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ABSTRACT: Madbius aromatic molecules have attracted great attention as new functional
materials because of their w-orbital cyclic conjugations lying along the twisted Mdbius topology.
To elucidate the electronic character of the lowest excited triplet (T1) state of a M6bius aromatic
[28]hexaphyrin, we employed a time-resolved electron paramagnetic resonance (TREPR)
method with applying magnetophotoselection measurements at 77 K. Analyses of the EPR
parameters have revealed that the Ti state possesses an intramolecular charge-transfer (CT)
character together with a local excitation character residing at one side in the Mdbius strip ring.
We have also demonstrated that the CT character between orthogonal unpaired orbitals triggers a
quick triplet deactivation by the spin-orbit coupling. This deactivation can be an important
barometer to represent the “antiaromaticity” because of a connection between the orthogonal CT

character and instability by a weakened spin-spin exchange coupling in the Ti state.
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Aromaticity is one of the most common concepts that plays an important role in
chemistry.’” Chemical properties and reactivities of n-conjugated macrocyclic molecules depend
on their aromatic or antiaromatic character.®® As a complement of the Hickel rule,*® Heilbronner
predicted that [4n] and [4n+2] =-electronic systems with singly twisted topology show
aromaticity and antiaromaticity, respectively.!* The aromatic molecules show diatropic ring
currents, negative nucleus-independent chemical shift (NICS) values at the ring center, and large
harmonic oscillator model of aromaticity (HOMA) values.*? In recent years, Mobius aromatic
macrocyclic molecules have been extensively synthesized.'®'® Their aromatic or antiaromatic
characters have been confirmed experimentally in the singlet So states, 12! but their excited
electronic properties, particularly in Ty states have been scarcely studied so far. Expanded
porphyrins?2-26 have attracted great attention. Importantly, some expanded porphyrins have been
shown to take on twisted conformations exhibiting the Mdbius aromaticity or antiaromaticity. **
17,21,2326 Meso-aryl-substituted hexaphyrin(1.1.1.1.1.1)s can be a [26] or [28] n-electronic state.
18.21.28 planar [26]hexaphyrin and [28]hexaphyrin display aromatic and antiaromatic characters,
respectively, in the S states. 1”182 These aromatic and antiaromatic natures are reversed in the
T state. 202%%0 The excited state aromaticity/antiaromaticity of twisted hexaphyrins has received
much attention in relation with the Baird’s rule.3* Detailed electronic structures associated with
the aromaticity/antiaromaticity, however, have not been investigated in the twisted Mdobius
aromatic molecules in the T; state. In this study, we examined the T states of the meso-
hexakis(pentafluorophenyl)  [26]hexaphyrin(1.1.1.1.1.1) [26]Hex and of the meso-
hexakis(pentafluorophenyl) [28]hexaphyrin (1.1.1.1.1.1) [28]Hex (Figure 1) using an X-band

time-resolved electron paramagnetic resonance (TREPR) method in combination with



magnetophotoselection (MPS) measurements. We show that the unpaired electronic orbitals in
the Ty state are not uniformly delocalized over the macrocycle of the twisted Mobius

[28]hexaphyrin at cryogenic temperature.
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Figure 1. Molecular Structures of [26]Hex and [28]Hex.

Figure 2 shows the delay-time-dependent TREPR spectra of [28]Hex obtained by
irradiating the depolarized light, the light (L) parallel to Bo (L // Bo), and the light perpendicular

to Bo (L L Bo). The symmetrical broad EPR spectrum lines were found to be highly dependent

upon both the L direction and the delay time. The magnetophotoselection effects denote that the
broad TREPR spectra originate from peak splittings by the anisotropic spin-spin dipolar coupling
in the T, state as the zero-field splitting (ZFS) interaction whose tensor orientation is defined
with respect to the optical transition dipole moment in the molecule.®>% The identifications of
the ZFS tensor can thus be performed by the analysis of the TREPR spectra, enabling us to
characterize the electronic structures of the T states. The ZFS parameters of D and E are defined
in the spin-spin dipolar interaction®” as, D = 3(gf)?<(ri2® - 7122)/r12°>/4 and E = 3(gf)’<(y12° -
x129)Ir12°>14, where x12, y12 and z12 are axis components in the separation vector ri, between the
two spins (1 and 2) in the principal axes system (X, Y, Z) of the triplet state. We performed
model calculations of the TREPR spectra based on the line-shape theory for the triplet state, as

reported by Levanon.®® Details of the line-shape analyses are described in Supporting



