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Critical molecular design that can actively control
intramolecular singlet fission by hydrostatic pressure

In this study, we revealed how and to what extent hydrostatic
pressure stimulation affects the singlet fission process by
using novel singlet fission materials with flexible linkers. The
highlighted results obtained here were the dynamic control
of intramolecular singlet fission kinetics and T; formation
thermodynamics, both of which were achievable via this
critical molecular design.
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The active control of singlet fission (SF) by external stimuli presents a major challenge in current chemistry,
although it is yet in the initial stages. In this study, we synthesized a series of SF-active chromophore
pentacene dimers connected by the flexible linkers and investigated the ground- and excited-state
properties, under hydrostatic pressure as an external stimulus. The flexibilities of the linkers were
elucidated by the density functional theory. Hydrostatic pressure-UV/vis and hydrostatic pressure-
circular dichroism spectroscopies showed the absence of a ground-state conformational change,
indicating that the active switching of SF observed in this study comes from the excited-state dynamics.
The hydrostatic pressure-fluorescence lifetime and hydrostatic pressure-nanosecond transient

absorption measurements revealed the active inversion of SF process (acceleration vs. deceleration) and
Recelved 29th June 2025 independent triplet (T;) formation, in addition to the shortened T, lifeti d non-decreasing T
Accepted 10th October 2025 independent triplet (T;) formation, in addition to the shortened T, lifetimes and non-decreasing T,
quantum yields with elevating hydrostatic pressure. This study offers a valuable guideline through the

DOI: 10.1039/d55c04791a critical molecular design revealed herein for further developing smart SF-controllable soft materials
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Introduction

The development of up-converting reactions in terms of energy
and yield is a long-term dream for scientists. Such an up-hill
type of reaction is capable of being constructed in photo-
chemistry. For instance, upconversion'® and singlet fission
(SF)** are well-known photophysical processes, and the latter
has attracted considerable attention recently. SF is a process
where an excited chromophore (S; exciton) interacts with
a ground-state one (S,) resulting in correlated triplet pairs ("TT
and °TT)"® subsequently relaxing to two individual T, excitons
(Fig. 1a (top)). Such promising SF systems, particularly in
solution state are still in their infancy and have been actively
pursued since the first observation of the correlated 'TT in
2013.” The importance of the solution-state SF systems has
gradually increased®** owing to a better possibility as a highly
efficient triplet photosensitizer through excited triplet photo-
reactions,' such as the formation of singlet oxygen," which can
be utilized in photodynamic therapy (PDT) toward cancer
treatment.'*** Therefore, the construction of a large variety of
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induced by hydrostatic pressure stimulations.

SF-based functional materials is essential, although a major
challenge in current chemistry.

Nevertheless, the development of a multifarious molecular
design that is rich in variety is hampered by a limitation from an
energy standpoint: the energy balance at the excited singlet and
triplet levels in each chromophore acquires the relationship as
E (S1) = 2E (T,).** Acenes, such as tetracene and pentacene (Pc),
have become the first choice as the chromophore for SF, as they
strictly satisfy such an energy balance.”" In other words,
modifying the chromophores are not suitable when aiming
toward a high efficiency of SF materials. Accordingly, the
mainstream trend is recently seen shifting to an active control
of SF properties by external stimuli such as temperature,'®>"
solvent,**** supramolecular complexation,*** and mechanical
forces.”** In particular, a pressure stimulation as an active
means of control seems to be compatible with the triplet-state
PDT reaction in biological systems, as the current mechanobi-
ology has revealed that the fate of cells can be determined by the
mechanical pressure.****

Hydrostatic pressure, an isotropic mechanical force, is
a unique and ubiquitous stimulation that plays significant roles
in controlling chemical, physical, and the abovementioned
biological events.***” Since the beginning of the 1960s,*® the
hydrostatic pressure effects on photophysical and photochem-
ical processes, such as excimer/exciplex,**** photoinduced
electron transfer, twisted intramolecular charge transfer,*
photocycloaddition,”** and so on, have been extensively
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(a) (Top) schematic diagram of SF in a TIPS-modified pentacene (Pc) dimer: ksr represents the rate constant of SF from S; to TT; in the

present Pc case, the reverse triplet—triplet annihilation (TTA) can be omitted, due to the large exergonic reaction (ca. 0.3 eV).** (Bottom) chemical
structure of Pc-BP-Pc. (b) Chemical structures of SF-active dimers; (R,R)-Pc-EE-Pc, (S,S)-Pc-CE-Pc, and (R,R)-Pc-CA-Pc, the corresponding
referenced monomers; Pc-COO-"Pr and Pc-CONH-'Bu. (c) Conceptual illustration of active control of SF-active soft materials driven by

hydrostatic pressure.

investigated. However, the “young” SF field has just begun, with
our recent work published in 2023 as the first example.** For
that reason, the molecular design of the targeted SF material for
the active control stimulated by hydrostatic pressure was still
performed on a trial-and-error basis. Meanwhile, previous
research® offers a reasonable guideline where connecting each
acene by a more “active” and “flexible” linker appears to be
better rather than by the use of the relatively “rigid” scaffold;
accordingly, a biphenyl linker was employed in Pc-BP-Pc, as
shown in Fig. 1a (bottom).

