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The triplet state lifetimes of organic chromophores are crucial for fundamental photochemistry studies as
well as applications as photosensitizers in photocatalysis, photovoltaics, photodynamic therapy and photon
upconversion. It is noteworthy that the triplet state lifetime of a chromophore can vary significantly for its
analogues, while the exact reason was rarely studied. Herein with a few exemplars of typical BODIPY
derivatives, which show triplet lifetimes varying up to 110-fold (1.4-160 us), we found that for these
derivatives with short triplet state lifetimes (ca. 1-3 us), the electron spin polarization (ESP) pattern of the
time-resolved electron paramagnetic resonance (TREPR) spectra of the triplet state is inverted at
a longer delay time after laser pulse excitation, as a consequence of a strong anisotropy in the decay
rates of the zero-field state sublevel of the triplet state. For the derivatives showing longer triplet state
lifetimes (>50 ups), no such ESP inversion was observed. The observed fast decay of one sublevel is
responsible for the short triplet state lifetime; theoretical computations indicate that it is due to a strong
coupling between the T, sublevel and the ground state mediated by the spin—orbit interaction. Another

finding is that the heavy atom effect on the shortening of the triplet state lifetime is more significant for
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rationalize the short triplet state lifetime of visible-light-harvesting organic chromophores. Our results
DOI: 10.1039/d0sc05494a are useful for fundamental photochemistry and the design of photosensitizers showing long-lived triplet
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processes regulating this parameter and the ability to control
excited state lifetimes are pivotal in these fields.
The singlet excited state lifetimes of an organic chromo-

Introduction

The excited state lifetimes of a chromophore are fundamental

properties in photochemistry, for the description of the chro-
mophore behaviour.'” They are also important for applications:
for instance, for the design of luminescence materials, or for
luminescence bioimaging (including time-resolved or time-
gated luminescence imaging and fluorescence lifetime
imaging microscopy)® and photovoltaics,** as well as for the
study of the fundamental photophysical factors (energy transfer
and electron transfer).*” Therefore, the understanding of the
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phore can vary from ps to a few ns. The reason for the variation
could be energy transfer, electron transfer, and vibration-
induced non-radiative decay." The knowledge in this area is
relatively mature, as such the variation of the singlet excited
state lifetimes can be explained very well in general, and it has
been implemented in the design of functional molecules, such
as fluorescent molecular probes and luminescent materials.*™*°

In stark contrast, investigations on the factors dictating the
decay of triplet states are rare. Although the transition T; — S,
is spin-forbidden, very often one may observe a short or a long
triplet state lifetime, but the investigation on the variation of
the triplet state lifetimes in a series of derivatives sharing the
same chromophore is rare.'*** The triplet state lifetime of
a photosensitizer is pivotal for the application related to elec-
tron transfer or energy transfer, especially diffusion-controlled
intermolecular processes, for which the efficiency directly
depends on the triplet state lifetime of the photosensitizer.>'***
Longer triplet state lifetimes may enhance the intermolecular
processes, and this has been confirmed by photodynamic
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therapy (PDT),"* photon upconversion,”™*°
(H, evolution).>*>

The rules for the control of singlet excited state lifetimes
cannot be simply extended to triplet states. For instance, the
quenching of the fluorescence (singlet state) with the intra-
molecular free rotor effect is common, and it has been used to
design fluorescent molecular probes for the detection of
microenvironment viscosity.>*** However, we found that even if
the fluorescence was efficiently quenched by the rotor effect of
some BODIPY derivatives (actually it is the torsion of the
molecule in the S, state), the triplet excited state of the same
molecule was not quenched by the rotor effect at all.*® It seems
also clear that the general intuition of the energy gap law cannot
account for the difference: the T; state of the BODIPY chro-
mophore is 1.6 eV above S, whereas the S; state of the same
chromophore is at 2.2 eV. Hence also the electron spin has to be
considered to account for the different quenching effect, since it
may play a major role in determining the relaxation kinetics of
the triplet state.

Moreover, we noted that for a specific chromophore, such as
BODIPY, the triplet state lifetimes of its derivatives can vary up
to 200-fold,>~*° and this property has been exploited extensively
in luminescence bioimaging,** photodynamic therapy,* and
photon upconversion.* It has been confirmed that the excited
state lifetimes of BODIPY compounds play an important role in
all these applications. The molecular structure of the BODIPY
chromophore can be feasibly modified and new fluorophores
can be obtained in this way.”” For most of the fluorescent
BODIPY derivatives with differently modified m-conjugation
frameworks, the fluorescence lifetimes are in the range of a few
ns. Instead, the lifetimes of the triplet state of the same chro-
mophore can vary to a much larger extent.* For instance, 2,6-
diiodoBODIPY (IBDP) gives a triplet state lifetime of 160 ps,
whereas the 2,6-diiododistyryl BODIPY analogue (Sty-IBDP)
gives a surprisingly shorter triplet state lifetime (tp = 1-2 ps),**
although the un-iodinated distyryl analogues show similar
singlet excited state lifetimes to native BODIPY.>” AzaBODIPY is
also an intriguing fluorophore, which shows much red-shifted
absorption compared to the parent BODIPY and superb
stability.**?*¢ Interestingly, the triplet state lifetime of azaBO-
DIPY (ca. 2 ps) is also much shorter than that of diiodoBO-
DIPY.*** This is a mysterious phenomenon and it puzzled us
for a long time.

One point that marks a difference between the singlet state
and the triplet states and might complicate the study of the
photophysics of triplet states by optical methods is that the
‘triplet state’ is composed of three individual sublevels, even in
the absence of a magnetic field. The three sublevels are not
generally degenerate because of the dipole-dipole interaction
between the two unpaired electrons,® and spin/orbit terms also
provide two Hamiltonian terms with the same form. The zero-
field splitting (ZFS) Hamiltonian,

and photocatalysis

Hzps=Sx D x S 6))]

acting on the spin variables, takes into account both dipole/
dipole interaction and (minority) spin/orbit contributions. The
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Scheme 1 Typical energy diagram for a triplet state (T,), showing the
lifting of the degeneracy of the sublevels in the case of an ortho-
rhombic D-tensor. The ground state Sy is also presented. Et, — Es_isin
the order of 10* cm™?, whereas |Z — X| is in the order of fractions
of cm™. The scheme represents the case of the ZFS parameter D < 0.

eigenstates are named Ty, T, or T;, and their energy displace-
ment (eigenvalues) X, Y and Z (see Scheme 1) are the principal
values (with an inverted sign) of the (traceless) D spin-spin
dipolar tensor.

