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1. Introduction

Triplet photosensitizers (PSs) are compounds showing strong
efficient

absorption ability,
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Radical Enhanced Intersystem Crossing Mechanism, Electron Spin
Dynamics of High Spin States and Applications in Design of Heavy
Atom-free Triplet Photosensitizers

Xue Zhang,*? Xi Chen,? Yue Sun? and Jianzhang Zhao*?

Heavy atom-free triplet photosensitizers (PSs) can overcome the high cost and biological toxicity of traditional molecular
systems contain heavy atoms (such as Pt(l1), Ir(I11), Ru(ll), Pd(l1), Lu(Ill) or I, Br atoms), therefore are developing rapidly these
years. Connecting the stable free radical to the chromophore can promote the intersystem crossing (I1SC) process through
electron spin exchange interaction to produce the triplet state, or the doublet (D) and quartet (Q) states by taking the whole
spin system into account. These molecular systems based on radical enhanced ISC (REISC) mechanism are important in the
field of heavy atom-free triplet PSs. REISC system has simple molecular structure and good biocompatibility, especially it is
helpful to build high-spin quantum states (D and Q states), which have the potential to be developed as the qubitin quantum
information science. This review introduced the molecular structure design for the purpose of high-spin states. Time-
resolved electron paramagnetic resonance (TREPR) is the most important characterization method to reveal the properties,
generation mechanism and electron spin polarization (ESP) of the high spin states. The spin polarization manipulation of
high spin states and the potential application in the field of quantum information engineering are also summarized.
Moreover, the molecular design principle of REISC system to obtain long absorption wavelength, high triplet state quantum
yield and long triplet state lifetime are introduced, as well as the applications of the compounds in triplet-triplet annihilation
upconversion, photodynamic therapy and bioimaging. This review article is useful to design heavy atom-free triplet PSs
based on radical-chromophore molecular structure motif, and study the photophysics of the compounds, as well as the
electron spin dynamics of the multi electron system upon photoexcitation.

appropriate redox potentials, and robust stability. They are
widely used in photovoltaic materials,23 artificial
photosynthesis,*® photodynamic therapy (PDT)7~° and photon
upconversion,19712 etc. ISC process accompanied by spin
multiplicity changes, which is an electron spin-forbidden
transition, only very few molecules can be directly photoexcited
to the triplet states,'314 most triplet PSs through ISC to generate
T, states from singlet excited states (usually from S; state,

intersystem crossing (ISC),
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state is via introducing atoms with large atomic mass into the
chromophore, such as Pt(l1), Ir(111), Ru(ll), Pd(ll), Lu(lll) transition
metal complexes!>18 or compounds contain | or Br atoms.19:20
However, the participation of the heavy atom in the molecular
orbital electron wavefunction distribution is required for heavy
atom effect (El Sayed rule).?! It should be noted that the spin-
orbital coupling (SOC) can promote ISC to produce triplet states
(S1— Th), it can also promote the ISC process T1 — Sp to a certain
extent, this effect may shorten the excited triplet state lifetime,
which is detrimental to the application of the triplet PSs, in
addition, the high cost and biological toxicity of heavy atoms
also limit their applications. Therefore, the development of
heavy atom-free triplet PS is necessary.

Recently, a few mechanisms to achieve ISC in heavy atom-
free triplet systems have been developed. Charge
recombination (CR) induced ISC has been known for a long time,
however, it was usually observed in compounds with
complicated molecular structure, and they are not designed for

attaining efficient population of the locally excited (LE) state (i.e.

the triplet state is confined on a single chromophore in the
molecular structure). This method is beneficial to obtain long
lived triplet excited state recently.??23 The systems are mainly
composed by two parts: electron donor and acceptor (some
systems also include the bridge groups, i.e. the linkers between
the donor and acceptor), the molecules can be excited to the
locally excited singlet state (1LE) of the donor or acceptor, the
redox ability of the 1LE state is enhanced in comparison with the
So state, the charge separation (CS) with singlet precursor (e.g.
1LE) is more likely to result in the CS singlet excited state (1CS).
Due to the electron spin conservation rule, the 1CS — 3CS ISC is
quenched by the large J value. However, If the distance
between the donor and acceptor is long, the electron exchange
interaction between donor and acceptor is weak enough (the
electron exchange energy J value is small), the energy difference
between the 1CS and the 3CS states is very small (e.g. AEst = 2/
< 0.1 cm™), the hyperfine coupling interaction (HFI, interaction
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University of Technology in 2021.

between unpaired electron spin magnetic moment and nuclear
spin magnetic moment) can promote the ISC of 1CS — 3CS, the
process is called radical pair ISC (RP-ISC).2425 Subsequently, the
3CS state deactivate to the S state, or to 3LE state, given the 3LE
energy is lower than CS state via CR process of 3CS — 3LE
(internal conversion process).2426 Molecules based on the RP-
ISC mechanism usually require long and rigid bridge groups
between donor and acceptor,27-28 which makes the synthesis of
the compounds challenging. What’s more, the slow ISC induced
by HFI (time scale is at nanoseconds) is not helpful to generate
high triplet state quantum vyield (@r).242930 |n contrast, the
compact donor-acceptor dyad molecular structure motifs have
become promising to attain efficient ISC. In the molecular
structure of these compounds, the electron donor and acceptor
are directly connected through a single bond, forming a near-
vertical conformation for the t—conjugation planes of the donor
and acceptor.31733 |n this case, the electronic coupling between
donor and acceptor is relatively strong, and the J value is
increased (the energy level difference between 1CS and 3CS
states is larger than the dyads containing long linker), HFI is not
sufficient to promote the ISC process of 1CS — 3CS, however,
the CR of 1CS state can directly generate 3LE state (!CS — 3LE),
which is called the spin-orbital charge transfer ISC (SOCT-ISC)
process.21.23.34 During the ISC process, the change of molecular
orbital angular momentum (the m—conjugation framework of
the electron donor and acceptor are not in the same plane)
compensates for the change of electron spin angular
momentum during ISC process and complies with the
conservation of total angular momentum. Our group reported
a series of SOCT-ISC systems and studied the molecular
structure-efficiency relationship, for example, the systems
based on naphthaldiimide (NDI),3>3¢ perylenebisimide (PBI),37-38
Bodipy,3240 etc, were studied. It should be noted that when the
energy level of 3LE state is slightly lower than ICT state, the
SOCT-ISC will produce 3LE effectively. If the energy level of 1CT
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state is lower than that of 3LE state, CR from 1CT to the ground
state will be dominant.

The CS states have relatively large dipole moment, the energy
level are sensitive to the solvent polarity, the strength of
electron coupling and other relevant factors (the LE state has a
smaller dipole moment, so its energy level is little affected by
the above factors). When the 1CS and 3LE states energy are close
to each other (the energy level difference is close to the room
temperature thermal energy of 26 meV), the energy can be
effectively converted from 3LE to 1CS state by a reverse ISC (RISC)
process driven by thermal activation, the 1CS state emits
thermally activated delayed fluorescence (TADF). In other
words, TADF molecules which are widely used in the organic
light-emitting diode field, are the special case of SOCT-ISC
systems. The overlap of HOMO and LUMO of these molecules is
small, therefore the AE between 1CS and 3CS is also small. In
such systems, the three-states model is proposed recently, i.e.
the ICT, 3LE and 3CT states are close to each other in energy, and
the spin-vibronic coupling between 3LE and 3CT promotes the
RISC. Our group has used transient absorption spectra and time-
resolved electron paramagnetic resonance (TREPR) spectral
methods to experimentally confirm this model.3541744

Another mechanism to promote ISC is based on distorted
molecular structures, it is proposed that the small spatial
overlap of the molecular orbitals resulted in a small J value
(small AEst = 2J) and large spin orbit coupling matrix elements

(SOCMEs).2145 The ISC efficiency of Fullerene Ceo is close to 100%

due to the highly distorted m—conjugated structure, however,
the absorption of Ceo in the visible light region is very weak, and
the poor solubility limited the application of Cgy as an ideal
triplet PS.* Helicene is another representative compounds
having twisted m—conjugated framework and exhibits high I1SC
efficiency, and it was found that the ISC efficiency is
proportional to the twisting extent of the m—conjugation
system.*> However, the synthesis and derivatization of helicene
are difficult, and the absorption wavelength is short, generally
located in the ultraviolet region, therefore, most of the
traditional helicenes are not ideal triplet PSs. In recent years,
researchers have extended the structure motif to PBI and

Organic& Biomeolecular Chemistry

reported twisted PBI derivatives, proved that the Herzberg-
Teller vibronic coupling promote the ISC process, and the ISC
quantum vyields were determined as @r of 63% and 23%,
respectively.?” Our group studied Bodipy derivative with twisted
molecular structure, and the ISC quantum yield was determined
as @r of 52%, and the intrinsic triplet lifetime is 492 ps, which
has been used in PDT successfully.*® However, it is still in doubt
whether or not the twisting of the molecular structure will
always induce ISC ability. Recently, it is found that in some
molecular structures, the twisted angle may be not correlated
with the ISC efficiency, a minor distortion can also result in a
high ISC efficiency, on the contrary, a large torsion angle is
unnecessary to induce high ISC ability.#?*0 This is a solid
evidence that there is no simple correlation between the
twisting of the molecular structure and the ISC ability, and those
compounds with twisted molecular structure showing ISC, are
probably merely by coincidence. The underlying principle is
probably the S, and T, states energy matched, however, it is
necessary to further exploit the relationship between the
twisted molecular structure and the ISC ability.

In contrast to the above mechanisms, radical enhanced ISC
(REISC) mechanism can transform the spin-forbidden ISC
process into the spin-allowed internal conversion process
directly, thereby enhancing the generation of triplet states.
These systems are based on introducing the stable free radicals
into organic chromophore and enhancing ISC by electron spin-
spin exchange interaction (Fig. 1). The radical and chromophore
form three-electron spin system, the total spin multiple of the
system can be two (doublet states, D) or four (quartet states,
Q).31733 When the singlet electron configuration chromophore
undergoes spin exchange interaction with radical single
electrons, the total spin multiplicity of the system is two (2[Ss,
R], D2). When the chromophore is in the triplet electron
configuration, the total spin multiplicity of the system can be
two (2[T4, R], D4) or four (*[T4, R], Q1).52 The ISC process for 2[Ss,
R] — 2[T1, R] is spin-allowed, which can enhance the population
of triplet states of chromophore (D state), with the zero field
splitting (ZFS) or other effect, the Q; state can also generated
(we use Dg stand for 2[So, R], D, stand for 2[S;, R], D1 stand for
2[T4, R] and Q stand for 4[Ty, R] in the discussion of this review).

