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ABSTRACT

Molecular donor-acceptor (D-A) linked systems have attracted significant attention due to their potential to address D-A interactions in
excited states. In these systems, it is crucial to understand the interplay between electrons and spin behaviors, atomic nucleus movements
(including vibration, rotation, fluctuation, and transfer), and collective motion (electron-phonon coupling) over time. Through intentional
manipulation of locally excited, charge-transfer excited, and charge-separated states, along with modulation of dynamic effects (enhancement
or restraint), we expect to unlock the full potential of D-A systems for photofunctions in electronics, energy, healthcare, and functional
materials. In this perspective, we present our recent examples of D-A linked systems and related ones that address the aforementioned issues

as part of our “Dynamic Exciton” research project in Japan.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0222310

INTRODUCTION

Molecular donor-acceptor (D-A) linked systems have
attracted significant attention because of their role in addressing
D-A interactions in excited states." These systems have served as
models for understanding the factors that control photoinduced
energy transfer (EnT) and electron transfer (ET), including appli-
cations in photosynthesis, photocatalysis, and organic solar cells
(OSCs). More recently, these systems have also found applications
in thermally activated delayed fluorescence (TADF), photoredox
catalysts, and singlet fission and upconversion molecules, all
featuring a D-A linked structure. Within this context, the classical
Marcus’s ET theory has made significant contributions to the field.?
However, the impact of atomic nucleus movements on the behavior
of electrons and spins during ET reactions over time has received
less attention.

In this context, we initiated the “Dynamic Exciton” project in
Japanin 2020.°7 Initially, we redefine the term “exciton.” Originally,
a molecular exciton referred to the excited state of a molecule in

molecular crystals. However, over the past 60 years, the concept has
evolved alongside advancements in molecular science and technol-
ogy. Here, “exciton” is not only redefined as the locally excited (LE)
state in molecular D-A systems but also encompasses the charge-
transfer (CT) excited and charge-separated (CS) states. This broader
definition emphasizes the hole-electron pair interactions. Our goal
is to manipulate these three distinct states through mutual transfor-
mation in photochemistry. Another important aspect of “exciton”
is its dynamic nature. In molecular D-A systems, understand-
ing the mutual interactions between electron and spin behaviors,
atomic nucleus movements (including vibration, rotation, fluctua-
tion, and transfer), and collective motion (electron-phonon cou-
pling) over time is essential. Through deliberate manipulation of
these three states and modulation of dynamic effects (enhancement
or restraint), we anticipate fully harnessing the photofunctional
potential of D-A systems in electronics, energy, medicine/medical
care, and functional materials. Taking this perspective, we will
present recent examples of D-A linked systems and related research
addressing the mentioned issues.
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FIG. 1. Schematic representation of the adsorption structure and electron transfer
processes at the dye/TiO, interfaces. (a) Vertical orientation for conventional rod-
shaped D-n—A type dyes with a mono-anchoring group. (b) Horizontal orientation
for flat planar n-conjugated dye with multiple anchoring groups. The donor moiety
is fixed on top of the = moiety to slow down the charge recombination.

MODELS FOR PHOTOINDUCED CHARGE TRANSFER
AND SEPARATION AT HETEROINTERFACES

In recent decades, D-A heterointerfaces, comprising pho-
toactive organic molecules and inorganic nanostructures, have
drawn considerable attention due to their potential role in solar
energy conversion.”® A prime example is dye-sensitized solar
cells (DSSCs), which offer promising alternatives to conventional
photovoltaics. Their advantages include high power conversion
efficiency (PCE), low-cost production, facile fabrication, and suit-
ability for indoor use.”'’ According to the operational principles
of DSSCs, the dye-sensitized TiO, electrode (dye/TiO,) is the
most important component for high photovoltaic performance.
Advances in dye development and redox shuttles have enhanced
DSSC performance, with donor-m-acceptor (D-m-A) type dyes

