomitantly with the C;—Cy’ and C4—
C¢’ distances (Figure 3b—c). This is the case for all reactive
trajectories (see Figure S2), which hints at conformational
control, as suggested e.g. in refs 29, 33. Around the S,/S,
conical intersection, when the two stacked thymines are
separated by ca. 2.3 A, the dihedral angle starts increasing to
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avoid sterical clashes. After deactivation to the ground state, the
dihedral angle continues increasing to 45°, until the C;—C’
bond is formed (Figure 4iv). As the cyclobutane ring develops
the two thymines get perfectly aligned in space (see Figure 3c
and Figure 4vi).

In the nonreactive trajectories starting from the 'DE state,
the system quickly relaxes to the 'nz* states and stays in the
lowest one, which is then the S1 state (see one example in
Figure Sa and Figure SS). The characterization of electronic
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Figure 5. Time evolution of energy levels (a), the C;—Cy’ and C4—Cy’

distances (b) and the dihedral angle #7(Cs—Cy-Cg'-Cs') between them

(c) for a nonreactive trajectory started from the double excited state

("DE). The black dots indicate which state is populated. The color

code is the same as that in the inset of Figure 3a.

states for nonreactive trajectories is easier than for the reactive
ones since due to the large separation between the two
thymines, there is no orbital mixing. Accordingly, the states of
Figure Sa can be plotted in the diabatic representation, where
the character of the wavefunction is maintained. In most
trajectories, during the first 50 fs the thymines move apart and
7 increases (Figure S3), preventing dimerization and suggesting
that indeed conformational control steers the reaction.
However, the nonreactive trajectory of Figure S serves as a
counterexample. The general trend of # is a continuous
decrease (Figure Sc), which nonetheless does not lead to
dimerization (Figure Sb) because the system is in the 'nz*
state. This behavior demonstrates not only that conformational
control is not the only factor determining T <> T dimerization
but also that electronic effects play a key role. Our simulations
predict that only when the trajectories occupy the state with
double excitation character and the dihedral angle decreases,
dimerization takes place.

DOI: 10.1021/jacs.6b06701
J. Am. Chem. Soc. 2016, 138, 15911-15916
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All the trajectories initiated in the bright 'SE state (S,) are
not reactive, at least during the first 200 fs in which we
propagated. In all cases (see one example in Figure S6), the
system stays in the S4 for the complete propagation time
without undergoing internal conversion to lower states, while
Cs—C;" and C4—C' distances increase. Although we did not
expect dimerization in the 'nz* states, trajectories were also run
from the lowest 'nz* state, which is the S, state (Figure S7),
but indeed T <> T is not formed and the system also does not
relax to the ground state in the time simulated.

A key question is whether triplet electronic states are
involved in the dimerization. In principle, it is conceivable that
a triplet state is populated by singlet fission,>> where a
monomer in a singlet excited state transfers part of its
electronic energy to a neighboring ground state monomer,
resulting in the population of low lying triplet states of both
monomers. As a result, the whole system has double-excitation
character and singlet spin multiplicity. This process is
energetically favorable only if the triplet excitation energy of
the monomer is half of the singlet electronic state energy of the
dimer. According to literature calculations® performed at the
complete active space second-order perturbation (CASPT2)
level of theory, the energies of the bright singlet state of the
thymine—thymine reactant and the lowest triplet state of a
single thymine at the Franck—Condon geometry are 4.89 and
3.59 eV, respectively. Since the energy requirements are not
fulfilled, singlet fission is not possible in this region. However,
the energies of the electronic excited states can strongly change
along the dynamics, and the energetic requirement for singlet
fission could be met at certain geometries. However, the
energetic criterion is not the only requirement for singlet
fission, but also a particular electronic configuration is needed.
To investigate the latter, we have analyzed the character of the
'DE state in the reactive trajectories. By looking at the wave
function, it is possible to identify whether after excitation the
electrons are located in both monomers (Figure 6a—b) or in
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Figure 6. Electronic configurations of the thymine monomers that can
compose the singlet doubly excited state 'DE in the dimer.

one (Figure 6¢). Only the electronic configuration of Figure 6a
complies with the definition of singlet fission. Unfortunately,
configurations 6a and 6b cannot be distinguished in our
analysis. Therefore, it will be assumed that both of them are
products of singlet fission, overestimating the contribution of
this process. During the time the 'DE state is populated (from
0 to SO fs), we obtain a maximum of 35% of singlet fission
probability. This means that the probability of the double
excitation being located in one monomer is, at least, 65% and
thus singlet fission only plays a minor role.