Information (SI). The spin polarization of the microwave absorption (A) and the emission (E) is
caused by the anisotropy in the initial sublevel populations Px, Pv, and Pz in the zero-field spin
wave functions of Tx, Ty, and Tz by the intersystem crossing (ISC).>® The TREPR spectra of
[28]Hex observed in toluene at 0.5 ps (Figure 2a-c) exhibit the E/A/E/A/E/A polarization pattern.
The ZFS parameters of [28]Hex were obtained to be |D| = 532 (+ 3) MHz and |E| = 18.2 (x 2)
MHz. The ZFS parameters of [26]Hex (See Figure S1 for details.) and of a butadiyne-substituted

free base diarylporphyrin (H2P) * are also listed in Table 1.
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Figure 2. Experimental (black) and simulated (blue) TREPR spectra of [28]Hex observed at
several delay times after the 650 nm laser irradiations at 77 K in toluene. Depolarized light was

employed in the left. Bo // L, and Bo _L L denote that the polarization directions of the laser light

(L) were parallel and perpendicular to the external magnetic field (Bo), respectively.

The |E| value in [28]Hex is significantly smaller than those of [26]Hex and H2P, denoting

a negligibly small spin-density distribution difference between the X and Y directions in the



[28]Hex molecule. Since [26]Hex is the planar molecule?® as well as HzP, the D value of
[26]Hex is expected to be positive (D > 0) because of ri2? > 3z35% “°%2% In this case, the
principal Z-axis is directing to the out-of-plane while the X- and Y-axes are located at in-planes

of

Table 1. ZFS parameters (D and E) and anisotropies (Px: Py: P;) of the populations at the zero-

field sublevels in [26]Hex, [28]Hex, H2P, and carotenoid.

D/MHz  E/MHz  [E/D] Pe: Py P,
[26]Hex® 813(£3)  -205(¢¥3) 0.5 0.05:0.95:0.00
[28]Hex? 532(+3)  -18.2(x2)  0.034 0.00:0.60:0.40
HoP° 1024(+3)  -144(x2)  0.14 0.47:0.53:0.00

Carotenoid®  -1160(+2)  -114(x2)  0.098 0.40:0.20:0.40

& In MTHF. ® In toluene. ¢ Taken from reference 40. ¢ Taken from reference 41. The negative D
is conclusive for Px: Py: P; = 0.4:0.2:0.4 to account for the E/E/A/E/A/A polarization generated

by the triplet-triplet energy transfer.

[26]Hex in Figure 1a.*>* Thus, the large |E| value in [26]Hex is rationalized by the delocalized
electronic distribution for the planar rectangular w-skeleton. This well supports the larger |E/D|
value in [26]Hex than |E/D| in HzP in Table 1, since HzP is rather square-shaped. Under the
present cryogenic conditions, the twisted conformation is predominant in [28]Hex as confirmed
by the ground state absorption spectrum in Figure S2 and S3?’. The quite small |E| value in

comparison to |D| (| E/D | = 0.0342) in [28]Hex in Table 1 thus suggests that the unpaired



electrons are not delocalized in the disordered molecular framework in Figure 1b. The small
|E/D] also excludes conformation changes of the twisted *[28]Hex* to yield the planar 3[28]Hex*
at 77K.?" One possible explanation of this small |E| is that the unpaired electrons are separated

from each other as a charge-transfer (CT) state, resulting in <(y122 - X122)/r12>> = 0 in E due to

the twisted framework. If the two spins are separated, D < 0 is expected in [28]Hex. The other
possible explanation would be that the two unpaired spins are both locally distributed at one side
of the twisted ring of [28]Hex. If these electrons reside along a long axis (Z) like the spin density

distribution in the excited triplet state of carotenoid, the negative D is also expected. 414445