PERSPECTIVE pubs.aip.org/aipl/jcp

achieving impressive PCEs.'' ™’ Typically, D-m-A type dyes exhibit
enhanced light-harvesting properties due to their push-pull elec-
tronic structure.”’ >’ Moreover, the rod-shaped structure, featuring
a single anchoring group, allows molecules to align vertically on
TiO,. This arrangement promotes rapid electron injection from
the dye excited state to TiO,, minimizing charge recombination
and leading to a high PCE [Fig. 1(a)]. Nevertheless, this approach
does not apply to flat planar dyes (such as highly light-harvesting
porphyrins and corroles) with multiple anchoring groups. These
dyes tend to orient horizontally on TiO, by binding at multi-
ple sites.”* *° Unfortunately, due to the robust electronic coupling
between the dye and TiO,, rapid charge recombination occurs
between the oxidized dye radical cation (dye™*) and an electron
in TiO, (TiO, 7). This diminishes the PCE despite efficient elec-
tron injection.” " To address this challenge, a donor moiety can
be positioned atop the planar m-conjugated dye on TiO, (form-
ing a donor-dye/TiO; structure). The triad D-D-A scheme, widely
employed by Gust, Moore, and others for decades, offers a potential
solution.”’*® If charge recombination competes with intramolecular
ET from the donor moiety to the oxidized dye, the resultant long-
lived CS state (donor ™ -dye/TiO, ~) can suppress charge recombina-
tion, enhancing the PCE in the rigid donor-dye/TiO; configuration
[Fig. 1(b)].

To demonstrate this proof of concept, Imahori and colleagues
focused on meso-triaryl-corroles. The photovoltaic performance of
the corrole-based DSSCs strongly depends on the central metal. In
fact, a gold(III) corrole dye with three meta-carboxyphenyl groups at
meso-positions (AuCor) showed the highest PCE among all metallo-
corroles studied (Fig. 2).”* Although the heavy metal effect induces
very fast intersystem crossing (~10'> s™) from the singlet excited
state to the triplet excited state, which is energetically lower than the

AuCor

TAA-AuCor

FIG. 2. Molecular structures of gold corroles AuCor and TAA-AuCor.
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FIG. 3. Relaxation pathways of corrole-sensitized TiO, films (a) AuCor/TiO, and (b) TAA-AuCor/TiO, based on the analysis of time-resolved TA measurements.
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conduction band (CB) of TiO, the electron injection occurs suffi-
ciently quickly to compete with intersystem crossing, resulting in
optimal PCE. Additionally, AuCor adopts a face-to-face horizon-
tal orientation on TiO, through the binding of its three carboxy
groups to TiO,. Therefore, AuCor was selected as a model system for
validating this concept.”” By arranging an appropriate donor moi-
ety, specifically triarylamine (TAA), atop AuCor, it is possible to
manipulate the dye™/TiO, ™ state (TAA-AuCor), thereby improv-
ing photocurrent generation and subsequent PCE. To achieve this
configuration, they tethered TAA at an ortho-position of a meso-
phenyl group at the 10-position via a triple bond (Fig. 2). The
anticipated fixed donor-dye/TiO, configuration was confirmed by
theoretical calculations using density functional theory (DFT).

To examine the ET processes at the interface, the picosec-
ond time-resolved transient absorption (TA) spectroscopic mea-
surements were carried out for the corrole-sensitized TiO, films
(AuCor/TiO; and TAA-AuCor/Ti0O;) deposited on a CaF, substrate
(Fig. 3).” The fingerprint TA signal at 5000 nm was used to track
free electrons in the CB of TiO,. Electron injection from the excited
singlet state of gold(III) corroles occurred at an extremely rapid
rate {[(5-10) + 0.1] x 10" s7'}, surpassing the intersystem crossing
[(1.0 + 0.1) x 10*? s7! for AuCor]. In the subsequent picosecond
time range (10-1000 ps), AuCor/TiO, exhibited charge recom-
bination between the CB electrons and Cor™, whereas TAA-
AuCor/TiO, showed negligible recombination within this time-
frame (Fig. 4). The extended lifetime of electrons in the CB of
TiO, for TAA-AuCor is consistent with its higher electron col-
lection efficiency. Simultaneously, the TA spectra of AuCor/TiO;
in the 400-1000 nm range displayed characteristic absorption at
450 nm and weak, broad absorption at 600-750 nm, correspond-
ing to Cor™. This absorption decayed with a time constant of
(3.0 = 0.1) x 10" s7'. In contrast, the TA spectra of TAA-
AuCor/TiO; exhibited broad absorption in the 700-800 nm range,
corresponding to TAA™. Namely, the TA spectra revealed that
intramolecular ET from the TAA moiety to Cor™ takes place with a
time constant of (2.1 +0.1) x 1012 7! upon photoexcitation of TAA-
AuCor. The intramolecular ET efficiency for TAA-AuCor/TiO; was
calculated to be 88%. The decay rates of the dye radical cation
in the picosecond-nanosecond-microsecond regions [(3.0 + 0.1)
x 10" 71, (5.3£0.1) x 10771, (9.1 £ 0.1) x 10 s~ for AuCor/TiO;
(1.9 £ 0.1) x 10" s71, (3.0 £ 0.1) x 10° s7! for TAA-AuCor/TiOs]
could be attributed to charge recombination between electrons in
the shallow trap state of TiO; and the dye radical cation, along with
heterogenous ET coupling.” Alternatively, enhanced spin-orbital
coupling by the Au atom, along with dynamic effects due to vibra-
tion and fluctuation, could promote spin conversion from the
singlet CS state to the triplet CS state, leading to multiple CR
processes.” In contrast, introducing the TAA moiety retards unde-
sirable charge recombination by generating a longer-lived CS state
(TAA*-AuCor/TiO; 7). Overall, rational molecular design allows us
to manipulate CS states at D-A heterointerfaces, improving charge
separation efficiency and extending the lifetime for highly efficient
DSSCs.

