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Abstract: Photogenerated multi-spin systems hold great

promise for a range of technological applications in various

fields, including molecular spintronics and artificial photo-
synthesis. However, the further development of these appli-

cations, via targeted design of materials with specific mag-
netic properties, currently still suffers from a lack of under-

standing of the factors influencing the underlying excited
state dynamics and mechanisms on a molecular level. In par-

ticular, systematic studies, making use of different tech-

niques to obtain complementary information, are largely
missing. This work investigates the photophysics and mag-

netic properties of a series of three covalently-linked porphy-

rin-trityl compounds, bridged by a phenyl spacer. By com-

bining the results from femtosecond transient absorption
and electron paramagnetic resonance spectroscopies, we
determine the efficiencies of the competing excited state re-
action pathways and characterise the magnetic properties of
the individual spin states, formed by the interaction be-

tween the chromophore triplet and the stable radical. The
differences observed for the three investigated compounds

are rationalised in the context of available theoretical
models and the implications of the results of this study for
the design of a molecular system with an improved intersys-
tem crossing efficiency are discussed.

Introduction

Due to their versatility, covalently-linked chromophore-radical

systems have found a wide range of applications in the fields
of information technology, artificial photosynthesis, as well as

spin catalysis.[1–4] In all of these applications, the covalent link-
age of a stable radical to the chromophore is used as a means

of altering—and thereby controlling—the excited state dynam-

ics of the chromophore, and many of them rely on the ability
of the stable radical to act as an efficient triplet sensitiser by

enhancing the intersystem crossing rate constant.

An increased triplet yield can for instance serve to improve
the efficiency of processes such as triplet-triplet annihilation

photon-upconversion,[5–7] while other applications in organic
solar cells or OLEDs make use of the photoluminescence (dou-

blet emission) of a particular class of these p-radical sys-
tems.[3, 8–10]

In the area of molecular spintronics, photogenerated organic

multi-spin systems have proven invaluable for exploring the
fundamental requirements for spin-information transfer and
storage on a molecular level.[11–14] By photoexcitation, well-de-
fined initial spin states with strong spin polarisation can be

generated, which may then be characterised by advanced
magnetic resonance techniques with regard to their magnetic

properties and spin-spin interactions. Through systematic var-
iations of the molecular design and a careful study of the re-
sulting magnetic properties, it will ultimately be possible to es-

tablish design protocols for new magnetic materials exhibiting
the desired properties for an efficient transfer and storage of

spin information.
Motivated by the large number and potential impact of

these applications, a multitude of recent studies have focused

on increasing our understanding of the excited state dynamics
and deactivation mechanisms in chromophore-radical systems,

with the long-term goals of achieving photocontrol of the
magnetic properties of materials via spin coupling and explor-

ing the influence of molecular topology on the interaction effi-
ciency.[1–3, 15–23]
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However, despite this effort, the mechanistic behaviour of
organic multi-spin systems is up to now only poorly under-

stood and truly systematic studies that could help to elucidate
the details of the excited state dynamics, the mechanisms of

excited multiplet generation and spin-information transfer, as
well as the role of the individual interacting building blocks

(i.e. chromophore triplet, bridge, stable radical) remain scarce.
Here, we investigate the spectroscopic properties of a series

of covalently-linked chromophore-radical systems using femto-

second transient UV-vis absorption (fs-TA) and electron para-
magnetic resonance (EPR) techniques. Porphyrins were chosen

as the chromophores since they are highly photostable,[24] ex-
hibit characteristic EPR signatures,[25] and their central metal

can easily be modified, enabling a variation of the excited
state energetics while avoiding major changes to the molecu-

lar structure. A tetrathiaryl trityl radical, derivatives of which

are commonly employed as spin labels,[26–29] was attached to
the porphyrin via a phenyl linker and is used here as the stable

radical moiety. Compared to more commonly employed stable
radicals, such as nitroxides, trityl radicals are characterised by a

very narrow EPR line and slow spin-lattice relaxation,[30] which
might be particularly interesting for spin information storage

applications. In addition, the chosen molecular design and syn-

thetic approach allows a systematic modification of the indi-
vidual building blocks of this photogenerated three-spin

system.[31] The three investigated structures only differ with re-
spect to the central metal bound by the tetraphenylporphyrin

(TPP) chromophore as shown in Figure 1 and are henceforth
referred to as H2TPP-trityl, ZnTPP-trityl, and MgTPP-trityl.

Making use of the time-resolution of fs-TA spectroscopy, we

explore the mechanism underlying excited multiplet genera-
tion in the porphyrin-trityl systems and determine the efficien-

cies of the various competing excited state reactions. Comple-
mentary information is obtained from transient continuous

wave EPR experiments, allowing us to identify and characterise
the different spin states and spin–spin interactions. It is found

that the interaction between the porphyrin triplet and the radi-

cal falls within the strong coupling regime, resulting in the for-
mation of (doublet and) quartet states at cryogenic tempera-

tures. Optical spectroscopy reveals that ultrafast energy trans-
fer (~10 ps) from the porphyrin to the trityl radical largely

dominates the excited state dynamics at room temperature
and in frozen solution, implying a very low quartet formation

efficiency. However, despite this low yield, transient EPR ena-
bled the determination of the characteristic magnetic parame-

ters and spin polarisation patterns of the formed quartet states

and provided further information on the mechanistic details of
quartet formation, as well as on the internal dynamics of the

spin system. Finally, the differences observed for the three
dyads containing different porphyrin central metals are dis-

cussed, together with the implications of the results of this
study for the design of a molecular system with an improved
intersystem crossing efficiency.

In all transient spectroscopic experiments, the porphyrins
were excited at a wavelength of 550 nm, corresponding to an
absorption maximum within the porphyrin Q-band region (S1

state). After photoexcitation of the porphyrin chromophore, a

number of different excited state reactions can occur, as sche-
matically shown in Figure 2, mediated by the close proximity

of the third spin of the stable radical. The possible processes

are (i) excited state electron transfer (ET), (ii) enhanced intersys-
tem crossing (EISC), (iii) excitation energy transfer (EET) and

(iv) enhanced internal conversion (EIC) back to the ground
state.

Results and Discussion

Synthesis and characterisation : H2TPP-trityl and ZnTPP-trityl

were synthesised according to procedures reported previous-
ly,[31] while the synthesis and characterisation of MgTPP-trityl is

outlined in the Supporting Information. An NMR characterisa-
tion of the compounds and precursor molecules (cf. Figure S1)

revealed that MgTPP-trityl is prone to oxidation during the pu-

rification process. The batch of MgTPP-trityl thus contained
some diamagnetic impurity (~30 %), where the radical centre

had been transformed into the corresponding triphenylmetha-
nol moiety. Although no such observation was made for

ZnTPP-trityl and H2TPP-trityl, the presence of very small
amounts (~0–3 %) of a diamagnetic impurity in the samples

Figure 1. Chemical structures of the investigated chromophore-radical sys-
tems and their building blocks.

Figure 2. Schematic overview of the photophysical processes expected to
occur in covalently-linked chromophore-radical systems assuming a non-
negligible exchange interaction JTR. Abbreviations: EIC enhanced internal
conversion; ET electron transfer ; EET excitation energy transfer ; EISC en-
hanced intersystem crossing.
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cannot be completely excluded due to the limited sensitivity
of 1H NMR, especially with respect to the radical content of the

sample. The presence of such an impurity would be observed
as a triplet contribution in the spectroscopic studies, but is by

no means expected to influence the photophysical behaviour
of the chromophore-radical compounds.

