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Reversible coupling of radical pair spin dynamics to 
a locally excited electronic singlet state

Ulrich E. Steiner

Department of Chemistry University of Konstanz, Universitätsstraße 10, 78464 
Konstanz, Germany

E-Mail: ulrich.steiner@uni-konstanz.de

Abstract

Thermally assisted delayed fluorescence (TADF) in electron–donor–bridge–acceptor triads 

has recently been shown to provide a new way of observing the spin dynamics of charge-

separated states (CSS) corresponding to linked radical pairs. In this work, we present a 

theoretical approach for extending standard quantum-dynamical models to describe this 

system. Using a representative example that combines four electronic radical-pair spin states 

with three nuclear spin states of a single nitrogen nucleus, we extend the Hilbert space from 

12 to 15 dimensions by including the excited singlet state S₁. We derive Liouvillian operators 

that account for the kinetic coupling between S₁ and the CSS, including decay, charge 

separation, and recombination, and illustrate the resulting dynamics with numerical 

examples.

Introduction

Radical pairs are chemical intermediates in which weak magnetic interactions ─ significantly 

smaller than thermal energy at room temperature ─ with both internal and external magnetic 

fields can exert remarkable influence over the rates of highly exergonic chemical reactions, 

such as those associated with covlalent bond formation or the recombination of charge-

separated states.

These effects originate from the weak splitting of four spin sublevels ─ one singlet and three 

triplet ─ and their associated hyperfine states, which arise from the coupling between the 

unpaired electron spins in the radicals and nearby magnetic nuclei. Moreover, the chemical 

process is governed by strict spin selection rules that require conservation of spin multiplicity 

between the initial radical pair and the final product state. Experimental and theoretical 

investigations of these and related phenomena, which now constitute the scientific field of 

spin chemistry,1-7 have significantly advanced our understanding of chemical reactivity.

Historically, the first discoveries in spin chemistry were the observations of non-Boltzmann 

spin state populations in EPR and NMR spectra ─ phenomena attributed to chemical origins 
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and termed chemically induced dynamic electron polarization (CIDEP)8-10 and chemically 

induced dynamic nuclear polarization (CIDNP).11-14  Soon after, the first sizeable magnetic 

field effects were discovered in chemical reactions,15, 16 a phenomenon later dubbed MARY,17 

followed by the discovery of magnetic isotope effects (MIE)18 and by magnetic resonance 

exploiting magnetic field dependent reactions yields (RYDMR).19 Magnetic field effects have 

also been discovered in radio luminescene, resulting from recombination fluorescence of 

radical ions, with oscillations indicating the coherent nature of spin processes involved.20, 21  

Insights into the underlying spin mechanisms gained from all these discoveries have proven 

valuable in elucidating primary electron transfer processes in photosynthesis22-24 and have 

led to the hypothesis that avian magnetic navigation may be based on the radical pair 

mechanism ─ an idea that has inspired extensive research and continues to gain 

experimental support to this day.22-30

The energetics of a radical pair (RP) are depicted diagrammatically in Fig. 1. Depending on 

the multiplicity of the precursor, the RP is initially generated with either singlet or triplet 

electron-spin correlation. The principal energetic contributions are exchange interaction, 

which separates the singlet and triplet states even in the absence of an external magnetic 

field, and  Zeeman interaction, which splits the triplet sublevels and may give rise to a 

condition in which one triplet substate becomes degenerate, i.e., resonant, with the singlet 

state. The electronic spin states are coupled through the hyperfine interaction (hfi). The 

isotropic, time independent component of the hfi gives rise to coherent singlet–triplet 

transitions, whereas the anisotropic, typically stochastically modulated hyperfine interaction 

(ahfi) induces relaxation. In many cases, a classical kinetic description31, 32 that incorporates 

coherent processes provides an adequate representation of the observed kinetics and their 

magnetic-field dependence. However, such approaches are insufficient for simulating 

quantum beats arising from time-independent interactions such as isotropic hfi or g-factor 

differences between singlet and triplet substates. These effects can be observed under 

specific experimental conditions at early times following RP formation. Situations of this kind 

require a full quantum-dynamical treatment.  

From an information science perspective, radical pairs (RPs) can be regarded as pairs of 

entangled qubits, a concept that has recently gained attention in the context of quantum 

information science.33 In this framework, the maintenance and control of quantum coherence 

are of central importance.
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Fig. 1 Magnetic field dependent state diagram of a radical pair, here represented by a charge 
separated state (CSS) in an electron donor-bridge-acceptor triad showing the energetic situations 
between singlet and triplet substates with exchange splitting 2J in different magnetic fields. The 
circular and linear arrows represent coherent and incoherent transitions, respectively, between the 
different substates. The rate constants of spin selective recombination processes to singlet and triplet 
product states are denoted kS and kT for singlet and triplet, respectively. 

