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The molecular mechanism of the triplet state
formation in bodipy-phenoxazine photosensitizer
dyads confirmed by ab initio prediction of the
spin polarization†

Maria Kosaka, *a Katsuki Miyokawa a and Yuki Kurashige *abc

Efficient formation of excited triplet states on metal-free photosensitizer dyads, bodipy-phenoxazine

(BDP-PXZ) and tetramethylbodipy-phenoxazine (TMBDP-PXZ), was investigated using ab initio

calculations. We revealed the reason why two different triplet transient species, 3CT and 3BDP, can co-

exist only for BDP-PXZ as observed in the previous study with the TR-EPR measurements. It was found

that the state mixing of 3CT enables the transition from 1CT to 3CT and 3BDP states only for BDP-PXZ.

This mixing effect is commonly seen in the singlet states of twisted intermolecular charge transfer

molecules, though the key factor that determines the mixing of the excited states of the dyes was found

to be the electron-donating ability of the substituents rather than their steric hindrance. This mechanism

was corroborated by comparing the spin polarization ratio of the triplet spin-sublevels measured by

TR-EPR with the theoretical predictions. The spin polarization ratio of the triplets should contain

information about the transition via intersystem crossing, e.g. the twisted angle of two chromophores of

the dyad, and thus it can be a powerful tool to analyze the molecular mechanism of photochemical

processes at the electronic structure level. These insights on the molecular structures’ effect provided

by this theoretical study would be a compass to molecular design of metal-free triplet photosensitizers.

1 Introduction

Triplet excited states of organic chromophores are some of
the most familiar paramagnetic species in chemistry. Because
their radiative and non-radiative decays to the ground state are
spin-forbidden processes, they usually have a long enough
lifetime to collide with or transfer the energy to other mole-
cules, which allows for a wide range of applications, e.g., photon
upconversion,1–5 triplet sensitizers,6–10 dynamic nuclear
polarization,11–14 etc. Conversely, the generation of triplet
excited states of metal-free organic chromophores by photo-
irradiation is not so efficient because the spin–orbit coupling
(SOC) which induces intersystem crossing (ISC) from the S1

state to the Tn state is usually small, except for a few cases. One
such exception is the transition between n–p* and p–p* excited
states, in which the transition between the in-plane and out-of-
plane 2p orbitals on an atom generates angular momentum,

but there is a limited variety of organic chromophores with low-
lying n–p* excited states.

The spin–orbit coupling induced by charge transfer (SOCT)15,16

in covalently linked aromatic molecules is a promising alternative
mechanism that can generate triplet states of a wide range of
chromophores. For example, unsubstituted boron-dipyrro-
methene (BDP) and its derivatives have attracted attention for
their unique properties.17,18 They have high fluorescence quan-
tum yields often approaching one, and thus it is difficult to
obtain a sufficient quantity of triplets by photo-irradiation.
Filatov and co-workers have successfully obtained the triplet
excited state of BDP in their pioneering work using the SOCT-
ISC mechanism.19 A necessary condition for the SOCT should
be that the energy levels of the singlet and triplet charge
transfer states, i.e. 1CT and 3CT, lie between those of the singlet
and triplet local excited states, 1BDP and 3BDP in this paper,
and thus it should be valuable if we can predict energy levels of
the excited states along the decay process using theoretical
calculations.

To predict photochemical processes on covalently linked
donor–accepter systems is still challenging because the char-
acters of low-lying excited states drastically vary with the twist
angle between the molecules, though they are hardly mea-
surable with only a few exceptions20 despite their importance.

a Department of Chemistry, Graduate School of Science, Kyoto University,

Kitashirakawa Oiwake-cho, Sakyo-ku Kyoto 606-8502, Japan.

E-mail: kosaka@theoc.kuchem.kyoto-u.ac.jp, kura@kuchem.kyoto-u.ac.jp
b FOREST, JST, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan
c CREST, JST, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp03386h

Received 29th August 2024,
Accepted 29th October 2024

DOI: 10.1039/d4cp03386h

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 3
0 

oc
tu

br
e 

20
24

. D
ow

nl
oa

de
d 

on
 0

2/
11

/2
02

5 
11

:0
7:

56
 a

. m
.. 