The lifting of the degeneracy of the three sublevels of the
triplet state is rarely unveiled with the normal optical spec-
troscopy because the energy gaps between these sublevels nor-
mally lie in the range of 10" to 10> MHz (fraction of cm ™) for
organic systems. For the normal optical spectroscopy of the
compounds in fluid solution at room temperature (for instance,
nanosecond transient absorption spectroscopy), the spectral
resolution is not high enough to characterize the three sub-
states of the T; state, i.e. the three sublevels of the triplet state
are observed as a whole. Hence some useful information is
missing from the normal optical spectroscopy, such as the
different population rates. In many cases this is not a real
problem, due to the thermal equilibration of the substates
(kinetically quantified by the electron spin-lattice relaxation
time, or longitudinal relaxation time, T;; in the following, we'll
use T to avoid confusion with the triplet terminology), but in
principle the three sublevels should be treated separately, as the
intrinsic lifetime of the individual spin states Ty, T,, and T; is
non-uniform.*-*

Several studies conducted by optical spectroscopy of transi-
tion metal complexes by the Shpol'skii matrix technique at
liquid helium temperature have been published by the group of
Yersin et al. These experiments can distinguish the three
sublevels and yield the individual decay rate constants of the
three substates (separated by large ZFS values of a few to dozens
of em™'). With the high resolution phosphorescence spectra
recorded,”” the individual decay rate constants of the three
sublevels can differ by one or two orders of magnitude. The
advantage of high resolution luminescence spectroscopy is the
direct detection of the ZFS and the energy gap between the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sublevels of the triplet states.*” However, this method is only
suitable for compounds showing phosphorescence, whereas
many chromophores with triplet excited states populated upon
photoexcitation do not give any phosphorescence. Moreover,
the relative population rates of the three sublevels of the T, state
cannot be obtained with this method; therefore a more general
method to study the decay of the individual substate of the T
state is desired.

Time-resolved electron paramagnetic resonance (TREPR) is
a powerful tool to study the triplet excited states, the formation
of radical pairs and electron transfer processes.****> Concerning
the study of triplet state properties, TREPR spectroscopy offers
some advantages over time-resolved optical spectroscopy.
Firstlyy, TREPR spectroscopy selectively detects the para-
magnetic triplet species, not the singlet species. As a result, the
spectra are without any complication from the evolution of the
singlet states. Secondly, because of the high spectral resolution,
TREPR can follow the evolution of the population of the single
substate (in principle anisotropic).***” TREPR takes advantage
of the ISC S; — T, which is electron spin selective for the zero-
field states; consequently, the population rates of the three
sublevels of the T; state (both in a magnetic field and in zero-
field) are different, leading to populations which are far from
the Boltzmann distribution (electron spin polarization, ESP).
Hence, the EPR signal will be either enhanced absorptive (A
polarization) or emissive (E polarization), i.e. the EPR signal will
be intensified greatly as compared to the normal steady-state
EPR. Spin-orbit coupling ISC (SO-ISC) is not the only mecha-
nism leading to the population of triplet states. Other mecha-
nisms, for example, the radical pair (RP-ISC) and the spin orbit
charge transfer ISC (SOCT-ISC), can also be studied by TREPR as
they produce polarized states, with a specific ESP pattern that
can be distinguished by TREPR.*** Moreover, the individual
decay of the substates of the T, state of a compound can be
directly monitored by TREPR, often by measuring the peak
magnitude evolution at different canonical orientations in the
TREPR spectra of the triplet state; in some cases, anisotropic
decay can manifest with a change of the sign of the ESP.
However, the TREPR kinetics data must be analysed carefully as
often the TREPR decay kinetics is not simply related to the
triplet state lifetimes and the effect of the spin-lattice relaxation
(SLR) has to be considered in the studies of the electron spin
dynamics.®*

Herein we used nanosecond pulsed laser excited TREPR and
transient optical absorption spectroscopy to study the triplet
state in a series of typical BODIPY derivatives, which are char-
acterized by an anomalous short and multiexponential decay.
For these derivatives we observed the inversion of the ESP
pattern in TREPR spectra at longer delay times after a laser flash
as a marker of anisotropy in the decay rate of the triplet
sublevels. In fact, with the simulation of the kinetics, based on
the model reported further, we attribute the inversion of the
ESP to the initial overpopulation of the T, substate and the
subsequent much faster decay of this state than the other two
sublevels of the T; state. The individual decay rate constants
were derived after a careful analysis of the TREPR based on
a new approach to remedy the problem of overlapping signals,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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which might be present at the resonance fields of the principal
components in isotropic solutions. The kinetic analysis
(anisotropic SLR is not the major contribution to the ESP
inversion in our case®) allowed the determination of the three
decay rate constants of the sublevels of the T, state, which can
vary by a factor of 20. The reason for the difference of the decay
rate constants was further studied with theoretical analysis, and
it is attributed to the consequences of a near C,-symmetry for
the T, state of these molecules. These results are useful for the
study of fundamental photochemistry of triplet photosensi-
tizers, for the design of new triplet photosensitizers showing
longer triplet state lifetimes, as well as for the improvement of
the application of triplet photosensitizers.

Results and discussion
Selection of the compounds

Most iodinated BODIPY fluorophores show similar singlet
excited state lifetimes (similar fluorescence lifetimes, 7g).>®
Examples are, for instance, the compounds IBDP (7 = 0.19 ns)
and Aza-IBDP (1 = 0.46 ns), presented in Scheme 2. However, we
noted that the triplet state lifetimes of the iodinated compounds,
determined by nanosecond transient absorption spectroscopy,
are significantly different (Table 1). The singlet state energies of
the compounds (Scheme 2 and Table 1) vary in the range of 1.78-
2.29 eV, the triplet state energies vary by a similar magnitude
(1.13-1.53 eV).*»** Therefore, the energy gap law itself will
unlikely play a major direct role in the variation of the different
triplet state lifetimes of these compounds.*

The chromophore in IBDP represents the most typical
BODIPY skeleton (the emission band is centred at ca. 551 nm).
Its analogue Sty-IBDP is also based on a popular chromophore,
bearing aromatic groups to induce red-shifted absorption up to
636 nm (Fig. 1a).”” The fluorescence emission wavelengths of
IBDP and Sty-IBDP are clearly different. The triplet state energy

QD
&\ Aza-IBDP /]/

Scheme 2 BODIPY derivatives showing drastically different triplet
state lifetimes. The orientation of the ZFS principal directions (X, Y and
Z) is shown for the molecule IBDP. For the other molecules except
Aza-IBDP, the orientation of the ZFS principal directions is the same
(with eventually small deviations). For Aza-IBDP the X and Y axes are
exchanged.

