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Abstract

Many efforts have been made in the study of optically-excited spin-coupled molecules

due to their appealing features for quantum information sciences. However, the char-

acterisation of the magnetic exchange couplings occurring from the photoexcitation is

challenging experimentally. In this context, theoretical determinations play a critical

role and must provide evaluations with rigorous and cost-effective strategies. This work

presents a new approach to compute magnetic exchange couplings in photo-excited sys-

tems based on the recently generalised Decomposition/Recomposition method (David

et al., Phys. Chem. Chem. Phys., 2024, 6, 8952-8964). This corresponds to the first

application of KS-DFT in this context and offers both a completely general method and

a powerful rationalisation tool. This strategy is applied to mono- and biradical-based

molecules recently synthesised by Kirk and coworkers.
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Magnetic exchange couplings in photogenerated excited states have attracted much at-

tention over the last years for their possible applications in quantum information sciences.1–7

They consist of a chromophore linked to a radical moiety. Once the chromophore is photoex-

cited, a coupling occurs between unpaired electrons of both open-shell moieties.8–13 Impor-

tant contributions have been made by Kirk et al. in the synthesis of such compounds.10–19

Most of their works focused on complexes based on a (t-Bu2bpy)Pt(Cat-R) pattern with Cat

= 3-tert-butyl-o-catecholate; bpy = bipyridine. Different radical ligands R have been inves-

tigated mainly based on nitronylnitroxide, resulting in a monoradical ground state.14 More

recently, they extended their investigation with a series of biradical ground state complexes,

which lead once excited to four-spin-coupled systems.19 Manipulating the coupling between

the radical and the chromophore is of tremendous importance in modulating excited state

spin dynamics,1 and quantum chemistry may play a major role in the understanding of the

underlying physical mechanisms as it is the case in the ground state context.20

Theoretical studies of photogenerated magnetic couplings turn out to be very challenging

too and only a few works have been dedicated to them yet. Franz et al. recently used highly

sophisticated wavefunction-based methods to study the coupling in organic molecules.21

This strategy offers a quantitative evaluation of couplings with a correct description of the

multiconfigurational nature of the wavefunction and much information may be extracted

from this wavefunction to rationalise the underlying physical mechanisms.20 However, these

methods are not straightforward in their use and get a non-negligible computational cost.

At the same time, Steenbock et al. used Spin-Flip Time-Dependent Density Functional

Theory (SF-TD-DFT) calculations to compute exchange couplings in the above-mentioned

monoradical-based series of bpy(Pt)-Cat-radical compounds synthesised by Kirk et al..22

Whilst their calculations show excellent agreement with experiments, this computational

procedure presents some important limitations. These calculations provide energy differences

only and no information about the physical mechanisms is accessible. Another important

limitation is intrinsic to the formalism of TD-DFT since being based on mono-excitations,
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the application of this strategy beyond two- and three-unpaired electrons systems is not

straightforward.23 Another possibility to compute excited state is to exploit the principle of

∆-SCF, sometimes called orbital optimised approaches, and which has regain much interest

over the last ten years.24–30 Whilst such a strategy is a well-known alternative to TD-DFT for

modeling X-ray spectroscopy or charge transfer excitations,25 from the best of our knowledge,

it has never been applied to study of magnetic exchange couplings.

In this letter, we present a simple, cost-effective and general computational strategy to

compute magnetic couplings J in photoexcited systems based on the decomposition/recomposition

method.31–33 Starting from the computation of the high spin (HS) state in the restricted

open-shell (RO) formalism, successive non-optimised and constrained calculations of HS and

broken symmetry (BS) determinants are performed to decompose J into its three main

physical contributions i) the ferromagnetic direct exchange J0 between the magnetic cen-

tres, ii) the antiferromagnetic kinetic exchange contribution ∆JKE reflecting the relaxation

of the magnetic centres in the low-spin state, and iii) the spin polarisation effect ∆JSP

which corresponds to the differential response of the core (non-magnetic) orbitals in the HS

and BS determinants and which may be ferro- or antiferromagnetic, depending on the sys-

tem. This strategy has already shown its relevance to study either transition metal-based

compounds34–39 or radical systems.40–42 In addition, this decomposition has been recently

generalised to systems regardless of the number of magnetic centres and unpaired electrons,

offering a spin-decontaminated evaluation of J by summing up the three contributions, the

so-called recomposition method.32,33

This work focuses on the computation of chromophore-radical couplings and takes advan-

tage of the use of non-optimised calculations and selective relaxations of orbitals to control

the well-known variational collapse associated with the self-consistent optimisation of excited

state determinants. To adapt the usual decomposition method to the present context, one

starts the methodology with the computation of the excited HS state in the RO formalism

(e.g. a quartet state for a radical ground state, a quintet state for a biradical ground state).
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Figure 1: Schematic representation of the photoexcitation of compound 1 leading to 1∗

with the three couplings between the unpaired electrons (left) and of the molecular orbitals
involved in the three couplings (right).