Although D-A heterointerfaces involving two-dimensional
(2D) layered materials have been extensively studied,”’ understand-
ing CT and charge separation behaviors at D-A heterointerfaces
remains a challenge. Despite the straightforward and practical
nature of the noncovalent approach, understanding the fundamental
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FIG. 4. TA profiles of AuCor/TiO; (blue line) and TAA-AuCor/TiO; (red line) at
5000 nm. The samples were excited by a 2 pJ 570 nm laser pulse at a frequency
of 500 Hz with a duration of 90 fs, and data were accumulated over 10 000 scans.

aspects of photoinduced CS at the heterojunction remains elu-
sive due to the amorphous nature of organic layers composed of
numerous molecules on few-layered 2D materials.’! Conversely, the
covalent approach provides a powerful means to control interactions
between organic and inorganic materials through covalent linkages
at the molecular level.””"" However, the limited reactivity at the
2D layered surface has impeded covalent modifications by organic
molecules with well-defined structures. Imahori and colleagues cre-
ated a heterointerface between a photoactive molecule (pyrene, Py)
and a semiconducting 2D inorganic monolayer (MoS;) using a
precisely defined nanoscale bridge (Py-MoS;).** Py and MoS, are
connected via a short, semi-rigid bridge called N-benzylsuccinimide
(BSI) (Fig. 5). Pérez and co-workers demonstrated that BSI groups
can be densely grafted onto the MoS; surface through a reaction
with N-benzylmaleimide (BMI)."””** Thermogravimetric analysis
and atomic force microscopy revealed that the BSI moieties densely
form a monolayer on MoS;. Moreover, the terminal Py moieties are

Py

e

BSl,/@ Nr@
ey

O O

(2
e

FIG. 5. Schemaitc illustration of Py-MoS,, where a pyrene (Py) is linked to
a semiconducting 2D inorganic monolayer (MoS;) with a well-defined bridge
N-benzylsuccinimide (BSI).
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FIG. 6. Photoluminescence (PL) spectra of Py-MoS; in various solvents excited
at 345 nm. At the excitation wavelength, the absorption intensities were 0.13 in all
solvents.

significantly tilted toward the BSI-modified MoS; and are anchored
to the BSI moieties at an approximate separation distance of 1 nm,
as indicated by theoretical calculations (vide infra). Notably, the
Py moiety is attached to the para-position of the phenyl group by
Suzuki coupling following the initial tethering on MoS,. The mod-
ification ratio through Suzuki coupling is relatively low, with only
(30 + 3)% of the BSI on MoS; being modified with the Py moiety.
Consequently, the excited singlet state of Py interacts primarily with
MoS;, leading to the formation of CT excited and/or CS states at the
well-defined heterointerface of Py-MoS,.

