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Abstract 

Singlet-Triplet interconversions and transitions (intersystem crossing, ISC) in organic molecules are at 

the basis of many important processes in cutting-edge photonic applications (Organic Light Emitting 

Devices, photodynamic therapy…). Selection rules for these transitions are mainly governed by the 

Spin-Orbit Coupling (SOC) phenomenon. Although the latter relies on complex relativistic 

phenomena, theoreticians have, with time, developed increasingly sophisticated and efficient 

approaches to gain access to a satisfactory evaluation of its magnitude. In this work, we bring a 

coupled experimental and theoretical analysis of the origin of the unusually large ISC efficiency on a 

series of dimers that differ by their nature (covalent or supramolecular) as well as the distance and 

relative orientation of their individual chromophoric components. The dynamical nature of the SOC, 

sometimes overlooked in literature, is discussed in deep. 
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The electronic structure of a standard organic molecule is generally formed by a singlet ground state 

(S0), singlet excited states (S1, S2…) and triplet excited states (T1, T2…) which differ from the former 

by the alignment of the spins of their unpaired electrons.
1,2

 The triplet states are generally lower in 

energy than the corresponding singlet states because of the stabilization exchange interaction between 

the electrons of same spins.
3
 The control of the triplet states population and their energy is clearly a 

challenge because they are generally non-emissive ( “dark-states”) as a result of restrictive selection 

rules in standard organic molecules, but are involved in multiple cutting-edge applications such as in 

molecular photonic, biology or photochemistry (e.g. OLEDs, photodynamic therapy, optical 

limiting…).
4–10

 Nonetheless, a complete chemical and physical understanding and control of the 

properties of these states in elaborated organic molecules still lacks, and theoretical predictions often 

fail to provide a full picture of their energies, reactivities and evolutions. The forbidden character 

associated to a singlet-to-triplet state transition due to the spin selection rule using classical 

Hamiltonian can in certain instances be lifted thanks to the Spin-Orbit Coupling (SOC) through the 

Fermi’s golden rule that can be written between S1 and T1 state (eq. 1-3 where       corresponds to 

the density of T1 state at the S1 energy, the summation of (2) is over electron indexes and the 

summation of (3) is over nucleus (see SI for all terms definition).
3,11
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In this case, after initial excitation through light absorption or electro-stimulation, the interconversion 

between singlet and triplet excited states, called Inter-System Crossing (ISC), generally leads to the 

population of T1, being the lowest excited state in energy.  

The parameters that govern the SOC are clearly not straightforward. On organic molecules, the so-

called El-Sayed rules predict that ISCs between states associated to π → π * transitions are forbidden 

while n → π * are authorized.
1
 A generalization of these rules can be established by considerations of 
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group theory on the SOC Hamiltonian (eq (2)) as proposed by McClure in 1949.
11

 Briefly, knowing 

that the angular momentum operator (        
) has the symmetry of the rotation operator, its product 

with S1 and T1 wavefunction representations must contain the totally symmetric representation to have 

a non-vanishing SOC. Overtime, several strategies were developed to overcome this selection rule.
12

 

Among those, it has been established that introducing a permanent distortion of the π-system of 

conjugated molecule (i.e. being a minimum on the potential energy surface, PES) or a dynamical one 

(i.e. temperature induced movement) can result in a large SOC between the S1 and T1 states.
2,6,13,14

 A 

more recent approach consists in building dimers to mix the individual electronic states of 

monomers.
2,15–18

 This process of excitonic coupling creates new triplet states of different symmetries 

below S1 thus modifying the selection rules.  

This can be illustrated with group theory considerations on the textbook case of p-cyanophenyl-

ethynyl-aniline molecule (Figure 1).
19

 The latter, in its monomeric form, is characterized by a C2v 

symmetry, a 
1
A1 ground state, a 

1
A1 lowest singlet excited state and a 

3
A1 lowest triplet excited state. 

The S1 (
1
A1) to T1 (

3
A1) transition is both spin and symmetry forbidden, in compliance with El-Sayed’s 

rule. Now, considering two limit cases of dimeric assemblies of this molecule (π-dimer or coplanar 

dimer, Figure 1) also belonging to the C2v group, it appears that in both cases, combination of S1 and 