Chem. Sci., 2021, 12, 2829-2840 | 2831
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Table 1 Photophysical properties of the compounds in 2-methylte-
trahydrofuran (2-MeTHF)

Aabsa gb Aemc TFd/nS ¢Fe TTf/HS d)Ag
IBDP 532 8.5 551 0.19 4.0% 160 0.85
Sty-IBDP 636 9.5 657 1.8 15.4% 1.7 0.54
Nap-IBDP 656 10.3 680 2.0 12.5% 1.4 0.45
Aza-IBDP 674 9.3 712 0.46 0.07% 3.6 0.82

“ Maximal absorption wavelength, nm. b Molar absorption coefficient,
in 10* M™' cm . €Fluorescence emission wavelength, nm.
4 Luminescence lifetimes. ¢ Fluorescence quantum yield, with IBDP
(Pr = 2.7% in acetonitrile), 1,7-dimethyl-3,5-dipheny-8-phenyl-4,4-
difluoroboradiazaindacene (@ = 59% in toluene) and methylene blue
(®r = 3% in methanol) as the standards. / Intrinsic triplet excited
state lifetimes. ¢ Singlet oxygen quantum yield (©,) with methylene
blue as the standard (@, = 0.57 in DCM), Ax = 603 nm.

——IBDP ' 12{ p T——BoP |
1.0 —— sty-1BDP a| — Sty-1BDP
-~ Nap-IBDP g .~~~ Nap-IBDP
ap 0.9 \ [\—— Aza-IBDP]
—— Aza-IBDH -
[0}
o
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o % 0.6
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Q £
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0.0 . NS AN 0.0 e :
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Wavelength / nm Wavelength / nm
Fig.1 (a) UV-vis absorption spectra of the compounds. (b) Normalized

fluorescence spectra of the compounds. ¢ = 1.0 x 107> M in 2-
methyltetrahydrofuran, 20 °C.

levels of IBDP (1.53 eV by TDDFT computation) and Sty-IBDP
(1.13 eV) are also different. We selected Aza-IBDP because the
azaBODIPY has intrinsic red-shifted absorption (Fig. 1a),*>*
and was widely used in photochemistry studies. In order to
generalize our study, we selected another molecule with an
extended w-conjugation framework, Nap-IBDP (Scheme 2),
which shows similar absorption maxima to Sty-IBDP and Aza-
IBDP.

Steady state and time-resolved optical spectroscopy

The fluorescence emission maximum is different for the various
derivatives (Table 1); consequently, their respective singlet
excited state energies (as approximately determined by the
crossing point of the normalized UV-vis absorption and the
fluorescence emission spectra) are different. Unfortunately,
except for IBDP, the relative triplet state (T;) energy levels of the
rest compounds are not readily available, because these
compounds are not phosphorescent, even in frozen solution at
77 K (wavelength detection range of the spectrometer may also
cause this problem. Fig. S17 and S18t). The lack of phospho-
rescence is likely due to the fact that the non-radiative decay
rate constant is much larger than the radiative rate constant.*»>*
For the above compounds, the triplet state was populated via
ISC enhanced by the heavy atom effect.

The nanosecond transient absorption spectra of the iodin-
ated compounds were studied (Fig. 2). For IBDP, upon
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Fig. 2 Nanosecond time-resolved transient absorption spectra of the
compounds Sty-IBDP and IBDP. (a) Sty-IBDP upon ns pulsed laser
excitation (Aex = 600 nm) and (b) the decay trace of Sty-IBDP at
390 nm assigned to the excited state absorption of the triplet state. (c)
IBDP upon ns pulsed laser excitation (Aex = 533 nm) and (d) the decay
trace of IBDP at 450 nm relative to the excited state absorption of the
triplet state. The simulation of the decay trace was performed with
a kinetic model with TTA considered (see the ESIT for details). c = 1.0 x
107° M in deaerated 2-methyltetrahydrofuran, 20 °C.

nanosecond pulsed laser excitation, the ground state bleaching
band (GSB) centred at 530 nm was observed, and the excited
state absorption bands (ESA) are centred at 450 nm and in the
range of 600-750 nm (Fig. 2¢). These features are in agreement
with a previous report of the triplet state of 2,6-diiodoBO-
DIPY.">** As the triplet lifetime of IBDP is long and the triplet
quantum yield is high, there is a significant contribution to the
decay from triplet-triplet annihilation (TTA). The decay traces
of the triplet state of IBDP were analysed in three different
solvents (2-MeTHF, toluene and acetonitrile) and a wide range
of concentrations (range from 3 x 107’ M to 2 x 10> M).

The measurements of the triplet state lifetimes at different
concentrations resulted in decay curves that apparently have
different decay times; hence a contribution of TTA was
considered in the analysis. At very low concentrations one might
neglect the contribution of TTA, but data obtained at 3 x
1077 M had a very weak signal (signal/noise ratio ca. 1). Never-
theless, those traces could be fitted with a monoexponential
decay (Fig. S57), resulting in decay times of 91 ps (acetonitrile),
226 ps (2-MeTHF), and 238 ps (toluene). Due to the high noise
level we should expect a large uncertainty in the determination
of these lifetimes. Therefore, we also made a global fit to 5 data
sets for each solvent with concentrations up to 2 x 10> M. We
used the kinetic model appropriate for a combination of
intrinsic decay and TTA, setting the intrinsic lifetime equal for
all data sets for a given solvent. This resulted in 85 us (aceto-
nitrile), 160 ps (2-MeTHF), and 172 us (toluene) for the intrinsic
lifetime (Fig. S6-S87). These values are more reliable since they
stem from data with a high signal/noise ratio.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For Sty-IBDP, the GSB and the ESA bands are in good
agreement with a previous report (Fig. 2a)."> Interestingly, the
triplet state lifetime of this compound is much shorter (1.7 ps)
than that of IBDP. The short triplet state lifetime of Sty-IBDP is
not due to the flexible molecular structure (i.e. the torsion about
the C=C/C-C bonds of the stilbene moiety at excited states)
because the triplet state lifetime of this compound in frozen
solution (77 K) was determined to be 1.9 pus (average lifetime),
similar to that at room temperature in fluid solution. The triplet
state of Nap-IBDP was also studied with ns TA spectra, and
a short triplet state lifetime of 1.4 ps was observed. Similar
results were observed for Aza-IBDP (Fig. S1 and S3t). These
directly measured triplet lifetimes of Sty-IBDP, Nap-IBDP and
Aza-IBDP are intrinsic triplet lifetimes (for details, please refer
to Fig. S9-S117), because the TTA effect is negligible, as a result
of the short triplet state lifetimes.

