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Abstract

Spin-polarised magnetic systems, generated by the interaction of photoactive molecules
with light, play a key role in a wide range of scientific applications. Representative
examples are OLEDs, organic photovoltaics, and singlet fission. Further, they are
important intermediates in certain biological processes including photosynthesis and,
possibly, avian magnetoreception. Transient continuous wave electron paramagnetic
resonance (trEPR) spectroscopy is a powerful tool to reveal the temporal evolution of
non-equilibrium spin states, which contains valuable information on any photoinduced
dynamic processes occurring in these systems.

For the analysis of EPR spectra, simulations are essential. While the simulation of
static spectra is well-supported by tools like EasySpin, the simulation of time-resolved
data is less developed.

Here, we introduce teacups, a new Python-based simulation routine for time-

resolved EPR spectra, which includes several different spin systems and provides freely



available, well-documented code. By employing the Liouville equation, teacups sim-
ulates the temporal evolution of trEPR spectra, making it possible to uncover the
internal dynamics of spin-polarised systems and to enhance our mechanistic under-
standing. In this manuscript, we explain the theoretical background and provide a
description of the features and setup of teacups. Further, a step-by-step example for

data analysis is provided.

1 Introduction

Over the last decades, the study of spin-polarised magnetic systems has emerged as a capti-
vating frontier.! These systems, many of which are generated by the interaction with light,
are special in the sense that their energy levels are selectively populated, leading to popula-
tion differences far from thermal equilibrium. They play an important role in diverse fields
of science and technology. For instance, light-induced triplet states are key intermediates in
the processes occurring in certain molecular spintronic devices,? organic light-emitting diodes
(OLEDs) based on thermally-activated delayed fluorescence (TADF),® in photosynthesis,*?
organic photovoltaics,%” and can be employed as versatile spin labels.® ' Another impor-
tant research area is the analysis of spin-correlated radical pairs. They are involved, e.g., in
biological processes such as photosynthesis and, presumably, in avian magnetoreception and
the circadian clock.%2722 Triplet pair states, generated by singlet fission, are intermediates
in the photophysical processes occurring in OLEDs and photovoltaic devices.?*2% Further,
the exploration of the use of paired triplet and doublet states as quantum bits (qubits)
in quantum information science is a rather new field of research involving spin-polarised
systems. 273!

For the analysis of spin-polarised systems, transient electron paramagnetic resonance
(trEPR) spectroscopy is a powerful analytical tool.3? In the experiment, typically short-lived
paramagnetic species are generated with a short laser pulse and the time evolution of their

EPR response is detected in the presence of a weak microwave magnetic field. The acquired



data reveal the temporal evolution of the formed spin states and ultimately yield deep insights
into the internal dynamics. This includes coherent spin phenomena like transient nutations??
and quantum beats,3* as well as incoherent dynamics such as structural motion,® all of which
have been investigated previously.32:36

For the interpretation of complex EPR spectra, simulations are essential. The simulation
of EPR spectra under static conditions are often performed using the powerful simulation tool
EasySpin, 3638 but the analysis of time-resolved data is not as well established. EasySpin
has recently been extended to include further capabilities for the simulation of transient
EPR data,® but does currently not support the simulation of (i) coherence effects such
as quantum beats, (ii) transient nutations (Torrey oscillations) arising from the precession
of the magnetisation about the microwave field, or (iii) advanced relaxation processes and
diffusive dynamics.

Other tools for simulating time-resolved phenomena are available, but often focus on
different detection schemes. As an example, the time-evolution of spin systems after appli-
cation of a microwave pulse can be simulated using the Spidyan3® package (now included in
EasySpin) but the focus is on pulse EPR spectroscopy. The Spinach package®® also includes
the required functionalities, but has been developed for NMR simulations and large spin sys-
tems. It offers flexibility for EPR simulations but requires advanced knowledge in simulation
theory, as users have to compose their own simulation routines from toolbox functions.

In this work, we introduce the new Python-based simulation routine teacups (Time-
resolved EPR: Algebraic calculation of unequally populated spin systems) for the analysis
of trEPR spectra which is meant to overcome the current limitations of EasySpin regarding
the simulation of the time-evolution of transient EPR data.

Time-resolved simulations of trEPR spectra as such, have already been employed in
various previous studies,?*34495 but the source codes of the utilized simulation routines

are often either not freely available, not sufficiently documented, or only suitable for a

specific spin system. In contrast, teacups aims to provide a straightforward, user-friendly



implementation, that is usable for several spin systems, filling a gap in the current landscape.
By providing well-documented open-source code and adopting the widely-used EasySpin
syntax, teacups ensures ease of use and accessibility.

By employing the stochastic Liouville equation using a phenomenological dynamics su-
peroperator, the temporal evolution of EPR spectra can be simulated (see references 55,56
and references therein). Analysing the rate constants in the dynamics superoperator offers
insight into the internal spin dynamics and reveals mechanistic details of the underlying
excited state processes.

In this manuscript, we present the theoretical background for the simulation of time-
domain EPR data followed by a detailed description of the features and setup of the program.
We include information for developers as well as for potential users by providing a step-by-
step example for an analysis of a trEPR spectrum using the teacups routine and conclude

with a short outlook on future developments.

