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A chiroptical switcher: helical inversion of twisted porphyrin
macrocycle synergistically controlled by combined stimuli of
solvent and pressure

In this study, we revealed that a chirally twisted porphyrin
macrocycle shows dynamic chiroptical switching in response
to hydrostatic pressure. The anisotropy factor (9) is tuned

or even inverted depending on solvent polarity, highlighting
how molecular flexibility and solvation synergistically govern
pressure responsiveness.
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Herein, we report the unprecedented discovery of 1 that possesses
dynamically tunable chiroptical properties under hydrostatic pres-
sure. Upon hydrostatic pressurization, the g factor inverts from
negative to positive. These chiroptical switches are based on
pressure-induced conformational change governed by the interplay
between macrocyclic flexibility and solvent polarity.

Chiral organic dyes and synthetic n-conjugates often exhibit inter-
esting optically active properties that can be modulated by external
stimuli. The continued creation of these compounds to develop
smarter materials for applications in chirality sensing, display
technologies, secure optical communication, and information
storage is imperative."” Their chiroptical properties can be read
out with high sensitivity by optical techniques such as circular
dichroism (CD) and circularly polarized luminescence (CPL). To
date, a variety of chiroptical switching materials that are susceptible
to solvent,"* pH,"'® ijons,"”'® redox,*° temperature,>**
light,>*** and magnetic fields>>*° have been reported.

Among the several stimuli examined thus far, hydrostatic
pressure, a type of isotropic mechanical force, can modulate the
molecular conformation, solvation state, and recognition processes
based on volume changes (AV). In recent years, the hydrostatic
pressure has been rapidly gaining attention in the fields of
mechanochemical sensing®>° and mechanobiology,**>* where
it remains challenging to determine when, where, and how a
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A chiroptical switcher: helical inversion of twisted
porphyrin macrocycle synergistically controlled by
combined stimuli of solvent and pressure
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mechanical stimulus acts. Importantly, molecules whose chir-
optical responses and chiral recognition can be controlled by
hydrostatic pressure are quite promising as precise chiroptical
reporters for mechanical input/output, as even slight pressure-
induced conformational changes can be sensitively reflected in
chiroptical signals.**”

Nevertheless, limited examples of pressure-controlled chir-
optical switching and chiral recognition systems have been
reported, which leads to the conclusion that general guidelines
for the molecular design of these systems have yet to be fully
established. This is because not only intrinsic structural
changes but also interactions with solvent molecules strongly
affect the pressure responsiveness. In particular, it is extremely
difficult to predict the latter term and reflect it in molecular
design. Thus, a major challenge in this field is the rational
design of flexible molecular systems of which the structure and
function can be dynamically controlled by the synergistic
effects of solvation and hydrostatic pressure.

The tetrakisporphyrin macrocycle we focus on in this work is
linked by a chiral dioxolane spacer, and combines structural
flexibility with diverse solvent responsiveness.*® The (R,R)-
enantiomeric macrocycle 1 (Fig. 1) can adopt either right-
handed (P) or left-handed (M) twisted conformations, the
helical sense of which is known to be perturbed depending
on the polarity and the structure of the solvents used. Hence, 1
is expected to exhibit pronounced conformational adaptability
in response to both pressure and solvation, thus constituting
an ideal platform for investigating the way in which the inter-
play between hydrostatic pressure and the solvent microenvir-
onment modulates the three-dimensional structure.

We demonstrated that, under hydrostatic pressure, the
chiroptical properties of 1 vary substantially, with the unprece-
dented outcome that the solvent-dependent chiroptical proper-
ties are inverted under hydrostatic pressurization. These results
indicate that successful pressure-driven chirality control of
helical structures requires not only a flexible molecular scaffold
but also appropriate and rational molecular design for solvent
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Fig.1 (a) Molecular structures of macrocycles 1 and 2. (b) Schematic
illustration of the chiral inversion of the flexible macrocycle induced by
hydrostatic pressure.

interactions. Herein, we report the serendipitous discovery that
the unexpected helical inversion of the chirally twisted macro-
cycle is synergistically induced by the combined effect of the
hydrostatic pressure and microenvironmental polarities.