UV-vis absorption spectroscopy : The room temperature
UV-vis spectra of the compounds and their porphyrin and trityl

building blocks are shown in Figures S4 and S5. As is well-

known from the literature,[24] the spectra of the three tetraphe-
nylporphyrins are qualitatively similar, showing an intense ab-
sorption band around 420 nm (porphyrin Soret band, S2 state)
and significantly less intense absorption peaks in the wave-

length region of the porphyrin Q-bands from roughly 500 to
620 nm. The individual peak positions, however, differ for the

different porphyrins and are also influenced by the solvent po-

larity. While the spectra of ZnTPP and MgTPP (approximate D4h

symmetry) show one prominent absorption peak in the Q-

band region, this Q-band peak is shifted to higher wavelengths
and split into two major peaks in H2TPP, due to symmetry

breaking induced by the presence of the two protons.
The spectrum of the trityl radical is characterised by a very

prominent absorption band in the visible at 460 nm, a strong

UV absorption, and a very broad but less intense absorption
band extending over the whole visible range into the NIR

(~900 nm).[32] The absorption spectra of the porphyrin-trityl
compounds are similar to the sum of the UV-vis spectra of

their respective building blocks as can be seen from Figures S4
and S5 in the Supporting Information.

Femtosecond transient absorption : In order to get an idea

about the efficiencies associated with the individual competing
excited state reactions and their temperature dependence,

femtosecond transient absorption measurements of the por-
phyrin-trityl compounds as well as their building blocks were

performed in toluene at room temperature and in isotropic
frozen 2-methyltetrahydrofuran solution at 85 K. Details on the

sample preparation, experimental setup[33] and data treatment

can be found in the Supporting Information. Since the obser-
vations for the investigated porphyrin-trityl compounds were
qualitatively very similar, only the results obtained for ZnTPP-
trityl and its building blocks are presented in the main text,

while the corresponding data for the free base analogue are
shown in the Supporting Information (Figure S6).

Figure 3 shows the room temperature fs-TA data of the
ZnTPP chromophore and trityl radical moieties. The photophy-
sics of ZnTPP is well-known and has already been studied ex-

tensively.[34, 35] In agreement with these previous results, we ob-
serve a strong ground-state bleach around 420 nm, accompa-

nied by a considerably weaker excited state absorption extend-
ing over the entire visible range, with a maximum close to the

onset of the ground state bleach at 460 nm. These typical fea-

tures of the ZnTPP excited singlet state decay with a time con-
stant of about 2.6 ns to form the porphyrin triplet state in high

yield.[36–38] The latter then lives for about 1 ms in solution at
room temperature.[36]

A global kinetic analysis of the data, as presented in detail in
the Supporting Information, revealed that the evolution of the

ZnTPP spectra with time can be described satisfactorily with
two time constants of 11 ps and 2.6 ns. In addition, we detect

an offset which is in line with the ~ms lifetime of the porphyrin

triplet state. The first time constant is likely to be associated
with relaxation processes within the S1 state, while the second

time constant can be assigned to the decay of the excited sin-
glet state and simultaneous rise of the T1 state. As shown in

Figure 3, the signatures of the porphyrin excited singlet and
triplet states are very similar and may therefore be difficult to
distinguish.

The fs-TA spectra obtained for the trityl radical are shown in
Figure 3 (bottom). They are characterised by a ground state
bleach centred at about 460 nm, and a single, broad, and
rather featureless excited state absorption extending from

roughly 480 to ~ 800 nm, with a maximum around 540 nm.
The excited state absorption features do not change markedly

over the course of the excited state lifetime. These features

and the ground state bleach decay completely with a time
constant of 120 ps, as determined by a global kinetic analysis

of the data (cf. SI).
In the proximity of the trityl radical, the excited state dynam-

ics of ZnTPP are considerably altered as evident from Figure 4,
showing the spectra of ZnTPP- trityl recorded at room temper-

ature (top) and in frozen solution (bottom). Shortly after pho-

toexcitation of the porphyrin moiety, the typical features of
the ZnTPP singlet excited state are observed and found to

decay quickly, with a time constant of ~10 ps. The decay of
the S1 state is accompanied by the simultaneous rise of a new

absorption band in the range from 480 to 800 nm and the for-
mation of a new ground state bleach centred at 460 nm. A

Figure 3. Femtosecond transient absorption data for ZnTPP (top) and the
trityl radical (bottom) recorded in toluene solution at room temperature
after photoexcitation at 550 nm. The central panel shows a contour plot of
the data, where the red and blue colour coding represents positive and neg-
ative signals, respectively. The vertical coloured lines in the contour plot in-
dicate the positions corresponding to the kinetic traces shown in the left
panel, while the dotted horizontal lines indicate the time delays associated
with the spectra shown on the right. The spectrum overlaid in blue corre-
sponds to the spectrum of the ZnTPP excited triplet state, obtained from a
global kinetic analysis of the data.
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global kinetic analysis of the room temperature data (cf. SI) re-

vealed that these newly formed excited state features subse-
quently decay with a time constant of roughly 120 ps. After

their complete decay, a small percentage (~ 4–5 %) of the por-

phyrin ground state bleach remains, together with some excit-
ed state absorption, attributed to the porphyrin triplet state.

In frozen solution, the overall reaction dynamics are qualita-
tively similar, as shown in Figure 4 (bottom). However, the

spectral positions of the individual excited state features
appear to be slightly redshifted, due to the different solvent

environment (e.g. dielectric constant) and temperature, and

the excited state absorption is found to decay with a slower
time constant of 650 ps.

The room temperature fs-TA experiments on ZnTPP-trityl
were also performed at a different excitation wavelength (i.e.
400 nm) and in 2-methyltetrahydrofuran solution (cf. SI). No
marked differences in the spectra were observed, suggesting
that the excited state deactivation mechanism in these systems

is largely independent of solvent polarity and excitation wave-
length (porphyrin Soret vs. Q-band excitation). Even in polar
solvents, no spectral features characteristic of ZnTPP ion for-
mation could be observed,[39] indicating that any contribution

of excited state electron transfer to the excited state dynamics
can likely be excluded.

When comparing the room temperature fs-TA spectrum ob-

tained for ZnTPP-trityl after the initial decay of the porphyrin
S1 state, e.g. at 25 ps, with that of the excited trityl radical (cf.

Figure 4, top), a strong similarity is evident. The spectral fea-
tures are nearly identical, which is a clear indication for excita-

tion energy transfer (EET) from the porphyrin to the trityl radi-
cal taking place in ZnTPP-trityl. A detailed analysis of the rela-

tive spectral amplitudes and time constants (cf. SI) demonstrat-
ed that this energy transfer (i) is very efficient with a quantum

efficiency of FEET+95 % and (ii) occurs equally fast at room
temperature and in frozen solution, with a time constant of

~10 ps (no thermal activation barrier).
For energy transfer from the chromophore to the radical to

occur, the radical needs to have low-lying electronic states that
are accessible from the chromophore’s excited singlet state. In

principle, two different energy transfer mechanisms could be

invoked to explain the experimental observations: Dexter-type
energy transfer requires orbital overlap as it is based on an

electron exchange mechanism. The associated transfer rates
show an exponential distance dependence and a strong de-

pendence on the bridge structure.[40, 41] On the other hand, Fçr-
ster resonance energy transfer is based on a dipolar mecha-

nism, requiring spectral overlap of the fluorescence spectrum

of the energy donor (ZnTPP) and the absorption spectrum of
the energy acceptor (trityl), but no orbital overlap. The transfer

rate depends on the distance between donor and acceptor as
rDA
@6.[42]

In order to evaluate whether the experimentally observed
rate constants could be in agreement with Fçrster theory, we

performed calculations of the expected Fçrster energy transfer

rate for ZnTPP-trityl, as detailed in the Supporting Information.
The employed formalism relies on the validity of the point-

dipole approximation and is therefore likely not to yield accu-
rate results in the case of the investigated structures, since the

centre-to-centre distance between chromophore and radical is
not significantly larger than their individual molecular sizes.