In this study, to investigate how and to what extent the
hydrostatic pressure stimulation affects the SF process, we
designed novel SF materials ((R,R)-Pc-EE-Pc, (S,S)-Pc-CE-Pc, and
(R,R)-Pc-CA-Pc, as shown in colors in Fig. 1b (left)), where the
SF-chromophoric pentacenes were connected with relatively
flexible cyclohexanes and the more flexible alkane, and also
arranged the corresponding referenced monomers (Pc-COO-"Pr
and Pc-CONH-"Bu, shown in black in Fig. 1b (right)) for the sake
of comparison. The comprehensive study will reveal the critical
factors that govern the SF dynamics induced by hydrostatic
pressure, as illustrated in Fig. 1c. Herein, we report an

20246 | Chem. Sci., 2025, 16, 20245-20254

unprecedented SF dynamics inversion (acceleration vs. decel-
eration) driven by a good combination of hydrostatic pressure
and solvation stimulations. The results obtained and concepts
proposed herein will enable us to construct actively controllable
SF materials based on the established molecular design
guidelines.

Results and discussion
Activity in SF materials

In the active control of SF by hydrostatic pressure, the rotational
freedom of the linkers connecting pentacenes plays a decisive
role. Therefore, to confirm the linker flexibility in the target SF
materials, quantum chemistry calculations by density func-
tional theory (DFT) were performed on the model linkers (BP,
Cy, and Et). As shown in Fig. 2, the energy-dihedral angle
diagram indicates that the Cy linker can rotate at a lower energy
as 55 kJ than BP as 69 and 88 kJ. Furthermore, the Et alkane
chain has a low energy of 28 kJ, which is less than half of that
corresponding to BP. Therefore, the calculation results
concluded the order of the rotational barrier in the linkers as BP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Potential energy landscape as a function of dihedral angles of
(a) BP, (b) Cy (data were extracted from ref. 46 for the plot), and (c) Et,
calculated at wB97xd/6-31G(d,p). The most stable conformers in each
linker were set at 0 kJ mol™. The sudden hysteresis jump in (b) was
due to the ring flip.

> Cy > Et, which indicates that the present SF materials (Pc-CA-
Pc, Pc-CE-Pc, and Pc-EE-Pc) may be more susceptible to hydro-
static pressure compared with the previous Pc-BP-Pc.

Hydrostatic pressure-spectral experiments in SF materials

In the hydrostatic pressurized conditions, it is first required to
confirm whether the SF materials behave as a monomeric state
even at the pressure conditions of up to 160 MPa, the highest
tested in this study. Thus, we investigated Pc-CA-Pc, Pc-CE-Pc,
and Pc-EE-Pc in toluene and methylcyclohexane (MCH) as
a good and poor solvent at 0.1 and 160 MPa. Fig. 3 shows the
results corresponding to Pc-EE-Pc. The normalized UV/vis
absorption spectra (middle panels in Fig. 3) were completely
matched with each other in the concentration range of 13-401
puM without any spectral changes. Additionally, the standard
linear curves as a function of concentration gave good straight
lines under both pressures. These results indicate that the

Normalized Abs

[
%0 500 600 700 800 400 500 600 700 800 0 100 200
Wavelength / nm Wavelength / nm Concentration / uM

(b)

3 20
c/uyM c/uM
401

201

2 100

p 50
3 25
E 13

Abs (654 nm)
>

1

Normalized Abs

P

= 0
200 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm

100 200
Concentration / uM

Fig. 3 Concentration-dependent (13-401 uM) UV/vis spectra (left),
normalized UV/vis spectra (middle), and absorbance plots (13-201 uM)
(right) of Pc-EE-Pc in toluene at (a) 0.1 MPa (correlation coefficient r =
1.000, slope = 0.0077 (+3.9 x 107°) uM~}) and (b) 160 MPa (r = 0.999,
slope = 0.0064 (+0.00013) uM~?%) at room temperature, measured in
a high-pressure cell.
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pressure-induced aggregation and crystallization of Pc-EE-Pc do
not proceed in this concentration range, which means that the
following hydrostatic pressure experiments enable us to treat
the SF materials as a monomeric state, that is “intramolecular”
SF (iSF) process. Other concentration-dependent results are also
given in Fig. S2-S5 in SI. The only exception was the condition
of an MCH solution of Pc-CA-Pc, shown in Fig. S6. The
normalized UV/vis absorption spectra showed a slight bath-
ochromic shift with increasing concentration under both pres-
sures, indicating an intermolecular J-type aggregation*” due to
the amide bond possessing a hydrogen-bonding ability. Hence,
the subsequent hydrostatic pressure experiments of Pc-CA-Pc
were performed only in toluene.