Coherence in RPs is manifested through the observation of quantum beats, which arise from 

singlet–triplet (S/T) spin mixing. Although these spin substates cannot generally be 

distinguished spectroscopically, differences in their reaction rates toward spin-selective 

product channels may produce stepwise features in the overall reaction kinetics. Such 

effects, while difficult to detect, have been observed on the picosecond timescale under 

strong magnetic fields, where differences in Larmor precession frequencies ─ resulting from 

distinct g-factors of the radical partners ─ enhance S/T₀ transition rates.34, 35

Spin quantum beats are more readily accessible by spectroscopic techniques capable of 

distinguishing RP states of different spin multiplicities, notably electron paramagnetic 

resonance (EPR) spectroscopy.36, 37 In contrast, optical detection cannot directly discriminate 

between RP spin states. However, following photoexcitation by a second laser pulse after 

initial RP formation, the enhanced reactivity of the electronically excited radicals promotes 

rapid conversion into products of the corresponding multiplicity. This process enables optical 

readout of the spin state, allowing quantum beat detection via transient optical signals.38

An alternative approach to differentiating RP spin states relies on singlet recombination to a 

fluorescent excited state, transferring singlet–triplet oscillations directly into the fluorescence 

signal. In non-polar solvents, radical ion pairs generated by high-energy radiation typically 
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possess sufficient excess energy to form locally excited singlet states upon recombination, 

leading to the first observations of spin quantum beats in radioluminescence.21, 39, 40 In polar 

solvents, by contrast, photoexcited RPs generally lie below the energy of fluorescent locally 

excited singlets. A notable exception occurs with exciplex formation, which, however, 

requires sufficient translational and rotational mobility for the radical partners to adopt the 

correct mutual orientation in an exciplex.41-45 In rigid, covalently linked donor–bridge–

acceptor (D–B–A) systems, exciplex formation is typically precluded, and the nearest 

fluorescent singlet state remains energetically inaccessible from the RP.

Recent studies by Mani and co-workers,46, 47 and subsequently by the Lambert group,48 have 

demonstrated that structural modification of D–B–A triads can render the S₁ state 

energetically accessible to the charge-separated state (CSS) ─ which represents the RP in 

these systems. This enables the observation of delayed fluorescence arising from reverse 

charge recombination of the RP. The magnetic-field dependence of this delayed 

fluorescence provides compelling evidence identifying the RP as its precursor state. 

Although spin quantum beats have not yet been directly observed in thermally activated 

delayed fluorescence (TADF) from CSSs in D–B–A triads, these phenomena remain of 

significant interest. On one hand, they provide a basis for magnetic-field–sensitive imaging, 

and on the other, fluorescence detection offers a promising tool for single-molecule spin 

chemistry studies.

In this paper, we examine to what extent the TADF signal reflects the intrinsic dynamics of 

the CSS, and conversely, how the CSS dynamics are influenced by kinetic coupling to the S1 

state. We introduce a formal framework that integrates the reversible kinetic coupling of S1 to 

the CSS with a quantum dynamical treatment of the CSS alone. This framework is then 

employed to address these questions through numerical model calculations.

Theoretical Basis

The stochastic Liouville equation (SLE) for the time dependent spin density matrix (DM) ˆ ( )tr  

has been well established as  a theoretical framework to deal with the spin and reaction 

dynamics of radical pairs of all kinds3, 49, 50 including the charge separated states (CSS) we 

are interested in here.32, 38, 51-57For rigidly linked donor-bridge-acceptor triads the Liouville 

superoperator L  

ˆ ( ) ˆ( ) ( )H K R
d t t

dt
r r+ += L L L (1)
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comprises the following contributions

HL  describing the coherent spin motion due to the spin Hamiltonian Ĥ  

ˆ ˆˆ ˆ ˆ([ )H i H Hr r r= - -L (2)

KL describing the stochastic decay into reaction channels selective for singlet and triplet 

multiplicity. The established standard form as introduced by Haberkorn58 is

1 1ˆ ˆ ˆ ˆ
2 2ˆ ˆ ˆ ˆ ˆ( ) ( )K S S S T T Tk Q Q k Q Qr r r r r+ += - -L (3)

 with ˆ
SQ and ˆ

TQ the projection operators on the electronic singlet and triplet spin 

substates, respectively, and kS and kT the rate constants for reaction into the pertinent 

reaction channels and 

RL describing relaxation and dephasing among the spin sublevels according to various 

time dependent interactions, such as anisotropies of hfc and g-tensor, electron spin-

spin dipolar coupling, and fluctations of S/T splitting caused by stochastic fluctuations 

of rotational motion and molecular conformation. Its particular contributions will be 

specified in the application part below.

In solving the SLE it has become convenient to vectorize the DM by stacking the lines of the 

matrix into a vector, which we will denote by r . In this formalism, the Liouville superoperators 

are represented by square matrices applied to r . The pertinent conversion of the 

superoperators in eqs. (2) and (3) into the matrices HL , KL , and RL is based on the general 

matrix relation

Tˆ ˆˆ ˆˆA B A B rr ® Ä (4)

where the symbol Ädenotes the Kronecker product and TB̂ is the transposed matrix of B̂ .