The second way to populate a triplet state is via intersystem
crossing, as proposed by Kwok et al.’ The present simulations
show that even when the potentials of the populated singlet
state and a triplet state lie close in energy for a long period of
the trajectory, the system does not undergo intersystem

crossing due to the very small spin—orbit coupling. For
instance (see inset of Figure 3a), at 15 fs, the 'DE and the
triplet T, state are separated by 0.032 eV (258 cm™) and the
corresponding spin—orbit coupling is 0.03 cm™'. Note that a
CASPT?2 calculation gives values of 0.33 eV (2662 cm™") and
0.19 cm™!, respectively, so that the ratio between energy gap
and coupling is of the same order of magnitude in both cases,
and it does not change the conclusion that ISC does not occur.
The absence of intersystem crossing is observed in all the
trajectories (see SI), regardless of being reactive or nonreactive.
We therefore conclude that the triplet states do not play a role
in the ultrafast dimerization pathway induced by UV excitation,
in agreement with Kohler and co-workers."’

2.2. Effect of the Environment. Our nonadiabatic
molecular dynamics simulations have been performed in the
gas phase. However, the cyclobutane thymine dimerization
takes place in biological systems and the experimental
measurements are generally performed for solvated single
strands.°™"" To investigate the effect of the biological
environment, we have selected three snapshots from the
reactive trajectory shown in Figure 3 at simulation times 10,
100, and 190 fs, i.e. in the reactant, S;/S, conical intersection,
and product regions, respectively. The three dimer structures
were embedded in a solvated single strand (dT),, and the
excitation energies were calculated by an electrostatic quantum
mechanics/molecular mechanics (QM/MM) scheme.”” The
reactive thymine dimer was treated at the SA-CASSCF level,”
and the environment was described by the Amber force field.*®
Further details can be found in Section S1.4 of the SL

The QM/MM excitation energies (Table S1) show that the
environment has a minor effect in the regions of reactants and
S,/S, conical intersection. The electrostatic interactions with
the strand and solvent induce a small shift of ca. 0.1 eV in the
Y3z7* states, which according to the dynamics simulations are
the relevant states. The effect of the environment is more
important for the products, changing the order of some highly
excited states. However, this is irrelevant because when the
reaction is close to the product region, the system is already in
the electronic ground state, which is well separated from the
excited states. The negligible effect of the electrostatic
interactions on the dimerization process agrees with previous
density functional theory calculations'" performed in gas-phase
and water solution using a polarizable continuum model.
However, this does not mean that the environment has a
passive role. For example, QM/MM calculations including four
nucleobases in the QM region predicted that thymine
dimerization can be quenched by electron transfer from a
flanking guanine nucleobase.">"”

Our QM/MM calculations also demonstrate that the triplet
states do not participate in the dimerization process,
corroborating the gas phase dynamical simulations. The
singlet/triplet energy gaps and spin—orbit couplings in the
presence of the biological environment are very similar to the
gas phase values. For example, at 10 fs, the energy gap and
spin—orbit coupling between the relevant 'DE state and the
closest triplet state T are 0.12 eV (968 cm™") and 0.54 cm™, in
the solvated strand versus 0.10 eV (807 cm™) and 0.59 cm™,
respectively, in the gas phase. Note that the spin—orbit
coupling between the same states within the Franck—Condon
region, as calculated from 20 different conformations from the
QM/MM dynamics, is only of the order of 107> cm™ for all the
geometries.

15914 DOI: 10.1021/jacs.6b06701
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2.3. Populating the Doubly Excited State. We have
shown that thymine dimerization requires the population of a
singlet doubly excited state 'DE. However, due to its double
excitation character, this state lies high in energy, and the
pathway to populate it is still an open question. Two
possibilities can be conceived: (i) direct excitation under UV
radiation or (ii) nonradiative relaxation from the bright singly
excited state 'SE. In order to investigate the first route, we have
calculated the absorption spectrum of the thymine dimer
embedded in a solvated single strand (dT);, using a QM/MM
scheme and 250 geometries sampled from ground state
molecular dynamics. The two nucleobases in the middle of
the strand were described by the multistate CASPT2 (MS-
CASPT2) method®® and the rest of the system by the Amber
force field’® All the states were characterized as singly or
doubly excited states by analyzing their one-electron transition
density matrix.*”*" More details can be found in Section S1.5 of
the SI. The resulting absorption spectrum decomposed into
'SE and 'DE states is shown in Figure 7. The 'DE state lies at
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Figure 7. Absorption spectrum of the 'SE and 'DE states of the
thymine dimer embedded in a (dT),, single strand calculated at MS-
CASPT2/Amber level of theory.