Next, we investigated by means of hydrostatic pressure-UV/
vis and hydrostatic pressure-circular dichroism (CD) spectra
to determine whether a ground-state conformational change of
the SF materials (Pc dimers) is induced by hydrostatic pressure.
As a control experiment, we used Pc-COO-"Pr and Pc-CONH-"Bu
as the corresponding referenced monomers that are considered
to behave as each monomer without SF, and compared with
data obtained from the Pc dimers. As shown in Fig. 4 (top), S7
and S8, toluene solutions of the three Pc dimers and two
monomers showed the monotonic hyperchromic effects and
the stepwise bathochromic shifts in the hydrostatic pressure-
UV/vis absorption spectra. The former simply comes from the
increasing of the effective concentration due to the compres-
sion. The latter originates from changes in solvent density/
polarizability induced by hydrostatic pressure,*® the degree of
which enables us to elucidate the hydrostatic pressure effects.
In Fig. S7-S15, all the data were summarized. Also, the other
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Fig. 4 Pressure-dependent UV/vis absorption (top), CD (middle), and
anisotropy (g) factor (=Ae/e) (bottom) spectra of (a) (R,R)-Pc-EE-Pc
(144 uM), (b) (S,S)-Pc-CE-Pc (142 uM), and (c) (R,R)-Pc-CA-Pc (136 uM)
in toluene at room temperature at 20, 40, 60, 80, 100, 120, 140, and
160 MPa, measured in a high-pressure cell. The g factor profiles
<600 nm were omitted due to the baseline noises.
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important fact is that the spectra at 0.1 MPa depressurized from
160 MPa (green lines) were superimposable with the original
spectra at 0.1 MPa (black lines), which indicates that the present
pressurization cycle was completely reversible. Further, as
summarized in Table S1, the Pc dimers exhibited the pressure-
induced red shifts of —0.841 to —0.925 cm™ ' MPa ™" in toluene
and —0.798 to —0.810 cm™ ' MPa™' in MCH, whereas the
monomers showed those of —0.913 to —0.925 cm ™' MPa ' in
toluene and —0.804 cm ' MPa ' in MCH, indicating good
agreement with the shift values of dimers and monomers. Also,
other m-conjugated systems, e.g., anthracene, pyrene, and per-
ylene, generally showed approximately —1 cm ™' MPpa ™ *.3748-5
The pressure-induced red shifts are likely to be responsible for
the data based on the absence of specific ground-state confor-
mational change of the Pc dimers. More importantly, as a better
molecular design, chiralities are incorporated into the present
Pc dimers, which enables us to more precisely elucidate the
conformational changes by using the hydrostatic pressure-CD
spectroscopy. As shown in Fig. 4 (middle and bottom), the CD
and corresponding anisotropy (g) factor profiles showed clear
bisignate couplings at the longer wavelengths. According to the
exciton chirality theory,” (R,R)-Pc-EE-Pc and (R,R)-Pc-CA-Pc
showed the negative exciton coupling, whereas (S,S)-Pc-CE-Pc
gave the positive one. The most important realization is the fact
that the amplitudes of all the Pc dimers in g factor do not
change with elevating pressure despite of slight red shifts in UV/
vis, clearly revealing the absence in ground-state conforma-
tional changes around the flexible linkers. Hence, it should be
noted that the below-mentioned active SF properties induced by
hydrostatic pressure comes from not ground-state equilibria
but excited-state kinetics.

iSF processes in toluene under 0.1 MPa and hydrostatic
pressures

The results of the negligible ground-state conformational
changes allowed us to further estimate the iSF kinetics of the Pc
dimers under hydrostatic pressures. First, to confirm the SF
process of such active-linked Pc dimers at an ambient pressure
(0.1 MPa), we compared the fluorescence lifetimes of the Pc
dimers with those of the monomers in toluene. As shown in
Fig. 5, the dimers' profiles revealed fast decays rather than those
of the references, clearly indicating the faster quenching in the
dimer skeletons, that is SF process. Hence, we decided to
elucidate the apparent rate constant of SF (ksg,app) based on data
obtained from fluorescence lifetime decays, as was the case with
the previous report as Pc-BP-Pc.** Note that: it is merely an
apparent value calculated based on the following process. That
is, the meaning of ksr 4pp is that for convenience of analysis, the
7, component of the reference monomer is used instead of the
7, component of the dimer, which is more susceptible to some
fluctuations. In the case of Pc-BP-Pc, ks app, fOr the generation of
the TT can be written as eqn (1):

1 1

ksk.app = (ksr + ko) — ko = (1)

T1, dimer T1, ref

20248 | Chem. Sci, 2025, 16, 20245-20254
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Fig. 5 Time-correlated fluorescence decays (Aex 590 nm) of (a) Pc-
EE-PC (44 uM, Aops 665 nm; red) and Pc-COO-Pr (82 uM, Aops 665 nm;
black), (b) Pc-CE-Pc (41 pM, Aops 665 nm; red) and Pc-COO-Pr (82 pM,
Jobs 665 nm; black), and (c) Pc-CA-Pc (41 uM, Agps 660 nm; red) and
Pc-CONH-'Bu (89 pM, A,,s 656 nm; black) in toluene at room
temperature at 0.1 MPa, measured in a high-pressure cell.