Bodipy chromophores. For example, Hariharan's group
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Fig. 1 Simplified energy diagrams of conventional chromophores based on SOC-ISC and novel chromophores based on REISC mechanisms. Reproduced with permission from ref. 9.

Copyright 2021 American Chemical Society.
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Fig. 2 The molecular structure of Cgp-nitroxide radical molecule 1 and TREPR spectra at
200 K, insets show the time volution of the EPR signal at (a) 3346 G and (b) 3366 G.
Reproduced with permission from ref. 73. Copyright 1995 American Chemical Society.

The molecular system undergoes REISC is simple and easy to
synthesize, even without orbital overlap can also enhanced ISC,
itis expected to be a new strategy for the development of heavy
atom-free triplet Moreover, the
photoexcitation generated high spin states are useful in
quantum information science, instance, the radical-
chromophore molecular system can be used for development
of molecular qubits or qudits.>458

The ISC of organic compounds is electron spin selective, i.e.
the population of the three sublevels of Ty, T, and T, of the T;
state is severely deviated from the Boltzman distribution, this is
caused by the anisotropic SOC effect. The electron spin
polarization (ESP) is also an important property in REISC system,

photosensitizers.

for

there are two main mechanisms of ESP: radical-triplet pair
mechanism (RTPM)5°-61 and electron spin polarization transfer
(ESPT) mechanism.5263 |In the RTPM, the triplet states and
radicals are diffused with each other in solution, and the spin
states are mixed by spin exchange interaction to produce a spin
polarized D; and Q states, this effect is dependent on the
distance between the two species. The ESPT mechanism
requires the formation of a polarized triplet excited state
precursor, followed by the transfer of ESP to the Dg state of the
free radical.®* For REISC systems, the spin interactions between
radicals and chromophores are complex, the structure-
efficiency relationship of molecules is not very clear. Therefore,
it needs to be further studied and the diversity of the
chromophore need to be extended. This review article
introduced the characterization methods of high spin states and
the ESP characteristics of different REISC mechanisms in detail,
also summarized the molecular structure design principles of
triplet photosensitizers based on REISC mechanism. It also
introduced the potential applications of REISC system as qubits
or qudits,2665767 and made an outlook of REISC mechanism in
bioimaging,®8%° triplet-triplet annihilation up-conversion (TTA-
UC),”° PDT,7172 etc. This review article will facilitate ultimately
possibility to establish design protocols for exhibiting the
desired properties for triplet PSs based on ERISC mechanism. It
should be pointed out that some molecules contain multiple
radicals, which can build more complex spin systems and
produce higher spin states, such as quintuplet states. Moreover,
the transient pulse EPR spectroscopy is also an important
method to study the high spin states and the mechanism. With
different EPR pulse sequences applied, the nutation frequency

4| J. Name., 2012, 00, 1-3
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Fig. 3 The molecular structures of porphyrin and nitroxide radical systems and (a) steady-
state EPR spectrum of TEMPO 4 and TREPR spectra of the (b, c) 2 and (d, e) 3 at different
decay time. Reproduced with permission from ref. 74. Copyright 1997 American
Chemical Society.

and relaxation time can be obtained. These contents are already
covered in the previous review,26 they are not introduced in this
review.

2. Observation and mechanisms study of high
spin states generated by REISC

The REISC mechanism with the electron spin exchange
interaction produce the high spin D and Q states cannot be
distinguished by the transient absorption optical spectra (in
both states, the electronic configurations of chromophore are
always in open shell), because the difference of these two
excited states is only reflected in the electron spin-spin
interaction between the radical and the triplet state, there is no
any difference of molecular orbital occupancy. TREPR
spectroscopy can characterize the ESP of the photogenerated
transient paramagnetic species, which is an important
characterization method to distinguish D and Q states and
reveal the mechanism of REISC.

Corvaja et al. linked Cgo covalently to a nitroxide radical and
constituted a REISC molecule 1,73 this is the first example to
observe ESP of Q state in solution by TREPR spectra (Fig. 2). The
spectra show superposition of three Lorentzian lines centred at

Fig. 4 The molecular structure of porphyrin-TEMPO analogue 5 and TREPR spectra
(dotted lines) of (a) reference compound phthalocyaninatosilicon and (b) compound 5
with their simulations (solid lines) and (c) steady-state EPR spectrum of 5. Reproduced
with permission from ref. 79. Copyright 1999 American Chemical Society.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 25



Page 5 of 25

2pbppp

To
T
N~ =
— - -0
ﬁ:“- Dy+D,
before the relaxation S after the relaxation
R, Ry R.

Intermolecular Distance

Fig. 5 The radical quartet pair mechanism for rationalization of the ESP of compound 5
upon photoexcitation. Reproduced with permission from ref. 79. Copyright 1999
American Chemical Society.

g = 2.0070 separated by 15.20 G, and other three lines centred
at g = 2.0043 separated by 5.05 G, the latter can be classified as
Qg signal (-1/2 <> +1/2), other sublevel transition ways are
expected to be broadened caused by the rotational diffusion.
The time evolution of these two triplet signals at 3346 G and
3366 G are show in inset (a) and (b) of Fig. 2, respectively,
although both are fitted by two exponential decay functions
(the emission polarized signal at early times represent
generation and then change to enhanced absorption), the time
constants are different, this supports the conclusion for
observation of two different states. The spin polarization of the
spectrum can be explained by RTPM mechanism, i.e. the mixing
of —1/2 sublevel of D; and Q state at the J > 0 condition, result
in faster inactivation than +1/2 sublevel, therefore, the I1SC
process produces emission polarization in the beginning, the
inactivation of Q; is also spin-selective and reverses to —1/2
sublevel, producing enhanced absorption. This is the first
example of spin polarization resulting from intramolecular
triplet-radical interaction. It should be point out that Cgp itself
has efficient I1SC,%675> thus from a point of view of designing
heavy atom-free triplet PS, it is unnecessary to attach a radical
unit to Ceo to induce the ISC. The major challenge to use Ceo as
heavy atom-free triplet PSs is to enhance its visible light
absorption ability.

Yamauchi et al. studied the mechanism of REISC by analyzing
the TREPR spectra of several porphyrin and nitroxide radical
systems (compound 2 or 3 mixing with TEMPO radical 4, Fig. 3).
The authors proved the co-existence of the ESPT and RTPM
mechanisms in the system.’* The triplet polarizations of
porphyrins depend on the central metal atom.’678 The peak
positions of TREPR spectra of the mixtures are consistent with
the steady-state EPR signal of TEMPO (g = 2.006, Ay = 15.5) (Fig.
3a), indicating the ESP of porphyrin/TEMPO systems are from
TEMPO. The porphyrin/TEMPO mixture exhibits spectra with
different polarizations on different delay times (Fig. 3b—e), the
polarization in 0.1 — 0.3 ps is consistent with that of the
corresponding porphyrin triplet states, the decay time is
consistent with the spin-lattice relaxation time of TEMPO
radical, which shows the ESP is caused by the ESPT from the
triplet state of porphyrin to TEMPO.

This journal is © The Royal Society of Chemistry 20xx

Organic& Biomeolecular Chemistry

Fig. 6 The molecular structures of Bodipy-phenylanthracene-radical system 7 and
phenylanthracene-radical compound 6.

The polarization of D and Q states at 2.0 — 2.2 us is caused by
the spin-spin exchange interaction of the triplet state and
radical, this signal is opposite to that of the porphyrin triplet
state, therefore it attributed to the RTPM mechanism of the
triplet state precursor (J < 0, Q state energy higher than D, state).
After the addition of ligand pyridine in the porphyrin/TEMPO
solution, it has a great influence on the second polarization, the
coordination of pyridine disrupts the interaction of TEMPO and
porphyrins, indicating the axial coordination on the central
metal is important for tuning the RTPM. The TRPER spectra in
viscous solvents indicates the polarization is not sensitive to
oxygen, but the spin exchange process between the triplet and
the doublet states and the rate of ESPT are related to the
viscosity of the solvent.

Kobayashi et al. prepared compound 5 by linking TEMPO
radicals to phthalocyaninatosilicon framework covalently (Fig.
4).7° Phthalocyanines are known for their ISC ability.8%81 The
TREPR spectra of 5 in solution observed the opposite
polarization of the D (e polarization) and Q (a polarization)
states. The ZFS D and E parameters of compound 5 triplet state
are 2.08 x 1072and 5.27 x 103 cm™1, which are smaller than that
of quartet state of porphyrins without TEMPO (4.3 x 1073 and
3.3 x 107* cm™?) (Fig. 4). The REISC mechanism is shown in Fig.
5, the interaction between the Q and D exciton produces the
quintet and triplet states. Due to the electron relaxation, the
ZFS effect produces e polarization of D state (J < 0), which is
attributed to radical quartet pair mechanism (RQPM). This spin
polarization of D and Q states under the dipole-dipole
interaction is intramolecular interaction.

The control of spin alignment of the radicals is very important
in the field of organic magnetism. Teki et al. observed the first

L L A )
250 300 350 400

Magnetic Field / ml

Fig. 7 TREPR spectra of 6 and 7 at 30 K in glass matrix. (a) spectra of 7 with excitation at
505 nm, (b) spectrum of 7 with excitation at 447 nm, (c) spectrum of 6. Reproduced with
permission from ref. 82. Copyright 2008 Royal Society of Chemistry.

J. Name., 2013, 00, 1-3 | 5
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Fig. 9 Molecular structures of PBI-2BPNO* derivatives.

example of m-conjugated radical spin manipulation via
photoexcited ion-pair state (compound 7, Fig. 6),8283 in which
phenylanthracene acts as an electron donor and Bodipy acts as
an electron acceptor. The polarization and ISC mechanism of
the high spin states of 7 were analysed in detail by TREPR
spectroscopy. Since the energy transfer from phenylanthracene
to Bodipy is efficient, the TREPR spectra of Bodipy and
phenylanthracene parts have same ESP pattern (g, e, e, g, a, e).
The TREPR spectra of reference compound 6 shows the ESP
pattern of (a, g, g, e, e, €) and its D value is 0.0230 cm™, which
is 7% larger than that of compound 7 (Fig. 7). The value of D
reflects the degree of electron delocalization,>37684 this
indicates that the electrons are delocalized to the Bodipy in
compound 7, which further leads to the change of ESP pattern.
The spectral pattern of the photoexcited echo-detected EPR
spectra of 7 is almost the same as that of TREPR, the spin-echo-
detected transient nutation shows the signal is belong to Q
state (S = 3/2) with Ms = £1/2 <> £3/2 transition. The author
proposed that the possible photophysical process of 7 is that
the singlet excited state populated after photoexcitation, and
then a fast photoinduced electron transfer (PET) occurs,
resulting in a CS state A*"—D**—R. Due to the long distance
between donor and acceptor in CS state, the electron exchange

6 | J. Name., 2012, 00, 1-3
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Fig. 10 Simplified energy diagram of PBI-2BPNO* derivatives 8 and 9. Thick red arrow
represent more rapid ISC than thin red arrow (J > 0). Reproduced with permission from
ref. 52. Copyright 2009 American Chemical Society.

interaction of A*"—D**is wealk, in this case a mixture of D and Q
states formed. After the charge recombination, the separation
of unpaired electrons decreases and the exchange interaction
becomes stronger, REISC effect induce formation of the triplet
state in Bodipy part, the whole molecule 7 shows as separated
D; and Q states. The exchange energy J > 0, the D; energy is
higher than the Q energy, therefore the Q state is selectively
populated (Fig. 8). This unique ESP pattern is due to the
competition between A*"—D**—R and SOC-ISC mechanisms.