View Article Online
View Journal  | View Issue

https://orcid.org/0009-0006-1904-198X
https://orcid.org/0009-0000-6424-6550
https://orcid.org/0000-0003-4652-8153
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp03386h&domain=pdf&date_stamp=2024-11-21
https://doi.org/10.1039/d4cp03386h
https://doi.org/10.1039/d4cp03386h
https://rsc.li/pccp
https://doi.org/10.1039/d4cp03386h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026047


29450 |  Phys. Chem. Chem. Phys., 2024, 26, 29449–29456 This journal is © the Owner Societies 2024

The locally excited (LE) state responsible for the absorption/
emission of photons is stabilized in the planar conformation,
whereas the charge transfer (CT) state, which is sensitive to the
polarity of the environment, is stabilized in the perpendicular
conformation, and what complicates the situation is that these
states can be mixed at the angle where they are close in energy.
At the same time, it can be a strength if its character is well-
designed. The sensitivity of the luminescence properties of the
twisted intramolecular charge transfer (TICT) state is used for
sensing environmental polarity, microenvironmental viscosity,
and chemical species.21,22 For highly efficient thermally acti-
vated delayed fluorescence materials (TADFs) for organic light-
emitting diodes (OLEDs), the CT character can make the S1–T1

gap small, which enhances the reverse ISC, and the LE character
will compensate for the lack of fluorescence efficiency.23–26 For
SOCT-ISC molecules, the subject of this study, the twist angle
should also alter the SOC between the singlet and triplet excited
states; thus, a detailed theoretical analysis based on the mole-
cular structure is necessary.

Here, molecular mechanisms of the triplet state formation
in the bodipy-phenoxazine (BDP-PXZ) dyads were investigated
using quantum chemical calculations. Interestingly, it has been
suggested that a small modification, an addition of the methyl
groups, of the BDP moiety prevents the generation of the 3CT
state, while it was generated together with the 3BDP state when
the substituents were absent.27 It was also suggested that 3CT
and 3BDP states exhibit different EPR patterns, i.e., different
spin polarizations, which should contain the information of the
spin-selective ISC that the molecules went through,28 e.g. the
twisted angle between the chromophores, and they can be used
for the corroboration of the proposed mechanism by compar-
ing with the theoretical predictions. However, the calculation
method has not been established to predict the spin polariza-
tion in the magnetic axis for triplet states of organic chromo-
phores, because quantitative calculations of the zero-field
splitting (ZFS) D-tensor are necessary. Our recent developments
in the prediction of the spin–spin coupling (SSC)29 based on the
ab initio density-matrix renormalization group (DMRG) algo-
rithm opened up the possibility of quantitative prediction of
the magnetic properties of organic chromophores. By compar-
ing the theoretical predictions with the TR-EPR experimental
results, we can confirm the character of the transient species
and the mechanism at the electronic structure level.

2 Computational details

Bodipy-phenoxazine dyads shown in Fig. 1 are adopted in this
study, and the dyads synthesized experimentally are modeled
by replacing the C4H9 alkyl-chain with a hydrogen atom.27

Geometry optimizations were performed with the def2-TZVP
basis sets30–32 and a long-range corrected BLYP functional33

(LC-BLYP) in which the range separation parameter was tuned
to m = 0.15 was adopted (see the ESI†). The polarizable con-
tinuum model34 (PCM) was used to account for the solvent
effect of toluene. All the excited states including the lowest

triplet state were calculated by the time-dependent density func-
tional theory (TD-DFT) using the ORCA5 program package.35

The matrix elements of spin–orbit coupling between the 1CT
and each spin sublevel (x, y, z axes of the molecular frame)
of 3CT and 3BDP states were calculated by TD-DFT. The ZFS
D-tensor was calculated using the method reported in ref. 29, in
which the expected values of the spin–spin coupling operator in
the Breit–Pauli Hamiltonian