The photoluminescence spectra of Py-MoS; and a pyrene ref-
erence were also measured in DMF.* The pyrene reference, when
excited at 345 nm, exhibited strong emission peaks at 382 and
402 nm with an emission quantum yield of 56% + 1%. Upon measur-
ing the photoluminescence spectrum of Py-MoS; with an excitation
wavelength of 345 nm, pyrene emission was significantly quenched,
and a broad, red-shifted intense emission appeared at 453 nm
(Fig. 6). The emission decay profiles revealed that the photolumines-
cence rate constant for Py-MoS; is (3.7 + 0.1) x 10° s™', significantly
lower than that of the pyrene reference [(1.3 + 0.1) x 107 s7']. As
solvent polarity increased from toluene to DMF, Py-MoS; exhibited
a systematic red-shift and reduced emission intensity, attributable
to CT emission. It should be pointed out that the emission quantum
yield of Py-MoS; (68% + 1% in toluene) is remarkably high, espe-
cially when compared to the typical intermolecular CT excited states
between pyrene derivatives and N,N-dimethylaniline (~20% in non-
polar solvents).** This may result from the fixed orientation and
the short separation distance between the pyrene and MoS, through
the BSI moieties on MoS;, which stabilize the CT excited state and
suppress nonradiative decay.

The picosecond TA spectroscopic measurements of Py-MoS,
were conducted with an excitation wavelength of 345 nm, where
the Py moiety predominantly absorbs the excitation light.** From
the global analysis, three components [k; = (1.1 + 0.1) x 102 s71,
ko = (85 + 0.1) x 10° s}, and 73 = (3.6 £ 0.1) x 10® s7!] were
obtained. The first and second decay components, associated with
bleach arising from the MoS, excited states, corresponded to the
decay of the hot and cooled MoS; excited states. The third compo-
nent, showing broad positive signals in the visible and NIR regions
with a peak around 860 nm, arises from the decay of the CT excited
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FIG. 7. Relaxation pathways of Py-MoS, in DMF. The energy level of the CT
excited state was determined by the peak position of the emission. The plausible
pathways are shown as a black dotted arrow.

state, in agreement with the emission rate constant of Py-MoS,
[(3.7 + 0.1) x 10® s7!]. The rise component at 850 nm indicates the
formation of the CT excited state with a rate constant of (8.3 + 0.1)
x 10" s7'. The relaxation pathways of Py-Mo$; are illustrated in
Fig. 7.

Theoretical studies were performed for the Py-MoS, model
using a Mo023Se3 nanosheet, where one Py-BSI unit and two BSI units
are covalently bonded to sulfur atoms. Geometry optimization of the
Py-MoS; model showed the nearly horizontal orientation of the Py
moiety, which aligns with the small thickness of the experimentally
obtained Py-MoS; (2.6 nm).** Moreover, the time-dependent den-
sity functional theory (TDDFT) and the three-dimensional reference
interaction site model (3D-RISM) were employed to examine the
emission behavior of Py-MoS,. The LUMO of the Py moiety inter-
acts with the MoS, vacant orbitals, suggesting the formation of the
CT state through interaction between the MoS; vacant orbitals and
the Py excited state. Namely, photoexcitation of the Py moiety in the
Py-MoS; covalently linked system effectively formed the long-lived,
highly emissive CT excited state that extends across the heterointer-
face of pyrene and mono-layered MoS;. This unique, highly emissive
CT excited state may provide insight into how to reduce the voltage
loss derived from nonradiative charge recombination in OSCs. As
several groups have proposed,””" if the CT excited state is more
emissive and its energy level is close to that of the LE state, the
two states will hybridize. This will inhibit nonradiative vibrational
charge recombination, thereby reducing the voltage loss. Therefore,
this study paves the way for utilizing organic-inorganic 2D het-
erointerfaces in energy conversion and optoelectronic devices and
Sensors.

MODELS FOR SINGLET FISSION

Singlet fission (SF) is a photophysical process that generates
two individual triplet excited states (T + T) from one photon
absorption through a correlated triplet pair (TT) in two nearby
chromophores.”” ™ SF is expected to provide an option for effi-
cient exciton generation and subsequent transport processes in
molecular assemblies.”®”” For instance, tetracene (Tc) satisfies the
energy level condition where the lowest-lying singlet excited state
[E(S1) = 2.4 eV] matches two triplet excited state [E(T;) = 1.2 eV]
[i-e., E(S1) > 2E(T)]. Kobori and colleagues successfully achieved
quantitative individual triplet generation via intramolecular SF in
biphenyl-bridged Tc dimers.”””’ Building on this success, they pro-
posed a molecular design for efficient exciton transport in linear Tc
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FIG. 8. Molecular structures of Tc-oligomers and reference. TIPS: triisopropylsilyl
group.

oligomers by promoting TT dissociation and controlling subsequent
exciton trapping processes.”® To examine the effect of entropic gain
on the number of Tc moieties, a series of Tc-homo-oligomers with
2,2'-biphenylene bridges were designed [(Tc),: n = 2, 4, 6] (Fig. 8).