Thereby the SLE is turned into a matrix equation

( ) ( ) ( ) ( )H K R
dr t L L L r t Lr t

dt
= + + = (5)

with the general solution

 ( ) (0)Ltr t e r=  (6)
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In the following, we consider the 4𝑁-dimensional Hilbert space ℋCSS, spanned by the tensor 

product of a four-dimensional electronic spin space and an 𝑁-dimensional nuclear spin 

space. The corresponding Liouville space has dimension (4𝑁)2, and the Liouvillian 

superoperator is represented by a matrix 𝐿 ∈ ℂ(4𝑁)2×(4𝑁)2  denoted 𝐿(4𝑁)2×(4𝑁)2  . We then 

extend the Hilbert space to dimension 5𝑁by including the excited precursor state 𝑆1alongside 

the four CSS electronic spin states. The associated Liouville space therefore has dimension 

(5𝑁)2, with Liouvillian matrix representation 𝐿 ∈ ℂ(5𝑁)2×(5𝑁)2denoted by 𝐿(5𝑁)2×(5𝑁)2

For a general nuclear state defined by the nuclear quantum numbers {𝜈1,𝜈2,𝜈3,...𝜈𝑛}, with 𝜈𝑖 

ranging from 1 to 𝑘𝑖  the dimension N of the nuclear Hilbert space is given by: 

𝑁 = ∏𝑛
𝑖=1 𝑘𝑖 (7)

In the present treatment, we restrict the analysis to three nuclear states arising from a 14N 

nucleus, i.e. N = 3. Consequently, the dimensionality of the Hilbert space increases from 4×3 

=12 to 5×3=15.

Subsequently, we derive the formalism for incorporating the formation of the CSS from the S1 

state with rate constant kCS as well as its regeneration from the singlet substate of the CSS 

with rate constant krCS. It is assumed that no nuclear spin dynamics occur in the S1 state and 

that the nuclear spin DM remains unchanged during both, charge separation and 

regeneration processes.

Incorporation of S1 into the electronic/nuclear spin space

The state ( , )f s n in Hilbert space represents the direct product of the electronic spin state s  
in the Zeeman product basis and n  the nuclear spin state of 14N,  where

𝜎 = 𝛼𝛼,𝛼𝛽,𝛽𝛼,𝛽𝛽,(𝑆1) ( 8)

is indexed by the numbers 1-4 (5) and

 𝜈 = 1,0, ― 1 (9)

is indexed by the numbers 1-3.

The ordered electronic/nuclear product states (1 -12 or 1-15 if including S1) are

𝛼𝛼1,𝛼𝛼0,𝛼𝛼 ― 1,𝛼𝛽1,𝛼𝛽0,𝛼𝛽 ― 1,𝛽𝛼1,𝛽𝛼0,𝛽𝛼 ― 1,𝛽𝛽1,𝛽𝛽0,𝛽𝛽 ― 1,(𝑆11,𝑆10,𝑆1 ― 1)   (10)

The quantities 𝜌12×12(𝜎,𝜈;𝜎′,𝜈′) or 𝜌15×15(𝜎,𝜈;𝜎′,𝜈′) represent density operators acting on a 

12-  or 15-dimensional Hilbert space. The space of such operators is a 144 (225)-

dimensional  Liouville space. Under vectorization,

𝜌12×12(𝜎,𝜈;𝜎′,𝜈′)→𝑟144(𝑖) (11)

where
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𝑖(𝜎,𝜈;𝜎′,𝜈′) = 𝜈′ +3(𝜎′ ― 1) + 4 × 3(𝜈 ― 1) + 3 × 4 × 3(𝜎 ― 1) (12) 

or

𝜌15×15(𝜎,𝜈;𝜎′,𝜈′)→𝑟225(𝑗) (13)

where

𝑗(𝜎,𝜈;𝜎′,𝜈′) = 𝜈′ +3(𝜎′ ― 1) + 5 × 3(𝜈 ― 1) + 3 × 5 × 3(𝜎 ― 1) (14) 

The Liouvillian superoperators acting in the 122- and 152-dimensional Liouville 

spaces are represented by the matrices 𝐿144×144 and 𝐿225×225 with matrix elements 

defined in the Liouville basis as

 𝑖|𝐿144×144│𝑗   𝐿144×144(𝑖,𝑗) and  𝑖|𝐿225×225│𝑗   𝐿225×225(𝑖,𝑗) (15)

Equivalently, the same matrix elements may be written in their explicit Hilbert-space-

index representation as

(𝜎,𝜈;𝜎′,𝜈′|𝐿144×144| 𝑠,𝑛;𝑠′,𝑛′)  𝐿(12)2×(12)2(𝜎,𝜈;𝜎′,𝜈′| 𝑠,𝑛;𝑠′,𝑛′) (16)

and

(𝜎,𝜈;𝜎′,𝜈′|𝐿225×225| 𝑠,𝑛;𝑠′,𝑛′)  𝐿(15)2×(15)2(𝜎,𝜈;𝜎′,𝜈′| 𝑠,𝑛;𝑠′,𝑛′)  (17)

Here, 

the notation 𝐿(12)2×(12)2  and 𝐿(15)2×(15)2  emphasizes the explicit Hilbert-space-index 

structure of the corresponding representations. The composite Liouville-space 

indices 𝑖and 𝑗are obtained from the index sets (𝜎,𝜈;𝜎′,𝜈′) and (𝑠,𝑛;𝑠′,𝑛′), respectively, 

according to the mapping defined above for the vectorization of the density operators 

𝑟144(𝑖)and 𝑟225(𝑗).