2 Theory

2.1 Introduction to the transient EPR experiment

To understand the physical principles underlying the simulation of time-domain EPR data,
some knowledge about the trEPR experiment is necessary as the teacups simulation routine
generates a transient continuous wave EPR spectrum by modelling the experiment.
Transient EPR is a time-resolved EPR technique which is based on the standard con-
tinuous wave (cw) EPR experiment, for a recent review see.?? The EPR signal is detected
directly without the application of any modulation, so that any positive signals correspond
to microwave absorption and any negative signals to microwave emission. When running
the experiment, the sample is placed into a static magnetic field and exposed to contin-
uous microwave radiation. A nanosecond laser pulse is then applied and a kinetic trace

recorded. Subsequently, the static magnetic field is changed and another kinetic trace is



recorded. When repeating this for the entire magnetic field range of interest, a 3D spectrum
is obtained, showing the time-behaviour as a function of the static magnetic field (see Fig-
ure 1). The data thus contain information about the spin system as well as the excited state

dynamics. 32
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Figure 1: Schematic drawing of a transient EPR spectrum. The measurement is
started shortly before the application of a nanosecond laser pulse. During the experiment
the sample is continuously irradiated with microwaves (B7). At specific magnetic field points
By, kinetic traces are recorded. By accumulating data for multiple magnetic field points, a
3D data set is obtained. The figure has been adapted from reference 32.

2.2 Mathematical modelling

When trying to model the experimental conditions, we have to consider the spin system,
the initial polarisation after the laser pulse, and any time-dependent mechanisms involving
transitions between the spin states. These three components need to be described math-

5760 45 shown

ematically and are fed into the solution of the stochastic Liouville equation
schematically in Figure 2. This equation allows us to calculate the polarisation of the spin
system as a function of the time ¢ using multiple operators: The spin Hamiltonian 7—2, the
density operator p, and the time-evolution operator R.5%596162 Ty the following sections,

the theoretical construction of a trEPR spectrum is described by explaining the significance

of these operators.
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Figure 2: Solution of the stochastic Liouville equation. Multiple input parameters are
needed for the calculation of the time-dependent density matrix p. These are: (i) the time

point ¢ for which the density matrix shall be calculated, (ii) the Hamiltonian superoperator H

containing information on the spin system, (iii) the dynamics superoperator R containing
information on the time-dependent transitions between the states, and (iv) the initial density
matrix containing populations and coherences at time point ty. The resulting density matrix
describes the longitudinal and transverse magnetisation of the spin system at the time point ¢.

2.3 Spin system

The spin system is defined by the number of spins and their magnetic interactions. Its energy
levels are described by the Hamiltonian, which is set up as the sum of the Hamiltonians for

all magnetic interactions:
,}:t = ﬁZeeman + ﬁmw + ﬁspin-spim (1)

The interactions with the static magnetic field ﬁZeeman and the time-dependent microwave
field How are defined by the experimental conditions and are present for all spin systems
investigated by trEPR. The spin interaction Hamiltonian ﬁspin_spin depends on the chosen
spin system and includes all magnetic interactions between the spins. All operators are
set up as matrices, which are summed up. They are obtained by matrix multiplication of

the spin matrices (i.e. normalised Pauli matrices in units of i), the magnetic fields, and



the tensors which define the strength and direction of the interactions as explained in the
following.
The interaction of the spin system with a static magnetic field is given by the sum of the

electronic Zeeman interactions of all spins ¢ with the magnetic field, scaled by the g-tensor:

7:[Zeeman = Z gzgz%go (2)

where S is the spin vector operator (S’z, Sy, S’Z> including the normalised Pauli matrices
for each spin, and éo the vector representing the magnetic field with a single non-zero

component along the z-axis. Therefore, the equation can be simplified to

7:[Zeeman - %BO : (Szgxz + gygyz + SZ.gZZ) (3)

where the scalar value for the magnetic field strength By and the elements of the g-tensor
gij are used. 616364

Since the microwave field (El, with the amplitude B;) oscillates with time, the interaction
with the microwave field (and following from that 7:[mw) is time-dependent. However, the
stochastic Liouville equation can only be solved for time-independent Hamiltonians. To
address this, one must either ensure that the Hamiltonian remains time-independent or
resort to piecewise integration over time-constant intervals, which introduces considerable
computational complexity. 52

To obtain a time-independent Hamiltonian, the coordinate system is transferred to the

rotating frame by adding a frequency offset to the Zeeman frequencies: %3

7:[mw - AzgiSO%Bl - Szw- (4)

The rotating frame rotates with the microwave frequency w so that the microwave Hamil-

tonian becomes time-independent. As the microwave field is applied perpendicular to the



static magnetic field, the Hamiltonian represents the interaction of the x-part of all spins
with the microwave field.

It needs to be considered that all Hamiltonians, that are non-diagonal, will become
time-dependent in the rotating frame. To avoid this, the secular approximation is applied
(as shown in more detail further below in Section 3), which is common practice in EPR
spectroscopy. This approximation makes the interaction Hamiltonians diagonal, ensuring
that they remain time-independent in the rotating frame. To demonstrate that this approach
is valid even for highly anisotropic systems, we compare static EPR spectra computed using
our simulation routine with those calculated using EasySpin in the SI (see Figure S1).%3

In summary, by employing the secular approximation in combination with the rotat-
ing frame, the Hamiltonian becomes time-independent, which makes it possible to use the
solution of the stochastic Liouville differential equation for our calculations.