The molecular orbital (MO) calculations were carried out for the planar [26]Hex and the
twisted Mobius [28]hex in the T; states, as detailed in section 1-4 of SI. In the MO calculations,
the pentafluorophenyl groups in Figure 1 were replaced by hydrogen atoms, as model molecules.
The gross spin density distributions calculated by the CIS method (CIS/cc-pVDZ) denoted a
delocalized character in planar [26]Hex (Figure S4a). This well explains the positive D value
together with the larger |E| value of the rectangular molecule than that of 3HzP in Table 1. On the
other hand, the twisted Mdbius [28]Hex exhibited a localized spin density distribution (Figure
S4b), indicating that the two unpaired spins are located at one side of the strip ring, as the local
excitation (LE) state. From computed configuration interaction (CI) coefficients, as detailed in
Figure S5, the contributions of the CT and LE characters were estimated to be ca. CT:LE =1:51in
the twisted Mobius [28]Hex. These LE and CT characters are both consistent with the

anticipated negative D value.

To determine the orientation of the principal D-tensor axes with respect to the transition

dipole moment (M) in [28]Hex, the MPS analyses were examined in Figure 2 at 0.5 us.*#® In



the present MPS measurements, the 650 nm light was selected to photoexcite [28]Hex based on
the UV-vis absorption peak (Figure S2 and S3) corresponding to the M direction parallel to the
short molecular axis, as reported in the previous study.!’” The computed M in Figure 3 was
consistent with the absorption band around 650 nm at 77 K (Figure S2), as explained
previously.'® From the line shape analysis to fit the TREPR spectra of Figure 2a, 2b and 2c, we
obtained the principal axis directions of the ZFS interaction of [28]Hex for the negative D by
using the polar (6= 60°) and azimuthal (y = 40°) angles of M (Figure S6) in the principal XYZ

axis system, as shown in Figure 3.

Figure 3. Orientations (0 = 60° and y= 40°) of the principal ZFS principal axes with respect to
the transition dipole moment (M) of [28]Hex determined by MPS in Figure 2. Views of [28]Hex

from the Y and the Z axes are shown in a) and in b), respectively.

Together with the MPS effect, the anisotropy in ISC from the lowest excited singlet state
(S1 state) to the triplet spin sublevels allows us to characterize the direction of the Z axis, since
such anisotropies are governed by the spin-orbit coupling (SOC) scheme between the singlet and
triplet characters.*>*® In the case of the negative D, Px = 0, Py = 0.60 and Pz = 0.40 were
obtained to fit the E/A/E/A/E/A polarization pattern, as shown in Figure 4a. The S;-T1 ISC

should occur via the 'n* -> 3g’x* transition scheme driven by the SOC with borrowing highly



lying *nm* in the S state of *nn*.*° We found an n-orbital character of orbital #115 (Figure 4b)
by the MO calculation of a [28]Hex model molecule with the B3LYP/6-31G* level. In the ZFS
principal axes system in Figure 3, the n-orbitals on the nitrogen atoms labeled by “N” in Figure
4b are directing roughly to the Z and X axes and are orthogonal to & orbitals (n” in Figure 4c) at
the nitrogen positions. The Si-Ty ISCs are thus active both to the Ty and Tz sublevels (i. e. Py =
Pz >> Px) through the SOC during the nm* —> 3r’n* transitions in Figure 4c because of the
twisted molecular topology in Figure 4b. This is in line with the anisotropy in the ISC scheme
obtained for the negative D in Figure 4a. It is thus concluded that the sign of the D is negative
with the principal Z axis directing along with the molecular long axis. This also specifies that the
spin-density distribution is not fully delocalized in the [28]Hex macrocycle in the T state, as
predicted by the MO calculations (Figure S4b). This character is totally different from the
delocalized spin distributions in 3[26]Hex* (Figure S4a) and 3H.P*. Interestingly, this localized
character in the T; state is also totally different from the delocalized character in the S; state®® of