The study of a series of PBl-radical derivatives 8—10 by
Wasielewski et al. explores the mechanism of REISC. They
studied the interactions between PBlI and a stable tert-
butylphenylnitroxide (2BPNO*) through
transient optical absorption and TREPR at high magnetic fields
(Fig. 9).52 Femtosecond transient absorption spectroscopy (fs-
TA) indicates the decay of 1PBI in the presence of the radical
2BPNO-" is exceptionally rapid (lifetime of PBI state is 4.5 ns).
The electronic coupling between these two entities was tuned
by varying the distance and orientation of the nitroxide group
relative to the attachment position on PBI. As mentioned above,
the triplet-spin D1 and Q states both having two unpaired
electrons on PBI, it is difficult to distinguish them by transient
absorption spectrum, however, the ISC rate constant can be
obtained by monitoring the decay of PBI (t = 2 ps). It is found
the electron exchange interaction between PBI and 2BPNO*
and the ISC rate depend on the molecular orbital overlap
between the orbitals constituting 1PBI and the singly occupied
molecular orbital of 2BPNO". Increasing the distance between
2BPNO* and !PBI reduce the overlap, leading to an overall
decrease in the yield of 3PBI (for example molecules 8 and 9), an
increase in the distance between the radical and the
chromophore by 4.3 A results in approximately a twofold
reduction in the quantum yield of 3PBI, thereby demonstrating
that enhancing the electronic coupling drives strong spin-spin
interaction will lead to ultrafast ISC. However, in the molecular
structure of compound 10, the m-spin density on the carbon
atom connecting 2BPNO*® to PBI is reduced, weakening the
overall t-electronic coupling. Yet, the quantum yield of 3PBI of
compound 10 is about 25% higher than that of 8, suggesting
that in addition to m-bond interaction, the unpaired electron's

radical ultrafast

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 (a) Steady state EPR and TREPR spectra of PBI-2BPNO* derivatives (b) 8, (c) 9 and
(d) 10 in toluene at room temperature, measured with W-band spectrometer for (b), (c)
and (d). Reproduced with permission from ref. 52. Copyright 2009 American Chemical
Society
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Fig. 13 Molecular structure of perylene-radical dyad 11 with short linker between the
two units.

spin on the nitroxide oxygen can also delocalize through the o-
bond framework via a spin polarization mechanism. These
principles maybe used for design of heavy atom-free triplet
photosensitizers based on the chromophore-radical molecular
structure motif and the REISC mechanism.8>

The transition of the doublet spin sublevel D, — D; (Fig. 10,
bold red arrow) is partially allowed since the same multiplicity,
the transition of D, — Q (Fig. 10, thin red arrow) is formally
forbidden. Therefore, it is expected a faster D, — Dj transition
than D, — Q will occur, resulting in a larger initial population of
D; state as compared to the population of Q state. The TREPR
spectra of compounds at the W-band all exhibit spin
polarization signals centred at g = 2.0057 (Fig. 11b—d), identical
to the ground state signal of 2BPNO". In toluene at 295 K, the
TREPR spectra of these transitions do not exhibit complete
anisotropy because the molecular tumbling rate is faster than
the timescale corresponding to the energy difference between
spin sublevels. Meanwhile, the thermal energy at 295 K is ca.
200 cm™ likely significantly larger than 3J, the RISC from Q to D;
state (reversed quartet mechanism, RQM) out competes the
decay of these states to the Dg state and the

a b
D1 D1
+112 +112
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Az an
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S| a0 Q sl e Q
+312 4312
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+1/2 +1/2
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A2 AR
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Fig. 12 Mechanism for the electron spin dynamics of 8 and 9 upon photoexcitation. (a)
D; — Q ISC resulting in emissive (e) polarization at early time, (b) reversed quartet
mechanism Q — D; resulting in enhanced absorption at later time (J > 0). Reproduced
with permission from ref. 52. Copyright 2009 American Chemical Society.
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relaxation of spin populations back to the Boltzmann
distribution.

The TREPR spectra of molecules 8 and 9 indicate the initial
polarizations of Do, D1, and Q states are emissive. Because these
two molecules are ferromagnetic coupling (3J > 0), the initial
spin energy level populations of D; and Q states (Fig. 12a) evolve
along with the transition from Q to D; state by RQM mechanism
(Fig. 12b). Within the 30 ns instrument response functions (IRF),
the D, — Dj transitions is more likely occur than D, — Q due to
the spin-allowed transition, which results in overpopulation of
D; state. Although D; and Q states separated by 3J, the ZFS
interaction can mixing these states to some extent, which
results in overpopulation of Q state (+3/2 sublevel). That can
explain the e signals of D; and Q states in the initial time.
Because the energy gap between Q and D; states is much
smaller than that of Q and Do, the Q — D; transition is faster
than the Q — Dg state. Meanwhile, D; — Dg transition is spin
allowed, these two reasons result in overpopulation of Q state
(=3/2). This redistribution of spin populations within D; and Q
states, along with the relative dissipation rates of D; and Q
populations to Do state, results in the observation of absorptive
TREPR transitions at later time, which called ESP revision (Fig.
11). The lifetimes of all subsequent absorptive signals for D1, Q,
and Dostates in 8 and 9 are longer than those of emission signals,
implying their observed lifetimes might actually be limited by
spin relaxation. However, the lifetime of 3PBI state measured in
toluene using nanosecond transient absorption (ns-TA) spectra
(tp2 = 0.54 us) agree well with the decay constants of absorptive
TREPR signals for D; (12 =620 ns) and Q (t2 =410 ns) states. Since
the decay of 3PBl state is not affected by spin selectivity and spin
relaxation, ns-TA and TREPR spectra show that spin relaxation
contributes little to the overall measured TREPR dynamics. A
similar situation arises when examining the TREPR spectra
dynamics of 10, except antiferromagnetic coupling, 3/ < 0,
inverting the energy ordering of D; and Q states, and the
temporal order of absorption and emission transitions are also
reversed.
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Fig. 14 (a) The fs-TA spectra of compound 11 in toluene. (b) Species associated difference
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spectra (SADS) obtained through global analysis. Reproduced with permission from ref.
86. Copyright 2015 American Chemical Society.
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N R = Phenyl

Fig. 16 Molecular structures of aluminum(lll) porphyrin—TEMPO complex 12 and ternary
structure with coordinated pyridine 13.

The above example shows that a short linker between the
radical and the chromophore is beneficial to improve the REISC
efficiency, however, the strong spin may
significantly shorten the lifetime. The same research group
present a rigid structure 11 of perylene covalently linked to a
nitroxide radical (Fig. 13).86 The S; state of perylene is about 3.8
ns, yet the S; state lifetime of 11 is less than 1 ps, this is due to
the strong spin-spin interaction between the chromophore and
the nitroxide radical, the strong coupling also cause the short
triplet state lifetime of 11 (7ns, Fig. 14).

The authors studied the steady state EPR spectrum of 11 in
toluene at room temperature, which displays a triple lines
spectrum with the characteristic isotropic g value of 2.00618

interaction

and isotropic hyperfine coupling constant of 43.3 MHz (Fig. 15a).

The low-temperature TREPR spectrum of 11 exhibits broad and
complex features with e/a ESP characteristics (Fig. 15b), with
the signal undergoing inversion at about 450 ns (as shown in Fig.
15c as negative amplitude), which is fitted to be Q state (S=3/2,
3/ >> D) with g = 2.0031, zero-field splitting (ZFS) D = 750.4 MHz

and E/D = 0.1942. Moreover, the TREPR spectrum displays a
narrow central peak superimposed on a broad signal. This
pattern is characteristic of the Q state in strong coupling regime.
The ultrafast REISC under photoexcitation is due to the fast rigid
attachment of NO* at a short distance to perylene, resulting in
the formation of doublet and quartet states. However, the
triplet state lifetime is relatively short, and the molecular
structure has not been optimized with the design of triplet state
photosensitizers in mind.

Kandrashkin et al. studied the aluminium(lll) porphyrin (AlPor)
complex covalent with TEMPO axially coordinated on the
central metal atom (compound 12 and 13, Fig. 16).87 The
fluorescence of compounds was quenched by REISC, resulting
in D and Q states. At room temperature, the TREPR spectra of
12 show a strong absorption net polarization at 220 ns after
photoexcitation, which was assigned as a net polarization of Q
state. With elapse of delay time, it evolves into three split
narrow signals after 1 us, by comparing with steady state EPR
spectra, the split fine signal is classified as a ground state (Do)
polarization (Fig. 17a). The polarization of the Do state is caused
by the RQPM mechanism mixing between the Q and Do state (/>
0). The TREPR spectrum of 12 also show a net polarization at 80
K, and no any multiplet polarization was observed (Fig. 17b). In
order to explain this anomalous result, field-swept echo
spectrum of the complex was measured without light excitation
(Fig. 17c¢), it is determined that this net polarization comes from
the Q state, not the Dg state, this unusual result suggests that
there are other rapid transition processes make the multiple
polarization disappear.

a b c
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I = Transient EPR
e
a
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e 1.0 us
cerpyn ‘
JHHr cw-EPR spectrum
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Fig. 17 (a) EPR spectra of complex 12 at 293 K in toluene at different decay time, (b) TREPR of complex 12 (black line) and reference compound without TEMPO (red line), (c)
comparison of the TREPR spectra (black line) and the field-swept echo spectrum of the ground state (red) of complex 12 at 80 K in toluene. Reproduced with permission from ref.

87. Copyright 2019 AIP Publishing.
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Fig. 18 TREPR spectra of (a) complex 12 and (b) ternary structure 13 coordinate with
pyridine at 80 K in toluene. Reproduced with permission from ref. 87. Copyright 2019 AIP
Publishing.