In frozen solution the decay of IBDP (Fig. 3d) does not suffer
from TTA, and hence the decay of nanosecond transient
absorption at 77 K is monoexponential. All compounds with
short triplet lifetimes show mono-exponentially decaying tran-
sient signals at room temperature. In stark contrast, multi-
exponential decays of the transient signals were observed for
these compounds at 77 K. For instance, the triplet state life-
times of Sty-IBDP at 77 K were fitted as 0.6 us (81%, population
ratio) and 7.4 ps (19%, population ratio) (Fig. 3b). This result is
consistent with the scenario that the individual sublevels of the
compounds having different decay kinetics at 77 K.

For the compounds showing short-lived triplet states at
room temperature, the mono-exponential decay of the transient
signals indicates that the kinetics is an average over decay
kinetics of the triplet sublevels that may differ drastically. At
room temperature, the SLR is fast because Brownian motion in

0.08 0.15
| |2 | b
. 0.04- l 1 0.104 ‘
g a
A\ (e} | 1, =0.6ps (81%)
< 0.00+ — < e
18.42 us 0.05{ |
17.45 s \
004/ Gosus \ Pi 7.4 s (19%)
Tous 0.001
.00 -omwes
400 500 600 700 800 0 20 40 60 80 100
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© d
> 0.2 4
\ o
0.0+
. V| 2380 ps g
a ] o
g 92 2240 s 4 014 ©=1070 s
P
140 us
-0.4 Ous
T T T T 00
400 500 600 700 0 1000 2000 3000
Wavelength / nm Time / us

Fig. 3 Nanosecond time-resolved transient absorption spectra of the
compounds in frozen solution at 77 K. (a) Sty-IBDP upon nanosecond
pulsed laser excitation (ex = 600 nm) and (b) decay trace of Sty-IBDP
at 390 nm. (c) IBDP upon ns pulsed laser excitation (Aex = 533 nm) and
(d) decay trace of IBDP at 450 nm. ¢ = 1.0 x 107> M in deaerated 2-
methyltetrahydrofuran at 77 K.
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solution can induce the modulation of the electron-electron
fine interaction.*®*® The modulation of both secular and
pseudo-secular interactions produces electron spin Tgpy relax-
ation,*” and, analogously, the modulation of the dipolar inter-
action with typical D-values of the order of 10° MHz (see next
section) can induce an efficient re-equilibration of the three
sublevels if Ts g is shorter than the electronic triplet excited
state lifetime. In this case only mono-exponential decay kinetics
(an averaged decay) can be detected by ns TA spectroscopy,*
whereas a different decay kinetics is detectable at 77 K in frozen
solution. The fast decay channel of one sublevel, 0.6 ps (81%),
should be responsible for the short triplet lifetime, which is in
accordance with the TREPR spectral results.

The heavy-atom effect will enhance not only the S; — T, ISC,
but also the T; — S, relaxation; thus it may shorten the triplet
state lifetimes in the compounds presented in Scheme 2. The
T1/So energy gap may play a role in the manifestation of the
heavy atom effect in the triplet state lifetimes. The lifetime of an
uniodinated styrylBODIPY chromophore is long (385 ps).”® This
disagrees with the previously reported general rule for the fast
decay of the T state given that the T,/S, energy gap is small, for
instance, chlorophyll.>

Time-resolved EPR: the different decay rate constants of the
sublevels and their effect on the electron spin polarization
(ESP) dynamics

In order to study the ESP dynamics of the triplet excited state
of the compounds and to unravel the reason for the drastically
different triplet state lifetimes, two-dimensional time-
resolved EPR spectra (2D TREPR) have been recorded for all
the compounds studied in this work (IBDP, Sty-IBDP, Nap-
IBDP, and Aza-IBDP). Fig. 4a shows the 2D TREPR spectrum of
Sty-IBDP that is representative of the general spectral features
shared by Aza-IBDP, Nap-IBDP and Sty-IBDP (the spectra are
reported in Fig. S13 and S147). For Sty-IBDP, the slices of the
surface along the magnetic field at a delay time (¢4) of 1.1, 2.6
and 8.0 ps after the laser flash are shown in Fig. 4b. The
TREPR spectrum at the shortest delay after the laser flash
(~1.1 ps) is taken near the maximum of the intensity, which is
reached with a time delay of about 1 ps because of the
response time of the EPR spectrometer cavity. The spectrum is
typical of randomly oriented molecules with an excited triplet
state ESP due to the anisotropic population of the sublevels
from the first excited singlet state. The ESP pattern at early
times for the three principal components (six canonical B,
positions) is eee/aaa (e: emission and a: enhanced absorption)
and it is the same for all the compounds studied in this work.
The other two spectra show a different pattern at longer delay
times (tq), i.e. aee/eaa and aaal/eee, see the spectra taken at 4
of 2.6 and 8.0 pus in Fig. 4b. This is the evidence of the so-
called electron spin polarization inversion (the e or a feature
of the canonical positions was inverted with increasing the
delay time). The inversion is observable also from the slices of
the 2D surface along the delay time (plane perpendicular to
the magnetic field direction), as shown in Fig. 4c for the
canonical positions.
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Fig. 4 Time-resolved EPR of Sty-IBDP. (a) Full surface of the TREPR spectrum of Sty-IBDP in toluene/2-MeTHF (3 : 1, v/v) at 80 K (excited at
630 nm with a nanosecond pulsed laser) and (b) slices of the surface along the field taken at different delays after the laser pulse tq of 1.1, 2.6 and
8.0 us. The dotted lines are the experimental curves and the solid lines are the simulated results. (c) Slices of the surface along the time taken with
the principal components at low (X: black trace, Y: red trace, and Z: blue trace) and at high fields (the same color code as for the low field).

