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1. General Information of EPR model

In order to quantitatively study the ESP inversion kinetics of the compounds, we
developed a model for the simulation of the TREPR spectra. A common triplet state for
organic molecules is characterized by the presence of two interacting unpaired electrons
residing on two different molecular orbitals. In zero magnetic field, its three non-
degenerate substates are non-degenerate states because of the zero-field splitting
interaction whose Hamiltonian can be expressed as Eq.1.

In photoexcited systems, the population of the triplet occurs mostly occurs through an
intersystem crossing (ISC) process, like in the present case. The process leads to a selective
population of the triplet sublevels from the singlet statell] in a time scale which is much
faster than the decay rate to the ground state. Under these conditions, an excitation
obtained by a short laser flash produces an initial population P of the three sublevels which
evolves in the dark according to the kinetic law.[2] Thus, not only a selective population of
the triplet manifold is observed, but also a selective depopulation of the states, relaxing to

the ground state.

k, 0 O
pZFS =-10 ky 01 Pes (Eq. S1)
0 0 Kk

TR-EPR measurements allows us to follow the dynamics of the three sublevels immersed
in a magnetic field. In high field (HF), the triplet sublevels are mixed, and the three

eigenstates of the system |T, >, |T,>, |T_> are eigenfunctions of the Hamiltonian

(expressed in the molecular frame, in the ZFS states base).[3!
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where g, is combination of the principal values of the g-tensor

Out = \/gf( sin® dcos’ g+ g7 sin® 9sin® o+ g% cos® 9 and Dxyz are the principal values of the

D-tensor, that are related to the D and E values as: D=3Dz/2 and E=(Dx-Dy)/2, so that the
HF eigenstates can be expressed as|T, >=c|T, >+c)|T, >+c’|T,>. The coefficients
(eigenvectors) depend both on the strength of the magnetic field, but also on its orientation.

The time evolution of the population of the triplet sublevels |T, >, |T, >, |T_> can be
represented by an equation equivalent to Eq.1, where the decay rates k,k k, are
substituted by unimolecular decay rates of each single high-field triplet sublevel k,,k;,k_,
that are related to the zero-field sublevels decay rates as k =c%k, +c'?k, +c7?k,;

ciJ' (i=xy,xandj=+,0,-).4

In the presence of spin relaxation, the complete time evolution of the system can be

derived from ref.s [56], as

k,+@-a)w —-(@0-a)w 0
Pe=—| -l-a)w k+@-a)w —(l+a)w |P, (Eq. S3)
0 —(1+a)w  k +(1-a,)w
a,_~AE, ., ,/2k,T. After a laser flash, the initial populations take into account the

mixing of the ZFS states, thus!”]

x2 20 z2 A0

P =c¢?pg +c’?py +ci?p; (Eq. S4)
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The depopulation of the states is followed by TR-EPR, as the transition intensities depend

on the population differences AP, (4,¢,t) =P (% ¢,t)—F, (% @,t) between the upper
| T, > and the central | T, > state, or between the central and the lower |T_> state. We note

than, for each orientation of the magnetic field (% ¢), the EPR transition can be in

enhanced absorption or in emission and the states haven'’t a typical Boltzmann population.

In general, the data obtained by TR-EPR measurements are 3D surfaces extending over
(or below) the time/field plane. They are rarely displayed in this form, rather it is preferred
to show slices along the time (transients) or along the magnetic field (spectra) of these
surfaces.![8!

One or the other representation is chosen if one wants 1) to highlight the presence of one
or more high-spin states (typically triplet states) having different zero-field splittings, or to
determine which particular route in the high state populates these species (appreciable in
the spectra), or 2) one wants to follow the dynamics of the system (appreciable in the
transients), that is the generation/decay of the population of the multiplet sublevels.

The full reconstruction of the 3D surface requires thus to follow in time the field-
dependent lineshape and the intensity variation of the spectra as function of time.