energies larger than 6 eV, which is well above the usual
experimental excitation energy®'® of 4.5 eV. We conclude,
therefore, that the population of the 'DE state by direct
excitation is not possible. Accordingly, the 'DE state should be
populated nonradiatively from the bright 'SE state through a
ISE/'DE conical intersection or through crossings with other
electronic states. Since the 'SE and 'DE states are almost
degenerate at the beginning of the dynamics (see inset of
Figure 3a), we believe that there should be a conical
intersection close to the Franck—Condon region although we
were not able to locate it because of the large configurational
space involved. Moreover, since the yield of the reaction is less
than 5%,”"" this conical intersection should be slightly above
the energy of the bright 'SE state, as sketched in Figure 8. Note
that this mechanism is different from the proposed barrierless

NG
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ISE Clg s,
;j S — T<>T
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=
m
CS —
Franck-Condon region
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Figure 8. Suggested mechanism to populate the 'DE state from 'SE,
and subsequent evolution of the dimerization.
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pathways from refs 11—13, 15—17, where the low yield of the
reaction is then attributed to conformational control in the
ground state originally suggested in refs 29, 33. After populating
the 'DE state, our dynamics simulations have shown that the
system evolves along the reaction coordinate toward the S,/S,
conical intersection, from where the cyclobutane dimer is
formed.

3. CONCLUSIONS

In conclusion, our ab initio molecular dynamics simulations
show that ultrafast cyclobutane thymine dimerization requires
populating the singlet doubly excited state, 'DE. The reaction
occurs without the participation of triplet states, neither by
intersystem crossing nor by singlet fission. We also show that,
besides conformational control, electronic effects are essential
to promote cyclobutane formation. The doubly excited state
cannot be populated by direct excitation because it lies at a
higher energy than the commonly employed laser wavelengths
or the UV spectrum of the sun at the earth’s surface. We
propose that the population of the reactive state should happen
by internal conversion from the bright singly excited state,
possibly by overcoming a small energy barrier, thus explaining
the low yield of the reaction. However, further calculations are
necessary to clarify this point.
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Abstract Cyclobutane thymine dimerization is the most
prominent DNA photoinduced damage. While the ultrafast
mechanism that proceeds in the singlet manifold is nowa-
days well established, the triplet-state pathway is not
completely understood. Here we report the underlying
mechanism of the photosensitized dimerization process in
the triplet state. Quantum chemical calculations, combined
with wavefunction analysis, and nonadiabatic molecular
dynamics simulations demonstrate that this is a stepwise
reaction, traversing a long-lived triplet biradical interme-
diate, which is characterized as a Frenkel exciton with very
small charge-transfer character. The low yield of the
reaction is regulated by two factors: (i) a relatively large
energy barrier that needs to be overcome to form the
exciton intermediate, and (ii) a bifurcation of the ground-
state potential-energy surface that mostly leads back to the
Franck—Condon region because dimerization requires a
very restricted combination of coordinates and velocities at
the event of non-radiative decay to the ground state.
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Introduction

The formation of cyclobutane thymine T()T dimers
between two adjacent thymine bases is the most frequent
DNA damage under UV radiation [1]. This photolesion,
which can take place in both the singlet and triplet mani-
folds, has been extensively investigated spectroscopically
[2-7] and computationally [8—15]. The triplet pathway is a
much slower process [7] and exhibits a smaller yield [6, 16]
than the singlet mechanism due to inefficient intersystem
crossing. As a consequence, this pathway yields very weak
spectroscopic signals that preclude unambiguous state-
ments regarding the mechanism [5-7]. In order to enhance
the triplet signals, photosensitization is commonly used,
increasing the T()T dimerization yield [5, 17-19]. This
enhancement can also play a role with photosensitizers
acting as phototoxic drugs [20]. Photosensitization
involves intersystem crossing of a photosensitizer after
excitation, transferring its electronic energy to a
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Fig. 1 Chemical formula and electronic arrangement of two thymi-
nes for a the local triplet state (>L) and b biradical triplet states (’BR).
Schematic representation of ¢ a local state, d a Frenkel exciton state,
and e a charge-resonance state. The black rectangles represent the
thymine monomers. The black arrow connects the hole (red circle)
and the electron (blue circle) generated after excitation. Delocaliza-
tion length (DL) and charge-transfer (C7) contribution are also
indicated (color figure online)

neighboring thymine, which is then promoted to the lowest
triplet state.

Using the photosensitizer 2’-methoxyacetophenone and
the dinucleotide TpT, stationary and time-resolved exper-
iments provided two time constants, 22.5 and 62 ns, for the
decay of the TpT in the triplet manifold [5]. These con-
stants have been related to a local triplet state (3L, see
Fig. 1a, c), which is populated after triplet—triplet energy
transfer (TTET) from the photosensitizer, and a biradical
triplet state (3BR, see Fig. 1b, d, e), which can be formed
from L. Quantum chemical calculations [14] suggested
that the T()T dimerization is triggered by the formation of
the biradical intermediate, but the barrierless pathway
calculated for the transition from °L to *BR is in conflict
with the experimental lifetime of 22.5 ns assigned to the °L
species. This conflict is likely caused by the use in the
theoretical study of a perfectly stacked geometrical con-
figuration with Cy symmetry, which is hardly achieved in a
DNA strand or in a TpT dimer due to the geometrical
constraints of the sugar-phosphate backbone. Recent
quantum mechanics/molecular mechanics (QM/MM) cal-
culations have found a small barrier of 0.15 eV separating
the °L and *BR minima, in better agreement with the
experimental lifetime of 22.5 ns assigned to the L species
[15].