where k, represents the decay rate constant from the singlet
excited-stated reference monomer, which can be estimated as
a reciprocal of the reference fluorescence lifetime. In contrast,
the term of (ksg + ko) can be elucidated as a reciprocal of the
dimer fluorescence lifetime. Pe-BP-Pc has two fluorescence
lifetime species as 7, and 7, in which long-lived 1, is ascribed as
the fluorescence emission from the S; pentacene monomer
without SF and thus short-lived 7, involved the SF decay.**>
Namely, the 1, .. Species emits the fluorescence as a monomer
(without the SF process) and the 7 gimer Species mainly decays
as a deactivation path (involved the SF process). In fact, as
summarized in Tables 1 and S2-S12, and Fig. S16-526, the

Table 1 Fluorescence lifetimes and apparent rate constants of singlet
fission (ks app) Of all the compounds in toluene at 0.1 MPa“

Compd nms A /ms A, X0 kspapp/10° s
Pc-EE-Pc (44 uM) 1.3 0.07 6.6 093 1.16 6.84
Pc-CE-Pc (41 pM) 2.4 054 83 046 1.22 3.33
Pc-CA-Pc (41 pM) 3.0 021 53 079 1.24 2.54
Pc-COO-Pr (82 M)  10.9 1.00 116 °
Pc-CONH-Bu (89 uM) 12.5 1.00 1.00 °

“ Fluorescence lifetime (7;) and relative abundance (4;) of each excited
species, determined by the hydrostatic pressure-single photon
counting method in degassed toluene solution at room temperature,
measured in a high-pressure cell; Ax = 590 nm. > Not applicable.

C;

103 AAbs at 490 nm
wu 095 18 SawV (0}

500 600 700 800 1 10 100
Wavelength / nm Time /ns

1000

Fig.6 (a) psTA spectra and (b) corresponding time profile of Pc-CE-Pc
(64 uM) in degassed toluene at room temperature at 0.1 MPa. The
measurements of psTA were performed by excitation source at
532 nmina 2 mm cell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Pressure-dependent time-correlated fluorescence decays
(Aex 590 NM, Aops 665 NM) of Pc-CE-Pc (41 uM) in toluene at 0.1, 20, 40,
60, 80, 100, 120, 140, and 160 MPa (from black to sky blue lines) at
room temperature, measured in a high-pressure cell. The inset
represents the enlarged figure. Also, the black dotted line shows the
instrument response function. (b) Pressure dependence of apparent SF
rate constants (Ksgapp) Of Pc-BP-Pc (black, slope = 0.00089 +
0.00051), Pc-EE-Pc (red, slope = —0.0012 + 0.00038), Pc-CE-Pc
(blue, slope = —0.0010 + 0.00011), and Pc-CA-Pc (green, slope =
—0.0011 + 0.00029) in toluene at room temperature. (c) Conceptual
scheme of total volumes in Pc dimers with “Rigid” vs. “Flexible” linkers.

fluorescence decay profiles of the present three Pc dimers were
obviously of multiple components and reasonably fitted to
a sum of two exponential functions to afford 7, and 7,, respec-
tively, in contrast to only the monoexponential function, 74, in
the monomers. We adopted the biexponential fitting rather
than the stretching fitting.>® The previous paper® also
concluded that the longer species is the monomer and shorter
one is the SF component. These fluorescence lifetime data can
be subjected to the eqn (1) for elucidating kgp app for the new
dimers; ksg app = 6.84 x 10° s™* for Pc-EE-Pc, 3.33 x 10° s~ for
Pc-CE-Pc, and 2.54 x 10® s~ for Pc-CA-Pc in toluene at 0.1 MPa,
as listed in Tables 1 and S13-S15. It should be noted that ksp app
obtained from the present eqn (1) is an apparent value because

View Article Online
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of the approximation based on the assumption that the reversed
TTA process may be ignored due to the very slower reverse
rather than the SF decay, according to our previous report.*

Before subjecting to the hydrostatic pressure-fluorescence
lifetime measurements, we confirmed the reliability how to
estimate Kksp.pp using the singlet excited-state fluorescence
lifetimes. Therefore, we further measured picosecond transient
absorption (psTA) spectrometry of Pc-CE-Pc as a representative
dimer for the direct observation through TT and then T, from S,
excitons. After excitation, a spectrum corresponding to singlet
state was immediately observed, showing positive absorption
bands from 450 to 600 nm (Fig. 6a). This spectrum gradually
decayed, and after 100 ns, a different spectrum was observed
with positive absorption bands in the 450-550 nm region and
AAbs of zero in the 550-600 nm region. This spectrum corre-
sponds to the triplet state. This trend in spectral shape is also in
good agreement with previous reports using similar
analogues.”® The decay profile corresponding to only singlet
state at 560 nm (Fig. 6b, red) can be reasonably fitted to one
exponential function to give 75 as 3.4 ns, and the decay at
490 nm corresponding to triplet state (Fig. 6b, blue) gave tr as
43 ns and 7y as 21 ps by fixing 7. The former decay (t5) from the
singlet excited state indicates the nonradiative path from S; to
TT, which is SF process, by the assumption as the negligible TTA
mentioned above. The reciprocal fluorescence lifetime of 7
should be treatable as ksg app = 3.0 x 10° s, which is almost
same as the data obtained from the singlet fluorescence life-
times (eqn (1)). This strongly reinforces the reliability of the
estimation based on eqn (1), enabling us to elucidate the
pressure-dependent kgspapp by the hydrostatic pressure-
fluorescence lifetime measurements.