[Hot S']
kisFo
knr
[S1] KisF [TT] Koiss [T+T]
% ~Toan QA [Tir + T
v TTA Back i =
fo Keeo f ket
[Sol

FIG. 9. Proposed kinetic scheme for (Tc), (n = 2,4,6) and TcF3-(Tc)s-TcFs.

TABLE . Kinetic parameters at 293 K.
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A Tc-hetero-oligomer [TcF3-(Tc)s-TcF3] was also synthesized to
assess vibronic coupling effects for entropic gain. The molecu-
lar modifications involved replacing triisopropylsilyl (TIPS) groups
at the terminal Tc moieties in [(Tc),] with 3,4,5-trifluorophenyl
groups, slightly lowering the energy level of T, for the TcF; moiety
(1.06 V) relative to that for the Tc moiety (1.13 V).

To monitor the generation and dissociation of TT, time-
resolved electron paramagnetic resonance (TREPR) measure-
ments were conducted in 2-methyltetrahydrofuran at 80 K (Aex
=532 nm).”® The electron spin polarization (ESP) of the microwave
absorption (A) and emission (E) in the quintet state 5(TT) at the
center field and the dissociated states T + T at the outer fields were
detected in (Tc)s and TcF3-(Tc)s-TcF3 (Fig. 9). The E/A/E/A pat-
tern polarization in the quintet T'T state was rationalized by vibronic
effects, assuming the varying exchange interaction (J) model in TT
coupled to the TT conformation after intramolecular SF. This sug-
gests that vibrational motions play a significant role in generating
the quintet °(TT) due to the ] modulation, rather than exciton hop-
ping from 5(T + T)o with the help of the SQo mixing. The final
triplet yields (@) were determined to be 165% + 6% for (Tc)2, 173%
+ 9% for (Tc)4, 182 + 10% for (Tc)s, and 176% for TcF3-(Tc)s-TcF3
by picosecond TA measurements (Table I). The @ r value increases
with the number of Tc moieties. Furthermore, in TcF3-(Tc)4-TcF3,
localized triplet states at the terminal TcFs moieties with a time
constant (kryr) of 3.3 x 10° s7! were seen after efficient exciton
migration. The kinetic parameters obtained from TA spectroscopies
are consistent with those obtained from TREPR spectroscopy
at 80 K.

The thermodynamic parameters for the TT dissociations
were also evaluated by temperature-dependent TA measurements
(Table 11).”® The endothermicity of enthalpy, AH ~ +1 k] mol™!
for (Tc), and TcF3-(Tc)4-TcFs, results from the stabilization of the
TT relative to the T + T due to the CT character in the strongly
coupled multiple excitons of *Tc*-*Tc* and *TcF;*-*Tc*. Addition-
ally, from activation enthalpy, AH* > AH, conformational changes
are found to be essential for the activations. The exergonicity of TT
dissociation (Gibbs free energy, AG < 0) stems from the entropy
change, i.e., the increase number of states in T + T relative to TT.
Therefore, entropy AS increases with the number of Tc moieties.
Remarkably, both AS and activation entropy AS* of TcF;-(Tc)s-TcF3
are larger than those of (T¢)s, supporting the importance of dynamic
effects such as molecular vibration and rotation at the TcF3 moieties.

kisro" kisg” krra® kpiss” krec” Kpack” kr* Ktrap” krer©
Compound (10"s™hy  (10°s™)  @0®s7h  (107s7)  (10°s7h)  (10°s7h)  (10°s7H)  (10°s7Y) (1077 & (Orer)” (%)
(Tc), 1.5 6.2 3.0 55 4.7 3.7 165 + 6
(Tc)a 1.5 6.3 3.0 6.5 3.7 3.0 173+£9
(Tc)s 1.4 6.9 2.9 7.2 2.6 2.7 e e 182 + 10
TcF3-(Tc)s-TcF; 1.9 5.4 3.0 9.2 9.0 1.6 2.9 9.8 33 176

*Estimated by target analysis of femtosecond TA spectra.

PEstimated by target analysis of picosecond TA spectra.