First, to investigate the fundamental optical properties of
the tetrakisporphyrin macrocycles, we performed hydrostatic
pressure-spectroscopic measurements using the referenced
achiral macrocycle, 2 (Fig. 1), which exhibited a Soret band
around 420 nm and Q-bands in the ranges of 500-700 nm
in both toluene and THF at ambient pressure (0.1 MPa),*
(Fig. S2, SI). With increasing hydrostatic pressure, the Soret
and Q-bands underwent steady bathochromic shifts of —0.82
and —0.39 cm~ " MPa ™' in toluene and —0.71 and —0.31 em ™"
MPa ! in THF (Fig. S3, SI). This behavior, attributed to changes
in the solvent polarizability/density under pressure,*®*" stabi-
lizes the polarized excited state. In addition, the hyperchromic
effect is simply the result of an effective increase in the
concentration.”” The optical path length did not change under
pressure, as the measurements were performed using a quartz
cell (see Fig. S1(a), SI). The light green spectrum at 0.1 MPa,
which represents the absorption after depressurization from
320 MPa, is nearly identical to that observed before pressuriza-
tion, indicating that the pressure-induced changes were
reversible. The fluorescence spectra exhibited two distinct
emission bands in the ranges of 400-500 nm and
600-750 nm (Fig. S4, SI). The fluorescence peak also experi-
enced bathochromic shift (Fig. S5, SI). The emission in the
600-750 nm region is attributed to the lowest singlet excited
state (S;) of the porphyrin.*> In contrast, the emission at
400-500 nm is considered to originate from the S, state,**™*¢
supported by the fact that the maximum emission remained
constant even for different excitation wavelengths (Fig. S6, SI).
The increased fluorescence intensity from the S; state with
elevating pressure in both toluene and THF is attributed to the
suppression of collisional quenching due to the increased
solvent viscosity. As for the S, state, the fluorescence intensity
decreased slightly with increasing pressure in toluene, whereas
a clear enhancement was observed in THF. This could be
explained by considering that the m-electron cloud in the S,
state is influenced by pressure-induced changes in the solvent
properties of toluene and THF. The excitation spectra
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underwent bathochromic shifts with increasing pressure
(Fig. S7, SI), whereas the fluorescence lifetimes remained nearly
unchanged (Fig. S8 and Table S1, SI). Hence, these results
indicate that the observed spectral changes under hydrostatic
pressure are typical of m-conjugated chromophores, and that
pressure-induced aggregation such as n-stacking of the por-
phyrin units within the macrocycle did not occur. Nevertheless,
the S, fluorescence of 2 seemed a useful fluorescence chemo-
sensing reporter that is controllable by hydrostatic pressure.

Subsequently, both the optical and chiroptical properties of
the twisted porphyrin tetramer, 1, were investigated. The UV/vis
spectra of 1 are characteristic of those of porphyrin chromo-
phores in toluene, THF, dichloromethane (DCM), and chloro-
form, similar to those of the reference compound 2 (Fig. S9, left
panels, SI). In all solvents, emissions from both the S; and S,
excited states were observed (Fig. S9, right panels, SI) and the
excitation spectra at both 0.1 and 320 MPa also exhibited slight
bathochromic shifts, as also observed for 2 (Fig. S10, SI).

However, the excited-state kinetics of 1 exhibited different
responses to the pressurization between halogenated and non-
halogenated solvents. In toluene and THF, the fluorescence
intensity of 1 increased monotonically from the S; state with
increasing hydrostatic pressure (Fig. S9a, b; left panels, SI). In
contrast, in DCM, the fluorescence decreased continuously
(Fig. S9c; right panel, SI). In chloroform, the fluorescence
intensity initially increased but then decreased upon pressur-
ization (Fig. S9d; right panel, SI). The fluorescence lifetimes of 1
in toluene and THF were approximately 10 ns at atmospheric
pressure, comparable to those of 2, and remained nearly
unchanged even under 320 MPa (Fig. S11a, b and Table S2,
SI). On the other hand, in DCM and chloroform, the fluores-
cence lifetimes were shortened to 8.5 ns at atmospheric pres-
sure and further decreased to 7.4 ns at 320 MPa (Fig. Siic, d
and Table S2, SI). In DCM and chloroform, the pressure-
induced conformational flexibilities in 1 may cause the
solvent-mediated quenching to vary in the excited state. These
findings indicate that the macrocyclic flexibility of 1 is strongly
dependent on the solvent microenvironment.