Thus, we measured pressure-dependent fluorescence life-
times of the three Pc dimers and the corresponding reference
monomers by the hydrostatic pressure time-correlated single-
photon counting method. As shown in Fig. 7a, the fluores-
cence lifetime decay profiles of Pc-CE-Pc in toluene can be
reasonably fitted to two exponential functions to afford 7, and
T,, in contrast to the monotonic increasing of one excited-state
species (74 re) in Pe-COO-Pr with elevating hydrostatic pressure.
According to eqn (1), the pressure-dependent kgp app values in
the three Pc dimers were obtained, the representative pressure

Table 2 Fluorescence lifetimes, apparent rate constants of singlet fission (ks,app). and activation volume changes (AV#) of the three Pc dimers in

toluene under hydrostatic pressure”

Compd P/MPa 7,/ns A, 7,/n8 A, x> Ksp,app/10% 577 AV /em?® mol ™!
Pc-EE-Pc (44 uM) 20 1.4 0.08 6.6 0.92 1.12 6.05 3.0 £ 0.9
80 1.6 0.09 6.7 0.91 0.993 5.24
160 1.5 0.09 6.6 0.91 1.13 5.63
Pc-CE-Pc (41 uM) 20 2.3 0.52 7.9 0.48 1.17 3.34 2.5+ 0.3
80 2.4 0.53 7.6 0.47 1.15 3.10
160 2.6 0.53 7.3 0.47 1.02 2.87
Pc-CA-Pc (41 uM) 20 3.0 0.23 5.3 0.77 1.09 2.47 2.7 £0.7
80 3.3 0.30 5.5 0.70 0.972 2.23
160 3.4 0.34 5.6 0.66 0.952 2.08

“ Fluorescence lifetime (t;) and relative abundance (4;) of each excited species, determined by the hydrostatic pressure-single photon counting
method in degassed toluene solution at room temperature, measured in a high-pressure cell; Ax = 590 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Solvent-dependent activation volume changes through iSF in the Pc dimers under hydrostatic pressure

Compd AV¥em® mol ! in MCH AV¥/em?® mol ™ in toluene AV¥em? mol ! in DCM
Pc-EE-Pc 6.8 = 0.6 3.0 £ 0.9 1.9 £0.2

Pc-CE-Pc 3.7+04 2.5 £ 0.3 -1.0+04

Pc-CA-Pc “ 2.7 £0.7 “

“ Not applicable due to the aggregation.

data of which are listed in Table 2 (all data are shown in Tables
S2-S15). More importantly, these pressure-dependent kinetics
allow us to further elucidate more quantitative SF dynamics
upon hydrostatic pressurization, according to eqn (2):

dln kSF,app)

to _
AV RT( 9P

(2)

As shown in Fig. 7b, the natural logarithm of kspapp Was
plotted as a function of pressure to give a slope as an activation
volume change (AV¥) in the transition state (TS) for the TT
generation. We realized that on intercepts (0.1 MPa) in the plot,
ksr,app Values (In ksp opp) of the three Pc dimers are smaller than
that of previous Pc-BP-Pc (black line). This is likely ascribable to
the linkers' flexibility, as revealed in Fig. 2. The important
aspects are facts that the most flexible Et linker (red line)
enables the faster TT formation rather than the relatively rigid
Cy linker (blue and green lines). More interestingly, a gradual
decreasing slope with increasing pressure was observed in each
of the three PC dimers, corresponding to positive AV* as 3.0 cm®
mol~* for Pc-EE-Pc, 2.5 cm® mol™* for Pc-CE-Pec, and 2.7 cm’®
mol ! for Pc-CA-Pc, in contrast to the negative AV* (—2.5 cm®
mol *)** of Pc-BP-Pe. These results about positive AV* in the
present Pc dimers are highly likely to be explained in terms of
spontaneous solvation that occurs around the polar functional
groups in the TS, that is, expansion of total volume as illustrated
in Fig. 7c, compared to the compactification based on the des-
olvation around the relatively non-polar biphenyl linker in Pc-
BP-Pc. This solvation/desolvation scenario on the flexible polar
linkers in the TS through SF may be corroborated by the facts
about all the same degree as 2.5-3.0 cm® mol ' in the three
dimers. In other words, the degree of solvation may actively
control iSF through the flexible polar linkers, which prompted
us to further investigate the solvent effects of the three dimers
under hydrostatic pressures.