For the parent BODIPY molecule IBDP, this polarization
inversion was not observed. The electron spin polarization
pattern eee/aaa is persistent. The spectral profile does not
change at a longer delay time after laser flash; up to 10 ps the
pattern remains as eee/aaa and only a reduction of the signal
intensity is observed (Fig. S157).

For Sty-IBDP, Nap-IBDP, and Aza-IBDP, the initial pattern is
the same as that for IBDP, and the ZFS parameters are smaller
because the orbitals of the unpaired electrons are distributed
over a larger molecular section (see Section 3 in the ESIt). This
does not apply to Aza-IBDP, probably due to the presence of
different side groups. Aza-IBDP has rather large ZFS values very
close to those of IBDP, showing the confinement of the excited
T-system to the BODIPY core. The shapes of the TREPR spectra
at different delay times are different, i.e. the polarization
depends on the delay time. For all three compounds Sty-IBDP,
Nap-IBDP, and Aza-IBDP, the individual bands in the spectra
evolve in a rather similar way and they show, at latest times,
a complete inversion of the polarization of the main features
(Fig. S13 and S14t). The unchanged D and E parameters for the
TREPR spectra at different delay times indicate that the spectra
are due to the same species, which evolve with time, and not
due to other photo-produced species, or any impurities.* The
ESP inversion is not due to fast SLR; otherwise the final expected
pattern of the principal components should be aaa/aaa (note
that fast SLR will induce only an accelerated decay of the
magnitude of the TREPR signal, but not an inversion of the ESP
pattern).®® Moreover, the lineshape of the TREPR spectrum
(Fig. 4) is Gaussian, meaning that the modulation of the spin-
spin interaction is limited, and consequently the SLR is not very
fast (in that case a Lorentzian lineshape should be found).**
Therefore, we attribute the inversion of the ESP polarity of the
studied compounds to the difference in the decay rates of the
sublevel of the T; state.?*"*°

ESP inversion in the TREPR of triplet states was first reported
for pyridazine at 3 K, which shows up to 10-fold different
sublevel decay kinetics.** ESP inversion was also observed for
the TREPR spectra of the triplet state of Cgo and C5o, at 3 K.** In
both cases, at higher temperatures the SLR played a dominant
role in the time evolution of the TREPR and ESP inversion is
rarely observed (see for example ref. ** and ®). It should be noted

2834 | Chem. Sci., 2021, 12, 2829-2840

that ESP inversion can be observed only when the SLR is much
slower than the decay of the sublevels of the T, state, and the
decay of the sublevels of the T, state is strongly anisotropic.
The time evolution requires to be analysed in terms of the
kinetic equations (supplied in the ESIT), based on the extension
of Scheme 3, which can account qualitatively for the results.
We have modelled the time evolution of the experimental
surfaces for the studied systems as due to processes that vary
the population of the triplet states, namely the decay of the
triplet sublevels to the ground state and the magnetic relaxation
processes (SLR processes, i.e. the longitudinal relaxation time).
Then the total spectrum is calculated as:*

1By=% J J GBros (9,0 — B)] x APL (3, — 1) sin 9dvdop

(2)

where G[Byes+ (U, ¢) — B] is a line shape function,* in our case
a Gaussian, B, is the resonance field at a given orientation (¢,
¢) of the magnetic field B, and AP, (¢, ¢, t) is the non-
Boltzmann population differences between the two resonant
states. The resonance field was calculated upon diagonalization
of the Hamiltonian H = ugS -g -B + Hzgs (see also eqn (52)1) by
writing a proper MatLab™ code.

For the fitting of the 2D TREPR spectra with eqn (2), the
input parameters were: the ZFS energies, the decay rates of the
corresponding states (k,, k, and k;) and their initial population
(px, Py and p;), proportional to the population rates of the triplet
from the excited singlet. The parameters are reported in Table 2.

The simulations of the 2D TREPR surfaces required a very
long SLR time (>> 10 ps). For this reason, we didn't include SLR
in the kinetic model. We point out that TREPR measures
intensities, proportional to population differences, which are
related to the population of the ZFS states according to eqn
(S1).1 This implies that we can estimate the relative ratios of the
populations py : py : ps.

The polarization inversion (see Fig. 4b) was observed in our
case because the largest populated state (T.) is fast depopulated
with respect to the other states, as depicted in Scheme 3. For
instance, the k, value of Sty-IBDP is 37-times the k, value.
Significantly different decay rate constants were observed for
Nap-IBDP and Aza-IBDP as well (Table 2). It should be pointed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Simplified diagram explaining the inversion of electron spin polarization (ESP, refer to the orange and green arrows) of molecules
oriented along the Bo//Z principal axis. The Pg sublevel (in this case the mg = O state is the T, state) is overpopulated, but the much faster decay of

the T, state rapidly depopulates it (kg = k,; kg > k1. k_41), so that the polarization of the transition switches from the e/a pattern to the a/e
pattern.

Table 2 Fitting parameters of the time evolution of the 2D TREPR surface: ZFS principal values X, Y and Z, initial population of the states p,, p, and

Pz and the decay rates of the ZFS states to the ground state k,, k, and k,

X4 v z Px Py p: ke (us™) ky(us™) ke (us™)
IBDP —330 —1630 1960 0.12 0 1 b > b
Sty-IBDP —140 —1232 1372 0.07 0.05 1 0.11 0.04 2.3
Nap-IBDP —204 —1243 1447 0.1 0.05 1 0.19 0.21 1.0
Aza-IBDP —518 —1649 2167 0.35 0.36 1 0.19 0.17 0.41

“ In MHz. Estimated errors are +10 MHz. The ZFS principal value (X, Yand Z) is calculated (Table S6) and the orientation of ZFS principal directions
is shown in Scheme 2. * Unable to be measured by TREPR because the lifetime is long (see optical measurements), and the decay of the TREPR

signal, see Fig. S15, is mainly due to a fast spin relaxation (ca. 1 ps).

out that in our simulation of the time dependency of the
intensity at every field position of the TREPR spectra (Fig. 4c),
the model takes into account the contribution of all molecules
having resonance at that magnetic field. Previously, except for
a few studies,*** the common approximation used was to
consider mono-oriented distributions on resonance at the main
features, which is a good approximation when the transition
has a high intensity, but not when the transition has a small
intensity, like along the Y-components.