In the following, a simple two-state-system (e.g. a single electron placed into a magnetic
field) is assumed. The Hamiltonian for the chosen two-state example system consists only

of the interactions of one electron (s = 1/2) with the magnetic field. The interaction matrix

is given by:
sB Bo B By
. BBNg,., —w Jiso 2 St
h 2 gZZ 180 h 2
H = (5)
uB By 1B Bo
Jsoy 3 Th 29z tW

If the system consists of multiple spins, further interactions must be taken into account.
These are the exchange interaction scaled by the exchange interaction parameter J, and the

dipolar interactions between the spins scaled by a dipolar interaction tensor D:

,;':Lspin—spin = JSISQ + SlDSQ. (6)
Here, S, and S, are the spin vector operators of two coupled spin systems.% % Common

examples are two electrons spins forming a radical pair, the two electron spins of a photogen-

erated triplet state (where the dipolar interaction becomes the zero-field splitting interaction



and J is extremely large), or a triplet state coupled to a third electron spin.3¢47:5 Further

details are given in Section 3.

2.4 Polarisation

For a light-induced system, as monitored in a trEPR experiment, the populations of the
spin states deviate from thermal (Boltzmann) population and depend on the mechanism
underlying the formation of the excited species. The resulting spectrum is said to be spin-
polarised and typically characterised by the observation of absorptive as well as emissive
signals, in contrast to the purely absorptive features observed in the Boltzmann case.3%36
The systems’ magnetisation is described mathematically by the density matrix operator.
The density operator p contains the projections of the states |¥) and describes a density

distribution. For the two-state system introduced above (with two energetic eigenstates split

by the Zeeman interaction, see Equation (5)), it takes the following general form

state 1 state 2

p= Y mwy = "
i state 2 P21 P22

where the diagonal elements represent the probability to find the system in the considered
state, i.e. the populations of the states. The population differences result in the longitudinal
magnetisation (along the z-axis).%" If an energetically lower state is overpopulated, this leads
to an absorptive spectral transition, whereas an overpopulation of a higher-lying energetic
state results in an emissive transition. The off-diagonal elements are the coherences and
connect the states. If they are different from zero, this corresponds to a transverse magneti-
sation (in the zz-plane). At time ¢ = 0, the off-diagonal elements are set to zero for the
simulation. It is assumed that population differences are only created by the application of

the laser pulse. By applying the microwave Hamiltonian, the off-diagonals become populated



over time. This creates the detectable transverse magnetisation. 926368

2.5 Time-evolution

With the Hamiltonian and the density matrix at hand, the system can be fully described
at the initial time %y, as the energy levels and their populations are defined. In a next
step, the time-evolution of the populations must be considered and the resulting transverse
magnetisation at every time point has to be calculated. To this end, the full density matrix
is required for every time point. The time-dependence of the density operator is described
by the Liouville-von-Neumann equation, which can be easily derived from the definition of

the density operator:

Sp0 =i [Rp(0)]. ®)
which is solved by
p (1) = exp [—i?—lt] p (to) exp [w%t} . (9)

Here, the full Hamiltonian and the density matrix at ¢y are needed as input parameters.
Changes in the density matrix due to the microwave field are considered as part of the
Hamiltonian. 3852626970 However, any further incoherent processes, like, for instance, relax-
ation, cannot be taken into account using this equation that emerged as a solution directly
from the differential equation. The description of such processes requires a change to the
the density matrix operator itself.

This can be achieved by changing the mathematical space: In Hilbert space, operators
act on functions, whereas in Liouville space (i.e. a space "above”) superoperators (marked
with a double-hat) act on operators. % Here, each matrix operator with the dimension nxn is
written as a vector with n? elements. These vectors are transformed by the superoperators,
which are transformation matrices with the dimension n?xn?. Hence, a superoperator that
influences the density operator can be set up.

After transformation of the Liouville-von-Neumann equation into the Liouville space,

10



incoherent dynamics can be taken into account by adding further superoperators. In doing

so, the Liouville-von-Neumann equation turns into the stochastic Liouville equation:58-:60:62
d - SN N
At = =i (H+iR) (), (10)
which is solved by
5 () = exp [—it (7—[ + if%ﬂ 5 (o) (11)

where ﬁ is the time-independent dynamics superoperator which describes changes in the
different population of the states and coherences of the system. Further superoperators, for
instance for chemical reactions or for motion processes, could still be added. The Hamiltonian
superoperator includes the commutator relation from equation 8.5%62:67.70,71

The dynamics superoperator is based on Redfield theory. This theory describes relaxation
processes in open quantum systems by accounting for the interactions of the system with
its environment. From these interactions, the elements of a relaxation superoperator are
derived, which is then used in the stochastic Liouville equation.” In teacups the elements
of the relaxation superoperator are not derived from interactions with the environment, but
are set directly. The construction of the dynamics superoperator, as performed in teacups,

will be illustrated here for the two-state example system. As the operator dimension is 2x 2,

the superoperator has a dimension of 4x4 and takes the following general form

11 12 21 22

11 ri1i1 ma2 T2 722

12 T12,11 712,12 71221 T1222

R- (12)

21 T21,11  T21,12 721,21 721,22

22\ ro211 To212  T2221  T22.22

where the indices ij, kl describe which elements ij and kl of the density matrix are affected

by the rate constant 7;; ;. Density is transferred from the element ij to the element kl. Like