Nevertheless, a good estimate can be obtained. The calcula-

tions were carried out with a centre-to-centre distance of rDA =

1.3 nm and for different values of k2, describing the relative

orientation of the transition dipole moments within the por-
phyrin and trityl moieties with respect to the vector connect-

ing them. The correct value for k2 cannot easily be predicted,
but given the covalent linkage between donor and acceptor
and the known orientation of the transition dipole moments

within the porphyrin and trityl moieties, it might be reasonable
to assume that k2 is larger than one and maybe even close to

its maximum value of four. Provided this assumption holds
true, energy transfer time constants between 10 and 40 ps
should be feasible (cf. SI).

The experimentally observed EET time constant of ~10 ps

thus seems to be consistent with a Fçrster-type mechanism, al-
though a contribution from Dexter-type energy transfer
cannot be excluded in view of the rather short distance be-
tween donor and acceptor and the covalent linkage between
the two reaction partners, resulting in non-negligible exchange

coupling.[31]

The high efficiency of excitation energy transfer in these co-

valently-linked porphyrin-trityl systems naturally imposes

severe limitations on the efficiency of the enhanced intersys-
tem crossing (EISC) process and therefore the efficiency of ex-

cited multiplet formation. Efficient EISC should result in rapid
quenching of the porphyrin S1 state accompanied by a simul-

taneous rise of the porphyrin T1 state. Here, we find that excit-
ed state deactivation is dominated by EET, suggesting that the

Figure 4. Femtosecond transient absorption data for ZnTPP-trityl recorded
in toluene solution at room temperature (top) and frozen 2-methyltetrahy-
drofuran solution at 85 K (bottom) after photoexcitation at 550 nm. For a
comparison of the spectral shape, a representative spectrum of the excited
trityl radical is superimposed onto the ZnTPP-trityl data (red line). The wave-
length ranges dominated by artefacts from either excitation light scattering
or optical saturation were cut out from the spectra recorded at 85 K. In the
room temperature data, the ground state bleach extending to DA = 0.22 has
been truncated for a better comparability of the relative spectral signals.
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rate constant of EISC is at least an order of magnitude smaller
than that found for EET. From the ratio of the intensities of the

initial ground state bleach and the ground state bleach re-
maining after complete decay of the trityl excited state absorp-

tion, we can estimate that the quantum efficiency of EISC can
at most reach a value of ~5 % in these systems.

In addition, part of this remaining triplet absorption could
also result from a contribution of molecules where either

(i) the trityl radical has been deactivated (diamagnetic impurity)

or (ii) the orbital overlap between the chromophore and trityl
moieties is negligibly small (unfavourable molecular conforma-

tion). Such molecules would undergo “normal”, i.e. spin-orbit
coupling induced, intersystem crossing (ISC) to the porphyrin

triplet state.
Since different origins for the triplet state contribution to

the fs-TA spectra of ZnTPP-trityl can be envisioned, only an

upper limit for the EISC yield of FEISC,5 % can be given as a
result from the analysis of the femtosecond transient absorp-

tion data.
Electron paramagnetic resonance : In order to verify wheth-

er excited multiplet formation can be observed for the differ-
ent porphyrin-trityl compounds and to characterise the mag-

netic properties of the individual spin states formed by the in-

teraction of the porphyrin triplet and the trityl radical, transient
continuous wave (cw) EPR measurements were performed in

isotropic frozen 2-methyltetrahydrofuran solution at 80 K. De-
tails on the sample preparation and experimental setup are

given in the Supporting Information.
Figure 5 (left) shows a comparison of the transient cw EPR

spectrum of the ZnTPP triplet state and the spectrum of the

trityl radical, recorded in pulse mode. The spectrum of the
trityl radical is very narrow, due to the lack of hyperfine cou-

pling interactions to nearby magnetic nuclei, and exhibits an
isotropic g value of 2.0028, as determined by a spectral simula-

tion of the corresponding room temperature cw EPR spectrum
(cf. Figure S13). Some slight structural broadening is observed

in the wings of the spectrum due to 13C satellite-transitions.[31]

Compared to the spectrum of the trityl radical, the triplet
state spectrum of ZnTPP is very broad. As it is typical for the
triplet states of organic chromophores,[43] the spectral shape
and width is dominated by the zero-field splitting (ZFS) inter-

action, described by the following Hamiltonian:

HZFS ¼ SDS ¼ D S2
z @

1
3

S2

. -
þ E S2

x @ S2
y

0 /
ð1Þ

and parametrised by the two ZFS parameters D and E. In the

case of the investigated porphyrins, D is known to be positive
as determined from magnetophotoselection experiments,[44]

implying an oblate spin density distribution. Due to differences
in the intersystem crossing rates to the individual triplet suble-
vels, triplet spectra are typically spin-polarised, leading to the
observation of absorptive (a) as well as emissive (e) transitions.

To determine the zero-field splitting D values as well as the
relative initial populations of the three triplet sublevels, numer-
ical simulations of the triplet state spectra were carried out. In
good agreement with previously published results,[45, 46] DT

values of 930 MHz, 1150 MHz and 890 MHz were obtained for
ZnTPP, H2TPP and MgTPP, respectively. While the out-of-plane

triplet sublevel (Z) is primarily populated in ZnTPP, resulting in
an aaaeee spin polarisation pattern, the in-plane levels (X, Y)

are overpopulated in H2TPP and MgTPP as evident from the
eeeaaa polarisation pattern. The experimental spectra, simula-

tions and further simulation parameters for all three tetraphe-

nylporphyrins are shown in Figure S14 in the Supporting Infor-
mation.

Compared to the spectra of the two building blocks, signifi-
cant differences are observed in the transient cw EPR spectra

of ZnTPP-trityl as shown in Figure 5 (right). The overall spectral
width is considerably reduced compared to that of the ZnTPP

triplet state and a strong absorptive feature is found to domi-

nate the central part of the transient spectrum. In addition, the
spectral shape is found to change with time: While an overall

a/e spin polarisation could be detected shortly after laser exci-
tation, the spectra detected after a few microseconds are

found to be entirely in absorption and are largely dominated
by the central absorptive feature.[47]

This central feature with broad, significantly less intense,

wings, observed after a few microseconds, is characteristic for
a quartet state with Boltzmann population. In addition, a simi-

lar time evolution of the spin polarisation (a/e polarisation
turning into net absorptive features) has been observed before

for a porphyrin-nitroxide system,[1, 16] and could be attributed
to thermal equilibration of the populations within the quartet

state.[48] We therefore tentatively assign the spectral features
observed here for ZnTPP-trityl to the quartet state.