An intriguing question in the dimerization process is the
character of the *BR state. Calculations showed that the
excited electronic density of BR is distributed over the
two thymine units [14] and spectroscopic measurements
suggested that dimerization involves the participation of
delocalized triplet states [18]. However, electronic delo-
calization over the two monomers can correspond to two
different electronic states: (i) a Frenkel exciton, in which
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two local excitations are coupled (Fig. 1d), or a charge-
resonance state, in which two charge-transfer states with
charge flow in opposite directions are combined (Fig. le)
[21]. It has been speculated that the triplet state involved in
dimerization could be a charge-transfer state [19], as the-
oretically predicted for the thymine-thymine 6-4 adduct
formation [22]. However, evidence of charge-transfer
states for the T()T dimerization has never been reported.
An additional unsolved mechanistic feature is the reason
behind the very low yield of dimerization even when the
triplet manifold is forced to be populated after triplet—tri-
plet energy transfer from a photosensitizer.

In this paper, we use quantum chemical calculations,
wavefunction analysis, and nonadiabatic surface-hopping
molecular dynamics simulations to provide a clear-cut
mechanism for the photosensitized thymine dimerization.
We study the formation of the *BR precursor electronic
triplet state from the 3L state and identify the nature of
these species in terms of electronic delocalization and
charge-transfer character. Furthermore, we offer a rationale
for the factors behind the small quantum yield of the
reaction.

Results and discussion

The first step of our study is to select the level of theory for
the electronic-structure calculations, especially for the
nonadiabatic surface-hopping dynamics simulations. We
commence by computing the lowest-energy band of the
density of triplet states, which involves the T} and T5
electronic states, of a thymine-thymine stacked pair
embedded in a solvated single strand (dT);,. Triplet exci-
tation energies were calculated with an electrostatic QM/
MM [23] scheme where the two nucleobases in the middle
of the strand were described by multistate complete active
space second-order perturbation [24] (MS-CASPT?2) theory
and the rest of the system by a force field [25, 26]. The QM
region was also described by state-average complete active
space self-consistent field (SA-CASSCF) [27] to investi-
gate whether dynamical correlation is necessary to describe
the lowest-energy triplet band. In addition, the MS-
CASPT2/MM calculations have been performed employ-
ing two different active spaces, namely (4,4) and (8,8). The
first one only includes the four 7 orbitals and the four
electrons involved in the dimerization reaction (orbitals 73,
4, Ts*, and we* in Fig. 9). The second active space has
two additional electrons and two additional & orbitals for
each nucleobase. The calculations were performed on an
ensemble of 250 geometries taken from a previous ground-
state QM/MM molecular dynamics simulation [12]. The
density-of-states bands computed at the different levels of
theory are plotted in Fig. 2a. The MS-CASPT2(8,8)/MM



A3 MONATSH. CHEM. (2017)

Stepwise photosensitized thymine dimerization mediated by...

L R B R A N

(a) CASPT2(8,8)/MM
. CASPT2(4,4)/MM
— CASSCF(4,4)/MM

0.8

L — CASSCF(4,4)/gas
0.6
0.4

0.2

—— CASSCF(4,4)/gas
— DL =1
—=DL=2

DOS / arb. units

0.8

0.6

0.2F

-———

- 1 el
33 36 39 42 45
Energy / eV

-

2.7 3

Fig. 2 a Lowest-energy band of density of triplet states for the
thymine—thymine stacked pair embedded in a solvated single strand
(dT);2 computed at MS(3)-CASPT2(8,8)/MM, MS(3)-CASPT2(4,4)/
MM, SA(3)-CASSCF(4,4)/MM, and SA(3)-CASSCF(4,4)/gas phase
levels of theory and for the thymine—thymine stacked pair in the gas
phase computed at SA-CASSCEF level of theory. b Delocalization
length (DL) decomposition of the SA(3)-CASSCF(4,4) density of
triplet states of the thymine-thymine stacked pair in the gas phase