ĤSSC ¼
ge

2mB
2a2

2

X
iaj

ŝðiÞ � ŝð jÞ
rij3

�
3 ŝðiÞ � rij
� �

ŝð jÞ � rij
� �

rij5

� �
; (1)

where ge is the electron g-factor, mB is the Bohr magneton, a is
the fine structure constant, ŝ(i) is the spin operator of an
electron i and rij is the distance between electrons i and j, were
calculated by the contraction of the spin–spin coupling inte-
grals dkl

pqrs and the spin-dependent two-particle density matrices
qpqrs (2-RDM) as

DSSC
kl ¼

ge
2a2

4Sð2S � 1Þ
X
pqrs

dkl
pqrsqpqrs; (2)

where

dkl
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z
rq þ

1
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Sz
pqS

z
rs � EpqErs

� �
jCi: (4)

The density matrix renormalization group self-consistent field
(DMRG-SCF) theory36–38 was used as a reference wavefunction
of the spin-dependent 2-RDM. The spin–spin coupling integrals
were efficiently calculated with the resolution of the identity
(RI) approximation39 implemented in the modified version
of the PySCF library.40 Once the D-tensor was calculated, the
3 � 3 tensor was diagonalized to obtain the energy gaps of the
spin-sublevels that correspond to the D and E values with the
sign convention of ESR experiment.

Fig. 1 Chemical structures of BDP-PXZ and TMBDP-PXZ.
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3 Results
3.1 Molecular mechanism of the formation of the triplet
states

To elucidate the molecular mechanism of the formation of the
triplet states, we performed the geometry optimization for 1CT,
3CT, and 3BDP states with constraints for the dihedral angle y
between BDP and PXZ moieties. Fig. 2 shows the potential
energy curves (PECs) of TMBDP-PXZ and BDP-PXZ in toluene
along the dihedral angle y. The dihedral angle of TMBDP-PXZ
at the equilibrium structure of the ground state was found to be
y = 801, i.e., BDP and PXZ are almost perpendicular due to the
steric hindrance of the CH3 groups, while that of BDP-PXZ was
y = 471. In both systems, after the photo-irradiation y will
increase along the slope of the 1CT state towards y = 901, where
the 1CT and 3CT states are energetically very close due to the
small exchange coupling for the perpendicular conformation.
The shapes of PECs of 1CT and 3CT are similar for TMBDP-PXZ
and BDP-PXZ systems, but that of the 3BDP state is significantly
different due to the presence and absence of the CH3 group; the
perpendicular structure (y C 901) is the energy minimum in
TMBDP-PXZ but is unstable in BDP-PXZ. In fact, in the perpendi-
cular structure, the energy level of 3BDP is lower by 0.4 eV than
1CT and 3CT states for TMBDP-PXZ, in contrast, it is very close in
energy to 1CT and 3CT states for BDP-PXZ and as will be discussed
3BDP and 3CT are strongly mixed at around y = 901.

In the TMBDP-PXZ system, after the transition to either the
3BDP or 3CT state the wavepackets will immediately decay to
the 3BDP state, which lies at lower energy than the 3CT state
even in the solvent environment that minimizes the energy
level of 3CT as shown in Fig. 2b. In the BDP-PXZ system, the
wavepackets that transit to the 3CT state can stay on the 3CT
potential energy surface because 3CT has lower energy than
3BDP in the solvent reorganized for the 3CT state, and the
wavepacket that directly transits to the 3BDP state from 1CT
state will stay in the 3BDP state because it is lower in energy
than 3CT in the solvent reorganized for the 3BDP state. This
should be the reason why only the BDP-PXZ system exhibits the
dual components in the TR-EPR spectra, while TMBDP-PXZ
does not. Note that the state-specific effects, which can be
evaluated by the corrected LR method41,42 for example, were
neglected in the calculations based on the LR-CPCM method.
It may stabilize the excited states with the CT character and
make it easier for 3CT and 3BDP to coexist. The detailed
analysis for the difference in energetics caused by the CH3

groups will be discussed in Section 3.4.