The quantum dynamical calculation of the combined 1,3CSS/S1 system begins with the 

routine evaluation of the superoperator matrix for the isolated CSS system, as has been 

extensively documented in the literature (see also the Mathematica file in the SI).32, 51, 54-57, 59 

A detailed specification, together with representative model calculations, is provided below.

 To construct the Liouville-space representation required for combining the electronic/nuclear 

𝑆1state with the CSS states, we extend the Liouvillian matrix 𝐿144×144 to  𝐿225×225. Using the 

index mappings defined in Eqs. (10) and (11), 𝐿144×144is first expressed in its explicit Hilbert-

space-index representation 𝐿(12)2×(12)2(𝜎,𝜈;𝜎′,𝜈′∣𝑠,𝑛;𝑠′,𝑛′). The resulting Hilbert-space-index 

representation is then embedded in the extended Liouvillian 𝐿(15)2×(15)2 . At this stage, all 

matrix elements involving the electronic index 5 are set to zero. The additional 𝑆1-related 

matrix elements required to describe population transfer are introduced separately below. 
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Thus, the present construction merely enlarges the state space and does not yet generate 

nuclear-spin evolution within 𝑆1or coherences between 𝑆1and the CSS states.

Finally, the extended Liouvillian is transformed back from the explicit Hilbert-space-index 

representation to its Liouville-space matrix representation according to Eq. (12).

𝐿225×225(𝑖(𝜎,𝜈;𝜎′,𝜈′), 𝑗(𝑠,𝑛;𝑠′,𝑛′)) = 𝐿(15)2×(15)2(𝜎,𝜈;𝜎′,𝜈′∣𝑠,𝑛;𝑠′,𝑛′) (18)

The kinetic processes to be represented are depicted in the scheme shown in Fig. 2. In the 

following their representation as operators in the Liouvillian are developed.

Fig. 2 Level scheme defining the stochastic rate processes: S1-decay to ground state (”kf” for 

simplicity, it encompasses also radiationless processes competing with fluorescence), 

S1-transition to S-CSS (kCS), regeneration of S1 from S-CSS (krCS), S-CSS recombination to ground 

state (kS), T-CSS recombination to local triplet state (kT). Coherent and incoherent transitions among 

the CSS spin sublevels S-CSS and T-CSS (T+-CSS , T0-CSS , T--CSS )are indicated by a circular 

arrow.)

Depletion kinetics of S1 
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9

Through decay by kf and kCS, the S1 part of the DM is diminished as follows:

1, 1,

1

f ,15 ,15
,

( )CS S S
S dep

d k k Q Q
dt
r ræ ö = - +ç ÷

è ø
(19) 

Here the projection operator 
1, ,15SQ  on the S1 subspace is given by a 15  15 matrix with 

diagonal elements of 1 in positions 13-15 and zeros otherwise.

The DM operation given by eqn (19) is translated to the Liouvillian matrix by

1 1, ,15 ,151
( )( )T

S dep f CS S S
L k k Q Q= - + Ä (20) 

Population of S-CSS from S1

This contribution to the evolution of the DM (DM) is expressed as

1
15 15

,

T T
CS in ex ex in

CSS pop

d k T P P P P T
dt
r r -æ ö =ç ÷

è ø
(21)

Here, exP is a 15×3 projection matrix with unit elements along the diagonal positions 13 to 15 

and zeros elsewhere. The operation T
ex exP Pr  extracts the 3×3 submatrix of r  corresponding to 

the S1 state.

Similarly, inP is a 15×3 projection matrix with unit elements along the diagonal positions 7 to 9 

and zeros otherwise. The transformation T T
in ex ex inP P P Pr therefore inserts the extracted 3×3 

submatrix representing the S1 state into the position corresponding to the 1CSS state within 

the coupled-basis representation of r . Finally, the transformation matrix 15T converts the 

resulting matrix representation into the Zeeman basis. The matrix transformation given by eqn 

(21) translates to the Liouville space as

(22)

Effect of reverse charge separation on the density matrix (DM)

The effect of reverse charge separation (rCS) on the DM  is expressed within the Haberkorn 

convention (cf. eqn (3)) as

𝑑𝜌
𝑑𝑡 𝐶𝑆𝑆,𝑟𝐶𝑆

= ― 1
2
𝑘𝑟𝐶𝑆(𝑄1𝐶𝑆𝑆,15𝜌 + 𝜌𝑄1𝐶𝑆𝑆,15) (23) 

1
, 15 15( ) ( )T T T

CSS CS CS in ex ex inL k T P P P P T -= Ä
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which corresponds to the Liouville space operator

𝐿𝐶𝑆𝑆,𝑟𝐶𝑆 = ― 1
2
𝑘𝑟𝐶𝑆(𝑄1𝐶𝑆𝑆,15 ⊗ 𝑈15 + 𝑈15 ⊗ 𝑄1𝐶𝑆𝑆,15) (24) 

Here 1 ,15CSS
Q denotes the projection operator onto the 1CSS spin substate and 𝑈15 denotes the 

15  15 unit matrix.