band is blue shifted by only 0.08 eV with respect to the
MS-CASPT2(4,4)/MM one. This means that the smaller
active space is enough to describe most of the static cor-
relation. The small energy difference of 0.12 eV between
MS-CASPT2(4,4)/MM and SA-CASSCF(4,4)/MM shows
that a correct qualitative picture can be obtained without
including dynamical correlation in the calculation. The
electrostatic effect of the solvated DNA environment in the
triplet excited states is small. This can be seen by com-
paring the SA-CASSCF(4,4)/MM and SA-CASSCF(4,4)/-
gas phase bands, whose energy maxima differ only by
0.04 eV. Overall, the energy difference between the high-
est level of theory [MS-CASPT2(8,8)/MM] and the lowest
level of theory [SA-CASSCF(4,4) in the gas phase]
employed here is 0.24 eV. Therefore, based on these
results at the Franck—Condon region, SA-CASSCF calcu-
lations in the gas phase seem to be suitable to describe the
lowest-energy triplet states of the thymine dimer embedded
in a DNA strand.

The first step of the reaction is the population of T, after
TTET. The character of the T, state can either be 3L or °BR
depending on its electronic configuration (see Fig. 1). For
most of the geometries within the Franck—Condon region,
it is expected that the T electronic state corresponds to the
locally excited configuration °L as the relatively large rise
distance (3.5 A) between stacked nucleobases in DNA

strands mostly precludes the direct formation of *BR state,
where the C4—Cg' bond is already preformed. The excited
electronic density in 3L is completely located at one of the
thymine nucleobases (Fig. 1¢), while >BR has the spin
density equally distributed over the ethylenic Cs and Cs’
atoms of both thymine bases (Fig. 1d, €). Since the Cs—C¢’
bond is already preformed in the *BR species, it is likely
that the T()T dimerization is triggered by the formation of
the biradical intermediate, as suggested in the literature
[5, 14].

Even if the C4—C¢' bond is not preformed within the
Franck—Condon region, we found it interesting to investi-
gate whether any initial geometrical configuration presents
*BR character. To this aim, we analyzed the electronic
transition density [21, 28, 29] of the triplet states that
compose the density of states, from which the delocaliza-
tion length (DL), defined as the number of nucleobases
involved in the excitation process [30], was computed. For
3L, the excitation is localized in only one of the thymine
bases (DL = 1), while in *BR both thymine monomers are
involved in the excitation (DL = 2). Figure 2b shows the
calculated density of triplet states in the gas phase
decomposed by delocalization length. We find that the
lowest-energy triplet band is mainly composed by local
excitations L, while the contribution of excitations delo-
calized over the two monomers is very small. Since the
photosensitizer employed in the experiments [5] was ini-
tially excited at ~ 4 eV, the calculated states composing
this band (between 2.7 and 4.4 eV) are the only ones
energetically accessible by triplet—triplet energy transfer.
Unequivocally, most of the states populated at the Franck—
Condon region are locally excited states, i.e. correspond to
the L triplet state.

After having established that the °L state is initially
populated, in agreement with spectroscopic measurements,
the next step is the formation of the BR state. Figure 3a
shows the MS-CASPT2 energies of the Sy, T4, and T, state
in a static scan from the L state to the >BR minimum and
from the *BR minimum to the dimer. In qualitative
agreement with the barrier obtained in Ref. [15], a barrier
of 0.27 eV separates the °L and the *BR minima in 7). This
energy barrier agrees very well with the barrier of 0.30 eV
that is obtained by using the Arrhenius equation at a tem-
perature of 300 K and using the experimental deactivation
time of 22 ns [5], despite the approximations taken. The
relatively large energy barrier is likely the first reason that
explains the low yield of the reaction as in many cases the
system has enough time to return to the ground state by
intersystem crossing before overcoming the barrier.

The electronic wavefunction of T} along the pathway
between °L and *BR is analyzed in Fig. 3b, c. Specifically,
the delocalization length (DL) and the charge-transfer
fraction were computed from the electronic transition
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density [21, 28, 29]. The delocalization length clearly
shows that the dimer is in a locally excited state (DL = 1)
before the barrier and, after overcoming the barrier, it
evolves towards the *BR excited state (DL = 2). This BR
excited state can be a Frenkel exciton state or a charge-
resonance state (recall Fig. 1d, e). Due to the small sepa-
ration between both thymine monomers at the BR mini-
mum, the formation of charge-transfer states, favoured by
orbital-overlap interactions [31], is possible. Therefore, the
BR state could acquire charge-resonance character along
the dimerization pathway. The solid line in Fig. 3b
unambiguously shows that the charge-transfer contribution
is very small along the path that connects °L with *BR.
This demonstrates that *BR is mainly a Frenkel exciton
state. Only in the region near to the 3BR/S, crossing the
charge-transfer contribution is around 0.15, indicating that
the Frenkel state acquires a small degree of charge-transfer
character. This conclusion is in contrast to the hypothesis
put forward in Ref. [19], claiming that charge-transfer tri-
plet states could be present in the T()T dimerization. Our
calculations clearly demonstrate that the precursor elec-
tronic state leading to dimerization is a Frenkel exciton
state and not a charge-transfer state. Recent theoretical
calculations predicted that T()T dimerization in the singlet
manifold is also mediated by an exciton intermediate [8].
Figure 3d—f shows the same energy scan and wavefunction
analysis computed at SA-CASSCF level. Since the energy
and character of the states are very similar to the ones
obtained by MS-CASPT2, as was also the case for the
density of states computed at the Franck—Condon region,
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the subsequent gas-phase dynamics simulations are per-
formed using SA-CASSCF for the electronic-structure
calculations.