3.2 Spin polarization induced by intersystem crossing

To reveal the spin polarization axis in the molecular frame,
which cannot be determined by the TR-EPR experiment for
randomly oriented molecules, we computed the SOC matrix

Fig. 2 Potential energy curves of 1CT, 3CT, and 3BDP states along the dihedral angle between BDP and PXZ moieties, calculated with LC-BLYP/
def2-TZVP under the solvent effect of toluene by LR-CPCM. The geometries were optimized for 1CT: (a) and (d), 3CT: (b) and (e), 3BDP: (c) and (f) states of
BDP-PXZ and TMBDP-PXZ with constraints for the dihedral angle y between BDP and PXZ moieties. The target state is depicted with solid lines, while
others with dotted lines; the former was calculated with an equilibrium solvent and the latter with a non-equilibrium solvent. The gray dashed lines in (a)
and (d) indicate y for the ground state stabilized structure.

PCCP Paper

Pu
bl

is
he

d 
on

 3
0 

oc
tu

br
e 

20
24

. D
ow

nl
oa

de
d 

on
 0

2/
11

/2
02

5 
11

:0
7:

56
 a

. m
.. 

View Article Online

https://doi.org/10.1039/d4cp03386h


29452 |  Phys. Chem. Chem. Phys., 2024, 26, 29449–29456 This journal is © the Owner Societies 2024

elements between 1CT and 3CT (h1CT|Hsoc|3CTmi) and 1CT and
3BDP (h1CT|Hsoc|3BDPmi), where m = x, y, z at the structures on
the PECs of 1CT in Fig. 2a and d. Table 1a and b show the SOC
matrix elements of TMBDP-PXZ and BDP-PXZ, respectively, for
each component 3CTx, 3CTy, and 3CTz where x, y, and z
correspond to the molecular axis of the BDP moiety shown in
Fig. 3; the long axis is x, the short axis is y, and the out-of-plane
axis is z. As shown in Table 1a, the SOC of h1CT|Hsoc|3BDPmi is
x-polarized and significantly larger than that of h1CT|Hsoc|3CTmi
at any dihedral angle y.

Theoretically, the SOC is usually accounted by the change in
the occupation of the atomic orbitals that have different
angular momentum, e.g., the change in the occupation of
2py and 2pz orbitals, such as a lone pair orbital and p orbital,
of an atom will contribute x-polarized SOC. As far as we know,
it has never been explicitly analyzed, but the SOC in linked
p-conjugated systems should originate from the transition
between the in-plane (s orbital) and out-of-plane (p orbital)
associated with a charge transfer excitation. For example, Fig. 3
shows the canonical molecular orbitals that represent most of
the transitions between 1CT and 3BDP at the y = 901 structure.
The transition appears to involve the difference in occupations
of 2px in the HOMO and 2pz in HOMO�1 of the C7a and C8a
atoms. It causes the change in the angular momentum about
the x-axis and is considered to be the origin of the x-polarized
SOC of 3BDP shown in Table 1a and b. This is an explanation

for the mechanism of SOCT-ISC at the electronic level, i.e., the
reason why the SOC matrix elements between the charge
transfer state and locally excited state in linked p-conjugated
molecules are significant. The mechanism should be universal
for other covalently linked p-conjugated systems, e.g., the
efficient reverse ISC of TADF. Note that an atom that is directly
linked to the other aromatic moiety, the C8 atom in this case,
usually has the largest contribution to this type of the genera-
tion of SOC because the in-plane 2px or 2py of the linked atom,
which has the same symmetry as the p orbitals of the other
aromatic moiety, can strongly mix with those, but the C8 atom
happens to be located at the node of the p orbital of BDP in
HOMO�1 and cannot contribute at least to the Cs (y = 901)
structure.