 Repopulation of S1 by reverse charge separation from CSS

The corresponding time dependence of the DM due to the repopulation of the S1state via 

reverse charge separation is given by

𝑑𝜌
𝑑𝑡 𝑆1,𝑟𝐶𝑆

= 𝑘𝑟𝐶𝑆(𝑄𝑖𝑛𝑄𝑇
𝑒𝑥𝑇―1

15 𝜌𝑇15𝑄𝑒𝑥𝑄𝑇
𝑖𝑛) (25)

where in exQ P=  and T T
ex in inQ Q P= = are projection operators related to exP and inP . The 

combined operation of these matrices, when applied to the DM in the coupled basis 1
15 15T Tr-  

yields the required contribution to the S1 submatrix.

The corresponding Liouville-space operator is then given by

1

1
, 15 15( ) ( )T T T

S rCS rCS in ex ex inL k Q Q T T Q Q-= Ä (26)

Finally, the complete Liouville operator, required for obtaining the time-dependent solution of 

the DM according to eqn (6), can be expressed as

1 1225 225 , , , ,S CS CSS CS CSS rCS S rCSL L L L L L= + + + + (27) 
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Numerical Applications

Parametrization

The various components of the Liouvillian in eqn (5) will be parametrized as follows:

Hamiltonian

Besides Zeeman interaction with equal g-factors eg  of the two radicals, and exchange 

interaction J, we take into account isotropic hyperfine coupling with only one nitrogen atom 

specified by aN. Thus

𝐻 = 𝑎𝑁(𝐼𝑁,𝑥𝑆1,𝑥 + 𝐼𝑁,𝑦𝑆1,𝑦 + 𝐼𝑁,𝑧𝑆1,𝑧) + 𝜔0(𝑆1,𝑧 + 𝑆2,𝑧) ― 2𝐽(𝑆1,𝑥𝑆2,𝑥 + 𝑆1,𝑦𝑆2,𝑦 + 𝑆1,𝑧𝑆2,𝑧)

(28 )

where 𝑆𝑖,𝑥,𝑆𝑖,𝑦,𝑆𝑖,𝑧 and 𝐼𝑁,𝑥,𝐼𝑁,𝑦,𝐼𝑁,𝑧  denote the components of the respective spin operators 

and 𝜔0 = 𝛾𝑒𝐵0is the Larmor frequency. 

Reaction Operator

The form of the reaction operator has been given in eqn (3), the parameters Sk and Tk

denoting the specific reaction constants for singlet and triplet recombination.

Relaxation Operator

The relaxation operator involves the effect of anisotropic hyperfine interaction at the nitrogen 

center with a coupling constant AD and the rotational correlation time ct . The Nakashima-

Zwanzig formalism as descibed by Fay et al.60 was applied. Since the reaction constant Sk

can compensate for general, field independent relaxation, we did not include the such a 

contribuition explicitly in our calculations here.

Furthermore S/T dephasing is taken into account by the super operator matrix

𝐿𝑆𝑇𝐷 = ― 𝑘𝑆𝑇𝐷(𝑄𝑆 ⊗ 𝑄𝑇 + 𝑄𝑇 ⊗ 𝑄𝑆) (29 )

where 𝑄𝑆and 𝑄𝑇are the projection operators on singlet and triplet CSS in Hilbert space, and 

𝑘𝑆𝑇𝐷 is the singlet/triplet dephasing rate constant.  

In the following we will apply the general formalism to calculate the S1-coupled CSS 

dynamics for two typical scenarios, where the CSS evolution in the absence of S1-coupling is

a) is purely coherent

b) follows a realistic scenario, recently observed in an experimental case
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Purely coherent spin evolution

The parameter set for this case was taken as follows (time units are in ns):

Table 1 Parameter values for coherent spin evolution (time units: ns)

kCS krCS kf kS kT kSTD 2J DA,mT a, mT
1 0.025 0.25 0 0 0 0 0 1.0

 
In case of decoupling from S1 it leaves the RP evolution completely coherent, with no decay 

and relaxation. The values of the rate constants involving S1 represent efficient coupling to 

the CSS. In Fig. 3 the time dependences of the populations of several states of interest are 

shown. In all cases, the CSS state oscillates between S-CSS and T-CSS with an angular 

frequency of 3/2 a = 0.264  at zero field and of a = 0.166 at high field. These frequencies 

correspond to the energetic splittings at the pertinent fields. The delayed fluorescence 

represented by the population of S1 oscillates in phase with the S-CSS population with about 

equal depth of modulation. 