This state is the ground state of its given spin symmetry and presents then a clear definition,

being readily accessible through a usual self-consistent field calculation. It defines a set of

doubly occupied orbitals and the singly occupied molecular orbitals (SOMOs), constituted

from the radical orbital(s) and the HOMO and LUMO located on the chromophore. The

decomposition may then be performed without additional modifications according to Ref. 32

and the present work benefits from the recently developed input files generator introduced

in Ref. 33. Computational details are presented in SI.

Let us start with the first series of compounds synthesised by Stein et al.14 and studied

by means of SF-TD-DFT by Steenbock et al..22 They consist in three complexes based on

a bpy(Pt)-Cat chromophore linked to a radical nitronylnitroxide, a thiophenyl nitronylni-

troxide and a phenyl nitronylnitroxide and labelled 1, 2 and 3, respectively. Presented in

Fig 1 (left), the photoexcitation of 1 results in complex 1∗ with three coupled unpaired

electrons and in the same way for 2 and 3 with 2∗ and 3∗ presented in Fig 2 (the as-

terisk stands for the photoexcited complexes). This photoexcitation corresponds to pro-

moting an electron from the HOMO, localised on the Cat moiety, to the LUMO, localised
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Table 1: Experimental (Jexp),14 TD-DFT (JTD-DFT)22 and DFT (JΣ) evaluations
and decomposition (J0, ∆JKE and ∆JSP) of the three couplings for 1∗, 2∗ and 3∗

in cm−1. "/" corresponds to unexploitable values due to a variational collapse,
"ND" to values not determined experimentally and "NC" to couplings not con-
sidered in the model.

1∗ 2∗ 3∗

JCat-R JCat-bpy Jbpy-R JCat-R JCat-bpy Jbpy-R JCat-R JCat-bpy JCat-R
Jexp 550 1400 NC 220 ND NC 100 ND NC

JTD-DFT 540 1463 NC 200 1200 NC 120 1183 NC
JΣ 624 / -153 458 / -49 184 / -109
J0 535 306 18 368 256 94 149 297 17

∆JKE 0 / -171 -1 / -147 -6 / -127
∆JSP 89 4 0 92 -2 4 40 4 1

on the bpy moiety, resulting in three unpaired electrons with the radical R, as depicted

in Fig 1 (right). In the previously mentioned studies, two couplings, between the radical

and the LUMO (JR-Cat) and between the electrons in the HOMO and LUMO (JCat-bpy),

have been considered and described by the Heisenberg-Dirac-van Vleck (HDvV) Hamilto-

nian ĤHDvV = −2JR-CatŜR · ŜCat− 2JCat-bpyŜCat · Ŝbpy. As summarised in Table 1, JR-Cat has

been experimentally determined at 550, 220 and 100 cm−1 for 1∗, 2∗ and 3∗, respectively.14

For JCat-bpy, this coupling has been only determined for 1∗ with a very large ferromagnetic

value of 1400 cm−1 and the same values were considered for 2∗ and 3∗. SF-TD-DFT cal-

culations showed excellent agreement with the experimental determination with values for

JR-Cat at 540, 200 and 120 cm−1 and JCat-bpy at 1463, 1200 and 1183 cm−1 for 1∗, 2∗ and 3∗,

respectively.22

In order to set our methodology up, we first tested the importance of the Jbpy-R cou-

pling and considered the more general HDvV Hamiltonian ĤHDvV = −2JR-CatŜR · ŜCat −

2JCat-bpyŜCat · Ŝbpy−2Jbpy-RŜbpy · ŜR. Table 1 presents the total magnetic exchange couplings

JΣ and their decomposition for the three couplings of each compound of the series. We here

focus on 1∗ since similar conclusions may be drawn for 2∗ and 3∗. With a value of 624 cm−1,

JΣ properly reproduces the ferromagnetic coupling and the experimental order of magnitude