From a detailed analysis of the characteristic magnetic pa-
rameters (i.e. zero-field splitting parameters DQ, EQ and the g
value gQ) and spin polarisation patterns of the quartet state,

important information on the quartet state formation mecha-
nism can be obtained. However, before we discuss the implica-

tions of the present experimental results, the proposed mecha-
nism for quartet state formation,[3, 18, 19, 49] graphically summar-

ised in Figure 6, shall briefly be outlined here.

According to this model, light absorption leads to p–p* sin-
glet excitation of the porphyrin moiety. From this so-called ex-

cited sing-doublet state (2S1),[24] EISC occurs to yield the chro-
mophore triplet state. The triplet state is split into trip-doublet

(2T) and trip-quartet (4T) states by the exchange interaction
(DEDQ = 3JTR ! kBT). Typically, the lowest trip-doublet state (2T1)

Figure 5. Comparison of the transient cw EPR spectrum of the triplet state
of ZnTPP with the field-swept FID-detected spectrum of the trityl radical
(left) and transient cw EPR spectra of ZnTPP-trityl at two different time
delays after photoexcitation at 550 nm (right). All spectra were recorded at
the X-band (9.75 GHz) in frozen 2-methyltetrahydrofuran at 80 K.
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is populated first by EISC, since, due to different exchange in-
teractions of the two triplet electrons with the electron of the

radical, the trip-doublet state acquires some sing-doublet char-
acter, implying that the relaxation from the excited sing-dou-

blet state to the trip-doublet becomes partially allowed.[24] The
following transition from the doublet to the quartet state is

spin-forbidden, but can be mediated by spin-orbit coupling

(SOC).[3, 18, 19] Efficient mixing of quartet-doublet eigenstates by
SOC is however only possible when involving a nearby state

with different orbital angular momentum. In metal porphyrins,
the lowest two triplet states (Eu,x, Eu,y ; p–p* excitation) are

nearly degenerate and are likely to fulfil this role. The energetic
difference between the two states involved in the mixing is re-

ferred to as D and needs to be (significantly) smaller than the

thermal energy.
The mixing of 2T1 and 4T2 by SO-ISC is then followed by fast

internal conversion from 4T2 to 4T1. Through SOC-mediated
mixing, the doublet states acquire some quartet character (and

vice versa), which will depend on the energy difference be-
tween doublet and quartet states (3JTR) and will also be spin
sublevel specific. This spin-selectivity leads to spin polarisation

of the observed quartet state (4T1). In the following, back and
forth transitions between quartet and doublet states (i.e. ther-
mal repopulation of the trip-doublet through mixing of 4T1

with 2T2) will deplete any initially overpopulated sublevels,
causing a thermal equilibration of the populations. The decay
to the ground state then primarily occurs from the doublet

states, since the transition is spin allowed.

By SO-ISC the quartet : 1
2

44 5
and : 3

2

44 5
sublevels are always

expected to be equally populated. Therefore, the þ 1
2

44 5$ þ 3
2

44 5
and @ 1

2

44 5$ @ 3
2

44 5
transitions will have equal and opposite po-

larisations, the so-called multiplet polarisation. The oppositely

polarised multiplet contributions cancel each other in the
centre of the spectrum and thus do not contribute to the cen-

tral quartet feature which results from so-called net polarisa-
tion.

Since net and multiplet polarisation have different properties

(spectral positions, orientation dependence, magnetic field de-
pendence, time behaviour),[18, 19] the time evolution of the po-
larisation and the ratio of net to multiplet polarisation in the
quartet spectra can provide valuable information on the inter-

nal dynamics of the system, especially the relative magnitudes
of D and 3JTR.

The disappearance of the a/e multiplet polarisation in less

than a few ms in the spectrum of ZnTPP-trityl (cf. Figure 5) sug-
gests that the doublet-quartet mixing (equilibration of the

quartet populations) is rather fast on the EPR time scale, imply-
ing that the energy gaps (3JTR, D) are small compared to the

thermal energy (kBTffi55 cm@1 at 80 K and 205 cm@1 at room
temperature). Further, from a numerical simulation of the data,

as shown in Figure 7, the relative ratios of the net to multiplet

polarisation, the quartet zero field splitting parameters, DQ and
EQ, as well as the gQ value of the quartet state can be obtained.

The DQ value is of particular interest, since it is related to the
dipolar interaction between the triplet and radical DTR as DQ =
1
3(DT + DTR). The obtained gQ value of 2.001 is well in line with
the predictions for a quartet state from calculations based on

the magnetic parameters of the chromophore triplet and

stable radical.[50] This and the fact that the spectrum can be fit
as a combination of net and multiplet polarisation, using the

same magnetic parameters for both contributions, strongly
supports our statement that the transient cw EPR spectra ob-

served for ZnTPP-trityl arise from a single species with quartet
multiplicity. An overview of the experimental and calculated g

and D values of all involved spin states is provided in

Table S2.[51]

Transient cw EPR spectra were also acquired for H2TPP-trityl

and MgTPP-trityl as shown in Figure 7. While the spectral
widths are found to be similar in all cases, significant differen-

ces in the initial spin polarisation patterns are observed. In par-
ticular, it is noted that multiplet polarisation is observed for

the quartet states of ZnTPP-trityl and MgTPP-trityl, whereas

Figure 6. Processes and energetic states involved in quartet state formation.
The individual energetic states are labelled with terms of the form jAi, where
the superscript j indicates the overall spin multiplicity, A the spin multiplicity
of the chromophore, and the subscript i the energetic ordering (low to
high) of the states with identical multiplicities.

Figure 7. Transient cw EPR spectra of ZnTPP-trityl, H2TPP-trityl and MgTPP-trityl (from left to right) at the X-band (9.75 GHz) and ZnTPP-trityl (right) at the Q-
band (34.0 GHz) together with the best numeric fit to the experimental data. All spectra were recorded in frozen 2-methyltetrahydrofuran solution at 80 K at
about 1 ms after photoexcitation at 550 nm. The quartet state spectrum was simulated as the sum of net and multiplet components (red dotted lines) with
different weights. The simulation parameters are indicated in the figure.
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only net polarisation could be detected on the EPR time scale
in the case of H2TPP-trityl. The central quartet peak is found to

be positive for all investigated compounds, implying a positive
sign of the exchange interaction JTR between chromophore

triplet and radical.[19]

Although the formation of quartet states should go hand in

hand with excited doublet state formation,[23, 52–54] no doublet
signatures could be detected experimentally. Possible reasons
for this could either be (i) fast relaxation or (ii) spectral overlap

with the quartet feature: Fast relaxation of the doublet excited
state (on the EPR time scale) could be favoured since the tran-

sition to the ground state doublet is spin-allowed. Fast relaxa-
tion also implies a broad spectral feature, which might be diffi-
cult to detect. In addition, since the g values of radical and
triplet are very similar, also the g values of the formed quartet

and doublet states will differ only little. Therefore, it is also
plausible that the (weaker) signature of the doublet state is
buried underneath the quartet spectrum and accounts for

minor asymmetries observed in the experimental spectra. In
addition, assuming the validity of the model for quartet forma-

tion outlined above, the doublet state is not expected to be
spin polarised, implying a rather weak signal.