As shown in the SI (cf. Section S1 ), the uncoupled CSS does not decay, which is trivial for 

kS = kT = 0, and the oscillations are free of damping. Thus it can be concluded that under 

kinetic coupling conditions it is the process of reverse CS that causes the damping of the 

oscillations in the CS-state. In the literature58, 61 it has been shown that spin-selective reaction 

described by the Haberkorn approach causes dephasing by a rate constant of ½ kssel, if kssel 

is the rate constant of the spin-selective reaction. One should note, however, that this result 

has been obtained under restricted conditions (e.g. S, T0) model system. In the present case, 

with krCS as the rate constant of the spin-selective process, and consideration of the full four 

spin-state system (S, T+,T0, T-) the associated dephasing rate constant is ¼ krCS 

corresponding to a value of 0.025 /4 = 0.00625 in the above example. Although this aspect 

has not been further investigated, we note that for a purely electronic 5-state system 

comprising the 4 CSS spin states and the kinetically coupled S1 state, with coherent 

oscillations driven by the exchange interaction, the rate constant of dephasing (decoherence) 

has been found to vary between  krCS /2 and  krCS/4.
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13

Fig. 3 Time evolution under conditions of coherent spin evolution (Table 1). Populations of S1(x 100, 
red), total CSS (black), cyan: exponential simulation, S-CSS in S1-coupled CSS (blue),  a) and c)  at 
zero field, b) and d) at 200 mT. c) and d) show the simulations of S1 decay including the simulation of 
their oscillations and their damping (purple). 

Regarding the decay time of delayed fluorescence we refer to the classical rate description  
(cf. eq. (30), Here the symbol 3LE refers to a locally excited triplet state) described in the 
parallel paper.48 

3
0 1 0 CS (S , LE)CS CSSf

rCS

k kk
k

S S ¾¾¾®¬¾¾ ¾¾¾®¬¾¾¾ (30 )

In that simplified picture, the internal spin dynamics of the CS-state is not considered 
explicitly, but a stationary ratio of the four spin substates is assumed with a concomitant 
global decay constant  kCSS . The following relation has been derived for the slow component 
(delayed fluorescence) of S1 decay.

𝑘slow = 1
2
(𝑘𝑓 + 𝑘CS + 𝑘rCS + 𝑘CSS ― (𝑘𝑓 + 𝑘CS + 𝑘rCS + 𝑘CSS)2 ― 4(𝑘𝑓𝑘CSS + 𝑘CS𝑘CSS + 𝑘𝑓𝑘rCS)

) (31)

Page 13 of 22 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 1
1:

21
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6CP00916F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cp00916f


14

In the limit of slow kCSS it is approximated by

𝑘slow,0 = 𝑘𝑓𝑘𝑟𝐶𝑆

𝑘𝑓+𝑘CS+𝑘𝑟𝐶𝑆
( 32) 

For the parameter values of the present example rate constants of 0.00245 and 0.00295 

have been obtained in zero field and high field, respectively. A value of 0.0049   is obtained 

for kslow,0 by eqn (32). In the simple model, however, the rate constant is not spin-dependent. 

Produced from S1, the CSS always remains in the S-CSS substate. Taking into account the 

decrease of the average singlet character of the CSS under conditions of full spin dynamics, 

it is qualitatively clear that the actual recombination rate must be reduced.  As shown in the 

SI (cf. Section S2) the reduction factors of 0.50 and 0.60 for zero field and high field, 

respectively, can be rationalized by the average singlet character of the CSS.

As shown in Fig. 3, the population of S₁, and thus the delayed fluorescence intensity, closely 

follows the population of the singlet component of the S-CSS, accurately reproducing its 

oscillation period, damping, and overall decay. On the other hand, Fig. S1 demonstrates that 

kinetic coupling between the CSS and S₁ modifies the decay behavior of the unperturbed 

CSS and further damps any oscillations peculiar to the CSS spin dynamics, with the rate 

constants 𝑘f, 𝑘CS and 𝑘rCS exerting distinct influences. These effects are analyzed and 

rationalized in detail in Section S5 of the Supporting Information. In addition to the features 

illustrated in Fig. 3, Fig. S6 highlights a further effect, namely a phase shift between the 

oscillations of the S₁ and S-CSS populations. This phase shift is governed primarily by the 

sum of the rate constants, 𝑘CS + 𝑘rCS. 

In principle, quantum beats can be observed in radical pairs when the spin dynamics are 

dominated by a small number of hyperfine couplings or by the Δg mechanism, the latter 

typically requiring high magnetic fields. If these conditions are satisfied for an isolated CSS 

state, the reversible kinetic coupling to the S1 state, which is a prerequisite for TADF, does 

not in itself suppress the oscillations, provided that the associated rate constant 𝑘rCS does 

not lead to efficient decoherence according to the criterion given in Eq. (28).

To illustrate this point, we have added to the Supporting Inormation (cf. Section S4)  a 

simulation of a CSS state previously shown to exhibit quantum beats38 under a hypothetical 

reversible kinetic coupling to the S1 state using the parameter values listed in Table 2. The 

simulations demonstrate that pronounced TADF quantum beats would still be observed.

Thus, if quantum beats are present in the isolated CSS, their observability by TADF depends 

on whether the reversible kinetic coupling to the  S1 state remains sufficiently slow to 

preserve that coherence.
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More general parametrization

Secondly, we investigate a more general parametrization, loosely adapted to parameters 

corresponding to the experimentally studied triad  (Cl)TAA–mB–PDI in Ref.48.