11



this, modulations can be defined using the dynamics superoperator.*”5>7%7 The following

rules apply:

e a positive r defines an increase of an element; a negative r a decrease

r is always a rate constant that defines a proportionate change of the current value
e changes in populations are described by the elements with ¢ = j and k£ =

e changes in coherences are described by the elements with ¢ # j and k # [

the total population is only preserved if >, 7 1 = 0

population is transferred to states outside the spin system (e.g., decay to the ground

state) for ). ri; ke < 0, which can be accounted for by negative contributions in 7 ;

In summary, the dynamics superoperator has the structure of the Redfield superoperator,
but the (time-independent) rate constants are set directly instead of being calculated from
interactions of the system with its environment. This approach is suitable for the analysis
of photo-excited molecules, where the analysis of the rates can provide valuable insights into
the internal dynamics of the spin system.

With the information given above, the density matrix can now be calculated for every
time point. The only remaining step is then the calculation of the EPR signal itself. In
transient continuous wave EPR, the detection is carried out perpendicular to the static
magnetic field. Consequently, the spin operator along the y-axis is chosen as the detection
operator. To obtain the EPR signal, the expectation value of the detection operator is

calculated, %% which is defined as

Hilbert space: <l§y>t =Tr [ﬁ (t) Sy] (13)
13

AT

Liouville space: <§y> =p(t) §y.

t

12



3 Simulations

In the following section, the specific features of teacups shall be outlined and explicit ma-
trices and formulas will be given. teacups is an open-source Python package that can easily
be implemented in self-written scripts. The script form gives maximal flexibility to the user;
spin system and dynamics can be defined easily. A modular setup of the functions and a
good documentation make it possible for users with some experience in Python to extend the
program themselves by adding their own functions, e.g. for further spin systems, different
initial populations or polarisation transfer mechanisms. Details on the programming are
given in the Supporting Information (SI).

As explained in the theory section, the simulation input consists of three main parts:
the spin system, the initial polarisation, and the dynamic evolution, all together resulting
in the simulated spectrum. For each part, teacups provides a selection of typical scenarios,
that can be combined with each other. This makes the program easy to use, while further
components can be added with knowledge of theory and programming. The available presets

and their mathematical descriptions are presented in the following.

3.1 Basis and basis transformation

First a short comment on the use of different bases and the transformation between these
bases shall be made: Mathematical operations can be applied only if all matrices and vectors
are defined in a vector space with the same basis. The basis of a vector space consists of the
minimum number of linearly independent vectors. Each vector in the vector space can then
be represented as a linear combination of these basis vectors.

For spectral simulations, it makes sense to use different bases depending on the situation.
Examples are the eigenbasis of the Hamiltonian, in which it is diagonal, or the singlet-triplet
basis for a radical pair, in which the initial occupation of the density matrix can be specified

easily. Since the operators are partly set up in different bases, a basis transformation must

13



be carried out in order to transfer all vectors and matrices into the same basis. The basis
transformation matrix T transferring a matrix from the old basis B to the new basis B’
is set up by representing the vectors of the old basis as a linear combination of the vectors
of the new basis. The basis transformation matrix is then applied to the vectors V and

matrices M 6774

V (B)=T5V (B)

M (B =T5M (B)TS .

3.2 Powder average

For the simulation of powder spectra of an anisotropic system, all orientations have to be
considered equally. To do so, teacups calculates a powder average.

All tensors (after rotating them into a common initial frame) are rotated by a set of Euler
angles using the rotation matrix as a basis transformation matrix. A rotation by ¢ about

the z-axis is followed by a rotation by ¥ about the y-axis: ™

cos¢pcost —sing cos@sind
7= |singpcost?y cos¢g singsind | - (14)
—sind 0 cos v

The set of angles consists of several pairs of ¢ and ¥, describing points that are equally
distributed on a unit sphere. For this purpose, a SOPHE?" grid and a Fibonacci grid ™
are implemented. When rotating all tensors to a particular orientation, a spin system in
this orientation is described. A powder sample consists of spin systems distributed across all
possible orientations. By calculating spectra for a large number of orientations and summing
them up with equal weights, a powder averaged spectrum is obtained. In general, the more
anisotropic the system, the more orientations have to be simulated to obtain a representative

spectrum. %3
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As an alternative, teacups provides the possibility to calculate spectra only for a single
orientation (or a small number of chosen orientations). This becomes useful when simulating
trEPR spectra of oriented samples (e.g. for the study of chiral-induced spin selectivity
(CISS) ™).

3.3 Implemented spin systems

Predefined Hamiltonians for four spin systems (see Figure 3), that are often investigated
using trEPR, are provided. These are a doublet (doub), a spin-correlated radical pair (rp),
a triplet state (trip), and a triplet—doublet pair (tdp). Fach species has its own set of
magnetic interactions. The Hamiltonian matrices are shown in the SI.