It should be noted that the compound can feasibly coordinate
with pyridine to form a ternary structure 13 by Lewis acid-base
interactions (Fig. 16). It is interesting that the axial coordination
of pyridine causes the absorption spectrum redshift and TREPR
showing a completely different ESP (Fig. 18). After coordination
with pyridine, the polarization signal appeared in the early stage
of TREPR spectra at low temperature includes absorptive net
polarization and e/a multi polarization signal. It is suggested
that the polarization mechanism and excited state dynamics of
12 are very sensitive to the changes of & orbital properties of
porphyrin molecules. The delocalization of the unpaired
electrons of nitrogen oxides and the greater density of w*
orbital in the middle of the porphyrin ring indicate that the
exchange between the two electrons and the dipole interaction
are enhanced by pyridine coordination.

The authors thoroughly analyzed the mechanism of the net
polarization. The T and T, states of porphyrins are degenerate,
so the four-state model (Fig. 19, Dy, Dy, Qy, Qy) is considered in
this REISC system, the energy gap of Qc and Qy (A) is somewhat
larger than 3J. The SOC between D, and Qy states and that
between Dy and Qy facilitates the back and forth transitions, the
Qy — Qu transition through internal conversion lead to

hv

Sing-doublet

Trip-doublet

Trip-quartet

Fig. 19 Simplified energy diagram of aluminium(Ill) porphyrin—-TEMPO system 12 and 13
showing the relaxation pathways. The labels x and y refer to states derived from
excitation of an electron from the HOMO into the e,and e, orbitals, respectively.
Reproduced with permission from ref. 87. Copyright 2019 AIP Publishing.

This journal is © The Royal Society of Chemistry 20xx
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net polarization and multiple polarization. In compound 12, the
fast balance between D and Q states cause the expected initial
multipolarization rapidly decays to strong net polarization
within the response time of the spectrometer. When pyridine
coordinates, the degeneracy of the two lowest excited states is
lifted, resulting in an increase in A, this resulted in slower back
and forth transitions between D and Q states. This shows that
the relative strength of net polarization and multipolarization
depends on the rate of equilibrium between D and Q states, and
the ESP mode can be tuned by bonding coordination.

The observation and characterization of high-spin states by
TREPR spectra provide experimental evidence for the in-depth
understanding of the mechanism of REISC, however the design
of triplet PSs based on the REISC mechanism should not only
consider the generation of high-spin states, but also consider
the triplet state lifetime, or the chromophore energy level, even
the excited state redox potential, etc.

3. Potential of electron spin polarization in high
spin states as qubits or qudits

Advancing molecule-based spintronics focuses on mastering
complex multispin system dynamics through photoexcitation,
and the molecular systems can be studied with pulsed or time-
resolved EPR techniques. Materials with high ESP are gaining
interest for applications in quantum information engineering,
due to their ability to significantly enhance dynamic nuclear
polarization (DNP) efficiency and initialize states for quantum
technologies. The unpaired electron spin and nuclear spin in
molecules can be used as qubits, which can be regulated by
magnetic field effect or microwave pulse to generate ESP and
realize quantum information processing.888° The multi-electron
high-spin excited states can be used to create entangled spin
systems,26:90-92 this is very important in the field of quantum
information science.
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Fig. 20 Molecular structures of oligothiophene-diradical and reference compounds.
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Fig. 21 Molecular structures of the covalently-linked porphyrin-trityl radical compounds.
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Fig. 22 (a) TREPR spectrum of reference compound ZnTPP and the field-swept FID-
detected spectrum of the trityl radical, (b) TREPR spectra of compound 24 at different
time delays after photoexcitation, Aex = 550 nm, X-band (9.75 GHz), 80 K. Reproduced
with permission from ref. 94. Copyright 2021 Wiley-VCH.

Controlling the spin dynamics of compounds is important for
molecular sensors, spin catalysis, and information technology
fields. Wasielewski et al. have reported many studies on
photogenerated high spin states as qubits or qudits, which has
been summarized in detail in a recent perspective,?6 therefore
we will not introduce these work in detail here.

Oligothiophene is a common organic semiconductor material,
introduced nitronyl nitroxide (NN) radicals into
polymers as a model for probing the dynamics of organic

Lian et al.

semiconductor excited states, and synthesized a series of
oligothiophene-NN compounds 17—-22 (Fig. 20).93 After the
introduction of radicals, these molecules have nt—=n* transition
absorption peaks at 365—425 nm, which are consistent with the
reference compounds 14-16, but new n—n* transition
absorption peaks appear in the range of 639-707 nm. The
fluorescence spectra indicate that the introduction of radicals
leads to a complete quenching of the fluorescence. The
oligothiophene-NN compounds have strong spin interactions
and relatively high antiferromagnetic coupling, and molecule 19
shows smaller antiferromagnetic interactions due to the longer
direct distance between the radicals, suggesting that increasing
the distance and dihedral angle between the radical and the
oligothiophene produces weaker antiferromagnetic
interactions. The study shown that enhanced internal
conversion (EIC) leads to multiple S, T and Q states of the
polymer, the oligothiophenes core can exhibit spin polarization
when the radicals and the m—system of the molecule have
significant orbital overlap or small distance (<4.3 A),
intermolecular interactions.
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Fig. 23 TREPR spectrum of (a) compound 23 recorded at X-band (9.75 GHz) and (b) 24 at
Q-band (34.0 GHz) and simulation line. Aex =550 nm, 80 K. Reproduced with permission
from ref. 94. Copyright 2021 Wiley-VCH.

Richert et al. reported covalently-linked porphyrin-trityl
radical compounds 23 and 24 with a phenyl bridge (Fig. 21).%4
Compound 24 exhibits an efficient energy transfer with the time
constant of ~10 ps, as a result, the REISC quantum vyield is
relatively low, however, TREPR is still able to observe the signal
of the spin-polarized state (Fig. 22). The feature and the width
of TRPER spectral signal for 24 at X-band (9.75 GHz) is different
with the spectra of the two building blocks, the wider a/e spin
polarization in short time scale can be assigned to the multiplet
polarization of Q state (caused by the transition of | + 1/2) <> |
+ 3/2)), the residual central enhanced absorption peak in 8 ps
can be assigned to transitions between the +1/2 and —1/2
sublevels of the Q state, called net polarization for the Q state
in thermal equilibrium, the positive net polarization implying
positive Jir value in 24, the Q state is lower in energy than the
D; state. It should be pointed out that no any D; state signal can
be recorded, it is probably due to the fast relaxation between
D; and Q states and the efficient inactivate for D; state to Dg
state.

The TREPR spectra of 24 were also record at Q-band (34.0
GHz), the qualitative similarity of the signal at different
frequency indicated the electron spin-spin exchange interaction

o*
|

Fig. 24 Molecular structures of the PBI-TEMPO derivatives 25, 26 and 27.
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Fig. 25 Decay associated difference spectra and time constants obtained from a global kinetic analysis of the fs-TA spectral data of compounds (a) 25, (b) 26 and (c) 27. Reproduced

with permission from ref. 55. Copyright 2022 Royal Society of Chemistry.

between ZnTPP and trityl radical is strong, despite of the
presence of the phenyl spacer between the two units (Fig. 23).
When the metal atoms in the porphyrin centre are removed,
the free base porphyrins show non-symmetric and non-planar
structure, different conformation or symmetry will lead to
different TREPR spectra. There is only net polarization observed
for 23, indicated the symmetry breaking leads to a much larger
splitting between Q sublevel, cause faster equilibration kinetics
between D; and Q states (Fig. 23).

PBI chromophores 25 — 27 covalent attached with either one
or two TEMPO to the imide position(s) can form high spin states
effectively (Fig. 24).5°> The fs-TA spectra of the chromophores
elucidated that, the radical can shorten the lifetime of S; state
significantly and transform the radiative transition pathway of
the S; state into nonradiative transition, for instance, I1SC
process, electron transfer or energy transfer, etc (the lifetime of
S: state is beyond the time window of fs-TA spectrometer for
the parent PBI chromophore, Fig. 25). Therefore, the derivatives
containing the free radicals may show formation of triplet state
in the fs-TA spectrum (the formation of triplet state was not
observed for the unsubstituted PBI). The global analysis of the
fs-TA spectra gives the time constants of the excited state
deactivation of the compounds, fast ISC rate kisc (the time
constant of ISC is 1, in Fig. 25) of PBI derivatives indicate the ISC
dominate the deactivation of the S; state, the quantum yield of
the triplet state is increased from almost zero to over 50% in
toluene. Compound 26 has four times slower formation of
triplet state as compared with 25 (zisc of 26 is 110 ps, 7isc of 25
is 27 ps, Fig. 25). The evaluate about the possibility of the
electron transfer and energy transfer indicated that, electron
transfer in these systems is possible although no signals of
anions and cations were observed in the transient absorption
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Fig. 26 Comparation of the TREPR spectra of compounds (a) 26 and 27, (b) 25 and 26 in
frozen toluene solution at 80 K. Reproduced with permission from ref. 55. Copyright
2022 Royal Society of Chemistry.
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spectrum, it is due to the rapid charge recombination to the
chromophore triplet state. For compound 25 competing
Forster-type energy transfer and ISC co-exist. After connecting
the second TEMPO (compound 27), the kisc can be further
accelerated (1.2 x 1010s71),

The charge recombination facilitates triplet state generation
can also be demonstrated by TREPR spectral experiments, PBI-
TEMPO systems show anomalous ESP pattern (a, €, e, g, a, e),
indicating that it is not caused by normal SOC effect (Fig. 26).
Compounds 25 and 26 belong to strong coupling systems,
TREPE spectra demonstrate the pure Q state multiplet
polarization at outer wings corresponding to the transition |+
1/2) <> |£ 3/2), with an overpopulation of ms = |+ 1/2) (Fig. 26).
The TREPR spectra of 27 shows small difference with 26 on the
relative intensity of the signal, that maybe caused by a small
number of quintet formation with the spin exchange interaction
of PBI and two radicals. In addition, the transient nutation
frequency experiment also confirm the quintet state formation.

In the REISC system, the S; state is usually deactivated by
competitive electron transfer or energy transfer processes. In
order to enhance the efficiency of REISC, reducing the
relaxation of the S; state by other pathways should be
considered. Adjust redox potential will affect the Gibbs free
energy of electron transfer, appropriate modifications can
affect the absorption wavelength to weaken the overlap
between the luminescence spectrum of energy donor and the
absorption spectrum of energy acceptor, thereby weakening
energy transfer. For the modification of PBI, attachment of the
free radicals at the core position rather than the imide position
can make the transition dipole moment of free radicals
perpendicular to the chromophore, which is benefits to limit the
energy transfer process.

Fig. 27 Molecular structures of the Bodipy-TEMPO derivatives 28, 29 and 30.