Table 2 Generic set of parameters (time units: ns)

kCS krCS kf kS kT kSTD t 2J, mT DA,mT a, mT

1 0.025 0.25 0.001 0.02 0.1 0.6 10 1.5 1.0

 

Fig. 4 Time evolution under conditions represented by the parameters in Table 2. 

Populations of S1 (x 100) (a and d), S-CSS (b and e) in S1-coupled CSS, total CSS (c and f) 

in S1-coupled CSS at fields of 0 mT (blue), 10 mT (red) and 200 mT (black). Lower line: 

corresponding log plots. Inset in b) represents the curves at 10 mT for various values of kSTD. 

For comparison with the signals resultig in the case of absent kinetic coupling to S1 cf. 

Supporting Information, section S3.

In Fig. 4, we represent the decays of S1, the singlet part S-CSS of the CS-state, and the total 

CSS population as obtained quantum dynamically with the parameters in Table 2 for the S1-

CSS coupled system at zero field, the 2J-resonance field of 10 mT, and the effective high-

field case at 200 mT. For the parameters chosen, a slight oscillating feature is still 

recognized for the singlet components S1 and S-CSS. The oscillations clearly depend on the 

value of kSTD. For kSTD = 0 they are more pronounced than for kSTD = 0.1 in the standard 

parameter set, and they have disappeared for kSTD = 0.5 (cf. inset in Fig. 4b)). 
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In our case, the Fay and Manolopoulos62 criterion for suppression of coherence in the S/T(±) 

transition at resonance (involving T+ for positive J and T− for negative J) can be written as

𝛾ST± >> 𝑎/ 6 ≈ 0.07 (33a)

with 𝛾ST± = (𝑘𝑆 + 𝑘rCS + 𝑘𝑇)/2 + 𝑘𝑆𝑇𝐷 (33b)

For kSTD = 0 and the other parameter values given in Table 2, 𝛾ST± is dominated by the large 

rate constants kT and krCS and has a value of 0.023. This value is well below the threshold in 

Eq. (33a), indicating that coherence is not efficiently suppressed. In contrast, for kSTD = 0.5, 

𝛾ST±  = 0.123, exceeding the threshold; accordingly, the oscillations are expected to 

disappear. This prediction is confirmed by the inset in Fig. 4b.

At zero field and in high field the energy gap between S and T is too large, and the amplitude 

of the oscillations too small for them to be observed in the decay signals. As follows from the 

log plots in Fig. 4, after the short initial stage the signals seem to decay exponentially. 

However, a closer look at the decay constants evaluated as a function of delay time (cf. Fig. 

5) reveals that the instationary phase lasts about 200 ns, after which the decay rates become 

stationary. In Fig. 5a, this behaviour is demonstrated for the total population of the CS-state. 

Fig. 5b complements this information by showing that the relative populations of S1 and the 

S-CS state become constant after about 200 ns, meaning that their decay rates are exctly 

the same as that of the total CSS population.

Fig. 5 a) Decay constant kCSS (in absolute units) of the CS-state as function of delay time, 
calculated as the time derivative of the log of the CS-state population at 0, 10 and 200 mT. b) 
time dependence of fractional populations of S1 and S-CS-state. (numerical calculation of the 
time derivation was not feasible in those cases, due to S/T0 oscillations that, albeit of very 
small amplitude, lead to large variations of the slope). 

The dependence of kslow on the magnetic field is shown in Fig. 6. Several representative 

cases are considered. With neglect of relaxation (DA = 0) and without explicit S/T dephasing 
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(kSTD) (cf. Fig. 6a) the resonance appears relatively sharp and the base line outside the 

resonance is completely flat. The value of 0.006 (6 106 s-1)  corresponds to the sum of kslow 

due to the kinetic coupling according to (32) plus kS = 0.001 (106 s-1 )  according to Table 2. 

Switching on of relaxation (cf. Fig. 6b) leads to an increase of kslow at zero field because now 

relaxation allows for some admixture of T-CSS which decays faster (kT = 0.025  (2.5 106 s-

1)) than S-CSS. At the same time, the resonance broadens. On the high field side, kslow 

deceases below the zero field value, because now the transitions S/T+ and S/T- are switched 

off due to the Zeeman splitting. Nevertheless the S/T0 transition rate due to relaxation is high 

enough to populate enough T0 as to yield much faster decay than without relaxation in case 

of Fig. 6a. Upon additional switching on of S/T dephasing (Fig. 6c) the broadening of the 

resonance increases.

Fig. 6 Field dependence of kslow for certain variations in the parameters. Red (solid line and 
datapoints): kslow determined from exponential decay constant of total CSS population 
between 200 and 400 ns, calculated with full kinetic coupling to S1. Blue, data points: 
quantum dynamically obtained decay constant kCSS,qdwoS1 of CSS without kinetic coupling to 
S1 but otherwise the same parameter values. Black, solid line: kCSS,cl value calculated by the 
classical model (eqn (32)). Except for the resonance region, the classical model yields very 
good predictions of the CSS-decay constant kinetically uncoupled from S1 In a), the blue data 
points around 10 mT are problematic because the exponential decay approximation is poor. 
At earlier times, the actual decay constant for 10 mT is larger than at the neighbouring fields.