“Calculated by kr = 7r™", which was estimated by nanosecond TA spectra.
dCalculated by krrr = Trer |, which was estimated by nanosecond TA spectra.
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TABLE II. Thermodynamic parameters regarding TT dissociation.

AHY ASH AG! at AH' As* AG at

Compound (Jmol™) (Wmol ' K™ 293K" (kjmol™!) AAWH (k) mol™) (mol ' K™!) 293K° (Kfmol™")  AAW'
(T¢), 3.09+£0.09 -86.2+0.3 25.7+0.1 1.00+£0.03 1.00+0.10 23.7+0.3 -6.00+0.14 1.00 £ 0.02
(Te)s 3.12+0.07 -84.2+0.2 25.1+0.1 1.28+0.03 1.00+0.08 27.7+0.3 -6.98 +0.12 1.62 +0.04
(Te)s 3.16+0.07 -83.0+0.3 24.7£0.1 1.46+0.03 1.00+0.10 31.9+04 -8.21+£0.15 2.70£0.07
TcF3-(Tc)4-TcFs 3.33+£0.03 -80.8+0.1 24.1+0.1 1.90+0.04 0.78+0.07 36.2+0.2 -9.85+0.10 4.52+£0.10

*Estimated by the Eyring plots.
bCalculated by AG* = AH¥ — TASH.

“Calculated by AS* — AS* (o) = kplnAW?F — kgInAW* (101 = kgInAAW?F [W is number of state. AW = WH/Wor, AAWH = AWFHAW? (1]

4Estimated by the plot of AG vs temperature.
“Calculated by AG = —RTIn(kpiss/kack)-

fCalculated by AS — AS (1o = kgInAW — kglnAW (1c); = kglnAAW [W is number of state. AW = Wyp/ W, AAW = AW/AW (1) ].

Fc-Ph(2,n)-(Pc),: (n=2, 3, 4)

Xan-Ph(2,n)-(Pc),: (n=3, 4)

FIG. 10. Molecular structures of PC-dimers and references. Fc-Ph(2,4)-(Pc), has the slipped, parallel conformation of the Pc moieties, whereas Fc-Ph(2,2)-(Pc), has the

twisted one.

Analysis by Boltzmann’s equation for the change in the number of
T + T relative to TT showed that the number of activated states,
AAW?, increases with the number of Tc moieties in (Tc)s and with
the introduction of energy acceptor moieties at the terminals in
TcF3-(Tc)s-TcF3 (Table II). These findings on the thermodynamic
control of exciton migration in systematically linked molecular
systems provide pivotal, fundamental information for quantum
information science and solar energy conversion.

Kobori and colleagues also developed a molecular design strat-
egy for quantitative T + T through intramolecular SF.”° They
extended this strategy to design Fc-Ph(2,n)-(Pc),, where stacking of
two pentacene (Pc) moieties is controlled by the number of pheny-
lene (Ph) bridges (n = 2-4) through the ferrocene (Fc) moiety as the
hinge (Fig. 10). Xan-Ph(2,n)-(Pc), with the xanthene (Xan) moiety
as the rigid hinge (n = 3, 4) was also prepared as a reference.

The quantum vyields of singlet 'TT (®yrr) and triplet *TT
(@srr) were estimated by TA measurements (Fig. 11, Table I11).>
All systems exhibited approximately quantitative singlet 'TT gen-
eration (@t ~ 100%). The ®srr of Fc-Ph(2,4)-(Pc), (55%) is
larger than those of Fc-Ph(2,2)-(Pc), (13%) and Xan-Ph(2,4)-(Pc),

[S1 + Sol

&\
['TT]

—— % 57T
el | ——
Kirec P
[S1 + Sal

FIG. 11. Proposed kinetic scheme for Pc-dimers.