The doublet consists of a single spin in a magnetic field. The spin quantum number is
s = 1/2. In a magnetic field, two distinct energy levels exist and one transition (resonant

field) is expected. The Hamiltonian includes only the Zeeman interaction with the magnetic

field

7:[doub = '?1/29%3)0' (15)

As a basis for all calculations, the two eigenfunctions |a) and |B) are chosen, which results
in a diagonal Hamiltonian.®

The radical pair consists of two spins (with spin quantum numbers s;5 = 1/2). This
leads to a system of four spin states with four allowed transitions between them. Depending
on the distance between the unpaired electron spins exchange and/or dipolar interactions
need to be taken into account. Both are considered in the Hamiltonian which takes the

form 3¢

~

Hrp = glgl%éo + gggg%go + J§1§2 + §1D§2. (16)

Instead of the product basis, where the functions are equal to the products of the radical

15
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Figure 3: Overview of the implemented spin systems. The four spin systems that
are currently implemented in teacups are shown. For each spin system, the involved spins
and their interactions are sketched (top). Further, the eigenstates in a magnetic field and
the allowed transitions between them are illustrated (centre) together with a typical spin-
polarised spectrum (bottom).

eigenstates |a) and |B), the singlet-triplet basis is chosen

T0) = o)
) = —= (o B) — 15, )
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1) = Ip.B).

In this basis, the Hamiltonian has only few (two) and relatively small off-diagonal elements
and can be assumed to be time-independent in the rotating frame.3°
The triplet state consists of two spins in very close proximity. As a consequence, the

exchange interaction, and therefore also the energetic gap between the singlet and triplet

16



states, becomes very large. The total system can be described by the three triplet functions,
neglecting the singlet function. Hence, the total spin quantum number of a triplet is S = 1.
Three triplet states exist and are connected by two allowed transitions. They are split by
a dipolar interaction at zero field (zero-field-splitting, ZFS). The magnitude of the ZFS is

defined by the two ZFS-parameters D and E. The corresponding Hamiltonian is given by

ﬁtrip = ggM—Béo + S'DzFSg
. f . (18)
_ 3., "B 5 a2 g 52 &2
—SghBo—i-D s 35 +E(S;-S,).

When applying the secular approximation, only the zz-component of the D-tensor is taken

t,63

into account,® making the Hamiltonian time-independent in the rotating frame. As a basis

for the triplet simulation, the eigenfunctions of the triplet state in high-field, |T), |Ty) and
|T_), are chosen.36:6

As the name implies, a triplet-doublet pair consists of a coupled triplet (S = 1) and a
doublet (s = 1/2) state. This results in six eigenstates. Both the dipolar and exchange
interactions need to be taken into account and are included in the Hamiltonian. The latter

is similar to the Hamiltonian of the radical pair, except for the ZFS interaction that needs

to be included for the triplet state

~ 2, HB 5 . HB 5
thp = SdoubgdoubeO + StripgtriprO"f'

. . . . (19)
StripDZFSStrip + J Sdoubstrip + SdoubDStrip

The magnitude of the exchange interaction defines the number of allowed transitions. For a
strongly coupled pair, the quartet and doublet functions include four allowed transitions as
shown in Figure 3. For moderately or weakly coupled systems (i.e. the magnitude of the spin-
spin interactions is of the same order of (or smaller than) the Zeeman interaction), the energy
differences between the eigenfunctions are small and additional transitions become allowed.

As the basis, the product basis is chosen (products of the high-field triplet eigenfunctions and

17



the doublet eigenfunctions). The secular approximation is applied for the dipolar coupling

and the ZFS to make the Hamiltonian time-independent.2%:80-82

3.4 Initial polarisation

Excited states can be generated by several different mechanisms leading to different types
of initial polarisations (hereafter initial states). Some common initial states are already
implemented and can be selected for the simulation.

The user can choose one out of seven bases (explained in detail below) and set the initial
populations of the states. The general internal procedure is then identical in each case:
The density matrix is set up in the desired basis and then transformed into the basis of
the Hamilton operator. For all implemented initial states, it is assumed that, initially, only
longitudinal magnetisation exists, i.e. coherences are neglected in the initial density matrices.

With a good knowledge of the theoretical concepts, it is possible for the user to provide
a custom initial density matrix to the teacups simulation routine.

If *basis’ is chosen as the initial state, the density matrix is set up directly in the
basis of the system: The basis of the input density matrix is the same as the basis for the
calculations. The population input is set as the diagonal elements of the matrix and directly

given to the simulation routine:

a 0 - 0
0O b - 0

[CL, ba ,TL] — ﬁO - (20)
0 0 - n

If the actual eigenstates of the system are to be populated, the initial state ’eigen’ has
to be chosen. Here, the input populations are set as the diagonal elements of a matrix in

a basis spanned by the system’s eigenstates for every magnetic field point. Internally, the

18



matrix is then transformed to the basis of the Hamiltonian:

a 0 0

A B 0Ob --- 0

L I @)
00 - n

For this purpose, the basis transformation matrix U is used, that diagonalises the Hamilto-

nian:

ﬁdiagonal = U,}_z Uﬁl' (22>

Most EPR spectra of spin-polarised triplet states can be described well when considering an
initial population of the zero-field triplet eigenstates, for a recent review, see Ref. 66. In the
program, the zero-field population can be selected by the user as the basis for a triplet state
simulation by choosing the ’zf ’-initial state. Here, the populations that need to be given to
the simulation routine are the populations of the three zero-field states of the triplet, |Tx),
|Ty) and |Tz), in ascending order (with reference to their energies). The density matrix is
transformed afterwards to the high-field basis [T, ), |Ty) and |T_) for each magnetic field

point by basis transformation with the basis transformation matrix U':

a 0 0
po=U"'|01b 0 |U. (23)