The opposite multiplet polarisation pattern observed for

ZnTPP-trityl and MgTPP-trityl (a/e vs. e/a) might suggest a
strong correlation between the quartet state polarisation and

the polarisation of the triplet precursor (aaaeee vs. eeeaaa), i.e.
a direct influence of the relative initial triplet state populations

and the sign of DT, in agreement with previous observations.[55]

However, an exception is known in the literature, where the

polarisation pattern of the quartet state formed in a free-base

porphyrin-verdazyl system was found to differ from that of the
corresponding porphyrin triplet state,[56] implying that the

mechanism is likely to be more complex and that other factors,
such as the signs of DQ, DTR, and JTR or the proximity of vibra-

tional states for mixing, also need to be taken into consider-
ation.[19, 22]

The qualitative similarity of the transient cw EPR spectra re-

corded for ZnTPP-trityl at X- (9.75 GHz) and Q-band (34.0 GHz)
frequencies (cf. Figure 7) indicates that this system clearly falls
within the strong coupling regime. Within this regime, the ex-
change interaction between triplet and radical, JTR, has to be
larger than any other relevant magnetic interactions in the
system, i.e. (i) all hyperfine couplings, the difference in the

Zeeman frequencies between triplet and radical, and (iii) the
zero-field splitting in the triplet state. This situation is easily
reached in porphyrin-trityl systems, since the hyperfine cou-
plings in the triplet state are no larger than about 4 MHz,[43, 44]

and the difference in Zeeman frequencies is proportional to

the difference in g values, which is almost negligible here (cf.
Table S2). The strong coupling limit is thus reached as soon as

JTR exceeds the magnitude of the triplet D value (~0.033 cm@1).

When having a closer look at the spectra acquired for
ZnTPP-trityl at the X- and Q-bands, it further appears that the

ratio of net vs. multiplet polarisation is slightly increased at the
Q-band (no negative intensities on the high-field side due to

cancellation of the signal with the contribution of the absorp-
tive net polarisation). This is in line with the theoretical predic-

tion that the relative contribution of the net polarisation to the
spectra should increase linearly with the field strength and

thus supports the validity of the proposed mechanism for
quartet state formation (cf. Figure 6).

For all compounds it is observed that jDQ j ~ j3EQ j , which
should imply a comparatively large contribution of the net po-

larisation.[19] Nonetheless, compared to typical net:multiplet
ratios expected based on the above-mentioned mechanism,
the contribution of the net polarisation to the quartet spectra

of Figure 7 is surprisingly large. In particular, the complete ab-
sence of multiplet polarisation in the spectrum of H2TPP-trityl
is intriguing and cannot readily be explained since spin-selec-
tive spin-orbit induced intersystem crossing from the doublet

to the quartet excited state should always lead to the observa-
tion of multiplet spin polarisation.[17, 19, 48, 49, 55]

This apparent inconsistency can be resolved by assuming

that doublet-quartet mixing is fast on the EPR time scale: By
the time of detection, a significant part (or all) of the multiplet

polarisation might already have decayed. However, to explain
the experimental observations, these equilibration dynamics

would need to be considerably faster in H2TPP-trityl as com-
pared to ZnTPP-trityl or MgTPP-trityl, implying a smaller D

and/or JTR in H2TPP-trityl (cf. Figure 6). Small differences in the

molecular geometry or spin delocalisation of the triplet wave-
function could result in marked differences in JTR. Free base

porphyrins are non-symmetric and non-planar. The porphyrin
core is also likely to be more flexible, resulting in a larger distri-

bution of JTR. Differences in geometry and/or triplet delocalisa-
tion are also suggested by the larger experimental DT value of

H2TPP as compared to ZnTPP and MgTPP. On the other hand,

no big differences in terms of delocalisation and JTR are expect-
ed between ZnTPP and MgTPP, in line with their near identical

DT values.
Compared to the variations in JTR, even more significant dif-

ferences could be imagined between H2TPP-trityl and ZnTPP-
trityl/MgTPP-trityl regarding the excited state energetics (and
therefore D): In metal porphyrins, the splitting between Qx and

Qy is typically about 30 cm@1,[24, 25] implying that the degenera-
cy of the 3Eu states is only slightly lifted and that these two

states could well be involved in quartet-doublet mixing, since
the energy gap is reasonably small compared to the thermal
energy. In H2TPP, the D4h symmetry is broken, leading to a
much larger splitting between Qx and Qy of the order of

2800 cm@1.[24] The mechanism thus needs to involve a different
state in the case of the molecules containing H2TPP as the
chromophore since any mixing processes involving the second

triplet state would clearly be too slow.

Conclusions

In the present study we investigated the photophysics and

magnetic properties of a series of three porphyrin-trityl com-
pounds, that only differ with respect to the porphyrin central

metal. A detailed analysis of the femtosecond transient absorp-
tion data recorded at room temperature and in frozen solution

enabled us to determine the efficiencies of the individual com-
peting excited state reactions. It was found that excitation
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energy transfer largely dominates the excited state dynamics
with a temperature-independent time constant of ~10 ps and

an efficiency of +95 %, imposing severe limitations on the
yield of enhanced intersystem crossing and therefore the effi-

ciency of excited multiplet formation.
Nonetheless, the sensitivity of transient cw EPR was suffi-

cient to detect the formation of quartet states for all three in-
vestigated compounds in frozen solution and numerical simu-

lations of the data allowed the characterisation of the relevant

magnetic parameters. No significant differences were observed
between the spectra recorded at different microwave frequen-

cies, as expected for a system that clearly falls within the
strong coupling regime. Differences in the quartet state char-

acteristics between the different compounds were discussed
and could be rationalised in the context of previously invoked
theoretical models and predictions,[3, 18, 19, 22] strongly supporting

the validity of the proposed mechanism for this class of com-
pounds. However, in view of the potential applications of such

triplet-radical systems, the low EISC yield observed here is, of
course, a substantial drawback. Future studies in this direction

should thus focus on improving the design of the molecular
system to increase the enhanced intersystem crossing efficien-

cy. To this end, it will be necessary to find out how to suppress

excitation energy transfer while keeping the exchange interac-
tion between chromophore triplet and radical in a favourable

range for EISC:
In the case of the investigated porphyrin-trityl compounds,

it is likely that the frozen solution samples are composed of
molecules with different conformations (i.e. varying dihedral

angles between the porphyrin plane and the phenyl spacer,

and therefore different JTR). The EPR signal is thus expected to
arise from only a small percentage of molecules in the sample

that happen to adopt a conformation favouring EISC over EET.
The efficiency of both mechanisms (EET and EISC) depends on

the molecular conformation (i.e. orientation of transition di-
poles and/or orbital overlap), but if the most favourable con-

formation for the two excited state deactivation mechanisms

were different, one might have a chance to increase the effi-
ciency of EISC by a slight modification of the present molecular

design (e.g. by changing the bridge structure: topology, rigidi-
ty, extent of conjugation and/or length).

However, it is well possible that a change of the bridge
structures is not sufficient to effectively suppress EET. In this

case, the excited state energetics of radical and chromophore
would need to be modified to eliminate the spectral overlap
required for EET, which would most likely imply the choice of a
different radical since the UV-vis absorption of the trityl radical
extends over the entire visible range. To safely exclude the

possibility of energy transfer, the energies of both the S1 and
T1 states of the chromophore would need to be smaller than

the lowest excitation energy of the radical.

Supporting Information

Synthesis and characterisation of the compounds, UV-vis ab-

sorption spectra, approximation of the Fçrster rate, description
of the experimental setups for fs-TA and transient EPR, addi-

tional fs-TA data and global kinetic analysis, additional transi-
ent EPR data and simulations, as well as DFT calculations of the

spin densities.