The intensity variation of the spectra is due relaxation processes, either magnetic or

optical processes.
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2.0 Nanosecond Transient Absorption Spectra
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Figure S1. Nanosecond time resolved transient absorption spectra of Nap-IBDP. (a) Nap-
IBDP upon ns pulsed laser excitation (dex = 600 nm) and (b) decay trace of Nap-IBDP at
420 nm. ¢ = 1.0 x 107> M in deaerated 2-Methyltetrahydrofuran, 293 K.
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Figure S2. Nanosecond time resolved transient absorption spectra of Nap-IBDP. (a) Nap-
IBDP upon ns pulsed laser excitation (dex = 600 nm) and (b) decay trace of Nap-IBDP at
420 nm. c = 1.0 x 107> M in deaerated 2-Methyltetrahydrofuran, 78 K.
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Figure S3. Nanosecond time resolved transient absorption spectra of Aza-IBDP. (a) Aza-
IBDP upon ns pulsed laser excitation (lex = 660 nm) and (b) decay trace of Aza-IBDP at
390 nm. c=1.0 x 107> M in deaerated 2-Methyltetrahydrofuran, 293 K.
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Figure S4. Nanosecond time resolved transient absorption spectra of Aza-IBDP. (a) Aza-
IBDP upon ns pulsed laser excitation (Aex = 660 nm) and (b) decay trace of Aza-IBDP at
390 nm. c=1.0 x 107> M in deaerated 2-Methyltetrahydrofuran, 78 K.
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When the intrinsic lifetime of the triplet states is long and the concentration of the
triplet states is large, triplet-triplet annihilation is an additional contribution to the decay
of the transient absorption. The corresponding differential equation for the triplet

concentration

—_— = —k1CT - k2C72~ (Eq 85)

has the solution

Cokeq
exp(kyt) - (coky + kq) — cok,

cr(t) = (Eq.56)

Where co is the initial triplet concentration. This leads to the following expression for the

transient absorption

A(D) = (Eq.S7)

exp(é)-(1+z—i)—1
Where Ao is the initial transient absorption, 11 = 1/ki is the intrinsic (unimolecular)
lifetime of the triplet, and t2 =1/cokz2. We fitted each data sets simultaneously by Eq. S7,
with variation of all parameters (4o, 12), but with the intrinsic triplet lifetime constrained

to the same value in all data sets.
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Figure S5. The decay traces of IBDP at 450 nm upon nanosecond pulsed laser excitation
(Aex = 533 nm) in deaerated (a) 2-MeTHF (b) toluene and (c) acetonitrile. c = 0.3 x 10 © M,
recorded in the co-linear measurement mode of the LP980 ns-TA spectrometer. The decays
are fitted with single monoexponential fit. The fitting result of the intrinsic triplet lifetime
and the RMSD are shown in the figure.
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Figure S6. The decay traces of IBDP at 450 nm upon nanosecond pulsed laser excitation
(Aex = 533 nm) in deaerated 2-MeTHF at different concentrations at 25 °C, recorded in the
co-linear measurement mode of the LP980 ns-TA spectrometer. (a)c=2x105M, (b)c=1
x10>M,(c)c=5%x10"°M,(d)c=1x10"°Mand (e) c = 0.3 x 10 “© M. The decays are
fitted with global fit with the TTA-kinetic model (in red color) and monoexponential fitting

(in blue color), respectively. The fitting result of the intrinsic triplet lifetime and the RMSD
are shown in the figure.
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Table S1. Fitting parameters of Figure S6

t1/us Ao T2/US
c=3.0x107M 160 0.005 ooa
c=1.0x10-¢M 160 0.013 oo
c=5.0x10%M 160 0.062 56.3
c=1.0x10-5M 160 0.112  26.0
c=20x10°"M 160 0.181 15.3