T1 states of each individual subunit leads to a new S1 state of 
1
B2 representation and two triplet states 

below, of 
3
B2 and 

3
A1 representations. Interestingly, while the S1 (

1
B2) to T1 (

3
B2) transition remains 

both spin and symmetry forbidden, the S1 to T2 (
3
A1) transition now becomes symmetry allowed, 

causing partial relaxation of the El-Sayed rules. The symmetry allowed character of this new transition 

does not singlehandedly inform us about its expected intensity, which is only accessible by numerical 

calculation on the S1-Tn coupling through the SOC Hamiltonian (eq. (2)-(3)). 
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Figure 1. Effect of dimerization on electronic states and the selection rules (symmetry only) of the S1 to Tn transitions 

of the p-cyanophenyl-ethynyl-aniline molecule (energy levels are arbitrary). 

 

In our ongoing efforts to expand this approach of tuning SOC intensity and ultimately ISC efficiency, 

we investigated the effects of excitonic coupling induced by dimerization on the SOC intensity of a 

series of benzothioxanthene imide derivatives (BTXI, Figure 2), which we recently identified as 

particularly relevant candidates for OLEDs applications.
20

 Different chemical couplings were 

investigated, involving either direct C-C bond linkage between two BTXI units (d-BTXI) or through a 

triazole-spacer (t-BTXI). Finally, the effect of a through space, supramolecular π-dimer formation was 

investigated using the s-BTXI molecule, in which two BTXI units are connected to a central 1,4,7-

triazacyclononane derivative. 

In each case, the population of the triplet state was experimentally confirmed from low temperature 

phosphorescence measurements and indirectly quantified by evaluating the singlet oxygen generation 

efficiency of each system. Theoretically, the SOC intensity between S1 and triplet states was computed 

at the TD-DFT level using a Douglas-Kroll Hamiltonian on S1 optimized geometries, allowing 

systematic comparison between the experimental trends and theoretical predictions.
21
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Figure 2. Structures of the reference BTXI molecule and the herein investigated BTXI dimers. 

 

All the main photophysical data are summarized in Table 1 while absorption and emission spectra and 

synthetic details are given in the Supporting Information. The features of the absorption and 

emission spectra for the three BTXI dimers very much resemble those of previously published BTXI 

molecules.
22

 In our BTXI monomeric benchmark, luminescence quantum yield is close to unity. 

Consequently, no triplet signature can be found (phosphorescence signal at 77K or singlet oxygen 

generation). By comparison, dimerization of the molecule by direct C-C coupling (d-BTXI) induces a 

clear enhancement of the ISC efficiency, as witnessed by a singlet oxygen generation efficiency that 

reaches 0.85, while fluorescence quantum yield is concomitantly reduced to 0.15. A clear signature of 

a long-lived phosphorescence signal at 77K is also detected using time-gated emission spectroscopy 

(Figure S13). Replacement of the direct C-C bond conjugation by a triazole π-linkage in the dimeric 

structure also impacts the ISC efficiency, although to a much lesser extent:  singlet oxygen generation 

efficiency is therefore weaker, in comparison (ΦΔ = 0.23), while fluorescence intensity remains high 

(Φf  = 0.56).  

Interestingly, s-BTXI molecule, in which both BTXI subunits do not experience through-bond 

electronic communication is nevertheless characterized by a very strong ISC efficiency with ΦΔ = 0.70 

(Φf = 0.28). Although devoid of direct electronic conjugation of the two subunits, through-space 

coupling of the transition dipole moments of each subunit (as a result of π-stacking, vide infra) appears 

strong enough to provide a large SOC between the newly generated mixed states. 
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These combined experimental data are a more sophisticated illustration of the simple concept 

presented in Figure 1: while for the monomer, the π → π * character associated to the S1→T1 

transition makes it strictly forbidden in compliance with El Sayed’s rules, dimerization induced 

mixing of the excited states results in the occurrence of new symmetry allowed singlet-triplet 

transitions. However, this qualitative interpretation cannot bring a quantitative understanding of the 

different ISC efficiencies obtained from the different dimers and how those are related to the 

difference in the nature and magnitude of the excitonic coupling. Therefore, we took advantage of 

state-of-the-art quantum chemical calculations to bring quantitative insight into the origin of the 

enlargement in magnitude of the SOC.  