J. Name., 2013, 00, 1-3 | 11



Organic& Biomolecular Chemistry
a ms b — experiment ms C — experimental ms
_._ +3/2 — simulation _._ +3/2 — simulation _'_ +3/2
@ +1/2 @ +1/2 @ +1/2
@ -1/2 @ -1/2 0 -1/2
@ -3/2 @ -3/2 ey @ -3/2
— experiment
— lati
: : — | e +12 L : : — e +12 L, . : — @ +1/2
280 320 360 400 280 320 360 400 280 320 360 400
@ -1/2 @ -1/2 @ -1/2
By / mT / By / mT / By / mT /

Fig. 28 TREPR spectra of the Bodipy-TEMPO derivatives (a) 28, (b) 29 and (c) 30 together with numerical simulations of the data. The relative populations of the D; and Q sublevels

are indicated by the shade of color. Reproduced with permission from ref. 56. Copyright

Along this line, a series of Bodipy—nitroxide dyads 28-30
were synthesized by attaching TEMPO radical to meso position
of Bodipy (Fig. 27),56 TD-DFT calculations demonstrate that the
transition dipole moments of 28, 29 and 30 are oriented along
the N-N direction of Bodipy, which is perpendicular to the
chromophore—radical bonding axis, such molecular design idea
can block energy transfer effectively. Studies of these
compounds have shown that different separation distances and
relative orientations of radical and chromophore represent
different REISC performance. The singlet oxygen quantum yield
of 29 is the highest in these three compounds (@x = 23%),
because the REISC is mediated by dipolar interaction between
chromophore and radical, which is dependent on the distance
between the two units. The longest distance of separation is
achieved by using two phenyl rings in 30, which shows negligible
REISC (@a = 2%). Compound 28 have moderate REISC quantum
yield (@A = 12%). The TREPR spectra of these three compounds
all show the mixture of multiplet polarization and net
polarization of Q state (Fig. 28), the difference is the net
polarization of [+ 1/2) <> |- 1/2) for 28 is opposite with the other
two compound. There is no simple correlation between the
polarization intensity of the Q state and the REISC efficiency (29
show the most efficient REISC, but the TREPR signal is the
weakest), means a higher REISC efficiency cannot guarantee the
generation of more polarized Q states. The magnitude of the
exchange coupling interaction (Jtr) will affect doublet—quartet
mixing mechanisms, this makes the mechanism of high spin
states obtained by REISC system complex.

Reversed Quartet Mechanism
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Fig. 29 The RQM mechanism with (a) antiferromagnetic couplingJ;z < 0 and (b)
ferromagnetic coupling Jcg > 0. Spin-selective transitions between D; and Q states result
in non-Boltzmann population, leading to emissive or enhanced absorptive ESP.
Reproduced with permission from ref. 67. Copyright 2021 Royal Society of Chemistry.
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It is generally believed that in the RQM mechanism, the sign
of ESP of the ground state can be regulated by changing the sign
of spin exchange interaction between chromophore and free
radical, Jer (that is, variation between ferromagnetism and
antiferromagnetism character). If the decay rate of the D; state
to Do state is faster than that of T; spin relaxation of the
appended radical in the Dg state, the ESP will transfer from the
excited state to the Dg state of radical. In the antiferromagnetic
system (Jcr < 0), the Q state is higher in energy than D; state,
the ZFS mixing of Q and D; state will result the overpopulated
of Ms = +1/2 sublevel, and emissive ESP will be observed. On
the contrary, in the ferromagnetic coupling system (Jcr > 0), the
overpopulated of Ms = —1/2 sublevel will cause an enhanced
absorptive ESP (Fig. 29).7 However, a series of studies have
shown that the ESP is affected not only by changing the sign of
Jer, but also by structure—property relationships.

REISC system utilize the ligand to ligand electron transfer
(LL'CT) state as a precursor is easier to regulate because this
state is more sensitive to the environment (e.g., solvent media)
and it is easy to control spin polarization. Est et al. reported a
series of nitronyl nitroxide (NN) radical-elaborated donor
(catecholate, CAT)-acceptor (4,4'-di-tert-butyl-2,2'-bipyridine,
bpy) complexes 31 and 32 with different metal center, ligand
(CAT)-to-ligand  (bpy) charge transfer (LL'CT) upon
photoexcitation will occur in these molecules (Fig. 30).6>67 The
control molecule lacks the electron acceptor ligand NN, there is
no LL'CT property and no ESP signal is observed, indicating that
LL'CT is indispensable in this ESP mechanism. 31 and 32 have
the same molecular framework, except for metal atoms, but
lead to completely different ESP behaviors. An enhanced
absorption ESP is observed in the Dg state of 32, while a very
31 (Fig. 31). This
phenomenon can be explained by different mixing mechanisms
in 31 and 32, the chromophore-radical exchange (Jsa-nn) is
antiferromagnetic,

weak emission ESP is observed for

Fig. 30 Molecular structures of the NN radical-CAT-bpy complexes 31 and 32.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 31 TREPR spectra of complexes 31 (blue lines) and 32 (red lines) at 20K, Aex=532 nm.
The dashed black line is the integrated and normalized steady state EPR spectrum of 32
for comparison. Reproduced with permission from ref. 65. Copyright 2021 American
Chemical Society.
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Fig. 32 The RQM mechanism of complexes 31 (A mechanism: D; and Q states mixed by
Jsa-nn modulation gives the emissive ESP of Dy state) and 32 (B mechanism : spin—orbit-
coupling mix the D; and the NN-based quartet state, *NN, gives the absorptive ESP of Doy
state. Reproduced with permission from ref. 65. Copyright 2021 American Chemical
Society.

that means the energy level of D; state being lower than the Q
state (Fig. 32), the RQM mechanism caused the thermal
population of the Q state and ZFS-induced mixing of the D; and
Q states, the Ms =+1/2 sublevel will be overpopulated, this
produces an emissive ESP in the excited states. Since D; to the
ground state is spin allowed, a fast decay of D; — Do will retain
the ESP to ground state (mechanism A). The mechanism A can
explain the TREPR spectral result of 31. The differences
between 31 and 32 lie in the magnitude of their metal ion SOC
constant (3pt ~ 4508 cm™! for Pt, 8pq & 1504 cm™! for Pd), the
stronger SOC effect in 32 leads to the strong mixing of D; and
4NN/2NN states (theoretical calculation indicated that the D;

©
t-Bu 0
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N
z N/ o |
I (]
t-Bu X tBu 33

Fig. 33 Molecular structure of the Pt(ll) complexes 33.
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Fig. 34 (a) Steady state EPR spectra of the ground states and (b) TREPR spectra of 32 (blue
lines) and 33 (red lines), Aex = 532 nm at X-band. Reproduced with permission from ref.
67. Copyright 2021 Royal Society of Chemistry.
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and “NN/2NN states are close to each other, Fig. 32), these
conditions allow the appearance of strong absorptive ESP in the
Do ground state (mechanism B). This example confirms that
different metal with different SOC effect, leading to different
ESP on both the sign and amplitude in the Dg states following
photoexcitation.

In addition to the influence of the central the
conformation between the radical and the chromophore also
affects ESP. A single methyl substituent on the meta-phenylene
bridge results in increased bridge bond torsion in the molecular
structure of compound 33 (Fig. 33), the torsion result in twisted
conjugated structures which will reduce the Jsq-nn (Jsa-nn = 2Jcr),
further results in AEp1/a(33) < AEp1/a(32).5567 In the TREPR
spectra, the ground state ESP signals of the 32 and 33 were
observed (Fig. 34), different from the traditional results of
predicting ESP symbols based on the sign of Jcr value, different
ESP signals are observed, although both compounds are
antiferromagnetic coupling systems. TREPR spectra indicate the
emissive ESP in the 33 and enhanced absorptive ESP in the
recovered ground state of 32 (Fig. 34). The author estimated the
AEpi1/q (32) is 48 cm™ and that for 33 is 6 cm™, respectively.
Although Pt atom has a larger SOC constant, the smaller AEp1/q
in 33 translates the mechanism into mechanism A (Fig. 35), that
is, ZFS promotes the generation of emissive ESP under the
conformation limitation of methyl groups.

The methyl group on the bridge can regulate the torsion
thus affect the
strength of electron coupling interaction (compounds 34 —38,
Fig. 36).92 Compound 34 has tetramethylphenyl as bridge
between Pt centre and NN radical , the large torsion angle
dramatically reduce Jsq-nn in the excited LL'CT state, resulted in
a small AEpy1/q that benefit for greater mixing of the D; and Q
states (Fig. 37). Unlike the control molecule 38 shows
ferromagnetic exchange between the NN and SQ radicals.
Under the RQM mechanism, the Q-state energy of these two
compounds is slightly lower than that of D, state, the ZFS mixing
effect will generate the absorptive ESP signal of the excited
state, the strong mixing of D; and Q states promotes the non-
radiative relaxation of D; state to the ground state, and the spin
polarization generated in the excited state is more effectively
transferred to the ground state of 34 (Do state). Therefore, the
TREPR spectrum of 34 show a stronger absorption signal as

metal,

angle between chromophores and radical,

J. Name., 2013, 00, 1-3 | 13
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mechanism : spin—orbit-coupling mix the D; and the NN-based quartet state, *NN, gives the absorptive ESP of D, state. Reproduced with permission from ref. 67. Copyright 2021

Royal Society of Chemistry.

compared with 38 (Fig. 38). This is an example of regulating ESP
by limiting the torsion angle between radical and chromophore
through the steric hindrance effect of methyl groups on the
linker, further demonstrating the importance of molecular
structure to construct the ground state qubits.

It should be pointed out that molecules with Pt(Il) coordinate
framework usually show efficient ISC and the compounds have
been used as triplet PSs.959 Attaching of radical unit to the
transition metal complex molecular structure may shorten the
triplet state lifetime.?7.8 The ESP of chromophore-radical dyads
containing flexible linker has been studied for a long time.100,101
Yanai et al. introduced a flexible linker in the hybrid systems
39-42 of porphyrin and TEMPO to achieve efficient and
persistent ESP.?° The structural flexibility of the linker altered
the interaction between the radical and triplet states,
promoting the ESP by bringing the free radical and the triplet
state closer while avoiding rapid relaxation due to strong
interaction (Fig. 39). The results showed that the ESP of the
triplet state of this hybrid system exceed that of the unlinked
system, with ESP duration exceeding 10 ps.