From the data presented in Table 2, we find that, although
the triplet population as a whole (sum of the three sublevels)
evolves with a three-exponential function, likely the decay is
well fitted by a bi-exponential function, with the fastest and
dominant contribution due to the decay of the T, state, and the
slowest decay, with a smaller contribution, due to the sum of
the decays of the T, and of the T, states. We therefore made
a comparison between TREPR data and nanosecond transient
absorption data taken at 77 K for Sty-IBDP. The agreement is
remarkably good, if one takes into account a possible matrix
effect due to non-identical solvents. From TREPR we have the
triplet state of Sty-IBDP decays with a lifetime of 0.3 ps (89%,
due to the decay of the T, state), and a lifetime of 8.6 us (11%,
due to the decay of the T, and T, states, on average), whereas
from nanosecond transient absorption spectral measurements

© 2021 The Author(s). Published by the Royal Society of Chemistry

(optical method), the lifetimes of Sty-IBDP were 0.6 ps (81%)
and 7.4 ps (19%). Therefore, we have been able, by using the
TREPR methods, to confirm the multi-exponential decay
behaviour as determined by optical methods (nanosecond
transient absorption spectroscopy), also in the absence of
a spectral resolution of the single sublevels.

In general, SLR can play a role in the deactivation processes,
by transferring the spin population between the three sublevels
of the T, state. In this case a monoexponential decay is ex-
pected, similar to the scenario for phosphorescent transition
metal complexes at 77 K (e.g. Pt(u)/Ir(m) complexes), where the
SLR is fast and the decay of the phosphorescence is mono-
exponential.*> Our BODIPY molecules studied with TREPR are
clearly different, and the slow SLR relaxation allows the obser-
vation of the inversion of the ESP and of the multi-exponential
decay.

In optical spectroscopy, such differences are rarely taken
into account: the triplet states of metal-free organic chromo-
phores usually have small ZFS (AE < 10 cm™ ') and the three
substates are unresolved. Exceptions are phosphorescent tran-
sition metal complexes with *MLCT states which show partic-
ularly large ZFS. In principle, the decay of the triplet state
should be a multiexponential process, but often at ca. 77 K,
a fast equilibrium might exist between the sublevels (SLR), and

Chem. Sci., 2021, 12, 2829-2840 | 2835
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this results in a detection of a mono-exponential decay of the
triplet population. In other words, the individual decay of the
substates cannot be studied with the high-resolution phos-
phorescence method at 77 K. This is also true for some small
organic molecules, and the SLR of the triplet state sublevels can
only be slowed down at a cryogenic temperature of 3 K.*
However, our results show that at 77 K, TREPR spectroscopy is
able to characterize the individual decay of the substates of the
T; states of organic compounds, exemplified by the BODIPY
derivatives Sty-IBDP. The decay kinetics of Sty-IBDP, monitored
with the nanosecond transient absorption spectra, show that
the decay is biexponential below 118 K, and it becomes mono-
exponential above 118 K, indicating that the SLR is fast above
118 K and slow below this temperature.

Theoretical computation/consideration: explanation of the
fast decay

According to the golden rule of Fermi, the rate constant for ISC
from a triplet state T to a singlet state S is given by

27 ,
kisc = 72“57 V[ HO T, V) [*6(Ey — Es,) (3)

v

where H%C is the spin-orbit coupling operator, |S,v) is a vibronic
singlet state with energy Es ,,, and |T,V’) is a vibronic triplet state
with energy Er,. When only the electronic part of H*® is
considered, electronic and vibrational contributions can be
separated into the spin-orbit coupling matrix element (SOCME)
for the electronic states and the Franck Condon density of states
Qrc as

27
kisc = 7‘<S‘HSO|T>}2QFC (4)

orc = (V) 8(Ery — Es.) ()

’
v,y

When the equilibrium geometries and vibrational frequen-
cies of both electronic states do not differ too much, the Franck-
Condon factors in the harmonic approximation decay expo-
nentially with the difference in quantum numbers, which
means also exponentially with the energy gap.

We calculated the SO coupling matrix elements (T, -
|H%°|S,), related to the decay of the triplet state to the ground
state by ISC, with wave functions from a single point CAS-
CI(10|10) with the DH-cc-pVTZ atomic orbital basis at geome-
tries optimized for the lowest triplet state with the DFT method.
Conformers with different starting geometries and symmetries
were tested, and Table 3 presents the results for conformers that
differ in energy by less than 3 kcal mol . Taking the typical
accuracy of the DFT method into account, these conformers
might be thermally accessible. In the systems having C, or C,,
symmetry, the spatial wave functions of S, and T; belong to
different irreducible representations, and hence all couplings
are allowed by symmetry.

SOC matrix elements are usually small in planar m-electron
systems containing no heavy atoms. Our calculations show very
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Table 3 Symmetry, conformer energy, energy gap So—T; and SOC
matrix elements® for optimized triplet geometries in their ZFS coor-
dinate system

SOC (S/T,)
Molecule Sym. AE”/kcal Sy-Ty/em™' x y b4
IBDP Coy 0.00 15 964 0.00 —0.09 0.00
Sty-IBDP Cy 0.00 12 130 —0.01 —0.21 0.06
C, 0.28 12 218 0.00 —0.50 4.37
Aza-IBDP C, 0.00 10 180 6.52 0.72 -7.84
Cy 2.60 10 724 1.55 —11.3 —2.70
Nap-IBDP C, 0.00 12 017 0.00 0.93 -8.21
C, 0.37 12 361 4.39 0.71 2.70
IBDP-H® Cyy 15 072 0.00 0.30 0.00
Sty-IBDP-HC Cy 11 809 0.04 0.29 —-0.01
C, 11 903 0.00 0.32 0.26
Aza-IBDP-H° C, 10 438 0.33 0.01 -0.72
Cy 10 809 —0.27 0.32 0.12
Nap-IBDP-H” C, 11 579 0.00 0.06 0.07
Cy 11 913 —0.22 0.19 0.26