 λabs(max) (nm) λem (nm) Φf
a
 τobs (ns) kr (s

-1
) ΦΔ

b
 ETriplet (cm

-1
) 

BTXI 456 511 0.99 7.48 1.32x10
8
 0.00 - 

d-BTXI 455 509 0.15 2.15 8.84x10
7
 0.85 15830 

t-BTXI 458 520 0.56 6.91 8.10x10
7
 0.23 15385 

s-BTXI 466 514 0.28 7.41 7.41x10
6
 0.70 14475 

Table 1. Highlighted photophysical properties of the studied molecules in diluted dichloromethane. 

Calculation of SOC between excited states is nowadays available using relatively widespread quantum 

chemical codes. Consequently, while a growing number of papers have used that powerful tool to 

analyse excited states properties, these calculations are mostly performed on a single optimized 

geometry of the molecule, that generally corresponds to the PES minimum at the S1 state.
23–27

 For 

flexible molecules, this approach may overlook or underestimate conformation effects at the origin of 

SOC enhancement. Some recent investigations have indeed highlighted the highly dynamical character 

of the SOC, which can be drastically affected by a molecular deformation (rotation, vibrational 

mode…).
8,13,28–32

 In the specific case of dimeric molecules investigated herein, one can reasonably 

expect that the SOC strength could be affected by the nature of the coupling between the two 

monomers and particularly by the angle between their respective transition dipole moments. For the d-

BTXI and t-BTXI dimers, the key geometrical parameters influencing this coupling are the dihedral 

angles between the two BTXI subunits (θ for d-BTXI and θ1 and θ2 for t-BTXI, Figure 2). In order to 
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investigate the influence of these parameters on SOC magnitude, relaxed scan at the S1 state was 

performed to generate the S1 PES as a function of these angles, at the TD-DFT cam-B3LYP level.
33

 

Figure 3 and S23-S24 present the S1 PES and the SOC intensity as a function of the dihedral angles 

for d-BTXI and t-BTXI. While the most stable angle between the two monomers in d-BTXI is 30° as 

consequence of the steric repulsion, we can note that PES is very flat with a relatively small energy 

increase and thus the molecule explores the 30°-120° angle range at the S1 state in standard 

temperature conditions. Similar conclusions can be drawn for t-BTXI with an even lower energy 

barrier for these rotations since the π-spacer minimizes steric repulsions between the BTXI subunits. 

We can consequently expect that the strength and nature of the excitonic coupling between the two 

monomers will strongly fluctuate according to their relative orientation. 

 

Figure 3: Computed S1 PES and SOC intensity as a function of the dihedral angles of the d-BTXI (a,c) and t-BTXI 

(b,d) molecules. For t-BTXI, only the S1-T1 coupling is presented, the coupling with T2 and T3 is given in SI. 

In contrast, Figure 3 illustrates the extreme sensitivity of the SOC value (and thus of the expected ISC 

efficiencies) on the geometrical parameters. This information put in parallel with the relative flat PES 

supports the idea of the highly dynamic character of the SOC in these molecules. To gain a global 
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point of view, Figure 4 summarizes the main results by presenting the energy range of the low-lying 

triplet states (using S1 as a reference). Colours of the associated box plots represent the average value 

of the S1-Tn SOC. Compared to the BTXI monomer, we first find one additional triplet state below S1 

because of the mixing of the excited states as schematized on Figure 1. The energies of these triplet 

states are sensitive to the dihedral angles but to a higher extend for the directly connected dimer (d-

BTXI) compared to the t-BTXI in which the triazole π-linker weakens the interaction between the 

monomers. In compliance with our aforementioned considerations of the influence of excitonic 

coupling on ISC selection rules, the SOC in d-BTXI is much higher than that in BTXI. Finally, the 

SOC in d-BTXI is also notably higher than in t-BTXI, once again because the π-linker reduces the 

interaction between the two monomers. 