Active switching of iSF under hydrostatic pressures

From the perspective of the operative mechanism proposed in
the previous section, we performed solvent effects of the three
Pc dimers, in which non-polar MCH and much polar di-
chloromethane (DCM), as compared to toluene, were employed.
As Pc-CA-Pc in MCH induces the intermolecular J-aggregation
that cannot estimate iSF as a monomeric Pc-CA-Pc species as
mentioned above, Pc-EE-Pc and Pc-CE-Pc were subjected to the
solvent-dependent iSF investigation upon hydrostatic pressuri-
zation. In a similar manner, for example, we measured the
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hydrostatic pressure-fluorescence lifetimes of the Pc-EE-Pc
dimer and the corresponding Pc-COO-"Pr monomer in MCH to
give 7, and Ty gimer for Pc-EE-Pc and 7, . for Pc-COO-iPr,
respectively. The 7 gimer and 7, rof Were subjected to the eqn (1)
to afford all iSF data, listed in Table 3. As evident in Fig. 8a, only
the data of Pc-CE-Pc in DCM provided the minus, inverted AV*
despite all the positive AV¥. This indicates that the iSF
suppression (solvation) is switchable to the iSF acceleration
(desolvation) by changing from MCH and toluene to DCM
under hydrostatic pressures; the data in Pc-EE-Pc are shown in
Fig. S27. To more quantitatively confirm the hydrostatic
pressure-responsive solvation inversion behavior, E(30)** as an
empirical polarity parameter determined by Reichardt's dye was
used, as this parameter is based on the solvation around the
large m-plane indicator: MCH (30.9 kecal mol *; using the value
of cyclohexane because the Reichardt’s dye is insoluble in MCH)
< toluene (33.9 keal mol ™) < DCM (40.7 kcal mol ™). As shown
in Fig. 8b, the slopes of AV*~E1(30) compensatory plot decrease
with increasing E;(30), which means that the degree of
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Fig. 8 (a) Pressure dependence of apparent SF rate constants (Ksr app)
of Pc-CE-Pc in DCM (blue, r = 0.733, slope = 0.00042 + 0.00015),
toluene (red, r = 0.963, slope = —0.0010 + 0.00011), and MCH (green,
r=0.965, slope = —0.0015 + 0.00016). (b) The compensation plot of
AV*F—E+(30) for Pc-EE-Pc (red, r = 0.864, slope = —0.44 + 0.26) and
Pc-CE-Pc (blue, r = 0.998, slope = —0.49 £+ 0.027). (c) Volumetric
diagram through iSF toward TT state.
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solvation gradually weakened with increasing polarity. This can
be attributed to the observation that the solvent molecules
(DCM) having a higher degree of solvation may become repul-
sive around the excited carbonyl group in the Pc chromophore,
resulting in the acceleration of iSF by desolvation of polar
solvent molecules, as illustrated in Fig. 8c. It may be seen that
both the straight lines (unit is omitted for simplicity) afford
almost same slopes as —0.44 for Pc-EE-Pc and —0.49 for Pc-CE-
Pc, respectively, indicating a single mechanism, that is (de)
solvation on the flexible polar linkers, works and does not
change in the solvent polarity range employed in each Pc dimer.
Hence, the compactification upon hydrostatic pressurization is
the main factor that governs not only acceleration but also
switching of the degree of iSF on the flexible polar linkers,
which was for the first time achievable under hydrostatic pres-
sures. It should be therefore emphasized that such the com-
pactification including the active switching of iSF cannot
materialize at an ambient pressure (0.1 MPa).

Triplet exciton behavior through iSF under hydrostatic
pressures

In this section, we investigate the behavior of the independent
triplet excitons (T;) formed through the iSF in the three Pc
dimers under hydrostatic pressures, which allowed us to subject
to the hydrostatic pressure-nanosecond transient absorption
(nsTA) spectroscopic technique developed previously.® As
shown in Fig. 9a, the representative spectra of Pc-EE-Pc in
toluene showed an intense positive band around 400-550 nm
that is assignable to an excited-state absorption (ESA) of T;-T,,
which then decayed at microsecond intervals.”>** The pressure-
dependent decays monitored at 495 nm (Fig. 9b) were found to
gradually shorten, with increasing pressurization. Thus, the
decays were reasonably fitted to a monoexponential function to
afford the independent T, lifetimes () from 12.2 ps at 0.1 MPa
to 7.5 us at 160 MPa in Pc-EE-Pc in toluene. This trend about the
shortened 7 was observed in other Pc dimers in toluene and
MCH, which seems to be a general behavior of the independent
T; excitons under hydrostatic pressures; all data are shown in
Fig. S28-S31 (top panels) and Tables S16-S18. This can be
ascribed to the fact that the excited T, excitons formed through