“In cm™' units. ? Energy difference with respect to the lower energy
conformers. In kecal per mole units. CAS(10|10)-CI with the molecular
orbitals from a RHF calculation at the triplet geometry optimized with
the BP86 functional. ° The addition of -H means that in the
corresponding structures of Scheme 2, iodine atoms were substituted
by hydrogen atoms.

small SOC matrix elements (<0.1 cm™*) for IBDP in spite of the
presence of two iodine atoms, whereas for the compounds Sty-
IBDP, Aza-IBDP, and Nap-IBDP rather large values up to
>10 cm™ " were obtained. In order to test the origin of these large
values, we repeated the corresponding calculations for all
compounds after replacing the iodine atoms by hydrogens (with
a C-H distance of 1.08 A), keeping all other coordinates fixed.
The corresponding values, collected in the lower part of Table 3,
show that all SOC matrix elements are significantly smaller than
1 cm™". Apparently, these small values are induced by the non-
planarity of the m-electron system, due to the torsion of the
substituents attached to the BODIPY chromophore, responsible
for a symmetry reduction. However, we can expect a long triplet
lifetime for the uniodinated styrylBODIPY chromophore as
those SOC matrix element values are small. Obviously, the
largest contributions to the SOC matrix elements are induced by
the iodine atoms in Sty-IBDP, Aza-IBDP, and Nap-IBDP, but the
symmetry also plays a role and makes a difference. This can
explain the long triplet lifetime of IBDP and the uniodinated
styrylBODIPY chromophore very well. With a high symmetry in
IBDP (C,,), the coupling of the iodine atoms is inhibited,
leading to a small SOC matrix element of So/T;. For the uni-
odinated styrylBODIPY chromophore, there is no heavy atom
effect and, as expected, a small SOC matrix element of Sy/T; was
observed, which is of the same order as that for IBDP (Table 3).
Hence both IBDP and the uniodinated styry]BODIPY chromo-
phore have long triplet lifetimes.

These calculations yield a very good explanation of the
observed lifetimes: the SOC matrix element of IBDP is rather
small; therefore, for IBDP we expect a long triplet state lifetime.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Also, the T;/S, energy gap is large (ca. 13 000 cm ™' by phos-
phorescence, see Fig. S171). We don't have a precise value for
the Franck-Condon density of states, but we can assume that it
decays exponentially with increasing energy gap. Since in IBDP
this gap is ca. 4000 cm ' larger than that for the other
compounds, the Franck-Condon density of states will be much
smaller in IBDP. Apparently, this term also plays a central role
in determining the triplet state lifetime of IBDP.

The calculations predict in particular that the T, state should
decay fastest for Sty-IBDP, Aza-IBDP, and Nap-IBDP (except for
the higher energy conformer of Aza-IBDP, where the T, state has
the largest SOC matrix element). These results are in accor-
dance with TREPR, ie., there is one sublevel (T,) that decays
much faster than the other two sublevels (see Tables 2 and 3).
Therefore, the calculations fully support the observation that
the ESP inversion is due to very anisotropic decay of the three
triplet sublevels.

Previously the fast decay of one of the substates of the T,
state of ortho-diazaaromatics has been discussed in terms of the
proximity of n-m* and m-7m* states, but clearly this is not the
case for our BODIPY derivative since all low-lying triplet states
are T-7* states.*

The corresponding iodine-free molecules have much smaller
SOC elements, making us to deduce that heavy atom effects play
a major role in these structures. This argument is supported by
experimental evidence for Sty-IBDP, if we compare the triplet
lifetime with that of the styrylBODIPY unit without directly
attaching iodine atoms. The long triplet state lifetime of the
styryl-BODIPY unit (385 us) with respect to the short triplet state
of Sty-IBDP (a few ps) indicates that in Sty-IBDP the heavy atom
effect determines the lifetime of the species.

Thus, we propose that the short triplet state lifetime of Sty-
IBDP (also Nap-IBDP and Aza-IBDP) is due to the synergetic
effect of the heavy atom effect and the small T,/S, energy gap of
these compounds. With a larger T,/S, energy gap, the heavy
atom effect in IBDP doesn't reduce the T, state lifetime as
significantly as that in Sty-IBDP, Nap-IBDP and Aza-IBDP, which
have smaller T,/S, energy gaps (ca. 1.06 eV) than IBDP (ca. 1.64
ev).

To conclude this section, we note that, at high temperature,
the population is transferred between triplet substates by spin-
lattice relaxation processes. Therefore, the depopulation of the
single sublevel is a more complex process. For very fast spin
relaxation, the depopulation of the three sublevels is the same,
and the rate constant is the average of the three. Also, we expect
other types of decay channels that might be activated, which
make the decay homogeneous throughout the sublevels.
Consequently, the conditions to observe polarization inversion
are not always favourable, and the comparison with calculation
might be difficult.

For interested readers, we also calculated the SOC elements
related to the ISC process leading to the population of the triplet
state from the excited singlet (Table S7t). This served as
a further benchmark for the calculation. The results account for
the polarization pattern found by TREPR for the studied mole-
cules, and they are reported in the ESL.{

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, we revealed the reason for the drastically
different triplet state lifetimes of a series of BODIPY deriva-
tives. We found that the triplet state lifetimes of a few repre-
sentative iodinated BODIPY derivatives are substantially
different. 2,6-DiiodoBODIPY has a long-lived T, state (lifetime
tp = 160 ps), whereas diiodostyrylBODIPY shows a much
shorter T, state lifetime (1.4-3.6 ps). Optical transient spec-
troscopy can hardly offer any direct insight into the reason for
the different triplet lifetimes (tr) of these derivatives. Herein
we used pulsed laser excited time-resolved electron para-
magnetic resonance (TREPR) spectroscopy to study the elec-
tron spin polarization (ESP) dynamics of the triplet states of
these compounds. Interestingly, we found ESP inversion for
the BODIPY derivatives showing short T, state lifetimes, i.e.
the polarization pattern of the triplet TREPR spectra (A or E. A
stands for enhanced absorption and E stands for emission in
the TREPR spectra) is inverted as the delay time is extended (in
frozen solution at 80 K). This indicates strong anisotropy of
the decay of the three sublevels of the T, state, i.e. a faster
decay of one sublevel of T; (T, T, or T,) compared to the other
two. With the simulation of the kinetics, we deduced that for
Sty-IBDP, one sublevel (T,) of the T, state decays much faster
(k, = 2.3 us™ "), 20-fold faster or more than the other two
sublevels (k, = 0.11 ps™' and k, = 0.04 us~' respectively),
which causes the ESP inversion. The spin-lattice relaxation
(SLR) of these organic molecules is slow (SLR > 10 ps). SLR
alone will only induce an accelerated decay of the TREPR
signal, but not the inversion of ESP. For 2,6-diiodoBODIPY
(IBDP), which has a long-lived T; state (160 us), no ESP
inversion was observed.