 

Figure 4. Computed triplet states energy range, with S1 as a reference energy, as a function of the molecular degrees 

of freedom considered in this work. Average SOC intensity is given in colour range and experimental singlet oxygen 

efficiency is given as well. Triplet energies and averaged SOCs are computed only on geometries not higher than 20 

kJ.mol-1 compared to the most stable geometry of the PES. 
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Compared to the two other studied dimers, s-BTXI is conceptually different because there is no π-

conjugation between the two monomers. Yet, the TACN-based linker connecting the two BTXI units 

offers enough flexibility to enable through-space formation of a supramolecular π-stacked dimeric 

arrangement of the two BTXI subunits. Classical molecular dynamics were performed on an open 

conformation of s-BTXI (see Figure S27), explicitly solvated in a CH2Cl2 cubic box, which 

corroborated a rapid dimerization. The latter is systematically observed in less than 10ns along ten 

independent trajectories, and the dimerization is maintained up to the microsecond range. After 

folding, the average distance between the two BTXI cores oscillates around 3.5±0.3 Å corroborating 

the formation of a stable π-dimer in good agreement with our hypothesis of a through space coupling 

of the BTXI subunits transition moment. The effect of this through space excitonic coupling on the 

SOC was investigated as for the two other dimers. However, s-BTXI considered as a supramolecular 

dimer with multiple degrees of freedom, the definition of a single geometrical descriptor governing the 

strength of the electronic coupling between the two units is less obvious. In the latter case, only two 

geometries of s-BTXI were considered and both optimized at the S1 state (Figure S25). Hence, while 

the two BTXI subunits are π-stacked in the first one (3.4 Å between the two BTXI units), the two 

BTXI units are far from each other in the second (13.7 Å between the two BTXI units). The positions 

of triplet states and SOC intensities computed for these two geometries are considered to give the 

extremum of fluctuation of these properties for this molecule (Figure 4). As for the two other dimers, 

the interaction between the two BTXIs in s-BTXI leads to two triplet states below S1 having large 

energy fluctuations and even as large as for the d-BTXI molecule. A noteworthy increase of the SOC 

is computed (0.5 cm
-1

 for the π-stacked structure) compared to BTXI monomer (0.1 cm
-1

) due to the 

through space excitonic coupling between the two units as illustrated by the S1-Tn variation of electron 

density (Figure S26), even though the intensity of the SOC is not as strong as for the other two π-

conjugated dimers.  

Thus, in spite of the qualitative agreement between our calculations and the observed experimental 

trend, considerations based exclusively on calculated SOC partly fail to quantitatively explain the 

efficiency of the ISC process in s-BTXI. In order to fully address this issue, another important 
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parameter which has been omitted to the discussion up to now must be considered. For d-BTXI and t-

BTXI, the dynamical relative oblique arrangement of BTXI subunits leads to a non-parallel orientation 

of the transition dipole resulting in what is sometimes called a J/H excitonic coupling in solids:
34

 

although both calculated oscillator strength and measured kr appear slightly decreased compared to our 

BTXI benchmark, in agreement with theory, their value remains high (Table 1). In contrast, in s-

BTXI, the two BTXI subunits stack on top of each other, giving rise in this case (still by analogy with 

solids) to an H-type excitonic interaction.
16

 A well-established consequence of that type of 

organisation is that the radiative transition from the lowest singlet excited state (S1) to the ground state 

takes a partly forbidden character. This character is both illustrated by calculations, which predict an 

oscillator strength in emission (f = 0.2) about three times lower than that of the BTXI (f = 0.6) and by 

experimental measurements with a calculated kr one order of magnitude lower for s-BTXI than for the 

other BTXI and d-BTXI molecules (Table 1). As a consequence, for s-d-BTXI, the relatively weak 

SOC in comparison with other dimers is compensated by a lower radiative decay kinetics (see 

Supporting Information). 

To conclude on these investigations, the dimerization strategy appears to be a particularly effective 

way to overcome El-Sayed rules. In the case of this particular study, mixing of the individual 

electronic states of each BTXI subunit ultimately leads to strongly allowed S1-Tn transitions. 

Interestingly, we found that the dimerization induced SOC enhancement can be obtained not only by 

direct covalent coupling between both subunits, but more interestingly in the framework of 

supramolecular assemblies. The relative orientations between each subunit strongly affects both the 

triplet energies and the SOC intensity. The last point is particularly appealing, since considering the 

SOC as a dynamical phenomenon sensitive to molecular distortion may inspire new strategies towards 

a chemical engineering of actuators based on singlet-triplet equilibria, which could represent a relevant 

step in the development of future photonics devices. 
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t-BTXI, computed S1-Tn SOC of t-BTXI, computed variation of electron density between S1 and Tn of 

s-BTXI and most stable optimized structures in cartesian coordinate.  
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