0 0 ¢

The matrix U is composed of the eigenvectors of the complete high-field Hamiltonian ex-
pressed in the zyz-basis. Consequently, U can be determined by diagonalising this high-field

Hamiltonian.
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To obtain py, all off-diagonal elements, i.e. coherences, are set to zero after the basis trans-
formation. 365374

For the coupled systems, namely the radical pair and the triplet—doublet pair, further
initial states can be chosen. Radical pairs may be generated from a singlet or a triplet
precursor. If ’singlet’ is chosen as the initial state, only the singlet state is populated and

the population of all triplet states is set to zero. The initial density matrix is set up in the

singlet—triplet basis according to

Ty) [S) |To) |T-)

(24)

(e

—
o o o O
o o o O

To simulate a radical pair with a triplet precursor, the three populations of the triplet sub-
levels have to be given. Here, it is possible to provide the high-field populations (’triplet-eigen’)
or zero-field populations (’triplet-zf’). The density matrix is set up as explained above
populating the triplet levels of the radical pair density matrix.??

For the triplet—doublet pair, the density matrix is set up using two sets of populations:
The population of the doublets and that of the triplets. Here again ’triplet-eigen’ or
>triplet-zf’ can be chosen, which defines the basis for the triplet. The doublet is set up
in its eigenbasis states |a) and |B). As the Hamiltonian is set up in the product basis, the

density matrix is also set up in the product basis of high-field triplet and doublet functions.

To this end, the Kronecker product is computed ™

ﬁO = ﬁtriplet QFE+E® ﬁdoublet- (25)
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3.5 Implemented relaxation mechanisms

To simulate the time-evolution, relaxation models of different complexity can be chosen. First
of all, the user needs to choose the mathematical space that is used for the calculations. This
can either be ’hilbert’ or ’liouville’.

If the Hilbert space is chosen, the advantage is that the operator dimensions are smaller.
Therefore, calculations are much faster than in Liouville space. However, while coherent

34,8485) are simulated cor-

dynamics (like transient nutations®® and zero quantum coherences
rectly, no dynamics superoperators can be applied. To simulate a phenomenological decay,

the spectrum (/) is convoluted in teacups with an exponential decay of the form

Tgecay = I * exp [—kt] . (26)

characterised by the decay rate k.

If liouville’ is chosen, the operators are transformed into superoperators and vec-
tors as described in the theory part. This squares their dimensions and slows down the
computation, but dynamics superoperators can be included and incoherent dynamics can
be simulated.%” Regarding the dynamics superoperator, different inputs are possible. The
simplest way to simulate relaxation is by using the longitudinal relaxation time 77 and the
transverse relaxation time 75. This describes a phenomenological decay of the signal but the
model is more complex than a simple exponential decay and the decay times have a physical
meaning: the longitudinal relaxation time drives the populations to equilibrium, while the
transverse relaxation time describes the decay of the coherences. The relaxation superoper-
ator is implemented using the relaxation times 77 and 75. The corresponding matrix can be
found in the SI.47:55:62,73

Alternatively, for complete flexibility, the user can define their own dynamics superoper-
ator (see the SI for limitations and advice). Since a specific model needs to be chosen, it is

necessary to have some prior knowledge about the spin system and the feasibility of certain
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dynamic processes. Transitions between spin eigenstates and decay to the ground state can

be initialised by defining the relevant matrix elements as described in the theory part.

3.6 Exemplary workflow

In the following section, an example of how to use teacups is provided. The script used
for the simulation (including the actual parameters used) can be found in the SI. The steps
from an experimental time-resolved spectrum to the final 3D-simulation are explained and
are visualised in Figure 4.

The transient EPR spectrum of a perylene-nitroxide conjugate, referred to as perylene-
3-eTEMPO, is chosen as an example to illustrate the workflow of the program. It is a
covalently bound, photogenerated triplet—doublet system, consisting of a stable radical and
a chromophore. After photoexcitation at 435nm, the chromophore triplet state is formed
rapidly by a process referred to as radical-enhanced intersystem crossing.?*® Since the chro-
mophore triplet state and the radical doublet state are strongly coupled, four quartet states
and two doublet states are formed. The experimental data set that is to be described is
typical for a quartet state. The spectrum shows a broad multiplet polarisation arising from
transitions between the quartet state Q432 <> Q41/2 levels and a sharp net polarisation in
the centre of the spectrum arising from transitions between the quartet state Q12 <> Q_1/2
levels. When examining the experimental time-evolution of the signals, at least two different
kinetic processes can be identified: the net polarisation decays much faster than the multiplet
polarisation.? Such a spectrum can be analysed using teacups. To this end, the following

workflow may be used:

1. Characterisation of the spin system: an EPR spectrum at early times after photoex-
citation, which clearly shows all initial features, is chosen from the 3D data set. For a
quick simulation, the time points are reduced to two and the Hilbert space is chosen.
The resulting spectrum is then plotted. If required, the initial spin system parame-

ters can be adjusted until a satisfactory agreement between experiment and simulation
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Figure 4: From an experimental spectrum to a teacups simulation. The simulation of
a time-resolved EPR spectrum requires four steps which are illustrated here on the example
of a photoexcited perylene-nitroxide molecule forming a triplet-doublet pair.®¢ The spin
system parameters are determined by a quick Hilbert-space simulation of the EPR spectrum
at early times after photoexcitation. The doublet and quartet eigenstates are plotted. Two
rate constants, for intersystem crossing (isc) and internal conversion (ic), were chosen here
to describe relaxation processes between the states. The whole spectrum and the evolution
of the populations is finally plotted. Important simulation options are indicated in grey and
the resulting plots are shown for each step. For a better illustration of the workflow, any
ticks and tick labels were omitted in the plots of the experimental data. Experimental details
and simulation parameters are provided in the SI (Section 3 and 4).
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is reached. Further, an appropriate basis needs to be chosen, which may require a

readjustment of the initial polarisation. Now, the starting conditions are set.