For the same reasons, it is reasonable that the SOC matrix
element h1CT|Hsoc|3CTmi for TMBDP-PXZ is weak because the
transition between 1CT and 3CT does not involve the change in
the electron configuration. It suggests that the direct transition
from 1CT to 3BDP, which exhibits larger couplings than those
with 3CT by one or two order magnitudes, can occur through
the minimum energy crossing point (MECP), which should be
displaced along other degrees-of-freedom that are orthogonal
to the minimum energy path of 1CT shown in Fig. 2a. In fact,
we found that the MECP is located at y = 871 with less than
7 kcal mol�1 above the energy minimum of 1CT state (see the
ESI†), so the direct transition to 3BDP should be quite feasible.
Note that the energy gap between 3BDP and 3CT should be
small at around the MECP, and two triplet states can be
strongly mixed and an ISC transition to 3CT could be possible
by borrowing the x-polarized SOC of 3BDP, although it should
soon decay to the lower energy state 3BDP anyway without
changing the polarization in the molecular frame conserving
the angular momentum. For BDP-PXZ, in which the mixture of
two components observed in the TR-EPR spectra,27 not only
3BDP but also 3CT should be generated although the transition
from 1CT to 3CT is considered to be inefficient due to the
weak coupling character as explained above. As can be seen in
Table 1b, however, the SOC matrix element between 1CT and
3CT is large enough (B0.5 cm�1) at around y = 901 structure.

Table 1 The SOC matrix elements h1CT|Hsoc|3CTmi and h1CT|Hsoc|3BDPmi
for the TMBDP-PXZ and the BDP-PXZ, along with DE indicating the energy
gaps (1CT–3CT) and (1CT–3BDP), calculated with LC-BLYP/def2-TZVP
under the solvent effect of toluene by LR-CPCM, non-equilibrium
condition

y 01 181 361 541 721 901

(a) TMBDP-PXZ
|h1CT|Hsoc|3CTmi|/cm�1

x 0.11 0.09 0.05 0.01 0.01 0.01
y 0.03 0.07 0.11 0.14 0.14 0.02
z 0.00 0.01 0.00 0.01 0.02 0.01
DE/eV

0.52 0.45 0.36 0.25 0.08 0.01

|h1CT|Hsoc|3BDPmi|/cm�1

x 0.29 0.39 0.47 0.56 0.66 0.71
y 0.13 0.11 0.08 0.03 0.03 0.01
z 0.02 0.01 0.03 0.03 0.04 0.01
DE/eV

0.66 0.63 0.61 0.57 0.51 0.49

(b) BDP-PXZ
|h1CT|Hsoc|3CTmi|/cm�1

x 0.00 0.03 0.03 0.11 0.44 0.48
y 0.07 0.13 0.15 0.15 0.06 0.00
z 0.01 0.01 0.00 0.02 0.01 0.00
DE/eV

0.54 0.48 0.39 0.25 0.09 0.06

|h1CT|Hsoc|3BDPmi|/cm�1

x 0.22 0.33 0.40 0.52 0.52 0.56
y 0.04 0.02 0.01 0.03 0.05 0.00
z 0.02 0.02 0.00 0.03 0.01 0.00
DE/eV

0.30 0.29 0.27 0.20 0.02 �0.06

Fig. 3 Surface plots of canonical MOs (isovalue = 0.008), calculated with
LC-BLYP/def2-TZVP under the solvent effect of toluene by LR-CPCM,
non-equilibrium condition.
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This should be explained by the state mixing of 3CT and 3BDP;
those are very close in energy at around y = 901 structure
(Fig. 2d). Indeed, it was found that the electron configurations
of the 3CT state obtained by TDDFT consist of 57.6% HOMO of
PXZ - LUMO of BDP (3CT configuration) and 38.7% HOMO of
BDP - LUMO of BDP (3BDP configuration). The latter configu-
ration should contribute to the large x-polarized SOC of 3CT in
BDP-PXZ.