Acknowledgements

This work was supported by the Deutsche Forschungsgemein-

schaft (DFG, German Research Foundation)—Project number

417643975 (S.R.) and GRK 2482 ’ModISC’, project B2 (P.G.), as
well as the University of Freiburg through project number

2100297101 (Innovationsfonds Forschung) and the U.S. Nation-
al Science Foundation under grant no. CHE-1900422 (M.R.W.).

The authors acknowledge support by the state of Baden-Wert-
temberg through bwHPC and the German Research Founda-
tion (DFG) through grant number INST 40/467-1 FUGG

(JUSTUS cluster) and thank the SIBW/DFG for financing EPR in-
strumentation that is operated within the MagRes Center of
the University of Freiburg (grant no. INST 39/928-1 FUGG).
E.R.L. was supported by a U.S. National Science Foundation

Graduate Research Fellowship (DGE-1842165). S.R. would like
to express her gratitude to Prof. S. Weber (University of Frei-

burg, Germany) for providing her access to his EPR instrumen-

tation and equipment, and to Prof. A. van der Est (Brock Uni-
versity, Canada) for fruitful discussions. Open access funding

enabled and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: enhanced intersystem crossing · excitation energy
transfer · excited multi-spin systems · quartet state formation ·
transient EPR spectroscopy

[1] S. Yamauchi, Bull. Chem. Soc. Jpn. 2004, 77, 1255 – 1268.
[2] A. Kawai, K. Shibuya, J. Photochem. Photobiol. C 2006, 7, 89 – 103.
[3] Y. Teki, Chem. Eur. J. 2020, 26, 980 – 996.
[4] A. L. Buchachenko, V. L. Berdinsky, Chem. Rev. 2002, 102, 603 – 612.
[5] Z. Wang, J. Zhao, A. Barbon, A. Toffoletti, Y. Liu, Y. An, L. Xu, A. Karatay,

H. G. Yaglioglu, E. A. Yildiz, M. Hayvali, J. Am. Chem. Soc. 2017, 139,
7831 – 7842.

[6] J. Han, Y. Jiang, A. Obolda, P. Duan, F. Li, M. Liu, J. Phys. Chem. Lett.
2017, 8, 5865 – 5870.

[7] Z. Wang, Y. Gao, M. Hussain, S. Kundu, V. Rane, M. Hayvali, E. A. Yildiz, J.
Zhao, H. G. Yaglioglu, R. Das, L. Luo, J. Li, Chem. Eur. J. 2018, 24, 18663 –
18675.

[8] Y. Hattori, T. Kusamoto, H. Nishihara, Angew. Chem. Int. Ed. 2014, 53,
11845 – 11848; Angew. Chem. 2014, 126, 12039 – 12042.

[9] Y. Beldjoudi, M. A. Nascimento, Y. J. Cho, H. Yu, H. Aziz, D. Tonouchi, K.
Eguchi, M. M. Matsushita, K. Awaga, I. Osorio-Roman, C. P. Constanti-
nides, J. M. Rawson, J. Am. Chem. Soc. 2018, 140, 6260 – 6270.

[10] X. Ai, E. W. Evans, S. Dong, A. J. Gillett, H. Guo, Y. Chen, T. J. H. Hele,
R. H. Friend, F. Li, Nature 2018, 563, 536 – 540.

[11] A. Cornia, P. Seneor, Nat. Mater. 2017, 16, 505 – 506.
[12] B. K. Rugg, M. D. Krzyaniak, B. T. Phelan, M. A. Ratner, R. M. Young, M. R.

Wasielewski, Nat. Chem. 2019, 11, 981 – 986.
[13] J. N. Nelson, J. Zhang, J. Zhou, B. K. Rugg, M. D. Krzyaniak, M. R. Wasie-

lewski, J. Chem. Phys. 2020, 152, 014503.
[14] J. H. Olshansky, J. Zhang, M. D. Krzyaniak, E. R. Lorenzo, M. R. Wasielew-

ski, J. Am. Chem. Soc. 2020, 142, 3346 – 3350.

Chem. Eur. J. 2021, 27, 2683 – 2691 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH2690

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202002805

https://doi.org/10.1246/bcsj.77.1255
https://doi.org/10.1246/bcsj.77.1255
https://doi.org/10.1246/bcsj.77.1255
https://doi.org/10.1016/j.jphotochemrev.2006.06.001
https://doi.org/10.1016/j.jphotochemrev.2006.06.001
https://doi.org/10.1016/j.jphotochemrev.2006.06.001
https://doi.org/10.1002/chem.201903444
https://doi.org/10.1002/chem.201903444
https://doi.org/10.1002/chem.201903444
https://doi.org/10.1021/cr010370l
https://doi.org/10.1021/cr010370l
https://doi.org/10.1021/cr010370l
https://doi.org/10.1021/jacs.7b02063
https://doi.org/10.1021/jacs.7b02063
https://doi.org/10.1021/jacs.7b02063
https://doi.org/10.1021/jacs.7b02063
https://doi.org/10.1021/acs.jpclett.7b02677
https://doi.org/10.1021/acs.jpclett.7b02677
https://doi.org/10.1021/acs.jpclett.7b02677
https://doi.org/10.1021/acs.jpclett.7b02677
https://doi.org/10.1002/chem.201804212
https://doi.org/10.1002/chem.201804212
https://doi.org/10.1002/chem.201804212
https://doi.org/10.1002/anie.201407362
https://doi.org/10.1002/anie.201407362
https://doi.org/10.1002/anie.201407362
https://doi.org/10.1002/anie.201407362
https://doi.org/10.1002/ange.201407362
https://doi.org/10.1002/ange.201407362
https://doi.org/10.1002/ange.201407362
https://doi.org/10.1021/jacs.7b12592
https://doi.org/10.1021/jacs.7b12592
https://doi.org/10.1021/jacs.7b12592
https://doi.org/10.1038/s41586-018-0695-9
https://doi.org/10.1038/s41586-018-0695-9
https://doi.org/10.1038/s41586-018-0695-9
https://doi.org/10.1038/nmat4900
https://doi.org/10.1038/nmat4900
https://doi.org/10.1038/nmat4900
https://doi.org/10.1038/s41557-019-0332-8
https://doi.org/10.1038/s41557-019-0332-8
https://doi.org/10.1038/s41557-019-0332-8
https://doi.org/10.1063/1.5128132
https://doi.org/10.1021/jacs.9b13398
https://doi.org/10.1021/jacs.9b13398
https://doi.org/10.1021/jacs.9b13398
http://www.chemeurj.org


[15] C. Corvaja, M. Maggini, M. Prato, G. Scorrano, M. Venzin, J. Am. Chem.
Soc. 1995, 117, 8857 – 8858.

[16] K. Ishii, J. Fujisawa, Y. Ohba, S. Yamauchi, J. Am. Chem. Soc. 1996, 118,
13079 – 13080.

[17] K. Ishii, T. Ishizaki, N. Kobayashi, J. Chem. Soc. Dalton Trans. 2001, 3227 –
3231.

[18] Y. Kandrashkin, A. van der Est, Chem. Phys. Lett. 2003, 379, 574 – 580.
[19] Y. Kandrashkin, A. van der Est, J. Chem. Phys. 2004, 120, 4790 – 4799.
[20] V. Rozenshtein, A. Berg, E. Stavitski, H. Levanon, L. Franco, C. Corvaja, J.