. Analysis of the eigenstate energies: now the eigenstates of the system can be verified.
Upon request, teacups returns a plot of the energy levels of the eigenstates as a
function of the magnetic field. In the case of our example, we can see here that the
four quartet states are well separated from the two doublet states. From this plot, the
energetic order of the states can be determined, which is needed to set up the matrix

describing the dynamic processes.

. Identification of plausible relaxation mechanisms: intersystem crossing (isc), describing
transitions between states with different magnetic spin quantum numbers, and internal
conversion (ic), describing transitions between states with the same magnetic spin
quantum numbers, are plausible mechanisms leading to a decay of the signal and a
redistribution of population. As a simple model, two rate constants ri. and r;. can be
assumed. Now the respective states are connected with the rate constants in a dynamic

matrix.

. Calculation of the spectrum and the time-evolution of the eigenstate populations: the
spectrum and the evolution of the populations can now be calculated. To this end, the
Liouville space is chosen in combination with a sufficient number of time points. The

rate constants are adjusted until the simulated signal decay fits the experimental data.

Further simulation examples

To illustrate some potential applications of teacups, an exemplary simulation is shown for

each of the available spin systems. The simulation scripts including all simulation parameters

are given in the SI.

Starting with a simple doublet system (isotropic, no hyperfine couplings, g = 2.0), Fig-

ure 5 shows time traces at By = 348.3 mT, i.e. the maximum of the doublet peak at the
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chosen spectrometer frequency of 9.75 GHz, as a function of B;. The oscillations that can
be observed in the simulation are transient nutations (Torrey oscillations)® of the signal,

which are proportional to B;. This behaviour can be correctly reproduced in Hilbert space.
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Figure 5: Hilbert space simulation of an isotropic doublet spectrum. The time
traces at the maximum peak intensity (By = 348.3 mT, wy, = 9.75 GHz) are shown for
three different intensities of the microwave field B; (as indicated). The observable transient
nutations are proportional to B;. Further parameters used for the simulation are provided
in the SI.

Another Hilbert space simulation is shown for a radical pair in Figure 6. The time
trace at the maximum peak intensity (By = 351.106 mT, wyy = 9.75 GHz) shows not
only transient nutations but also zero quantum coherence, a phenomenon that is typical for

radical pairs. 4787

o
&l
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o
o

0.0 05 1.0 15 20
t/ us

Figure 6: Hilbert space simulation of a radical pair spectrum. The parameters were
taken from reference 47. Here, the time trace of the spectrum at By = 351.106 mT and for
Wmw = 9.75 GHz is shown. Apart from transient nutations, zero quantum coherence can be
observed. Further parameters used for the simulation are provided in the SI.

To illustrate the influence of the relaxation times T} and T5, a Liouville space simulation
of a triplet state spectrum, using a phenomenological relaxation superoperator, is shown in
Figure 7. On the left hand side, both relaxation times are equal: T} = T, = 5 us. When 717 is

shortened to 1 us (75 kept the same), the equilibration of the populations, and consequently
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the signal decay, is considerably faster (central panel in Figure 7). On the right hand side,
a comparison of two triplet state spectra at t = 1 us after laser excitation is shown for
Ty = 5 ps and two different T5 times (5 pus vs 0.1 ps). When Ty is shorter, the coherences

decay faster and broadening effects become apparent.
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Figure 7: Influence of the phenomenological relaxation times 7; and 75 on a triplet
spectrum. The spin system was adapted from reference 66. Left: Spectrum simulated with
Ty =Ty = 5 us; Centre: Ty is shortened to 1 us; Right: Comparison of triplet state spectra
simulated for different T3 relaxation times (as indicated), with 77 = 5 us. The spectra are
shown at ¢t = 1 us after laser excitation. Further parameters used for the simulation are
provided in the SI.

By using a custom-defined relaxation matrix, more complicated dynamics can be simu-
lated as shown in Figure 8. The left-most panel shows a triplet spectrum simulated using
the same parameters as in Figure 7 (left panel). For differences in the relaxation times of
the |T1) states, an asymmetric transient spectrum is expected as described e.g. in reference
88. To simulate the spectrum shown in the central panel of Figure 8, the relaxation matrix

was set to:

T-) | To) T4)
IT_) 0 1% 10 0.5 x 10°
dynamics = |Tg) | 1 x 106 0 2 x 109 év
IT,)\ 0.5 x 105 2 x 10 0

using different relaxation rates for the spin lattice relaxation of |T.) and neglecting the
triplet state decay. The evolution of the population of the three triplet eigenstates is shown

in the right-most panel.
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Figure 8: Triplet state simulations using a custom-defined relaxation matrix as
shown in the text. Compared to the spectrum with equal relaxation rates for |T), the
spectrum in the central panel is asymmetric. On the right-hand side, the evolution of the
population of the eigenstates is shown. The spectra were simulated for ¢ = 0.5 ps. Further
parameters used for the simulation are provided in the SI.