To compare the impact of free radicals on singlet state
quenching, the authors investigated the non-radiative

transition rate kn, the knr values of the hybrid system were
significantly larger than those of the unlinked system.
Interestingly, the k, values for the dyads (41 and 42) containing
longer linkers were slightly larger compared to those with
shorter linkers (39 and 40).
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. O.
BY 34 35
?e 'e o
®
Sve iR G 5
N N
| | )
O. O. °
36 37 38

Fig. 36 Molecular structures of NN radical-CAT-bpy complexes with different torsion
angle.
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Fig. 38 (a) Steady state EPR spectra of the ground states and (b) TREPR spectra of 34
(black lines), 35 (red lines), 36 (orange lines), 37 (blue lines) and 38 (green lines), Aex =
532 nm at X-band. Reproduced with permission from ref. 92. Copyright 2022 American
Chemical Society.
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Fig. 40 (a) Steady state EPR spectrum and (b) TREPR spectra of 41 (black line: 0-1 ps, red
line: 3-4 ps), (c) time-evolution of the EPR signal at 321.8 mT of 41 (red line) and 39 (pink
line), and unlinked mixture of H,TPP and TEMPO (black line) in toluene, (d) time-
evolution of the EPR signal at 321.8 mT of 42 (dark purple line) and 40 (light purple line),
and unlinked mixture of ZnTPP and TEMPO (black line) in toluene. Reproduced with
permission from ref. 99. Copyright 2023 American Chemical Society.

The authors investigated the polarization mechanism of the
system through TREPR spectral studies (Fig. 40). Emission
signals were observed for unlinked mixture of H,TPP and
TEMPO, while absorption signals were observed for the mixture
of ZnTPP and TEMPO, reflecting different possible ESP
mechanisms. For the emission ESP signal, the authors proposed
a mechanism of RTPM or related RQPM, as the free radical
decay in the system reached several tens of microseconds (Fig.
40). The emissive TREPR signal could be attributed to the
hyperpolarized nitroxide free radical, with the duration of the

This journal is © The Royal Society of Chemistry 20xx

emission signal exceeding the spin-lattice relaxation time (<1
us).192 Due to the chromophore and free radical being
connected by a relatively long, flexible linker, this flexibility
would allow diffusion, leading to intramolecular RTPM. In the
hybrid system, the distance between porphyrin and TEMPO is
minimized in the folded form. As a result, quartet and doublet
states are formed due to the strong exchange interaction, as
opposed to the Zeeman effect observed in the folded form. On
the other hand, in the extended form, the distances between
39/40 and 41/42 are respectively 12 and 14 A, which weakens
the interaction and leads to the formation of triplet and doublet
states.

The absorptive signal decayed within 1 ps, close to the spin-
lattice relaxation time of the Do state of the nitroxide free
radical, indicating the occurrence of ESPT. It was found that the
excited triplet state of ZnTPP has positive polarization. The
absorption signals in the ZnTPP hybrid systems (40 and 42) may
be attributed to ESPT. However, since the triplet state of H,TPP
is known to have negative polarization, another possible reason
for the absorption signal generation is the RTPM from the
singlet excited state S; of the porphyrin to the radical unit. The
excited state then rapidly relaxes to the D; state due to
enhanced ISC. ESP arises from the mixing of the doublet state
Di and quartet state Q; during the separation process.

In this hybrid system, linking of a radical unit to a
chromophore shortens the fluorescence lifetime, suggesting
that the singlet state might be quenched by the radical, leading
to absorptive ESP signals based on the RTPM with singlet
excited state. They discovered that longer linkers can quench
the dye's excited state with radicals more effectively while still
maintaining a longer triplet state lifetime. Therefore, by
introducing a flexible linker, both efficient and persistent ESP
maybe achieved simultaneously.

4. Molecular design strategy of REISC systems as
triplet photosensitizers

J. Name., 2013, 00, 1-3 | 15
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In REISC systems, the relaxation of D; state to the ground state
(D1 — Do) is spin-allowed transition, thereby shortening the
lifetime of the excited states of the chromophore (triplet spin
multiplicity). The radicals can promote the generation of triple
states based on REISC, but they also shorten the lifetime of
triplet excited states of the chromophore. The stronger the
interaction between radical and chromophore, the higher the
ISC efficiency, but the triplet state lifetime of the chromophore
will be shortened. Increasing the distance between radical and
chromophore can prolong the triplet state lifetime, but the ISC
efficiency will be sacrificed. Thus, long triplet state lifetime and
high ISC efficiency of the REISC system cannot be achieved
simultaneously. There is still much room for the molecular
design of triplet state photosensitizers based on REISC, it is
important to tune the electron exchange interaction magnitude
to realize long triplet state lifetimes and high triplet state
quantum vyields at same time. A possible answer for this
problem is to use flexible chains to connect the radical and the
chromophore to have multiple conformations and makes the
intermolecular contact of the radical and chromophore to be in
transient character, thus making it possible to achieve.

In view of this rationale, we used flexible chains to connect
TEMPO radicals with Bodipy chromophore and investigated the
effect of this flexible linkage on the triplet state properties in
detail (43 and 44, Fig. 41).7° Bodipy is one of the mostly studied
chromophores, due to the desired photophysical property, such

as significant visible light absorption and high fluorescence yield,

as well as the feasible derivatization. Its potential application in
design of triplet PSs has not been fully explored. The
photophysical properties of 43 and 44 were investigated using
steady-state and time-resolved transient optical spectroscopy.
Spin interactions between the chromophore and radicals
resulted in significant quenching of the fluorescence of Bodipy,
this interaction also produced D and Q states. Spin-polarized
TEMPO signals generated by the RTPM mechanism were
observed in the TREPR spectra of 43 and 44 (Fig. 42). The
enhanced absorption spin polarization caused by the free
radical-induced S; — T; process was observed at delay time of
0.3 ps, the Bodipy moiety reaches a singlet excited state upon
photoexcitation and forms a doublet state by interacting with
free radicals. Due to the electron spin exchange, the free radical
induces the intersystem crossing to form a triplet state, and the
whole spin states of the molecule are D; state and Q state (Fig.
42). When the electron exchange energy (J value) of this system
is negative, the quartet energy level of the whole system is
higher than the doublet energy level, and the D, — D; process
will lead to the excess distribution of D, state. After the

Fig. 41 Molecular structures of Bodipy-TEMPO dyads 43 and 44 containing flexible linkers.
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Fig. 42 (a) TREPR spectra of 43 in toluene at different delay times of 0.3 ps (red, top) and
2 ps (black, medium) at 185 K. The bottom spectrum in (a) is the steady state EPR
spectrum (g = 2.0063). (b) Decay curve taken at 3309 G (M in graph (a)) and fit by using
biexponential functions based on the RTPM mechanism (red dashed line). (c) Simplified
mechanism of REISC generate D; and Q states of 43. Reproduced with permission from
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ref. 70. Copyright 2017 American Chemical Society.

mixing of D; and Q states, it will lead to a spin polarization of
these two states. That is, the RTPM mechanism with the doublet
D1 as the precursor. At delay time of 2.0 pus, the emissive spin
polarization was observed, which is caused by D;— Dg process
(g = 2.0064, ay = 15.8 = 0.1 G), the splitting character is
consistent with the steady state EPR spectrum of 43 (g = 2.0063,

= 15.7540.05 G). This e spin polarization is caused by the
radical-induced D; — Dg process, as shown in Fig.42. Due to the
negative electron exchange energy of the system, the rapid
deactivation of Q — Do makes the quartet state get more
population. After the mixing of D1 and Q states, it will lead to
the e spin polarization of these two states. The e spin
polarization of the ground state TEMPO radical is produced by
the intermolecular RTPM mechanism or the radical quartet
state pair mechanism (RQPM).

CsHqs C7Hys
(= B <~ S N-N
/ \
45 46 47 48

Fig. 43 Molecular structures of Bodipy-TEMPO dyads 46—48 containing flexible linker and
reference compound 45.
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Fig. 44 Ground state geometries of chromophores 46—48 obtained by DFT calculation.
Reproduced with permission from ref. 103. Copyright 2020 AIP Publishing.

The results of ns-TA spectra indicate that a high triplet state
quantum yield of @r =80% and an exceptionally long tr=62 ps
were achieved for 43 with the shorter flexible linker, due to a
suitable spin-spin interaction magnitude between the
chromophore and the radical. 44 containing a longer linker
chain gives a lower ISC efficiency (@r = 14%), but a longer triplet
state lifetime (190 ps). Therefore, it is critical to tune the
molecular structure to attain decant triplet-state quantum yield
and the triplet state lifetime simultaneously. Our group first
proposed the concept of using a flexible linker with appropriate
length may become one method to design the molecular
structure of triplet PSs based on REISC mechanism, which is
important for the design of novel triplet PSs.

Although the above studies suggest that the distance
between the radical and the chromophore may affect the
efficiency of REISC, many other possible structural factors, for
example conjugation length, radical type/number, electronic
coupling, and geometrical influences, have not yet been taken
into account. Lian et al. reported several analogous Bodipy-
TEMPO derivatives 45-48, in which TEMPO radicals were
introduced into Bodipy chromophores through different lengths
of the alkyl chain and different substitution positions (Fig.
43),103 the authors studied the effect of the topology of the
photosensitizer, i.e., the distance and the substitution position,
on the promotion of the REISC efficiency.

The fluorescence quantum yield (@x) of 45 is 99%, however,
the fluorescence of the Bodipy-TEMPO was significantly
quenched (@x 15%—19%) despite the long through-bond
distance of 13 A between Bodipy and TEMPO.103 The triplet
signals were observed in the fs- and ns-TA spectra of 46, 47, and
48, suggesting that the free radicals indeed promote the ISC
process. Interestingly, dyad 46 has the shortest through-bond
distance, and it shows the fastest ISC rate (t;sc = 1.4 ns), but the
longest triplet excited state lifetime (tr = 32 ps). To explain this
anomalous phenomenon, the ground states spatial
configurations of the dyads 45—48 were calculated by DFT (Fig.
44), and it was found that the shorter spatial distances of 3.59
A and 2.48 A, as result of folded geometry, it is probably
responsible for the shorter triplet lifetimes of 47 and 48,
respectively. These results infer the geometry of the radical-

This journal is © The Royal Society of Chemistry 20xx
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Fig. 45 Molecular structures of Bodipy dimer-TEMPO compounds 49 (the expected
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molecular structure), 51 (experimentally isolated major product) and 52 and reference
compound 50.

Fig. 46 ORTEP views of the molecular structures determined by single-crystal X-ray
diffraction of (a) 51 and (b) 50 (thermal ellipsoids drawn at the 30 % probability level).
Reproduced with permission from ref. 104. Copyright 2018 Wiley-VCH.

chromophore also has a substantial effect on the ISC rate and
triplet state yield, which is useful for designing the structure of
PSs based on REISC mechanism.