(Jexp = 550 cm−1). This coupling results from a large direct exchange at 535 cm−1, which
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Figure 2: Schematic representation of the photoexcited compounds 2∗ (left) and 3∗ (right).

may be attributed to the close distance between the HOMO and R orbitals (Figs 1 and S1),

and a non-negligible contribution from the spin polarisation effects (89 cm−1). The kinetic

exchange is null and reflects the fact that there are no relaxation effects between the HOMO

and the radical orbital. Considering Jbpy-R, DFT calculations show a non-negligible coupling

of an antiferromagnetic nature with a value of -153 cm−1. Despite the large distance between

the bpy and radical moieties from which results the small J0 and ∆JSP contributions, the

coupling is dominated by a relatively unexpected ∆JKE contribution of -171 cm−1. This may

be attributed to the energy differences between the LUMO and the radical orbital since this

effect only involved the LUMO to radical orbital relaxation. Finally, the evaluation of JCat-bpy

is inaccessible through the proposed methodology. Indeed, while it is possible to evaluate

J0 and ∆JSP, the determination of the kinetic exchange inevitably tends to describe the

ground state solution, with the double occupation of the HOMO because of the variational

collapse, and results in an unexploitable value. Interestingly, even though one may consider

that this state could be a missed local minimum or saddle point (in the energy landscape)

by neglecting ∆JKE, the sum of both ferromagnetic contributions (J0 and ∆JSP) is far from

the large ferromagnetic coupling at 1400 cm−1 determined experimentally and rules out this

possibility. This last comment tends to indicate that the description of this state is beyond

the present model which considers a three-unpaired-electrons-in-three-magnetic-centres sit-
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uation, and of which the model space is spanned by eigenfunctions dominated by the neutral

components, as a usual HDvV Hamiltonian. It may be worth mentioning that this point

is not incompatible with the SF-TD-DFT calculations of Steenbock and coworkers22 since

their approach is not subject to the truncation and definition of a model space as the present

work.

Table 2: Experimental (Jexp),14 TD-DFT (JTD-DFT)22 and DFT (JΣ) evaluations
and decomposition (J0, ∆JKE and ∆JSP) of the three couplings for 1∗, 2∗ and
3∗ in cm−1. Factor 4 in 4J{bpyCat}-R allows comparing with both coupling in
ĤHDvV = −2JR-CatŜR · ŜCat − 2JCat-bpyŜCat · Ŝbpy.

1∗ 2∗ 3∗

Jexp 550 220 100
JTD-DFT 540 200 120

4JΣ 461 393 76
JΣ 115 98 19
J0 138 115 42

∆JKE -45 -41 -33
∆JSP 22 24 10

The conclusions drawn on Jbpy-R and JCat-bpy encouraged us to envisage a different model.

Hence, we proposed to consider the HOMO and LUMO spin centres as a local triplet spin

state and to model the system as two interacting centres: the local triplet spin {bpyCat}

centre and the radical centre coupled by the J{bpyCat}-R. This amounts to considering the

Hamiltonian ĤHDvV = −2J{bpyCat}-RŜ{bpyCat} · ŜR. This can be argued for several reasons, i)

the HOMO-LUMO interaction is largely dominated by a ferromagnetic contribution, closer

to the order of magnitude of the Hund’s rule than an exchange coupling, which allows then

considering {bpyCat} as a local triplet, ii) this model permits to properly account for the

contribution of the non-negligible Jbpy-R, and iii) it is closer to the experimental and the

TD-DFT determinations since one may consider that the contribution of Jbpy-R is indirectly

included in their evaluation of Jbpy-R. Table 2 presents the total J{bpyCat}-R coupling and

its decomposition for the three complexes. The fourth row presents the JΣ with a factor

4, which allows direct comparison with Jexp and JTD-DFT. Indeed, the interaction between
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two doublets or a doublet and a triplet results in different factors in the definition of J .1

Compounds 1∗ and 3∗ are fairly evaluated through JΣ while 2∗ is overestimated compared

to the experimental value. This may be attributed to the important tail of the HOMO over

the radical moieties shown in Fig S2, which favours a large direct exchange. Comparing

the decomposition of the three couplings, the direct exchange has a faster decrease with the

{bpyCat}-R distance, going from 138 for 1∗ to 42 cm−1 for 3∗, than the kinetic exchange,

which stays of the same order of magnitude over the series.
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Figure 3: Schematic representation of compound 4 (left) and of its photoexcited version 4∗

(right).