(15%) because of the larger conformational flexibility in Fc-Ph(2,4)-
(Pc), during spin conversion. To investigate reasons for enhanced
quintet generation of TT in Fc-Ph(2,4)-(Pc), relative to the other
Pc-dimers, temperature-dependent picosecond TA measurements
were conducted in toluene to deduce thermodynamic parameters
from the 'TT state to the transition state (Table V). The large ASH
of Fc-Ph(2,4)-(Pc), (~63.0 ] mol™! K1) relative to other Pc-dimers
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TABLE lIl. Kinetic parameters at 293 K.
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Compound ko' (10°s7") ks (10" s7™")  kirec (107s7Y)  ksc’ (107 s71)  ksc/kirpc kstrt (10% ™) @irr’ (%) Ostr (%)
Fc-Ph(2,2)-(Pc), 4.5 1.9 21 3.1 0.14 2.8 100 13
Fc-Ph(2,3)-(Pc), 0.83 1.6 34 12 0.35 2.8 100 26
Fc-Ph(2,4)-(Pc), 0.83 1.6 5.7 7.3 1.3 2.6 100 55
Xan-Ph(2,3)-(Pc), 0.60 1.7 9.8 0.41 0.042 3.2 100 40
Xan-Ph(2,4)-(Pc), 0.60 17 6.5 12 0.18 3.0 100 15

*Estimated by picosecond TA spectra.

PEstimated by femtosecond TA spectra.

Calculated by kirec = kitt — ksc.

dCalculated by ksc = kit X @s77/D177.

¢Calculated by kstt = Tsrr L, which was estimated by nanosecond TA spectra.

TABLE IV. Thermodynamic parameters regarding TT dissociation.

Compound A" (x10% s7h) AH (k] mol™) ASF Jmol ™t K7 —TAS* at 298 K (k] mol™}) AG* at 298 K° (k] mol™})
Fc-Ph(2,2)-(Pc), 1.41 1.24+0.02 ~96.2+0.96 287 29.9
Fc-Ph(2,3)-(Pc); 12.2 3.96 +0.06 76412 22.8 267
Fc-Ph(2,4)-(Pc), 48.8 8.99 £0.49 -63.0+1.0 18.8 27.8
Xan-Ph(2,3)-(Pc), 0.45 4.06 +0.02 ~109+0.61 325 36.6
Xan-Ph(2,4)-(Pc), 4.95 7.98+0.31 ~83.1+0.80 247 327

*Estimated by the Arrhenius plots.
"Estimated by Eyring plot.
“Calculated by AG* = AH* — TAS*.

(109 ~ -76.4 T mol ™! K }) is highly related to the rotational flexi-
bility of the Fc moiety. Given Boltzmann’s formula, the ratio of the
density of states in the activated 'TT, caused by disorder in 'TT
conformations, for Fc-Ph(2,4)-(Pc), vs Xan-Ph(2,4)-(Pc), was esti-
mated to be 20, consistent with the large AS* of Fc-Ph(2,4)-(Pc)s.
The values of ~TAS* (18.8-32.5 k] mol ') are an order of magnitude
larger than those of AH 1(1.24-8.99 kJ mol™!) in all Pc-dimers. This
indicates that the low-frequency vibrational modes v (hv <« kgT)
are responsible for the thermal activation (AH* ~ RT) of breaking
ghe T-T binding enthalpy to weaken electronic bonds for generating
TT.

To assign the spin states (i.e., 'TT and >TT) and understand
the effect of molecular motions in >TT, TREPR measurements
were conducted for Fc-Ph(2,4)-(Pc), in a toluene/paraffin mixture
(1/9, v/v) at 298 K (Aex = 656 nm).”” The initial A pattern spin
polarization at a delay time of 0.1 us after excitation was assigned
to anisotropic singlet-quintet conversion during rapid conforma-
tional dynamics between the stabilized quintet state of *TT; (with
a dihedral angle (B) of is 20° between the aromatic planes of a triplet
exciton and the other exciton) and the activated state of >TT5 (with
B = 47°) via quintet-singlet interconversion from 'TT,. The confor-
mation dynamics of the multiexciton between TT; and TT, result
from low-frequency torsional motion in phenylene and Fc bridges.
The subsequent E pattern quintet spin polarization at a delay time
of 0.5 us was also assigned to reverse quintet-singlet conversions.
The SF-induced E-polarization via the singlet TTA was explained by
singlet deactivation in the presence of exchange coupling after the
rapid spin-relaxation due to conformation dynamics. The significant
torsional motion during activation is attributed to the hybridization

of the hole level of the Pc moiety to the Fc moiety in TT. This
hybridization in *TT also contributes to entropy gains for the long-
lived, strongly coupled multiple exciton in the quintet states. These
findings provide crucial basic information for OSCs and magnetic
switching devices.