a The fitted value was very large (i.e. many orders above the time window of the
measurement). Hence the rate is essentially zero
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Figure S7. The decay traces of IBDP at 450 nm upon nanosecond pulsed laser excitation
(Aex = 533 nm) in deaerated acetonitrile at different concentrations at 25 °C, recorded in
the co-linear measurement mode of the LP980 ns-TA spectrometer. (a) c=2 x 10 5 M, (b) ¢
=15%x10>M,(c)c=1x10"5M,(d)c=5x%x10"°M and (e) c=0.3 x 10 ¢ M. The decays
are fitted with global fit with the TTA-kinetic model (in red color) and monoexponential
fitting (in blue color), respectively. The fitting result of the intrinsic triplet lifetime and the
RMSD are shown in the figure.
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Figure S8. The decay traces of IBDP at 450 nm upon nanosecond pulsed laser excitation
(Aex =533 nm) in deaerated toluene at different concentrations at 25 °C, recorded in the co-
linear measurement mode of the LP980 ns-TA spectrometer. (a) c=2x 10> M, (b) c=1 x
10>M,(c)c=5x10"°M,(d)c=1x10"¢Mand (e) c=0.3 x 10 ¢ M. The decays are fitted
with global fit with the TTA-kinetic model (in red color) and monoexponential fitting (in
blue color), respectively. The fitting result of the intrinsic triplet lifetime and the RMSD are
shown in the figure.
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Figure S9. The decay traces of Sty-IBDP at 390 nm upon nanosecond pulsed laser
excitation (Aex = 600 nm) in deaerated (a) toluene, (b) 2-methyltetrahydrofuran, and (c)
acetonitrile at different concentration, recorded in the co-linear measurement mode of the
LP980 ns-TA spectrometer. 25 °C.
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Figure S10. Triplet lifetimes of Nap-IBDP in deaerated 2-Methyltetrahydrofuran in
different concentrations (a) ¢ = 2.0 x 10-¢ M (b) ¢ = 2.0 x 10-> M. The lifetimes are apparent
triplet lifetimes. The intrinsic triplet lifetime is obtained by fitting of the decay traces with a
kinetics model with triplet-triplet annihilation quenching effect considered (Table S21).
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Figure S11. Triplet lifetimes of Aza-IBDP in deaerated 2-Methyltetrahydrofuran in
different concentrations (a) c=2.0 x 10-¢ M (b) ¢ = 2.0 x 10-> M. The lifetimes are apparent
triplet lifetimes. The intrinsic triplet lifetime is obtained by fitting of the decay traces with a
kinetics model with triplet-triplet annihilation quenching effect considered (Table S21).

Table S2. Fitting of the intrinsic triplet lifetimes of the compounds.

compound c=2.0x10°M c=2.0x10°M
T1/Us Ao T2/US Ao T2/US
Sty-IBDP 1.7 0.028 o0 @ 0.1250 2358.0
Aza-IBDP 3.6 0.006 o0 @ 0.04777 0 a
Nap-IBDP 1.4 0.019 o0 d 0.1213 o0 a

a The fitted value was very large (i.e. many orders above the time window of the
measurement). Hence the rate is essentially zero
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Table S3. The apparent triplet lifetimes in Figure S6-S9.

Compounds Concentration Tapparent / S
TOL 2-MeTHF ACN
IBDP 2x10°M 64 67 40
1.5x10> M 48
1x10>M 93 85 57
5x10°M 126 123 70
1x10°M 224 215
0.3x10°M 239 225 90
Sty-IBDP 2x10° M 1.8 1.8 1.5
1x10>M 1.7 1.7 1.5
5x10°M 1.7 1.7 1.5
1x10°M 1.7 1.8 1.5
0.3x10°M 1.6 1.6 1.5
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Analysis of the TTA self-quenching constant k>

The self-quenching (due to the TTA effect) was considered in the kinetic model. The self-
quenching constant can be estimated according to

L = ¢ok, Eq. S8
T2
A = cyerd Eq.S9

where the co is the initial triplet concentration, k2 is the self-quenching constant, i.e., TTA
rate constant. ey is the extinction coefficient of the triplet at 450 nm, d is the light path. The
above fitting in Figure S6 yields the amplitudes A (the AO.D. value of the decay in each
concentration) and the effective time constant 12 (Table S1).

According to Eq. S8 and Eq. S9, 1/12 should increase linearly with A, and the slope a of this
plot should be

_ Coka _ ko

= aerd = o Eq. S10
Hence

kz =a ETd Eq S]_l

The €7 is estimated (see Table S4) from Figure 2c in the manuscript, according to AAses=
A/er, where AAs is the initial AO.D. value of bleaching band, & is the molar extinction
coefficient of singlet bleaching band.
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Figure S12. Fitting results of the decay traces of IBDP (a) in 2-MeTHF, (b) in acetonitrile
and (c) in toluene.
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Table S4. Calculation of the et of the IBDP: @

c=2x10"°M

AAs 0.197
es/M1lcm1 8.55x104
A 0.044

er/M1lcm™1 1.9x104

Table S5. Estimation of the self-quenching constant k2 of the IBDP: @

2-MeTHF acetonitrile  toluene
a/s?t 3.8x10° 5.2x105 4.2x105
k2 / M 1s71 7.2x10° 1.0x1010 8.0x109

The slope a are fitted (Figure S12) to be 3.8x105 s71, 5.2x10° s and 4.2x10° s1in 2-
MeTHF, acetonitrile and toluene, respectively. We use an estimated value 1 cm for d, as the
decay curves are recorded in the co-linear measurement mode of the LP980 ns-TA
spectrometer. Hence the self-quenching constant are estimated to be 7.2x10° M™1s71,
1.0x1010 M~1s71 and 8.0x10° M1s71in 2-MeTHF, acetonitrile and toluene, respectively. It
should be noted that the values are overestimated to an extent as the d value should be

smaller than 1 cm.