After the formation of the *BR species, the system is
trapped in the >BR minimum (recall Fig. 3a). This mini-
mum coincides with the crossing point with the ground
state So. Dimerization takes place only when the appro-
priate region of the Sy potential is populated after inter-
system crossing from 7. As the experimental [5] decay
time constant is 62 ns for >BR, the radiationless decay to
the ground state is a very slow process. Once in the ground
state, the system can dimerize or return to the reactant
region without causing damage. The experimentally
determined dimerization yield is only 4% [5]. In order to
determine the factors that govern this low yield, we have
sampled the *BR minimum of 7} for at least 100 fs with
non-adiabatic surface hopping molecular dynamics simu-
lations in the gas phase using the SHARC code [32].

As expected, none of the trajectories that sampled the T
minimum showed intersystem crossing to the ground state
during 100 fs. This is because the spin—orbit coupling
around the *BR/S, crossing, computed for one of the tra-
jectories as the averaged spin—orbit coupling of 100 snap-
shots, is merely 1 cm ™. Since the intersystem crossing rate
depends on the spin—orbit coupling [33], the system can
survive in the 77 minimum for a long time (see Fig. 4 for
an example trajectory), in agreement with the large
experimental deactivation time of 62 ns [5] and previous
calculations [14]. In order to simulate the last step of T{)T
dimerization, 32 snapshots from the trajectories trapped in
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Fig. 5 Root-mean squared displacement (RMSD) of the nonadia-
batic dynamics trajectories running in the 7 state. Dashed lines
indicate the area from which the geometries were randomly chosen to
be manually placed to the ground state

the T state were chosen based on a combination of random
selection and an *BR/S, energy gap smaller than 0.15 eV.
At these snapshots, the molecules were manually placed in
the ground state, and the dynamics was continued. The
selected geometries show an average >BR/S, energy gap of
0.07 eV and were taken from the time region of 80-200 fs,
based on the root mean squared displacement (RMSD) of
the trajectories running in the T state (see Fig. 5). The
RMSD shows that at times shorter than 80 fs the geometry
of the dimer is not equilibrated and at times longer than
200 fs the nucleobases go apart due to the lack of the
sugar-phosphate backbone. Only 5 of these 32 trajectories
lead to dimerization, while 27 trajectories returned to the
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Fig. 6 Time evolution of a energy levels and b the Cs—Cs' and Cg—
C¢' distances for a reactive trajectory manually placed in the ground
state close to the *BR/S, crossing point. The vertical grey line
indicates the moment at which the trajectory is transferred to the Sy

reactant region. Figure 6 displays an example reactive
trajectory, in which, first, the Cs—C¢ bond formation is
completed after 60 fs, and then, the Cs—Cs’ bond is formed
after additional 40 fs. The low number of reactive trajec-
tories qualitatively agrees with the low experimental yield
of 4% obtained from spectroscopic measurements [5].
However, due to the small number of trajectories employed
here, we cannot make any comments on the statistics of the
reaction.

The low dimerization yield is rationalized by analyzing
the space of coordinates and velocities (phase space) at the
moment of the 3BR/S() transition [34, 35]. Note that these
3BR/S, transitions are approximated by the selection pro-
cess described above. The relevant internal coordinates that
drive the reaction are the Cs—Cs’ and C¢—C¢’ distances, and
the relevant velocities are those of the atoms involved in
these distances. In Fig. 7a, b, the values of the C¢~C¢’ and
Cs—Cy' distances and average angle formed by the velocity
vectors of the atoms Cs and Cs’ with the Cs—C5’ vector (05
and 05), and by the velocity vectors of the atoms Cg and
Cs with the C4—Cq' vector (0 and 0¢'), are plotted at the
moment of the *BR/S, transition. Those trajectories that
underwent dimerization are represented by green pen-
tagons. Only when the Cs—C¢s' and Cs—Cs' distances are
lower than 2.1 and 3.0 1&, respectively, dimerization takes
place. In addition, the C atoms of each monomer also need
to move towards each other with a large degree of
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Fig. 7 a Cs—Cs' and C4-Cg4' distances, b average angles formed
between the distances Cs—Cs’' and C¢—Cg' and the velocities at the
atoms Cs and Cg at the moment of the *BR—S, transition for 32
trajectories. ¢ Definition of distances and angles employed in the
analysis. The lines across a—c indicate that the next panel is a subset
of the data points marked in the box of the previous panel. The green
pentagons indicate trajectories undergoing dimerization (color
figure online)

directionality, as indicated by the restricted values of the 0
angles [larger than 100° for (05 4+ 0g)/2 and smaller than
80° for (05’ + 0¢')/2]. Therefore, although the phase space
of the system is very wide, due to the large number of
degrees of freedom of the system, only the population of a
very small region of the phase space induces dimerization.
This is the second reason that is responsible for the very
small dimerization yield.