Finally, a more complex example for a triplet—doublet pair is shown in Figure 9. Here
a fictive spectrum is simulated illustrating the so-called reverse-quartet mechanism, which
is frequently observed for strongly coupled pairs.® Here, the excited Q. /2 levels relax with
different relaxation rates resulting in an inversion of the net polarisation over time. From
the example, it can be seen that this inversion of the central peak of the spectrum is caused

by an inversion of the populations of the doublet states.

0.5 2
I Qfs/g — Q+3/2
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Figure 9: Simulation of the reverse-quartet mechanism. Different relaxation rates
between the excited doublet states and the trip-quartet +1/2 states lead to an inversion of
the populations of the Q41/2-states. This manifests in the spectrum in form of an inversion
of the net polarisation. Further parameters used for the simulation are provided in the SI.

3.8 Specific experimental examples

In this section, we present the application of our simulation routine to experimental data,
directly illustrating its usefulness for modelling and analysing the time-dependent behaviour

of spin systems.
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Figure 10 (top) shows experimental data of a spin-correlated radical pair in plant photo-
system I at four different time points within the first 100 ns after photoexcitation together
with a teacups simulation that reproduces the time-resolved fit in reference 47. The good
agreement between experiment and simulation demonstrates that the internal dynamics are
reflected accurately. The simulation was performed in Hilbert-space and is influenced by all
spin-system parameters (including the orientation between the tensors) and the experimen-
tal conditions, e.g. the microwave field strength. The full set of simulation parameters and
the simulation script are provided in the SI.

As an example for the analysis of incoherent dynamics using teacups the time-resolved
data of a zinc(II)-porphyrin triplet state from reference 90 were fitted as shown in Fig-
ure 10 (bottom). While the simulation of the static spectrum at ¢ = 2 us is shown in
the reference, the time-evolution of the spectrum has not been analysed previously. For
the simulation using teacups, the spin system parameters were adapted from 90, while
the dynamics-matrix was optimised. The chosen model was intentionally kept as simple as
possible, including only transitions between the |T%) and T} states with different transition

rates. By setting the simulation matrix to:

T-) [To) T+)
IT_) 0 0.01 x 108 0
dynamics = |T,) [ 0.01 x 106 0 0.25 x 10° %
IT,) 0 0.25 x 106 0

the decay of the amplitude and the increasing asymmetry of the spectrum could be

reproduced satisfactorily.
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Figure 10: Top: Fit of the time-resolved trEPR data of a photogenerated radical pair P4 A7
in plant photosystem I reported in reference 47 (wyw = 9.8562 GHz, By, = 0.03 mT).
Bottom: Fit of the time-evolution of the trEPR data of the Zn-porphyrin monomer triplet
state reported in reference 90. Positive and negative signals indicate absorptive and emissive
transitions, respectively. The solid lines represent the experimental data, the dotted lines
show the simulation using teacups. The simulation parameters are provided in the SI.

4 Summary and Outlook

With teacups, a Python simulation routine for the simulation of time-resolved EPR spectra
of spin-polarised species has been developed. It is possible to simulate powder spectra or

spectra of oriented samples for doublets, triplets, spin-correlated radical pairs, and coupled
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doublet—triplet pairs. The spin system parameters can be chosen as well as the initial
populations of the states. Further, a flexible matrix describing the dynamics of the system
can be defined. After simulation of the spectrum, the evolution of the populations between
the eigenstates can be compared with the experimental data. This makes it possible to
analyse the effect of population-transfer on the spectrum or to verify a plausible dynamic
mechanism.

teacups has a modular setup that guarantees maximal flexibility but has also some
predefined models, that are easy to use. The modular setup allows the integration of further
models. These can be further spin systems, like, for instance, triplet—triplet pairs or a doublet
coupled to one or multiple nuclei,”* further dynamic processes (e.g. the reverse quartet
mechanism), % or further initial state matrices (e.g. with initially populated coherences).

In future, enhancing the program’s efficiency should be a key focus. Currently, the time
scale of a simulation is of the order of seconds to a few minutes depending on the spin system,
the anisotropy (i.e. the required angular points/magnetic field points), and the length of the
calculated time trace. The program can therefore be used to create individual simulations,
but fitting is more difficult in a reasonable time. Details on initial efforts on enhancing the
efficiency are provided in the SI.

Additional simulation parameters could be included, such as hyperfine interactions. A
further interesting feature to be added could be the transition between two different spin
systems (e.g. accounting for the transition from the excited to the ground state; or the
transition between different conformations). To this end, a full Hamiltonian consisting of
the combination of both systems needs to be set up. Then, a superoperator matrix for the
transition between all states can be defined. Functions of teacups for the build-up and
propagation of the signal could readily be used for this purpose without changes.

Finally, we can conclude that the presented simulation routine has great potential to
develop into a flexible open-source program for the simulation of time-resolved EPR spectra.

This has been realised by providing a simple framework for the calculation of spin-polarised
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EPR spectra based on the density matrix formalism.
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