10} .
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Fig.9 (a) nsTA spectra of Pc-EE-Pc at 0.1 MPa and (b) corresponding
decay profiles monitored at 495 nm in degassed toluene at 0.1, 20, 40,
60, 80, 100, 120, 140, and 160 MPa (from black to sky blue lines) at
room temperature, measured in a high-pressure cell.
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the iSF are deactivated by pressure-induced higher viscosity of
solvents, e.g., 0.555 cP at 0.1 MPa to 1.508 cP at 160 MPa in
toluene,* as was the case with Pc-BP-Pc. In general, tr was
controlled by changing the solvent viscosity; tr in Pe-BP-Pc was
prolonged from 0.36 ps in THF to 1.0 ps in THF/paraffin.”* Thus,
this discovery of the method to control 71 only by changing
hydrostatic pressure may further lead to a new controllable
method of photosensitizing reactions through T;, e.g., the
formation of 'O, in higher viscous biological environments.

In the previous section, we understood the factor that
governs the iSF kinetics, which enables us to actively switch iSF
processes upon hydrostatic pressurization. This provided us
with in-depth mechanistic insights during the TT dissociation
process (TT — 2T,). For this purpose, TT and T; quantum yields
(&t and Pr) were estimated (see Materials and methods and
Fig. S28-S31 (bottom panels)) and then the thermodynamic
parameters were derived as AV°rp_p in the equilibrium
between TT and T, according to eqn (3):

(aln (Q(;:D/@TT)> _ _AI;?;HT (3)

As shown in Fig. 10a, the pressure-dependent @ values in the
three Pc dimers showed almost flat behavior with increasing
hydrostatic pressure, in contrast to the distinct decreasing trend
of Pc-BP-Pc. This difference can be easily described as follows: the
biphenyl linker (BP) is known to cause the large structural change
during the TT-T; process,* resulting in the distinct deactivation
of @ based on the pressure-induced changes of solvent proper-
ties. In contrast, it is highly likely that there are no restrictions for
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Fig. 10 Pressure dependence of (a) T; quantum yields (®1) and (b)
relative abundance ratios (&1/®@+7) of Pc-BP-Pc (extracted from ref. 31
for comparisonin only (a), r = 0.979, slope = —0.0032 + 0.00025), Pc-
EE-Pc (red, r = 0.222, slope = —2.1 x 107> + 35 x 107> (a) and r =
0.287, slope = 0.00016 + 0.00020 (b)), Pc-CE-Pc (blue, r = 0.861,
slope = —0.00035 + 7.8 x 107> (a) and r = 0.764, slope = —0.00099 +
0.00032 (b)), and Pc-CA-Pc (green, r = 0.240, slope = 0.00013 +
0.00020 (a) and r = 0.821, slope = 0.00041 + 0.00011 (b)) in toluene at
room temperature. (c) Volumetric diagram for the different formation
of Ty excitons in two Pc dimers.
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Table 4 Solvent-dependent reaction volume changes through individual triplet generation in the Pc dimers under hydrostatic pressure

Compd AVorr_rcm > mol™ in toluene AVorr_rcm > mol™ in MCH
Pc-EE-Pc —0.4 + 0.5 —3.3 £ 1.0

Pc-CE-Pc 2.5+ 0.8 6.3 £ 1.0

Pc-CA-Pc —1.0 = 0.3 @

“ Not applicable due to the aggregation.

the present flexible linkers (Cy and Et) not only electronically but
also sterically rather than BP, resulting in the no shifts of &
during the T; formation under higher viscous environments
upon hydrostatic pressurization. From this finding, it can be seen
that the choice of linkers can overcome the drawbacks of the
decreasing manner in @y in response to hydrostatic pressure
stimulation. Furthermore, from the analysis by eqn (3), it can be
seen that AV°rr_,r values were inverted from —0.4 cm® mol ™ for
Pc-EE-Pc to 2.5 cm® mol " for Pc-CE-Pe, as shown in Fig. 10b and
Table 4. This behavior can also be explained by solvation/
desolvation effect: during the T; formation, on the more flex-
ible linker Et, solvated solvent molecules are considered to be
easily released (desolvation = negative AV°). In contrast, solva-
tion molecules in the slightly congested Cy linker may easily be
trapped (solvation = positive AV?), as illustrated in Fig. 10c. It is
therefore noteworthy that even the difference in the flexible
linkers can control the degree of the T, formation by hydrostatic
pressure, which indicates that this is “critical molecular design”
that enables us to control iSF (active switching), =1 (shortened),
@7 (no decreasing), and T, formation (also active switching).

Conclusions

In this study, we investigated how and to what extent flexible
linkers between the SF-active chromophores, Pc, affects the SF
process and the independent T; formation using hydrostatic
pressure as an external stimulation. The comprehensive studies
under ambient and high pressures revealed that the flexibility of
the linkers plays decisive roles in controlling the iSF dynamics
and T, thermodynamics, and has the capability to actively
switch both of them. As a new additional discovery on the
hydrostatic pressure SF chemistry, the shortened T, lifetime
and non-decreasing T; quantum yield are features of unique
excitons. This opens a new avenue for the hydrostatic pressure-
controlled photosensitizing reactions. In detail, the choice of
linkers and polar groups type in the dimer skeleton gave us
more flexibility in molecular design. This study provides
guidelines for critical molecular design that can actively control
SF and its related photophysics/photochemistry in response to
hydrostatic pressure, facilitating the development of advanced
piezo-sensitive soft materials.