For the three other compounds, the best fit resulted in very large values for 12 =
1/(kz2*co). Here k2 is the bimolecular rate constant, and co is the initial triplet concentration.
Obviously then, k2 = 0 in these cases, i.e., TTA can not compete with unimolecular decay. So

the short triplet lifetime is intrinsic.
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3.0 Time-resolved EPR Spectra
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Figure S13. (a) Time-resolved spectra taken at different time delays of a frozen solution of
Aza-IBDP in toluene/Me-THF (3:1, v/v), ¢ = 3.0 x 1075 M, excited at 650 nm (2 m]/shot). (b)
Transient signals taken at magnetic field positions of resonance of the principal
components.
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Figure S14. (a) Time-resolved spectra taken at different time delays of a frozen solution of
Nap-IBDP in toluene/ Me-THF (3:1), ¢ = 3.0 x 10> M, excited at 547 nm (2 m]/shot). (b)
Transient signals taken at magnetic field positions of resonance of the principal
components.
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Figure S15. (a) Time-resolved spectra taken at different time delays of a frozen solution of
IBDP in toluene/Me-THF (3:1), ¢ = 3.0 x 10> M, excited at 532 nm (3 m]/shot). (b)
Transient signals taken at magnetic field positions of resonance of the principal

components.
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4. Computation Study

Table S6. Experimental and calculated ZFS principal values (X, Y and Z) obtained
with different methods @

Exp CAS-CI CAS-CI DFT (BP86) DFT (BP86)
Cz-sym Ci-sym Cz-sym Ci-sym
-330 —487 b —456 "
IBDP -1630 -972 -697
1960 1459 1152
-140 -89 —-88 -141 —145
Sty-IBDP -1232 -700 -696 -359 -352
1372 789 784 498 500
-204 63 30 —40 —66
Nap-IBDP -1243 567 608 -310 -321
1447 -630 —-638 350 387
-518 -214 -195 -289 -300
Aza-IBDP ¢ -1649 —645 —-680 -323 —448
2167 859 874 612 748

a Units are MHz. Unrestricted DFT optimization of the geometry of the lowest triplet state
found two minima, with C1 and Cz-symmetry, which are very close in energy (ca. 1
kcal/mole). These calculations yield also ZFS parameters. CAS-CI at these geometries used
10 electrons in an active space of 10 molecular orbitals from a RHF calculation. For Nap-
IBDP we preserved the labeling according to the sign of the two largest values. ? This is for
C2v geometry. ¢ For this molecule the principal direction of the X and Y result swap in the
calculations, the reason is not clear, yet.

The calculation show that the molecular orbitals are rather sensitive to the geometry of
the molecule. Table S6 shows that the simulation of the ZFS conducted with CAS (and DFT)
methods reasonably reproduced the trend of experimental values but is not satisfactory.
ZFS are parameters that are very sensitive to frontier orbitals;[®1 therefore, it is rather
difficult to have a good reproduction of the experimental value, in particular when
conformational movements of the molecules can modulate the extension of the
delocalization.
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Figure S16. The orientation of the ZFS axes (from the DFT calculations) for the most stable
conformer of (a) IBDP (b) Sty-IBDP (c) Aza-IBDP (d) Nap-IBDP. Z is always the long axis
of the Bodipy chromophore.
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Table S7. Symmetry and SOC matrix elements ¢ for optimized triplet geometries in their

ZFS coordinate system.

S1/T1
Molecule  Symmetry X y Z
IBDP Cav 0.00 0.00 0.00
Sty-IBDP C1 0.14 -0.02 047
Cz 3.69 0.00 0.00
Aza-IBDP Cz 0.27 -13.43 0.05
C1 -1.88 2.72 -32.12
Nap-IBDP Cz 0.02 0.00 0.00
C1 -0.52 031 2.14
IBDP-H » Cav 0.00 0.00 0.00

Sty-IBDP-H » C1 0.00 0.00 -0.08
C2 0.06 0.00 0.00
Aza-1BDP-H b C2 0.00 0.04 0.00
C1 0.04 0.06 -0.05
Nap-IBDP-H ? C2 -0.02 0.00 0.00
C1 0.03 0.04 0.09