Conclusion

In summary, based on our theoretical results and previous
experiments [5], we propose the following stepwise
mechanism for the photosensitized T()T dimerization,
schematically represented in Fig. 8. First, the locally
excited triplet state °L of thymine is populated after triplet—
triplet energy transfer from a photosensitizer [step (i) in
Fig. 8]. Then, the system vibrationally relaxes to the ’€L
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minimum where it stays for 22.5 ns (ii). After overcoming
an energy barrier of ca. 0.3 eV (iii), a biradical interme-
diate *BR with a lifetime of 62 ns is generated within a
region that crosses with the electronic ground state. The
populated triplet state of the intermediate species is a
Frenkel exciton with a small degree of charge-transfer
character. Finally, the system undergoes intersystem
crossing from 7T, to the ground state (iv), from where it
dimerizes with a very small yield, i.e. returning to the
initial reactant geometries consisting of two separated
thymines in most events (v) due to the tight phase-space
restrictions that the system needs to satisfy at the moment
of the T, — S, transition.

Methods
QM/MM calculation of density of states

The density of states associated to the lowest-energy triplet
band of the thymine dimer embedded in a solvated single
strand (dT),, and in the gas phase was computed. First, a
isothermal-isobaric ensemble (NPT) classical molecular
dynamics simulation for solvated (dT),, was evolved at
300 K for 20 ns using the ff14SB [26] and TIP3P [25]
force fields to describe DNA and water, respectively. The
classical simulation was run with the graphical processing
unit (GPU) module pmemd [36] implemented in the
Amberl4 package [37]. Then, the last snapshot of the
classical simulation was taken as the starting one for run-
ning quantum mechanics/molecular mechanics (QM/MM)
molecular dynamics simulations in the NPT ensemble for
10 ps. The two nucleobases in the middle of the strand
were described by the B3LYP functional [38] with D3
dispersion correction [39] and the 6-31G* basis set [40, 41]
using the GPU-based code TeraChem1.9 [42, 43] through
the interface to external QM programs implemented in
Amberl4 [37]. More computational details about the
molecular dynamics simulations can be found in Ref. [12].

An ensemble of 250 equidistant snapshots was selected
from the last 5 ps of the QM/MM molecular dynamics
simulation. For each snapshot, the electronic excitation
energies of the lowest 3 triplet states were computed using
an electrostatic embedding QM/MM scheme. The two
nucleobases in the middle of the (dT);, strand are descri-
bed by state-averaged complete active space self-consistent
field [27] (SA-CASSCF) using the cc-pVDZ basis set
[44, 45], and also by multistate complete active space
second-order perturbation (MS-CASPT2) [24] with the
same basis set. To minimize the effect of intruder states the
level-shift approach was applied with a real-valued shift of
0.3 a.u. The IPEA shift was set to zero, as it is recom-
mended for organic chromophores [46]. The rest of the
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Fig. 8 Proposed mechanism of 0O

photosensitized T()T .
dimerization in the triplet state. 3L 2‘ 6 2 3BR (eXCIton)
(i) Triplet—triplet energy 0O N

transfer (TTET) from the 225 ns H 0 62 ns

photosensitizer (PS) to
thymine—thymine, (ii)
vibrational relaxation (VR) in
T, (iii) *BR formation by

overcoming an energy barrier,
(iv) intersystem crossing (iv),
and (v) formation of thymine
dimer or return to the Franck—
Condon (FC) region in the
electronic ground state

Fig. 9 Active orbitals included
in the MS-CASPT2/SA-
CASSCEF(8,8) calculations.
When using MS-CASPT2/SA-
CASSCF(4,4) only the 73, 74,
ns*, and 7g* are used in the
active space

*
T

DNA strand and the water molecules were described by a
force field [25, 26]. In addition, the calculations were
performed in the gas phase by removing the environment
from the 250 snapshots. The two active spaces considered
in the calculations consist of 8 electrons in 8 orbitals and of
4 electrons in 4 orbitals (see Fig. 9). These calculations
were carried out with MOLCAS 8 [28, 47]. The resulting
excitation energies were convoluted with Gaussian

functions with a full width at half maximum of 0.20 eV.