3.3 Prediction of the ZFS D-tensor in the molecular frame

The ZFS D-tensor in the molecular frame was calculated at the
level of DMRG-CASSCF theory, in which the active space con-
sists of the full valence p orbitals CAS(28e, 25o), and diagona-
lized to assign the magnetic axis in the molecular frame; the
method is described in detail in ref. 29. Table 2 summarizes
ZFS of the spin sublevels of 3BDP and 3CT for BDP-PXZ, and
the polarization axis with the correspondence between the
molecular axes x, y, and z and magnetic axes x0, y0, and z0 for
3BDP and x00, y00, z00 for 3CT. The ZFS parameters, D and E values,
were predicted to be �79.44 mT and 6.87 mT for 3BDP at the
3BDP energy minimum structure and �44.24 mT and 17.75 mT
for 3CT at the 3CT energy minimum structure, respectively. The
predicted D values are in good agreement with the values
determined by the TR-EPR spectra in ref. 27. There are dis-
crepancies in the trend between the theoretical and the experi-
mental E values, of which the absolute value is often small and
sensitive to the change in the D-tensor.29 In addition, the
magnetic axis in the molecular frame was determined by
diagonalizing the D tensor, and it was found that the x-axis,
which is the axis of the electron polarization induced by the
spin-selective ISC from 1CT (see Section 3.2), corresponds to the
z0 and y00 for 3BDP and 3CT, respectively. It is also consistent
with the TR-EPR experiments, which strongly support the
proposed molecular mechanism in Section 3.1.

3.4 Insights into the molecular mechanism

As proposed using the theoretical calculations and confirmed
by the consistency between the calculations and the experi-
ments of the TR-EPR measurement, the transitions from 1CT to
3CT and 3BDP should occur at around the y = 901 structure,
hence the steric hindrance by CH3 groups of TMBDP-PXZ is not
critical to the mechanism, rather the electron donor character
of the groups, which should affect the energy levels of the

HOMO and LUMO of the BDP moiety, seems to be more
important for the mechanism.

Regarding this point, the TD-DFT calculation for the BDP
monomer was performed. As summarized in Table 3, when CH3

groups were added, both the HOMO and LUMO energies of the
BDP monomer increase by 0.67 eV and 0.45 eV, respectively,
and the excitation energy of 3BDP slightly decreases by 0.15 eV.
It should have more impacts on 3CT because only the LUMO of
BDP, which accepts the electrons from the HOMO of the donor
PXZ that should not be altered by the substitution of CH3 to the
BDP moiety, is involved in the charge transfer. Thus only the
3BDP is observed for TMBDP-PXZ, whereas the 3CT is observed
together with 3BDP for BDP-PXZ in the TR-EPR measurements.

To investigate the impact of the electron-withdrawing/donat-
ing groups on the BDP moiety, the potential energy curves were
constructed for three other BDP-PXZ derivatives with different
substituent groups X (X = Me, NO2, and NH2) on C3 and C5
atoms in BDP, where the groups bring an insignificant steric
effect to the PXZ moiety (Fig. 4). The curves have similar shapes
throughout y, the dihedral angles between BDP and PXZ
moieties as reaction coordinates; however quite different in
energy levels of 3CT and 3BDP (see the ESI†).

Moreover, with a series of various substituent groups (X = F,
Cl, NH2, OMe, Me, H, CF3, Ac, CHO, CN, and NO2) on the C3
and C5 atoms of BDP moiety, the scatter plots between the
Hammett substituent constants and the energy levels of 1CT,
3CT, and 3BDP states were obtained, as the positive substituent
constants correspond to electron-withdrawing groups while the
negatives to electron-donating groups.43 The energy levels
are calculated using the optimized structures under the con-
straints for the dihedral angle y = 901 for clarity. As shown in
Fig. 5, there were certain correlations between the substituent

Table 2 ZFS of the triplet sublevels of 3BDP and 3CT, and the correspon-
dence between the molecular axes x, y, z (Fig. 3) and magnetic axes x0, y 0,
z0 for 3BDP and x00, y00, z00 for 3CT. The values are calculated with (28e, 25o)
DMRG-CASSCF

D/mT E/mT Polarization

Calc
3BDP �79.44 6.87 x (= z0)
3CT �44.24 17.75 x (= y00)

Expta

3BDP �82.1 19.1 z0
3CT �37.5 8.2 y00

a Ref. 27.