We also achieved the regulation of triplet state by attaching
a stable free radical to Bodipy dimers which show REISC
mechanism (Fig. 45).194 By incorporating two Bodipy units in the
molecular structure, excited dimer is resulted upon
photoexcitation, further altering the triplet excited state
properties of Bodipy. Based on the previous studies on
derivatization of the Bodipy, the reaction of meso-chloro-
Bodipy with NH,-TEMPO should directly introduce the TEMPO
at the 8-position (49, Fig. 45), however, the isolated major
product do not show the expected structure. Further analysis
through 'H NMR and single crystal X-ray diffraction (Fig. 46)
revealed that under basic reaction conditions, a carbanion
rearrangement occurred on the Bodipy aromatic ring, leading to
the connection of the amino group to the 3- or 5-position
methyl of Bodipy, rather than the structure expected

J. Name., 2013, 00, 1-3 | 17
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Fig. 47 (a) UV/Vis absorption spectra and normalized fluorescence emission spectra of
50, 51, and 52, A, = 460 nm in toluene. (b) The ns-TA difference spectra of 51 and 52 in
deaerated toluene. A, = 355 nm, (c) decay trance of triplet state of 51 and 52.
Reproduced with permission from ref. 104. Copyright 2018 Wiley-VCH.

according to the previously reported derivatization chemistry of
Bodipy (compound 49).105,106

In the steady-state UV/Vis absorption spectra (Fig. 47),
compounds 50 and 51 both exhibit pronounced absorption
bands centred at 514 nm, with two additional shoulders at 473
and 492 nm, which are different from the typical Bodipy
chromophore absorption profile, indicates significant ground-
state interactions between the Bodipy units in both 50 and 51.
It should be noted that the absorption profiles of 50 and 51
differ from those typical absorption character caused by exciton
coupling, J- or H-aggregation in Bodipy chromophores, and they
are also different from ground-state interactions seen in Bodipy
dimers with co-facial geometries.197.108 The unique UV/Vis
spectra of 50 and 51 underscore the importance of the relative
arrangement of the Bodipy units. Unlike C—C bonded Bodipy
pairs at the 3,3'-positions, which show exciton coupling effects

with split absorption bands,’® 50 and 51 exhibit a novel
absorption profile that was not observed in previous Bodipy
derivatives, highlighting their specific intramolecular
interaction.

The ns-TA spectrum of 52 is consistent with that of the
conventional Bodipy (Fig. 47b), The triplet excited state
absorption bands are centred at both 425 nm and 630 nm (T;
— Tn), the ground state bleaching (GSB) band is centred at 500
nm, the triplet state lifetime is 27 ps. The ns-TA spectra of 51
exhibit different triplet excited state properties compared to
the monomeric 52. Firstly, the GSB band shape of 51 differs
from the steady-state absorption spectrum (three absorption
peaks between 477 nm to 514 nm), a noticeable splitting
appears in the ns-TA spectra with the disappearance of the GSB
peak at 492 nm, this indicates the possibility of strong excited
state absorption at 500 nm. Despite of the structural similarity
between 51 and 52, it can be inferred that, there is an
interaction between the triplet state and the ground state in 51,
formation of a triplet excited dimer complex is likely.
Additionally, the lifetime of triplet excited dimer complex is
significantly shorter than that of the monomer, reflecting the
intramolecular interaction between the two Bodipy groups. We
used these Bodipy derivatives containing free radicals to TTA-
UC, the strong upconversion luminescence was observed, with
an upconversion quantum yield of 4.7%. This concept paved a
new way for developing novel heavy atom-free triplet PSs to be
used in TTA-UC, etc.

For the application of triplet PS in PDT, TTA-UC, and related
areas, photosensitizers showing long wavelength absorption
are desired. Thus, we designed a novel naphthalenediimide
(NDI)-2,2,6,6-tetramethylpiperidinyloxy (TEMPO) dyad
(compound 53) with the absorption maximum at 606 nm,’! the
strong absorption of long wavelength is due to the amino
substitution on the NDI chromophore (Fig. 48). With a TEMPO
radical attached on the NDI chromophore, compound 53 may
show the REISC ability to generate triplet state upon
photoexcitation. The triplet state lifetime of the compound was
determined as 8.7 ps. To determine the ISC rate constant, the
fs-TA spectra of the compound was measured. The compound
53 exhibits a strong GSB band at 612 nm and significant positive
absorption peaks between 400 nm — 590 nm (Fig. 49). With
increasing of the delay time, the positive absorption peak at 570
nm evolved into a negative peak, thereby this peak is
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Fig. 48 Molecular structure of NDI-TEMPO dyad 53 and (a) UV/Vis absorption spectra of the compound 53 and reference compound, (b) fluorescence spectra of 53 is quenched

compared with the reference compound NDI. Reproduced with permission from ref. 71. Copyright 2018 Wiley-VCH.
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Because of the high triplet state quantum yield ( @r = 74%) of
53, we used this novel triplet PS for TTA UC, the upconversion
quantum vyield was 2.6%. Since 53 has red-light region
absorption (Amax = 606 nm), efficient ISC ability and moderation
triplet state lifetime (t, = 8.7 us), we also applied it for PDT (Fig.
51), when Hela cells were incubated with different
concentrations of 53 lipids for about 24 hours, the 53 lipids
showed good phototoxicity after 14.4 J/cm?2 of 620 nm light
irradiation. The EC50 (the concentration of photosensitiser that
causes half the cells to die) was 3.22 uM (Fig. 51).

Perylenediimide (PBI) chromophore is one of the mostly
investigated for its exceptional photophysical properties,
include high photostability, high fluorescence quantum yield
(close to 100%). However, it lacks the ISC ability to generate
triplet state upon photoexcitation, therefore the study on PBI
triplet state is limited. It was found that heavy atom effect
cannot effectively promote the ISC of some PBI derivatives.110
From the perspective of constructing triplet photosensitizer, we
synthesized compound 54 which generates triplet state
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Fig. 50 (a) Steady state EPR spectrum of compound 53 in toluene at room temprature.
(b—g) TREPR spectra of compound 53 in different delay times, and time evolution of EPR
signals recorded at (h) * point and (i) e point in b—g. Reproduced with permission from
ref. 71. Copyright 2018 Wiley-VCH.

attributed to the S; — S, absorption band. A positive absorption
peak appears at 700 nm at longer delay time, which is attributed
to the T;—T, absorption peak (which coincides with the peak
position and shape in the ns-TA spectra). By fitting the kinetic
decay at 708 nm, the ISC time constant of 53 was determined
to be 338 ps (Fig. 49). The steady-state EPR spectrum of 53
exhibits three absorption peaks, which are characteristic signals
of the TEMPO (Fig. 50). The TREPR spectrum of 53 was consisted
of a broad peak and a set of three sharp peaks, the positions of
these three sharp peaks are consistent with the signals of the
TEMPO in the steady-state EPR spectrum, thus these bands are
attributed to the spin-polarized ground state (Dy). Since the g
value and the N hyperfine coupling constant (an) value of the
broad peak are larger than those of the Dy state, thus the broad,
structureless band is attributed to the excited state quartet Q
(the broad peak represents the characteristic shape of the
quartet state). The kinetic decay traces show that the spin
polarization of both the Do state and the Q state change from
emission-type (e) polarized signals to absorption-type (a)
polarized signals (Fig. 50).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 51 (a) The structure and (b) TEM images of the 53-liposome. (c) Particle size
distribution measured by DLS. (d) Comparison of the cell viability of Hela cells pretreated
with increasing doses of 53-liposome with and without light irradiation. Reproduced
with permission from ref. 71. Copyright 2018 Wiley-VCH.
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Fig. 52 Molecular structures of PBI-TEMPO compound 54 and reference compound 55.
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Fig. 53 (a) TREPR spectra of compound 54 recorded at X-band in toluene at room
temperature, (b) decay trace of ground state (D, state at 339.6 mT) and Q state (341.8
mT) at different laser power of 2 mJ and 10 mJ. (c) TREPR spectra recorded at delay time
of 200 ns after laser flash (yellow line is model emission spectrum with g = 2.0039 and
ag =0.5mT) and (d) for 2150, 2500 and 3200 ns after laser flash (g = 2.0031 and a,= 0.5
mT). Reproduced with permission from ref. 110. Copyright 2021 Wiley-VCH.

through REISC mechanism, 4-amino-TEMPO was introduced to
the bay position of PBI (Fig. 52).110 The heavy atom effect is
usually ineffective for PBI, and the ISC of 54 are more efficient
than the control molecule with bromine atom substitution
(compound 55). For example, a new absorption band (607 nm,
£=27000 M1 cm™1) was observed for 54 at the long wavelength
because of the attached amino group, compound 54 have a
higher singlet oxygen quantum yield (@a = 32%, The @a of 55 is
only 18%) and the longer triplet lifetime (zr = 1.5 us, zr of 55 is
only 0.5 ps). We also studied the electron spin selectivity by
TREPR spectra (Fig. 53), compound 54 is a strong exchange
interaction system with the short linker, the TREPR spectra were
record at X-band, the polarized Q excited state and Do state
were observed (Fig. 53). The emission polarized signals at the
initial time were transformed into enhanced absorption signals
at longer delay time. The signal from the Q state show faster
evolution than that from Do state, increasing the microwave
frequency can increase the ESP inversion rate. The D; and Q
states of 54 are mixed through ZFS effect, and electrons
undergo a spin-selective transition of D1 — Q, and electrons
preferentially populate on higher sub-levels (ms = +3/2 and m;s
=+1/2) of both states, thus generating the emission signal of Q
state. At the same time, the spin-lattice relaxation makes the
electrons populate on the lower sub-level (ms = —3/2 and ms =
—1/2), resulting in the enhanced absorption signal of the Q state
at longer delay time (Fig. 54). The population of D; states is
induced by the difference of exchange interactions between
D,—D1 (/1) and D1—Dog (J2), the REISC of compound 54 is explained
by AJ-mechanism (AJ = J; — J;).1117113 We proposed that this
molecular structure motif may become a general method for
design of heavy atom-free triplet PSs.
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Fig. 54 ISC and polarization evolution mechanism of compound 54 at (a) early time
populations and kinetics resulting in emissive polarization from D; and Q states followed
by (b) enhanced absorption at later delay times. Reproduced with permission from ref.
110. Copyright 2021 Wiley-VCH.