Theoretical computations indicate that the faster decay of
one substate of T, of the BODIPY derivatives correlates with
the magnitude of the SOC matrix elements, which favors
strong coupling between the T, state and the ground state
through the heavy atom effect. Without the heavy atom effect,
the same chromophore demonstrates a much longer T; state
lifetime (385 ps). In the diiodoStyryIBDP derivatives the small
T;/S, state energy gap also contributes to the much shorter T,
state lifetimes. The nanosecond transient absorption spectra
recorded at 77 K, which show a biexponential decay with decay
times of 0.6 us (81%) and 7.4 ps (19%), are in good agreement
with the TREPR spectral analysis. To the best of our knowl-
edge, this is the first systematic study to rationalize the short
triplet state lifetime of visible light-harvesting chromophores,
and the direct observation of the ESP inversion of an organic
chromophore, i.e. the faster decay of one sublevel than the
other two of the T; state, at 80 K. Our results are useful for
understanding the fundamental photochemistry concerning
the decay kinetics of the T; state of organic chromophores.
They may be useful for the design of novel triplet photosen-
sitizers with long triplet state lifetimes, and thus to improve
the performance of these novel materials in applications such
as photocatalysis, photodynamic therapy, photovoltaics,
photon upconversion, etc.
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Experimental section
General methods

All chemicals used in synthesis are analytically pure. UV-vis
absorption spectra were recorded on a HP8453 UV-vis spectro-
photometer (Agilent Ltd., USA). Fluorescence spectra were
recorded on a RF-5301PC spectrofluorometer (Shimadzu Ltd.,
Japan). Luminescence lifetimes were measured on an OB920
fluorescence lifetime instrument (Edinburgh Instruments,
U.K.), and an EPL picosecond pulsed laser was used for
excitation.

Nanosecond transient absorption spectroscopy

The nanosecond transient absorption spectra were recorded on
an LP980 laser flash photolysis spectrometer (Edinburgh
Instruments, UK) and the signals were digitized with a Tek-
tronix TDS 3012B oscilloscope. The excitation was performed
with a nanosecond pulsed laser (OpoletteTM 3551I+UV nano-
second pulsed laser, OPOTEK, USA). Typical pulse length: 7 ns
and pulse repetition used for measurement: 1 Hz. Typical laser
energy: 5 mJ per pulse. The wavelength is tuneable in the range
of 410-2200 nm. The apparent lifetime values (by monitoring
the decay trace of the transients) were obtained with L900
software. The intrinsic triplet state lifetimes were obtained by
fitting the decay traces with a kinetics model with the triplet-
triplet annihilation quenching effect considered.*® All samples
in flash photolysis and upconversion experiments were dea-
erated with N, for 10 min before measurement.

Time-resolved electron paramagnetic resonance spectroscopy

The TREPR spectra were recorded with two Bruker spectrome-
ters with an extended detection bandwidth (6 MHz): an ER200D
spectrometer equipped with a cylindrical cavity with optical
access and cooled by a nitrogen flow for temperature control,
and an ELEXSYS E580 spectrometer equipped with a dielectric
cavity inside an Oxford CF900 cryostat cooled by liquid
nitrogen. The time resolutions, depending on the cavity time
response, was of the order of 200-300 ns for the cylindrical
cavity, and 800-1000 ns for the dielectric cavity. Direct-detected
signals (no modulation of the magnetic field was used) were
recorded with LeCroy digital oscilloscopes with a GHz band-
width. Photoexcitation was obtained from Nd:YAG pulsed lasers
(Quantel Brilliant, pulse length = 5 ns) equipped with superior
harmonic modules and eventually with an optical parametric
oscillator (OPOTECH) for tunable irradiation in the visible
region.

During the acquisition, the samples were photoexcited with
a nanosecond pulsed laser. The time-resolved EPR signals are
acquired with a fast oscilloscope at 256 constant values of the
static magnetic field B,, without the usual field modulation
(direct detection mode). Each transient is averaged from 100 to
300 times, and then transferred to a PC and the data were
stored. Then the different transients are collected and united in
a plot producing a surface that shows the EPR signal intensity as
a function of the field B, and the time after the short laser pulse
(duration ~5 ns) which populates the excited triplet state.
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Cutting the surface with a plane perpendicular to the time axis
at time t = t4 (us), one obtains an EPR spectrum at a delay 4
after the light shot at g, = 0 ps.

Quantum chemical computations

Calculations were performed with the ORCA program®* in the
following sequence: first, the geometries of the triplet state were
optimized with unrestricted density functional theory and the
def2-SVP basis set. This basis uses effective core potentials
(ECP) for iodine. We tested the functionals BP86, PBEO, and
B3LYP (in the variant used by Gaussian). Although the latter two
are hybrid functionals and use a much more computationally
demanding method (coupled perturbed Hartree Fock) for the
calculation of ZFS parameters, the results of all three func-
tionals are rather similar. For the following calculations we used
the geometries from the BP86 optimization. These geometries
were transformed into the eigenframe of the ZFS tensor from
the DFT calculation.

In the next step, restricted Hartree-Fock orbitals were
generated at these geometries with the cc-pVTZ-DK basis set
and the linear relativistic Douglas-Kroll-Hess (DKH) Hamilto-
nian. This is a triple zeta basis set that includes the inner
electrons explicitly and is optimized for use with this Hamilto-
nian. An active space of 10 orbitals with 10 electrons was chosen
and full configuration interaction calculations were performed
within this space. The wave functions for the lowest singlet and
triplet states from this calculation were subsequently used to
calculate ZFS parameters and spin-orbit coupling (SOC) matrix
elements.
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