Table 3 HOMO, LUMO, and T1 excitation energies in eV of the BDP
monomer, calculated with LC-BLYP/def2-TZVP under the solvent effect of
toluene by LR-CPCM, non-equilibrium condition

HOMO LUMO T1

BDP �7.44 �2.00 1.71
TMBDP �6.76 �1.54 1.56

Fig. 4 Chemical structures of BDP-PXZ derivatives with substituent
groups X, as X = Me, NO2, and NH2 in potential energy curve analysis,
and X = F, Cl, NH2, OMe, Me, H, CF3, Ac, CHO, CN, and NO2 in Hammett
substituent constant analysis.
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constant and 1CT and 3CT energy levels; the correlation coeffi-
cient was �0.973 for 1CT, and �0.967 for 3CT, respectively. This
result makes it clear that the electron-donating groups on the
C3 and C5 atoms of BDP raise the energy level of 1,3CT states, as
the BDP-LUMO level gets higher, and vice versa. On the other
hand, the 3BDP level is the highest when X = H, and it gets lower
for both electron-donating and withdrawing groups. It is natural,
considering that the 3BDP state involves not only BDP-LUMO but
also BDP-HOMO. In this way, it was reasonably elucidated that the
electron donor character of the groups, which should affect the
energy levels of the HOMO and the LUMO of the BDP moiety, is
more important for the formation mechanism of 3CT and 3BDP
transient species, rather than their steric hindrance. The different
dependencies of the CT and LE excited states on the substituent
effects should be useful for designing molecules that meet the
necessary condition of an efficient SOCT that the energy levels of
the singlet and triplet charge transfer states lie between those of
the singlet and triplet local excited states.

4 Summary

We revealed the details of the triplet formation process of
BDP-PXZ and TMBDP-PXZ via the SOCT-ISC; the reason why
the two different triplet transient species were experimentally
observed for BDP-PXZ, and only one species for TMBDP-PXZ,
even though the structures differ only by the substitution of the
methyl groups. As shown in the analysis of the potential energy
curves along the dihedral angles between BDP and PXZ moi-
eties as the reaction coordinates, in both molecules the transi-
tion from 1CT to either the 3BDP or 3CT state occurs at about
the orthogonal conformation, where the 1CT and 3CT states are
close in energy.

In BDP-PXZ, it was found that the wavepacket that transits to
the 3CT and 3BDP states can remain on their adiabatic potential
energy surface because both states are the lowest triplet states
in their solvent environment. In TMBDP-PXZ, on the other
hand, the 3BDP state is more stable than the 3CT state even
in the solvent environment that is optimized for the 3CT state,
and only the 3BDP state will be observed regardless of which
triplet excited state surfaces the wavepacket has at first trans-
ited to. The key to this difference is therefore not the steric
hindrance, but the electron donating effect of the CH3 groups

on the BDP moiety, which increases the energy levels of the
BDP’s HOMO and LUMO to elevate the 3CT.

Utilizing the correlation analysis between the energy levels
of the excited states and Hammett substituent constants, it was
reasonably elucidated that the electron-donating/withdrawing
substituent groups on the BDP moiety are strongly correlated
with 1,3CT states; and with 3BDP, have an analogous trend with
the CT state for electron-withdrawing groups, while the oppo-
site trend for electron-donating ones. It should be universal for
the 3CT and 3BDP states of dyad systems and can be exploited
to control the formation process of the triplet state by the
SOCT-ISC.

Furthermore, with the calculation of the spin–orbit coupling
matrix element between 1CT and each triplet state, it was
shown that the triplet states generated by the SOCT-ISC should
be spin polarized to the component of the BDP’s long axis (3CTx

and 3BDPx). This result, together with the prediction of the ZFS
tensor in the molecular frame, is quite consistent with the TR-
EPR spectral results, which strongly supports the SOCT-ISC
mechanism we propose. Our theoretical study has reasonably
discovered the fundamental mechanisms of the triplet for-
mation of BDP-PXZ systems and the effect of the molecular
structures. These insights would be a compass to molecular
design of metal-free triplet photosensitizers.
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Fig. 5 The scatter plot between the Hammett substituent constants and the energy levels of 1CT, 3CT, and 3BDP states for BDP-PXZ derivatives with a
series of different substituent groups, calculated with LC-BLYP/def2-TZVP under the solvent effect of toluene by LR-CPCM, equilibrium condition.
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