Finally, the pressure-induced dynamic chiroptical behavior
of 1 was investigated (Fig. 2). The clear positive Cotton effects*’
in the Soret bands of 1 at 0.1 MPa in chloroform and DCM
(Fig. 2a and Fig. S12a, SI) were attributed to the (P)-conformer
based on a previous report.*® The CD spectra exhibited bath-
ochromic shifts upon hydrostatic pressurization, similar to the
trends observed for the UV/vis spectra. Notably, the anisotropy
g (Ae/e) spectra around 420 nm showed a gradual increase in
the g factor profiles from zero to positive values with increasing
pressure (Fig. 2a). In contrast, in THF and toluene, a bisignate
Cotton effect (minus-to-plus) was observed in the Soret
band,***° which is consistent with the (M)-conformer (Fig. 2b
and Fig. S12b). As with the UV/vis spectra, the application of
hydrostatic pressure led to a bathochromic shift in the CD
spectra. Very intriguingly, the g factor profiles were found to
reverse from negative to positive values and further increased
upon pressurization. This inversion behavior, induced by pres-
sure, is very rare®® in chiroptical switchers (Fig. 3a).
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Fig. 2 Pressure-dependent UV/vis (top), CD (middle), and anisotropy g
factor (Ae/e) (bottom) spectra of 1 in (a) chloroform (8 pM) and (b) THF
(8 uM) at room temperature at 0.1, 40, 80, 120, 160, 200, 240, 280, and
320 MPa (from black to sky blue), measured in a high-pressure cell.

The dynamic chiroptical changes exhibited by 1 can be
explained by the differences in the relative stability of the
(P)- and (M)-conformers arising from the solvent structure, as
well as the dependence of the conformational flexibility on
variations in the solvent polarity. To elucidate the origins of the
dependence of the conformational flexibility of 1 on different
solvents, the pressure susceptivity of the g factor was quantified
by determining the slope of the g factor versus the pressure plot
(Fig. 3b). First, a monotonic increase in the g factor was
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Fig. 3 (a) Pressure-dependent g factor (Ae/e, peak top of 320 MPa

spectra) plot of 1 in toluene, THF, chloroform, and DCM. (b) Relationship
between pressure susceptivity of g factor and Reichardt’'s empirical polarity
parameter (E+(30)).°2 The dashed line indicates the threshold for chirop-
tical switching.
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observed upon pressurization in all solvents, suggesting that
a single mechanism is operative; that is, hydrostatic pressure
promotes a more twisted molecular conformation within the
same electronic state due to the inherent structural flexibility of
1.3 Second, in toluene and THF (red circles in Fig. 3b) the
pressure susceptivity of 1 was higher compared to that in
chloroform and DCM (blue squares in Fig. 3b). Particularly,
the g factor underwent a sign reversal when the pressure
susceptivity exceeded a threshold value of >1.5 x 107 MPa™ "
as a chiroptical switcher. This behavior can be attributed to the
pressure-induced conformational conversion of the lesser
stable (M)-conformer into the more stable (P)-conformer. In
both toluene and THF, the g factor spectra of 1 exhibited a
positive increase around 420 nm and a negative decrease
around 440 nm upon hydrostatic pressurization (Fig. S13, SI).
Particularly in THF, an additional negative decrease was
observed around 400 nm. Since the (P)-conformer of 1 exhibits
a minus-plus-minus Cotton effect pattern,®® the pressure-
induced g factor changes observed in THF were interpreted as
an increased population of the (P)-conformer, providing solid
evidence of the chiroptical switching, which was reproducibly
confirmed (Fig. S14, SI). The pressure-induced conformational
change from the (M)- to the (P)-conformer is most likely caused
by a reduction in the overall system volume due to pressure-
induced desolvation,®® since the interconversion between the
two conformers involves negligible intrinsic change in mole-
cular volume. Consequently, the sign reversal of the g factor of 1
in toluene and THF can be simply understood by considering
that the volumetrically compact (P)-conformer is easier to form
based on the pressure-induced release (desolvation) of solvents
with lower polarities such as toluene and THF. In contrast, the
conformational change induced by pressure was minimal in
chloroform and DCM, as the (P)-conformer is already the
thermodynamically favored species in these solvents, resulting
in lower pressure susceptivity. These results demonstrate that 1
is capable of modulating its chiroptical responses dynamically
in accordance with the solvent structure and polarity, thereby
highlighting its potential as a pressure-responsive smart chir-
optical material.

In conclusion, it was demonstrated for the first time that the
chiroptical properties of 1, with their origins in the chirally
twisted structure of the porphyrin macrocycle, can be dynami-
cally controlled by both hydrostatic pressure and the solvent
microenvironment. In 1, the twisted conformation was depen-
dent on the solvent structures, and its CD spectra varied
significantly in response to increases in the hydrostatic pres-
sure. These findings indicate that twisted macrocycles enable
the chiroptical responses to be dynamically controlled via
hydrostatic pressurization, depending on the solvent structure
and polarity. The results provide valuable insights into the
rational design of pressure-induced chiroptical switching
materials.
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