The intensity of the bands was scaled to unity. In addition,
all electronic triplet states in the gas phase were classified
as local states (°L) or biradical states "BR) according to
the electronic delocalization length, defined as the number
of nucleobases involved in the excitation, computed from
the electronic transition density [21, 29, 30]. For 3L, the
excitation is localized in only one of the thymine bases
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(DL = 1), while in *BR both thymine monomers are
involved in the excitation (DL = 2). The MS-CASPT2/
MM, SA-CASSCF/MM, and SA-CASSCF/gas phase den-
sity of states and the delocalization-length decomposition
of the gas-phase band are plotted in Fig. 2.

Energy scan in the T'; potential energy surface

The static calculations for the potential energy scan
(Fig. 3), which goes from the Franck—Condon region to
dimer formation, were carried out using MS-CASPT2
(Fig. 3a) and SA-CASSCF (Fig. 3d) with the previously
described (4,4) active space and the cc-pVDZ basis set.
The °L geometry of the Franck—-Condon region was taken
from the ground state QM/MM molecular dynamics sim-
ulation explained above. Specifically, for every of the 30
snapshots whose vertical energy for T; is below 3.5 eV,
which corresponds to the maxima of lowest-energy band of
the density of states, the static scan was performed. Only
the scan with the lowest energy barrier in the 7; state,
which tries to mimic a minimum-energy path calculation,
is shown in Fig. 3. The geometry at the crossing point
between S, and T was taken from Ref. [14]. The energies
of the two lowest triplet states were computed along a
linearly interpolated pathway between both geometries.
From the crossing point a second linearly interpolated
pathway was connected to the dimer structure, which was
taken from our previous work [12]. Moreover, the charge-
transfer contribution and delocalization length were also
computed along the interpolated pathway using both MS-
CASPT?2 (Fig. 3b, ¢) and SA-CASSCF (Fig. 3e, ) [21, 29].

Non-adiabatic molecular dynamics simulations

Non-adiabatic molecular dynamics simulations were run to
sample the 7'/S, degeneracy region, in which the T state
presents biradical character. Therefore, an arbitrary initial
geometry was built with interatomic Cs—Cs and Cg—C¢’
distances of 3.13 and 2.45 A, respectively. From this
geometry 1000 initial conditions (coordinates and veloci-
ties) were generated from a zero-Kelvin Wigner distribu-
tion [48] based on ground-state frequencies calculated at
second-order Mgller-Plesset (MP2) perturbation theory
[49] using the cc-pVTZ basis set [44] implemented in
MOLPRO [50]. From these 1000 initial conditions, 25
were randomly selected to run dynamics on. All trajectories
were initially excited to the 7; state and ran for at least
100 fs or until they left the T'/S, degeneracy region. As the
dynamics starts at a close thymine—thymine distance, it was
assumed that the reaction is already in progress at the start
of the dynamics. Therefore, the initial velocities of all
trajectories were modified so that the center of mass of
each monomer moves towards each other at a velocity
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corresponding to the thermal energy (kg7) at a temperature
of 298 K.

From the trajectories running in the degeneracy region,
32 geometries were chosen based on a combination of
random selection as well as an *BR/S, energy gap smaller
than 0.15 eV and continued to run on the ground state
potential energy surface. This approach was necessary as
none of the trajectories that ran in 7', hopped to the ground
state during their simulation time. The geometries and
velocities for the new trajectories running in S, were taken
from the point where they manually hopped from the
parent trajectory, and the electronic coefficients were
adapted to put the population on the ground state.

The dynamics simulations were carried out using the
ab initio molecular dynamics program SHARC (surface
hopping including arbitrary couplings) [32, 51], which uses
a modification of the Tully surface hopping method [52]
allowing for treating both singlet and triplet states on the
same footing. The time step used for the nuclear motion
was 0.5 fs, and the time step for the integration of the time-
dependent electronic Schrodinger equation was 0.02 fs. All
electronic structure properties (energies, gradients, and
couplings) were calculated at the SA-CASSCF level of
theory using the above described (4,4) active space and the
cc-pVDZ basis set. For both the singlet and the triplet state
calculations, 3 states were averaged with equal weights
each. The non-adiabatic couplings were calculated from
the wavefunction overlaps by using a local-diabatization
scheme [53]. Additionally, this procedure monitors the
wavefunction phase and makes sure that it is maintained
throughout the dynamics [54]. Moreover, the Persico
decoherence correction [55], with a decoherence parameter
of 0.1 a.u. was employed. To save computational time, the
gradients of not-populated states were only calculated
when their energy was within 0.5 eV of the currently
populated state. This procedure is in accordance with
previous studies showing that higher lying states only have
a minimal effect on the potential of the populated states
[32].
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