As shown in Fig. 3, the population of S₁, and thus the delayed fluorescence intensity, closely 

follows the population of the singlet component of the S-CSS, accurately reproducing its 

oscillation period, damping, and overall decay. On the other hand, Fig. S1 demonstrates that 

kinetic coupling between the CSS and S₁ modifies the decay behavior of the unperturbed 

CSS and further damps the oscillations, with the rate constants 𝑘f,𝑘CS and 𝑘rCS exerting 

distinct influences. These effects are analyzed and rationalized in detail in Section S4 of the 

Supporting Information. In addition to the features illustrated in Fig. 3, Fig. S5 highlights a 

further effect, namely a phase shift between the oscillations of the S₁ and S-CSS 

populations. This phase shift is governed primarily by the sum of the rate constants, 𝑘CS + 

𝑘rCS. 
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In Fig. 6 are shown the rate constants kCSS,qdwoS1 describing CSS decay, calculated quantum 

dynamically with the present parameter set but with the kinetic coupling to S1 switched off. 

Relative to the corresponding kslow values, these data points exhibit an approximately 

constant downward shift of 4.9106 s-1

The solid lines represent the rate constants kCSS,cl obtained by applying the classical model to 

the quantum-dynamical kslow values calculated for the fully coupled S₁/CSS system. These 

values are obtained from Eq. (28), which follows from Eq. (25) by solving for kCSS .

𝑘𝐶𝑆𝑆,𝑐𝑙 = 𝑘𝑓(𝑘slow―𝑘rCS)+𝑘CS𝑘slow+𝑘rCS𝑘slow―𝑘2
slow

𝑘𝑓+𝑘CS―𝑘𝑠𝑙𝑜𝑤
(34)

Remarkably, although 𝑘𝐶𝑆𝑆,𝑐𝑙 is derived from the classical kinetic model of Scheme (24) 

using  kslow values obtained from a full quantum-dynamical calculation that includes the S₁ 

kinetics, the resulting "classical" values reproduce the quantum-dynamical rate constants  

kCSS,qdwoS1 of the isolated CSS rather well. Significant deviations are observed only in the 

vicinity of the 2J- resonance, if the exponential approximation to the decay kinetics breaks 

down (cf. Fig. 6c).

The nearly field-independent parallel shift between the kslow and 𝑘𝐶𝑆𝑆,𝑐𝑙 curves—and hence 

also, to a good approximation, between kslow and the quantum-dynamical rate constants 

kCSS,qdwoS1 of the uncoupled CSS—follows directly from Eq. (28):

𝑘slow ― 𝑘CSS,cl = 𝑘rCS(𝑘f―𝑘slow)
𝑘CS+𝑘f―𝑘slow

≈ 𝑘rCS𝑘f

𝑘CS+𝑘f
(35)

where the final approximation is valid for kslo << 𝑘f, which is typically satisfied under the 

present conditions.

Conclusions

In this work, we have extended the spin-chemical description of hyperfine-coupled, rigidly 

linked radical pairs ─typically realized as charge-separated states (CSS) in electron-donor-

bridge-acceptor triads─ to the case of reversible kinetic coupling with an electronically 

excited, fluorescing singlet state (S₁), which forms the basis of thermally activated delayed 

fluorescence (TADF). We have presented a systematic method for expanding the (4×nN)-

dimensional electron-spin×nuclear-spin Hilbert space by an additional (1×nN)-dimensional S₁ 

× nuclear subspace. Compact expressions for the corresponding Liouville superoperators 

have been derived to account for S₁ decay and regeneration via fluorescence (kf, including 

nonradiative decay), charge separation forming the singlet CSS (kCS), reverse charge 
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separation regenerating S₁ (krCS), and the associated modifications of the CSS induced by 

reverse charge separation.

This formulation preserves full control over the nuclear-spin subspace during electronic 

transitions between S₁ and the CSS. Although hyperfine interactions are absent in S₁ and 

nuclear spin states are therefore conserved in this manifold, they continue to influence the 

overall spin dynamics in the CSS through the reversible kinetic exchange between S₁ and 

CSS. In this sense, the S₁ state acts as a shelving state for the nuclear spin degrees of 

freedom.

Numerical examples, ranging from minimal models to more realistic parameter sets, 

demonstrate that the present treatment provides a complete description of the sub-state 

information contained in the system. We show that the fluorescence signal from S₁ closely 

follows the population of the singlet CSS, including regimes exhibiting coherent oscillations. 

Comparison of the CSS dynamics under TADF conditions with those of a CSS not subject to 

reversible coupling to S₁ reveals an accelerated decay that is well described by the classical 

kinetic model (cf. eqn (32)). Although quantum beats in the unperturbed CSS are damped by 

reverse electron transfer at a rate determined by k₍rCS₎, they should remain observable 

under most realistic conditions.

These results establish a general theoretical framework for analyzing spin-dependent TADF 

and open new avenues for extracting radical-pair spin dynamics from time-resolved 

fluorescence measurements.
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