Materials and methods
Materials

All commercially available reagents and solvents were used as
received. Spectroscopic-grade toluene, MCH, and DCM were

20252 | Chem. Sci., 2025, 16, 20245-20254

used as solvents without further purification. The synthesis and
characterization of the new compounds used in this study are
shown in S50-S59 in SI.

Instruments

Melting points were measured with a Biichi M-560 apparatus.
HR-MS spectra were obtained by using a Bruker ESI micrOTOF
1. 'H (400 MHz) and "*C NMR spectra (100 MHz) were recorded
using a JEOL ECX-400 spectrometer. 'H (500 MHz) and *C NMR
spectra (125 MHz) were recorded using a JEOL ECX-500 spec-
trometer. UV/vis spectra were measured in a high-pressure cell
using a JASCO V-650. Fluorescence spectra were measured in
a high-pressure cell by using a JASCO FP-8500. Fluorescence
lifetime decays were measured in a high-pressure cell by using
a Hamamatsu Quantaurus-Tau single-photon counting appa-
ratus fitted with an LED light source. CD spectra were measured
in a high-pressure cell by using a JASCO J-720WI. nsTA spectra
were recorded using a laser flash photolysis system with a time
resolution (IRF) of ca. 20 ns (FWHM). Excitation was performed
at 532 nm. And, nsTA spectra were obtained by using a Unisoku
TSP-2000 flash spectrometer-pump pulse source: Surelite-I
Nd:YAG (Continuum, 4—6 ns fwhm) laser with the second
harmonic at 532 nm, monitor light source: xenon lamp (150 W),
and detector: photomultiplier tube. Picosecond transient
absorption measurements were performed using the UNISOK
instrument using the randomly interleaved pulse train
method®” with a time resolution (IRF) of ca. 20 ps (FWHM).
Excitation was performed at 532 nm.

Hydrostatic pressure spectroscopy

UV/vis and fluorescence spectroscopy and fluorescence lifetime
and nsTA measurements under hydrostatic pressures were
performed using a custom-built high-pressure apparatus.®>*’
The method is summarized as follows. The sample solution was
sealed in a quartz inner cell (2 mm path length), and then the
cell was set into the outer cell with sapphire windows. The outer
cell was hydrostatically pressurized by water and then placed in
the optical systems (see Fig. S1).

Determination of TT (@) and T; quantum yields (@) of Pc
dimers (PcD)

Each quantum yield under hydrostatic pressures was elucidated
by the similar method that can consistently be established in
the previous report.** Thus, ¢t was estimated using eqn (4):

= O (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where pressure-dependent k, and ks app, are specified in Tables
S9-S15.
Prpep values were calculated in relation to that of zinc
tetraphenylporphyrin (ZnTPP, @1z, rrp), using eqn (5):
AAr pep

AAT.ZnTPP

Abszyrpp
Abspep

ET, ZnTTP

Drpep = X D1 zurre (5)

ET, PcD

for example, in the case of Pc-EE-Pc at 20 MPa:

~0.025 73000  0.070

= 0117 < 78000 * 0.068 < 88 = 0182

where e, AA, and Abs denote the excitation coefficient at T,
state, delta absorbance in nsTA, and absorbance at 532 nm in
the steady-state absorption measurements, respectively.
AAzrpp (AAzyrpp = 0.117 in toluene, 470 nm, 20 MPa) was
observed at 470 nm and Adp.p (Adpegepe = 0.025 in toluene,
495 nm, 20 MPa) was observed at T; spectral peak top (EE, CE:
495 nm, CA: 520 nm). @r znrrp and ey znrrp Were acquired from
a previous study®® (Aex = 530 nm, A,,s = 470 nm in toluene;
®rznrre = 0.88, erznrre = 73000 M ' em™'). Data of Abs.
(532 nm,PcD) are shown in Fig. S9-S11 (Absz,pp = 0.070, Absp,.
ge-pe = 0.068 at 20 MPa). ¢r p.p Was calculated using eqn (6)—(8):

‘%0 =1+ kEnTTO [PCD] (6)

kEnT [PCD]

Dpyp = ——TLEEL
Frt kgnt[PeD] + kanm

)

AAbs PcD 1
AAbsAmh ® EnT

(8)

ET, PcD = €T, anth

As aresult, ér pe-gepe = 78 000 M ' em ™" at 495 nm, ey pegE-pe
= 91000 M' ecm ' at 495 nm, and érpegppe = 55
000 M " cm ™, respectively (All data were measured in toluene).
For details, see Fig. S32-S34 and ref. 22.
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