Phys. Chem. A 2005, 109, 11144 – 11154.
[21] E. M. Giacobbe, Q. Mi, M. T. Colvin, B. Cohen, C. Ramanan, A. M. Scott, S.

Yeganeh, T. J. Marks, M. A. Ratner, M. R. Wasielewski, J. Am. Chem. Soc.
2009, 131, 3700 – 3712.

[22] V. F. Tarasov, S. S. M. Islam, Y. Ohba, M. D. E. Forbes, S. Yamauchi, Appl.
Magn. Reson. 2011, 41, 175 – 193.

[23] M. T. Colvin, A. L. Smeigh, E. M. Giacobbe, S. M. Mickley Conron, A. But-
ler Ricks, M. R. Wasielewski, J. Phys. Chem. A 2011, 115, 7538 – 7549.

[24] M. Gouterman in The Porphyrins, Vol. III (Ed. : D. Dolphin), Academic
Press Inc. , New York, 1978.

[25] J. H. Van der Waals, W. G. Van Dorp, T. J. Schaafsma in The Porphyrins,
Vol. IV (Ed. : D. Dolphin), Academic Press Inc. , New York, 1979.

[26] G. W. Reginsson, N. C. Kunjir, S. T. Sigurdsson, O. Schiemann, Chem. Eur.
J. 2012, 18, 13580 – 13584.

[27] N. Fleck, C. A. Heubach, T. Hett, F. R. Haege, P. P. Bawol, H. Baltruschat,
O. Schiemann, Angew. Chem. Int. Ed. 2020, 59, 9767 – 9772; Angew.
Chem. 2020, 132, 9854 – 9859.

[28] V. M. Tormyshev, A. S. Chubarov, O. Krumkacheva, D. V. Trukhin, O. Y. Ro-
gozhnikova, A. S. Spitsyna, A. A. Kuzhelev, V. V. Koval, M. V. Fedin, T. S.
Godovikova, M. K. Bowman, E. G. Bagryanskaya, Chem. Eur. J. 2020, 26,
2705 – 2712.

[29] Y. Yang, B.-B. Pan, X. Tan, F. Yang, Y. Liu, X.-C. Su, D. Goldfarb, J. Phys.
Chem. Lett. 2020, 11, 1141 – 1147.

[30] H. Chen, A. G. Maryasov, O. Y. Rogozhnikova, D. V. Trukhin, V. M. Tormy-
shev, M. K. Bowman, Phys. Chem. Chem. Phys. 2016, 18, 24954 – 24965.

[31] N. Fleck, T. Hett, J. Brode, A. Meyer, S. Richert, O. Schiemann, J. Org.
Chem. 2019, 84, 3293 – 3303.

[32] A. A. Kuzhelev, V. M. Tormyshev, V. F. Plyusnin, O. Y. Rogozhnikova, M. V.
Edeleva, S. L. Veber, E. G. Bagryanskaya, Phys. Chem. Chem. Phys. 2020,
22, 1019 – 1026.

[33] A. Reiffers, C. Torres Ziegenbein, L. Schubert, J. Diekmann, K. A. Thom,
R. Kehnemuth, A. Griesbeck, O. Weingart, P. Gilch, Phys. Chem. Chem.
Phys. 2019, 21, 4839 – 4853.

[34] H.-Z. Yu, J. S. Baskin, A. H. Zewail, J. Phys. Chem. A 2002, 106, 9845 –
9854.

[35] B. Abraham, J. Nieto-Pescador, L. Gundlach, J. Phys. Chem. Lett. 2016, 7,
3151 – 3156.

[36] M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Handbook of photochemis-
try, CRC Press, Taylor & Francis Group, Boca Raton, 2006.

[37] A. Harriman, J. Chem. Soc. Faraday Trans. 1 1980, 76, 1978 – 1985.
[38] A. Harriman, J. Chem. Soc. Faraday Trans. 2 1981, 77, 1281 – 1291.
[39] D. Villamaina, S. V. Bhosale, S. J. Langford, E. Vauthey, Phys. Chem. Chem.

Phys. 2013, 15, 1177 – 1187.
[40] S. S. Skourtis, C. Liu, P. Antoniou, A. M. Virshup, D. N. Beratan, Proc. Natl.

Acad. Sci. USA 2016, 113, 8115 – 8120.

[41] S. Bai, P. Zhang, P. Antoniou, S. S. Skourtis, D. N. Beratan, Faraday Dis-
cuss. 2019, 216, 301 – 318.

[42] G. D. Scholes, Annu. Rev. Phys. Chem. 2003, 54, 57 – 87.
[43] S. Richert, C. E. Tait, C. R. Timmel, J. Magn. Reson. 2017, 280, 103 – 116.
[44] C. E. Tait, P. Neuhaus, H. L. Anderson, C. R. Timmel, J. Am. Chem. Soc.

2015, 137, 6670 – 6679.
[45] O. Gonen, H. Levanon, J. Phys. Chem. 1985, 89, 1637 – 1643.
[46] C. W. M. Kay, J. Am. Chem. Soc. 2003, 125, 13861 – 13867.
[47] It has to be noted that, in addition to the features shown in Figure 5,

also a minor triplet contribution to the EPR spectra was observed and
subtracted prior to any further analysis. As mentioned before, this con-
tribution is expected to arise from molecules exhibiting only negligible
exchange coupling between the porphyrin and trityl moieties, either
because of deactivation of the trityl radical (diamagnetic impurity) or
an unfavourable molecular conformation with significantly reduced or-
bital overlap, i.e. JTR~0. Examples of the original spectra including the
triplet contribution are shown in the Supporting Information (Figur-
es S15 and S16) for completeness.

[48] Y. E. Kandrashkin, M. S. Asano, A. van der Est, J. Phys. Chem. A 2006, 110,
9607 – 9616.

[49] K. Ishii, J. Fujisawa, A. Adachi, S. Yamauchi, N. Kobayashi, J. Am. Chem.
Soc. 1998, 120, 3152 – 3158.

[50] A. Bencini, D. Gatteschi, EPR of exchange coupled systems, Dover Publi-
cations, New York, 2012.

[51] In principle, the spin multiplicity could be unambiguously verified by a
transient nutation experiment, see for instance: a) N. Mizuochi, Y. Ohba,
S. Yamauchi, J. Phys. Chem. A 1997, 101, 5966 5968; however, in the
present case, no transient signal (apart from some residual porphyrin
triplet signal) could be detected in pulse mode, not even at tempera-
tures as low as 5 K. The absence of a transient pulse EPR signal was ob-
served in the literature before, see: b) P. K. Poddutoori, Y. E. Kandrash-
kin, P. Karr, A. van der Est, J. Chem. Phys. 2019, 151, 204303; where it
was suggested that the T2 relaxation is too fast for the magnetisation
to be refocussed. However, in the present case it seems more likely
that the quartet state is produced with a very low efficiency and that
the EPR sensitivity is simply not high enough to detect it. A low quartet
formation yield is consistent with the results from transient absorption
presented above and the observation of relatively weak transient cw
EPR signals.

[52] C. Corvaja, L. Franco, A. Toffoletti, Appl. Magn. Reson. 1994, 7, 257 – 269.
[53] J. Fujisawa, K. Ishii, Y. Ohba, S. Yamauchi, M. Fuhs, K. Mçbius, J. Phys.