the twisted [28]Hex.
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Figure 4. a) Relative populations in the triplet sublevels at 0.5 ps in [28]Hex. b) The n-orbital
character involving the nn* -> 3g'n* ISC which induces the angular momentum changes along
the Y and Z axes. ¢) Schematic representation of the S;-T1 ISC in [28]Hex. d) The deactivation
scheme of the T; state leading to So, contributing to the anisotropy in the T sublevels to account

for the spin polarizations for t > 5 us in Figure 2.

Further insights into the electronic structure of the T state were obtained by spectrum
changes in Figure 2 for t > 5 ps. From Figure 2d, 2g, and 2j, the line-shapes were modulated
from the E/A/E/A/E/A pattern to A/A/A/E/E/E by the delay time. In a previous study, time-
dependent EPR spectra were interpreted in terms of sublevel-dependent depopulations by a
triplet-triplet energy-transfer.*® In the present case, the A/A/A/E/E/E pattern is explained by a
quick Tz depletion, as shown by Figure 5a. We quantitatively fitted the delay time dependence of
the transverse magnetizations in Figure S7 with taking into account the time-dependent sublevel
populations determined by depletion rates (k-x, k-y and kz in Figure 5a) from the X, Y and Z
sublevels, respectively, as detailed in SI. The deactivation kinetics of kT = (k-x + koy + k-2)/3 = 16
ms™ from Figure 5a is consistent with reported lifetime (90 us) of ®[28]Hex* at 170 K obtained

by the transient absorption spectroscopy.?’

The deactivation of the triplet CT character 3(D**-A*) as shown by Figure 4d leads to the
electron spin polarization in the triplet state. Figure 5b and Figure 5¢c show views of the orbitals
of = (orbital number = 122a) and ©* (123a) from the Y and Z axes, respectively, obtained by the
DFT calculation of the Ti state of the [28]Hex model molecule. Taking these CT unpaired

orbitals as a configuration contributing to the Ti state, the two spins are separated from each

11



other as shown in Figure 5b. Thanks to the twisted molecular topology in the [28]Hex
framework, the ©* orbital possesses the atomic orbital contribution which is orthogonal to the

atomic orbital participating in the m orbital. These atomic orbital contributions in 7* and = are
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Figure 5. a) Relative populations in the zero-field triplet sublevels obtained for D <0 and E <0
of [28]Hex at several delay times to account for the spin polarization changes. b), c) The CT
character is represented by the orbitals of = (orbital number = 122a) and n* (123c) obtained by
the DFT calculation. The twisted molecules are viewed from the Y and Z axes in b) and c),
respectively. Representative topologies of the localized unpaired orbitals are depicted by the p-
orbitals in b) and c¢), demonstrating that the SOC is effective as the angular momentum change
(Lz) along the Z axis to cause the spin-flip (dotted arrows) for the Tz depopulation during the

> -> 72 transition.

12



represented by the px and py orbitals, respectively in Figure 5b and Figure 5c. Therefore, the
angular momentum change is effective along the Z axis during the n* -> = transition in the
reverse I1SC from 3rn* to 12, since the rotation (Lz) of the px orbital results in the py orbital as
shown by the dotted arrows in Figure 5b and Figure 5c. The Tz depletion caused by the spin flip
is thus interpreted by the effective SOC described by the matrix element of <(D-A)|Hsoc|*(D**-
A™*)> in the Tz sublevel. The above SOC-induced depopulation scheme is relevant to an ISC
mechanism in which the SOC is operative during the triplet charge-recombination between the
orthogonal unpaired orbitals of D** and A~ in the singlet CT state of donor (D) — acceptor (A)
linked molecules (D-A), generating the locally excited triplet state, i.e. }(D**-A*) —> (D-3A%),
as reported by Wasielewski.> The present Tz depopulation thus denotes that the intramolecular
CT character is involved in the T; state of the twisted [28]Hex. This well explains CT:LE = 1:5
obtained from the CI coefficients in the triplet state, as described above. We also calculated the
D value (DSS = =746 MHz as the spin-spin contribution) from the unpaired orbital distributions
in Figure S4b obtained by the CIS method.3>°1->3 The details on the calculations are described in
section 1-4 of SI. The relation of DS = 1.4 D agrees with the correlations between the computed
DSS and the D values (Table S1) obtained for tetraphenylporphyrins and hexaphyrins, supporting