@ In cm™! units. » The addition of -H means that in the corresponding structures of Scheme 2,
lodine atoms where substituted by hydrogen atoms. In kcal/mole units. CAS(10|10)-CI
with the molecular orbitals from a RHF calculation at the triplet geometry optimized with
BP86 functional.
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5.0 Molecular dynamic (MD) simulation of IBDP

We performed, for each molecule, a MD calculation with 2000 timesteps of 1 fs (i.e. 2000
DFT calculations of energy and gradient) and extracted a snapshot every 100 fs. This was
done with the same DFT method that was used to calculate the ground state structures. In a
second step, the snapshots were aligned so that they most closely matched the original
structure, thus removing translation and rotation that can occur in the MD calculation.
Finally, at these 20 snapshot geometries the RHF orbitals were calculated with the DKH
Hamiltonian and the DK-cc-pVTZ basis (which includes all inner electrons of lodine). These
SCF-orbitals were used in a CAS-CI(10|10) to find the lowest singlet and triplet states.
Between these states the SOC-ME were calculated.

A transition between a singlet and a triplet state is enabled by SOC, and the rate constant is
proportional to the square of the SOC-ME:

k=A(H2+H:+HZ)=AH’ Eq.S12

Then we averaged H? for the 20 snapshots. The effective SOC-ME then is

H = \/(HZ + HZ + HZ) Eq.S13

L.e., arigid system with that SOC-ME will show the same rate as the averaged ensemble.

The square root of this average is 4.9 cm™! for the S1/T1 coupling and can be considered as

an effective vibrationally induced SOC-ME.
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6.0 Emission Spectra at 298 K and 80 K

1.0 ] |
_298K a 1000‘ b‘ 1000‘ i\ — IRF1 CA
0.8 80 K | 298K (0.19 ns)
> — 80K (0.57 ns)
g 0.6 0.002 ] *UE) 1005 E g 1004 ) E
Q - ] S
£044} '%0-001 10 O
£ 104 10
0.2 l)'00300 860 900 |
Wavelength / nm
0.0 S , 14 | 1110 |
600 700 800 900 0 10 20 10 20 30
Wave|ength / nm Time / ms Time / ns

Figure S17. (a) The emission spectra of IBDP at 298 K and 80 K, and the inset shows the
phosphorescence spectrum at 80 K. (b) The phosphorescence lifetime detected at 757 nm
at 80 K. (c) The emission lifetimes detected at 550 nm. In deaerated 2-
methyltetrahydrofuran solution, c=1 x 107> M, Aex = 510 nm.
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Figure S18. The emission spectra and their relative decay curves at 298 K and 80 K of (a, d)
Sty-IBDP detected at 657 nm, (b, e) Nap-IBDP detected at 680 nm, and (c, f) Aza-IBDP
detected at 712 nm. In deaerated 2-methyltetrahydrofuran solution, c =1 x 107> M, Aex =
635 nm.
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7. Molecular Structure Characterization Data

The synthesis of IBDP was according to literature.[10 1H NMR (400 MHz, CDCl3): § =

7.53-7.52 (m, 3H), 7.26-7.24 (m, 2H), 2.65 (s, 6H), 1.39 (s, 6H).

The synthesis of Sty-IBDP was according to literature.[1l] 1H NMR (400 MHz, CDCl3): 6 =
8.18 (d, 2H, J = 16.0 Hz), 7.73 (s, 1H), 7.69-7.66 (m, 5H), 7.55-7.54 (m, 3H), 7.43 (t, 4H, ] =

8.0 Hz), 7.37 (d, 2H, ] = 8.0 Hz), 7.31-7.29 (m,2H), 1.46 (s, 6H).

The synthesis of Nap-IBDP was according to literature.[11] 1H NMR (400 MHz, CDCIs): 6 =
8.38 (s, 1H), 8.34 (s, 1H), 8.01 (s, 2H), 7.90-7.84 (m, 10H), 7.56—7.55 (m, 3H), 7.51-7.49 (m,

4H), 7.33-7.31 (m, 2H), 1.48 (s, 6H).
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8. 1H-NMR Spectra
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Figure $19. 1H NMR of compound IBDP in CDCl3 (400 MHz), 25°C.
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Figure S20. 'H NMR spectrum of compound Sty-IBDP in CDCl3 (400 MHz), 25°C.
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Figure S21. 'H NMR of compound Nap-IBDP in CDCl3 (400 MHz), 25°C.
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