Chem. A 1999, 103, 213 – 216.
[54] J. Fujisawa, Y. Iwasaki, Y. Ohba, S. Yamauchi, N. Koga, S. Karasawa, M.

Fuhs, K. Mçbius, S. Weber, Appl. Magn. Reson. 2001, 21, 483 – 493.
[55] K. Ishii, T. Ishizaki, N. Kobayashi, J. Phys. Chem. A 1999, 103, 6060 – 6062.
[56] P. K. Poddutoori, M. Pilkington, A. Alberola, V. Polo, J. E. Warren, A. van

der Est, Inorg. Chem. 2010, 49, 3516 – 3524.

Manuscript received: June 10, 2020

Accepted manuscript online: July 18, 2020

Version of record online: December 1, 2020

Chem. Eur. J. 2021, 27, 2683 – 2691 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH GmbH2691

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202002805

https://doi.org/10.1021/ja00139a022
https://doi.org/10.1021/ja00139a022
https://doi.org/10.1021/ja00139a022
https://doi.org/10.1021/ja00139a022
https://doi.org/10.1021/ja961661s
https://doi.org/10.1021/ja961661s
https://doi.org/10.1021/ja961661s
https://doi.org/10.1021/ja961661s
https://doi.org/10.1039/b104656j
https://doi.org/10.1039/b104656j
https://doi.org/10.1039/b104656j
https://doi.org/10.1016/j.cplett.2003.08.073
https://doi.org/10.1016/j.cplett.2003.08.073
https://doi.org/10.1016/j.cplett.2003.08.073
https://doi.org/10.1063/1.1645773
https://doi.org/10.1063/1.1645773
https://doi.org/10.1063/1.1645773
https://doi.org/10.1021/jp0540104
https://doi.org/10.1021/jp0540104
https://doi.org/10.1021/jp0540104
https://doi.org/10.1021/jp0540104
https://doi.org/10.1021/ja808924f
https://doi.org/10.1021/ja808924f
https://doi.org/10.1021/ja808924f
https://doi.org/10.1021/ja808924f
https://doi.org/10.1007/s00723-011-0271-z
https://doi.org/10.1007/s00723-011-0271-z
https://doi.org/10.1007/s00723-011-0271-z
https://doi.org/10.1007/s00723-011-0271-z
https://doi.org/10.1021/jp2021006
https://doi.org/10.1021/jp2021006
https://doi.org/10.1021/jp2021006
https://doi.org/10.1002/chem.201203014
https://doi.org/10.1002/chem.201203014
https://doi.org/10.1002/chem.201203014
https://doi.org/10.1002/chem.201203014
https://doi.org/10.1002/anie.202004452
https://doi.org/10.1002/anie.202004452
https://doi.org/10.1002/anie.202004452
https://doi.org/10.1002/ange.202004452
https://doi.org/10.1002/ange.202004452
https://doi.org/10.1002/ange.202004452
https://doi.org/10.1002/ange.202004452
https://doi.org/10.1002/chem.201904587
https://doi.org/10.1002/chem.201904587
https://doi.org/10.1002/chem.201904587
https://doi.org/10.1002/chem.201904587
https://doi.org/10.1021/acs.jpclett.9b03208
https://doi.org/10.1021/acs.jpclett.9b03208
https://doi.org/10.1021/acs.jpclett.9b03208
https://doi.org/10.1021/acs.jpclett.9b03208
https://doi.org/10.1039/C6CP02649D
https://doi.org/10.1039/C6CP02649D
https://doi.org/10.1039/C6CP02649D
https://doi.org/10.1021/acs.joc.8b03229
https://doi.org/10.1021/acs.joc.8b03229
https://doi.org/10.1021/acs.joc.8b03229
https://doi.org/10.1021/acs.joc.8b03229
https://doi.org/10.1039/C9CP06213K
https://doi.org/10.1039/C9CP06213K
https://doi.org/10.1039/C9CP06213K
https://doi.org/10.1039/C9CP06213K
https://doi.org/10.1039/C8CP07795A
https://doi.org/10.1039/C8CP07795A
https://doi.org/10.1039/C8CP07795A
https://doi.org/10.1039/C8CP07795A
https://doi.org/10.1021/jp0203999
https://doi.org/10.1021/jp0203999
https://doi.org/10.1021/jp0203999
https://doi.org/10.1021/acs.jpclett.6b01439
https://doi.org/10.1021/acs.jpclett.6b01439
https://doi.org/10.1021/acs.jpclett.6b01439
https://doi.org/10.1021/acs.jpclett.6b01439
https://doi.org/10.1039/f19807601978
https://doi.org/10.1039/f19807601978
https://doi.org/10.1039/f19807601978
https://doi.org/10.1039/F29817701281
https://doi.org/10.1039/F29817701281
https://doi.org/10.1039/F29817701281
https://doi.org/10.1039/C2CP43595K
https://doi.org/10.1039/C2CP43595K
https://doi.org/10.1039/C2CP43595K
https://doi.org/10.1039/C2CP43595K
https://doi.org/10.1073/pnas.1517189113
https://doi.org/10.1073/pnas.1517189113
https://doi.org/10.1073/pnas.1517189113
https://doi.org/10.1073/pnas.1517189113
https://doi.org/10.1039/C9FD00007K
https://doi.org/10.1039/C9FD00007K
https://doi.org/10.1039/C9FD00007K
https://doi.org/10.1039/C9FD00007K
https://doi.org/10.1146/annurev.physchem.54.011002.103746
https://doi.org/10.1146/annurev.physchem.54.011002.103746
https://doi.org/10.1146/annurev.physchem.54.011002.103746
https://doi.org/10.1016/j.jmr.2017.01.005
https://doi.org/10.1016/j.jmr.2017.01.005
https://doi.org/10.1016/j.jmr.2017.01.005
https://doi.org/10.1021/jacs.5b03249
https://doi.org/10.1021/jacs.5b03249
https://doi.org/10.1021/jacs.5b03249
https://doi.org/10.1021/jacs.5b03249
https://doi.org/10.1021/j100255a017
https://doi.org/10.1021/j100255a017
https://doi.org/10.1021/j100255a017
https://doi.org/10.1021/ja036278j
https://doi.org/10.1021/ja036278j
https://doi.org/10.1021/ja036278j
https://doi.org/10.1021/jp0620365
https://doi.org/10.1021/jp0620365
https://doi.org/10.1021/jp0620365
https://doi.org/10.1021/jp0620365
https://doi.org/10.1021/ja973146f
https://doi.org/10.1021/ja973146f
https://doi.org/10.1021/ja973146f
https://doi.org/10.1021/ja973146f
https://doi.org/10.1021/jp971569y
https://doi.org/10.1063/1.5127760
https://doi.org/10.1007/BF03162615
https://doi.org/10.1007/BF03162615
https://doi.org/10.1007/BF03162615
https://doi.org/10.1021/jp984069t
https://doi.org/10.1021/jp984069t
https://doi.org/10.1021/jp984069t
https://doi.org/10.1021/jp984069t
https://doi.org/10.1007/BF03162422
https://doi.org/10.1007/BF03162422
https://doi.org/10.1007/BF03162422
https://doi.org/10.1021/jp991293p
https://doi.org/10.1021/jp991293p
https://doi.org/10.1021/jp991293p
https://doi.org/10.1021/ic1000649
https://doi.org/10.1021/ic1000649
https://doi.org/10.1021/ic1000649
http://www.chemeurj.org