We now turn to a diradical-based ground state constituted of the same donor-acceptor

bpy(Pt)Cat moiety link to two nitronylnitroxide radicals through para-phenylethynyl bridges

presented in Fig 3 and labelled 4. Once photoexcited, it results in a tetra-radical sys-

tem labelled 4∗ (Fig 3) while the SOMOs are presented in Fig S4. Whilst both radi-

cals have been shown as weakly coupled (JRad-Rad) in 4, the Cat→bpy excitation results

in a ferromagnetic coupling JCat-Rad at least three times larger.19 Here again we applied

the decomposition/recomposition method to study the couplings in both 4 and 4∗ systems

presented in Table 3. Whilst for the former we used the following HDvV Hamiltonian

ĤHDvV = −2JR-RŜR · ŜR, for 4∗ the {bpyCat} has been considered as a local triplet state

resulting in the HDvV Hamiltonian ĤHDvV = −2JR-RŜR · ŜR− 2× 2J{bpyCat}-RŜ{bpyCat} · ŜR.

In 4, DFT calculations confirm the weak coupling between both nitronylnitroxide with an

antiferromagnetic nature (JΣ = −12 cm−1, Table 3). This coupling results only from the

spin polarisation effects, which may be expected regarding the very long distance between

1−2JbpyCat-RŜbpyCat ·ŜR = −2JbpyCat-R×1⁄2×1⁄2 and −2J{bpyCat}-RŜ{bpyCat} ·ŜR = −2J{bpyCat}-R×1×1⁄2.
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both radicals, and the system may then be considered as a disjoint diradical system. Its anti-

ferromagnetic nature of the spin polarisation can be anticipated according to Ovchinnikov’s

rule43 as shown in Fig S5. Once the system is photoexcited, the theoretical calculations

confirm a more than three times (in magnitude) stronger ferromagnetic J{bpyCat}-Rad with

a value of 49 cm−1. This value results from the direct exchange and a ferromagnetic spin

polarisation contribution, both of the same order of magnitude, whilst there is no kinetic

exchange mechanism. Interestingly, the presence of the unpaired electrons due to the pho-

toexcitation does not affect the JR-R coupling with an almost unchanged value of -13 cm−1

in 4∗ compared to -12 cm−1 in 4 (Table 3).

Table 3: Total coupling (JΣ) and its decomposition (J0, ∆JKE and ∆JSP) for
JRad-Rad in the ground state 4 and for JRad-Rad and J{bpyCat}-Rad in the photoex-
cited state 4∗ in cm−1.

4 4∗

JRad-Rad JRad-Rad J{bpyCat}-Rad
JΣ -12 -13 49
J0 0 0 29

∆JKE 0 0 0
∆JSP -12 -13 20

This work presents the first application of KS-DFT to study magnetic exchange cou-

plings in excited states. Based on non-self-consistent calculations and selective relaxations,

the use of the recently generalised decomposition/recomposition method allows controlling

the variational collapse to compute the main couplings of interest. This strategy properly re-

produces the order of magnitude and the nature of the couplings experimentally determined

in a series of chromophore-radical-based complexes. In addition, the decomposition of the

couplings permits to rationalise the physical mechanisms governing the different couplings.

However, the strategy proposed in the present work was enable to compute the JCat-bpy cou-

pling and this represents a way of improvement which will be investigated in the future.

In addition, future work will focus on the combination of the decomposition/recomposition

method with ∆-SCF-based algorithms as the maximum overlap method44 to generalise the
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study of excited states with this strategy.

In the series of complexes based on a monoradical ground state, we have highlighted

the importance of the Jbpy-R coupling. To account for this contribution, we proposed to

model the system as a radical interacting with a local triplet state, formed with both spins

of the HOMO→LUMO excitation. Such a description is more in line with the physics of

the interaction between the spin of the electrons of the photoexcited chromophore, largely

ferromagnetic, as well as the experimental and previous theoretical determinations.

We also provided the first numerical determinations of the couplings for a diradical ground

state-based system. We confirmed the experimental evidence of a weak coupling between

both radical moieties and of a larger ferromagnetic coupling of them with the chromophore

spins once the system is photoexcited. The decomposition/recomposition method offers a

new strategy which is both more affordable than wavefunction-based methods and more

general than SF-TD-DFT regarding the number of unpaired electrons. Hence, it opens up

new possibilities to support the study of photoexcited magnetic exchange couplings in a

context where the experimental determinations are particularly difficult.
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