5. Application of the triplet PSs based on REISC
mechanism

There are already examples where REISC systems have been
used as triplet PSs in in-vivo PDT studies. Song et al. prepared
cyanine-TEMPO dyad as triplet PS and the application in PDT is
promising (Fig. 55),72 in which the TEMPO is attached at the
meso-position of 56, and the introduction of the radical resulted
in a compound 57 showing an absorption peak at 660 nm and a
fluorescence peak around 750 nm, with a large Stokes shift (100
nm). The reason is the intramolecular charge transfer process in
the excited state between the 4-amino-TEMPO and dye
56,114.115 the introduction of TEMPO resulted in a significant
increase in the singlet oxygen quantum yield of 56 from 0.6% to
20%. The ns-TA spectra study indicated a triplet state
absorption of 57 at around 790 nm and a triplet state lifetime
of about 9.16 us. Before treatment with 100 % ICR mouse serum,
57 has a strong chemical stability, in addition, the dye has a low
dark toxicity (IC50 value of 14.2 uM, Fig. 56).

Xu et al. utilized a similar approach by introducing TEMPO
radical into the hemicyanine molecular structures (HCMDs) to
prepare several radical-induced ISC-based photosensitizers, and
investigated the photophysical processes of these
photosensitizers as well as their applications in PDT in detail (Fig.
57).116 The absorption and fluorescence spectra of 58 did not
change significantly with introduction of TEMPO radical in the
molecular structure, which were around 720 nm and 740 nm,
respectively. Compared with control compound that has no
TEMPO radical within the molecular structure (@,=1.56%), the
singlet oxygen quantum vyields of 58 increased more than
20—fold (@a = 32.3%), and the triplet state lifetime of 58 is 1.32
us, which was very favourable for the PDT (Fig. 57).

Fig. 55 Molecular structures of heptamethine cyanine 56 and compound 57 with TEMPO
linked at the median position.

This journal is © The Royal Society of Chemistry 20xx
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The TREPR spectra of 58 at room temperature showed a clear
emission signal (e polarization) with three hyperfine lines
centred at g = 2.0060, which corresponds to the polarized
TEMPO with hyperfine coupling constant any = 1.65 mT.117 The
application of 58 in PDT showed that the compound has good
cell permeability and is localized on mitochondria. Under the
irradiation of 700 nm light, 58 could generate a large amount of
ROS, disrupting the mitochondrial membrane potential and
inducing apoptosis. Through the wrapping of PEG-SS-PCL
micelles, 58 could be effectively delivered to tumours and
inhibit tumour growth after PDT treatment (Fig. 58).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 58 (a) The vivo fluorescent imaging of 4T1 tumour bearing mice after the injection
of 58 @PEG-SS-PCL nanoparticle at different time; (b) fluorescent imaging of different
organs after 36 h intravenous injection of 58@PEG-SS-PCL nanoparticle; (c) photo of
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form each group. Scale bar: 100 um (colour online). Reproduced with permission from
ref. 116. Copyright 2021 Springer.

Yang et al. reported a stable m-radical dye 59 with near-
infrared absorption (Fig. 59),118 the compound can be used as a
photosensitizer for TTA-UC, with appropriate acceptor, such as
rubrene or perylene. Higher efficiency and larger anti-Stokes
shift are widely pursued in study of TTA-UC system, NIR
photosensitizers will increase the anti-Stokes shift to a certain
extent, but it will also reduce the triplet state energy level and
enhance the non-radiative transition of T; state, which is
detrimental to TTA-UC. The strong electron-donating ability of
TPA promote the formation of stable CS state, the CS absorption
band was observed and extends absorption into the near
infrared region (760 nm, Do = D; transition), while maintaining
a high energy level of D; state at 1.62 eV. This is beneficial to
TTA-UC through subsequent doublet—triplet energy transfer
produces the triplet state of acceptor. Because of the small
energy gap between T; state of perylene and D; state of 59 (0.09
eV), reverse energy transfer from acceptors to 59 is possible (or
inevitable), which may lead to decreased TTA-UC efficiency. This
process of competition can be demonstrated by the delayed
luminescence (tpr = 207 ps) of 59, exactly two times of
upconversion delays fluorescence lifetime (tuc = 99 us).
Nevertheless, the @y¢ of the 59—perylene system is still high up
to 6.8%, at the same time the TTA-UC system show large anti-
Stokes shift of 0.93 eV (Fig. 59). This work provides new ideas
for designing heavy-atom-free triplet PSs with near infrared
absorption.
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Fig. 59 (a) Molecular structure of n-radical dye 59 and (b) TTA-UC emission spectra of
59/perylene and 59/rubrene system under photoexcitation at of 733 nm, (c) time-
resolved UC emission at 470 nm of 59/perylene system and 580 nm of 59/rubrene
system, (d) photographs of TTA-UC fluorescence upon excitation with 733 nm laser. ¢[59]
= 0.05 mM, c[perylene] = 8 mM, c[rubrene] = 15 mM, in toluene. Reproduced with
permission from ref. 118. Copyright 2023 Wiley-VCH.

Recently, TEMPO radical was introduced to the molecular
structure of a hemicyanine dye through flexible chain to obtain
a REISC photosensitizer 60 (Fig. 60).8 The dye has NIR
absorption at about 668 nm, and a higher sensitization ability to
produce singlet oxygen than the dye without TEMPO radical.
The triplet state lifetime of 60 is about 1.25 ps, which is long
enough to facilitate the energy transfer between the triplet
excited state and molecular oxygen.
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Fig. 60 Molecular structure of hemicyanine-TEMPO dye 60 with flexible chain and
confocal images of 60 co-localize with (a-d) Mitotracker Green, (e-h) Lysotracker green
and (i-I) Hoechst 33342 in MCF-7 cells. Reproduced with permission from ref. 68.
Copyright 2024 Elsevier.
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The authors use MitoTracker Green (a mitochondrial tracker),
LysoTracker Green (a lysosome tracker), and Hoechst 33342 (a
nuclear tracker) to study the permeability and distribution of 60
in MCF-7 cells (Fig. 60). The results showed that the compound
60 was clearly localized outside of the nucleus and had a better
overlap with MitoTracker Green, suggesting that the 60 might
mainly act on mitochondria to produce singlet oxygen (Fig. 60).
In order to further investigate the potential application of
compound in PDT, the phototoxicity and dark toxicity to cells
were tested, Calcein-AM (AM) and propidium iodide (Pl) were
used (Fig. 61). The esterase in living cells can cut AM molecule
to release green fluorescence, whereas Pl can only permeable
to the dead cells and combine with the double-stranded DNA to
release red fluorescence. Using this method, MCF-7 cells were
incubated with 5 uM 60 at 37 °C for 30 min, and treated with
660 nm light irradiation for 10 min and dark treatment,
respectively. After further incubation and growth, the cells were
stained with AM and Pl and then imaging under LSCM. It was
found that almost no cells died under dark conditions, suggests
that the cytotoxicity of the 60 itself can be ignored. Under 660
nm light irradiation, the red channel was significantly increased
and more dominant than the green channel, indicating that
most cells died due to cytotoxicity caused by singlet oxygen
produced triplet state. It is confirmed that compound 60 has a
great application potential in PDT. In vivo studies of 4T1 tumour
bearing mice model were also studied (Fig. 62). The excitation
light 660 nm of 60 showed good tissue penetration ability in
pork tissues of different thickness. 4T1 tumour was implanted
subcutaneously into Balb/c mice and were treated with PBS,
PBS + irradiation, 60 and 60 + irradiation, respectively. Only 60
and irradiation present at the same time, tumour growth was
significantly inhibited, and there was no significant change in
body weight of the mice during the treatment. Organs from four
groups of mice were harvested and stained with hematoxylin
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Fig. 61 (a) Cytotoxicity experiment of 60 and reference compound without radical at
various concentrations irradiation for 10 min, 1., = 660 nm, (b) Cytotoxicity of 60 in the
presence or absence of 660 nm light, (c) fluorescent imaging of Calcein-AM (AM) and
Propidium iodide (PI) stained MCF-7 cells in the presence or absence of 660 nm light.
Reproduced with permission from ref. 68. Copyright 2024 Elsevier.
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Fig. 62 (a) Relative tumor volume growth with different treatments, (b) body weight of
mice in different groups during PDT process, (c) H&E stain of organ sections form PBS
group and 60 + Light group after 14 days of treatments. Reproduced with permission
from ref. 68. Copyright 2024 Elsevier.

and eosin (H&E), there are no histopathological or inflammatory
lesions in each group. It was further confirmed that 60
constructed by REISC mechanism is an ideal photodynamic
therapy reagent.

6. Conclusion and outlook

In summary, this review introduced the recent progress in free
radical enhanced intersystem crossing (REISC), the production
of high spin states (D and Q states), the mechanisms of electron
spin polarization (ESP), as well as the molecular design methods.
The applications of these novel triplet photosensitizers (PSs) in
triplet-triplet annihilation upconversion (TTA-UC),
photodynamic therapy (PDT), biological imaging are also
discussed. We highlighted the importance of time-resolved
electron paramagnetic resonance (TREPR) on study of the ESP
properties and the high spin states (D and Q states). In particular,
the potential application of REISC systems as qubits in quantum
information science are promising. From the point of view of
molecular design, there are a few methods available to control
ESP pattern already, for example, using steric hindrance effect
to restrict the conformation of radical and chromophore, or
using different connection sites change the mutual orientation,
and regulate the spin-orbit coupling of the states, etc. Although
the REISC systems have developed for decades, there are many
challenges in designing of triplet PSs based on this mechanism,
such as the quenching effect of free radicals on the excited
states of the chromophore, very often the molecules containing
radical have short triplet lifetime, which is detrimental to the
subsequent energy transfer process. Therefore, how to tune the
molecular structure to optimize the triplet quantum yield and
triplet lifetime simultaneously is still a challenge. The using of
flexible linking groups, geometry regulation, and make the
interaction in a suitable degree are the methods to address the
above challenges. The reported examples are insufficient for
deriving general rules, and it is necessary to further explore

This journal is © The Royal Society of Chemistry 20xx
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more molecular structure diversity. These studies will be useful
for designing of new heavy atom-free triplet PSs.

Abbreviations

PBI Perylenediimide

CR Charge recombination

CS Charge separation

ESP Electron spin polarization

ESPT Electron spin polarization transfer
fs-TA Femtosecond transient absorption
HFI Hyperfine coupling interaction

ISC Intersystem crossing

LE Locally excited state

LL'CT Ligand to ligand electron transfer

ns-TA Nanosecond transient absorption

PDT Photodynamic therapy

PSs Photosensitizers

REISC Radical enhanced ISC

RP-ISC Radical pair ISC

RQM Reversed quartet mechanism

RQPM Radical quartet pair mechanism

RTPM Radical-triplet pair mechanism

SOC Spin-orbital coupling

SOCMEs Spin orbit coupling matrix elements

SOCT-ISC Spin-orbital charge transfer ISC

TADF Thermally activated delayed fluorescence

TREPR Time resolved electron paramagnetic
resonance

TTA-UC Triplet-triplet annihilation up-conversion

ZFS Zero field splitting
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