NEW TYPES OF DONORS AND ACCEPTORS

The creation of new types of electron donors and acceptors is
essential for expanding our understanding of D-A interactions and
for exploiting new photofunctions based on these interactions. How-
ever, the synthesis of new donors and acceptors remains challenging.
Akiyama and colleagues successfully created a new type of accep-
tor, perfluorocubane, CsFs [Fig. 12(a)].°" Polyhedral fluorocarbons
(CF),, are predicted to localize an electron within their cages upon
reduction.” "*’ Their unique electron-accepting character results
from a stabilized vacant orbital within the cage, originating from the
overlapping of multiple ¢* orbitals of C-F bonds. These “particle in
abox” type molecules can confine an electron inside their cages. This
is in sharp contrast to planar and curved aromatic molecules, where
an electron is delocalized across both molecular surfaces. Theoretical
calculations suggest that CgFs exhibits significant electron-accepting
character (LUMO = —2.77 eV vs vacuum level, —2.03 V vs Fc/Fc™).%
This LUMO level is higher than the calculated LUMO of Cep by
0.8 eV (-3.6 eV vs vacuum level).**

As for the synthetic route of CgFs, it is not realistic to introduce
eight F atoms onto a cubane one by one.””*" The most promis-
ing strategy is to introduce multiple fluorine atoms through radical
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FIG. 12. (a) Molecular structure of CgFs, (b) ESR spectrum of CgFs in a hexamethylethane matrix after y-ray radiolysis at 77 K, and (c) spin density (contour = 0.005) in the

radical anion CgFg ~, calculated at the UB3LYP/6-311++G(d,p) level of theory.

C-H fluorination using fluorine gas, although controlling the highly
reactive fluorine gas is essential for success. They then adopted
the liquid-phase direct fluorination, designated as the “PERFECT”
method, where the direct fluorination of a partially fluorinated ester
with an excess of fluorine gas in a fluorous solvent affords the
corresponding perfluorinated product without damaging the cubic
skeleton.””*

The molecular structure of CsFs was fully characterized by 'H,
3¢, F NMR, FTIR, and Raman spectroscopies as well as x-ray
diffraction analysis.”” It should be noted that in the crystal struc-
ture, one fluorine atom of CgFs interacts with the center of the
cyclobutane ring of the nearest molecule, which accords with the
previous prediction that CgFg can act as a strong carbon-bonding
donor interacting with anions.”” The LUMO level of CsFs in THF
was determined to be —2.67 eV vs the vacuum level electrochemically
(=2.13 V vs F¢/Fc* in THF), which is in good agreement with the
calculated value (-2.77 eV). Finally, matrix-isolation electron spin
resonance (ESR) spectroscopy, in combination with y-ray radiolysis
at 77 K, was used to examine the electronic structure of the radical
anion of CgFs. The ESR spectrum of CgFs'™ in a hexamethylethane
matrix exhibited characteristic nine peak bands, which align well
with the theoretical simulation with the total nuclear spin quan-
tum number, My = 4, £3, +2, £1, 0 [Fig. 12(b)]. The large a(*’F)
hyperfine coupling constant (hfcc = 19.62 mT) agrees well with
the calculated value (19.24 mT), where the spin density is mainly
distributed inside the cubane cage [Fig. 12(c)]. Accordingly, per-
fluorinated cage compounds are highly promising as a new type of
acceptors for D-A linked model systems as well as organic electron-
ics such as OSCs. For instance, heptafluorocubanecarboxylate ester,
which can be obtained in a similar manner, will be connected to a
donor molecule with an amide bond.®”

CONCLUDING REMARKS AND OUTLOOK

We have highlighted representative examples of the “Dynamic
Exciton” research project in D-A linked systems, along with asso-
ciated model systems and their D and A building blocks over the
past 4 years. Our demonstrations show that it is effective to ratio-
nally manipulate LE, CT excited, and CS states by either enhancively
or restraintly modulating the dynamic effects in D-A linked sys-
tems and similar model systems. Notably, specific intramolecular

vibrations in D-A linked systems, induced by infrared light fol-
lowing initial electronic excitation of the molecules, can alter the
ET efficiency.”””" Further rational molecular design of D-A linked
systems will enable ET processes to be remarkably accelerated or
decelerated by external stimuli. From the perspective of quantum
information science, the dynamic effects of chirality-induced spin
selectivity are particularly interesting.”””> The “Dynamic Exciton”
project promises to reshape photochemistry and pave the way for
novel photofunctions in the future.
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