the coexistence of the LE and CT characters in the twisted [28]Hex.

Since the electronic characters in the T; states of the planar [26]Hex and the twisted [28]Hex
are well compatible with the theoretical calculations (Table S1), one may evaluate the
antiaromatic/aromatic characters of the T; states both in [26]Hex and [28]Hex on the basis of the
DFT calculations. (Table S2 and S3) The validity of utilizing the (U)B3LYP levels of theory>*>®
in the model molecules is detailed in section 1-4 and in Table S3 of SI. The NICS(0) of the

twisted Moébius [28]Hex exhibited a large positive NICS(0) of 60 ppm in the Ty state. This is in

13



contrast to the negative NICS(0) of -15 ppm in the So state in Table S2, demonstrating the
reversal relationship between the aromaticity and the antiaromaticity in the So and T: states,
respectively. We also computed the state energies (Table S3) of the So and T; states using the
DFT calculations for the planar [26]Hex, the planar [28]Hex and the twisted [28]Hex. In planar
[28]Hex, which is a conformational isomer of twisted [28]Hex, the Ti-So energy gap of
AE(T1—So) was significantly smaller (0.29 eV) than the corresponding gap (1.10 eV) in the
twisted [28]Hex in Table S3. This is explained by the aromatic character in the Ty state of the
planar [28]Hex since the energy difference (0.1 eV) is very small between the So states of the
planar and twisted [28]Hex molecules?’; the Ty is highly stable in the planar [28]Hex due to the
aromaticity in the excited state as the reversal to the Hiickel [4n] antiaromaticity in So according
to the Baird’s rule, as confirmed by the negative NICS(0) value of -17 ppm in the Ty state (Table
S2). On the ground-state aromaticity molecules of [26]Hex and twisted [28]Hex, AE(T1—So) =
1.10 eV was slightly larger in the twisted [28]Hex than that (0.95 eV) in [26]Hex. This higher Ty
energy in the twisted 3[28]Hex* should not be associated with the LE character as described in
section 1-4 of Sl because the delocalized distribution leads to the electronic destabilization in the
antiaromatic state due to the positive resonance energy® for the extended n-conjugation systems
in 3[26]Hex™* (Figure S4a). Alternatively, the triplet CT character in 3[28]Hex* would cause the
electronic destabilization by a weakened spin-spin exchange interaction between the separated

unpaired orbitals in Figure 5b.

In conclusion, we have revealed the electronic structure of the T; state of [28]Hex by using the
TREPR method in combination with the MO calculations as the first example of twisted Mobius
aromatic molecules. The contribution of the intramolecular CT character together with the LE

character at one side in the Mdbius strip ring of the macrocycle has been demonstrated. The lack

14



of the spin-spin exchange stabilization between the separated unpaired electrons causes the
destabilized triplet state, resulting in antiaromaticity. Besides the energetics and the ring current
effects that are used to evaluate the aromaticity/antiaromaticity, the quick SOC-induced triplet
deactivation faster than kr = 10* s (Figure 5a) can be an alternate important barometer to
represent the “antiaromaticity” because of the connection between the orthogonal CT character
and the triplet instability. It is noted that kr is usually smaller than 10* s in the 3rzn* of the
planar metal-free Huckel aromatic molecules at cryogenic temperatures for AE(T1—So) = 1
eV,%%°" highlighting the remarkably accelerated deactivation by the orthogonal 3nr* (Figure 5b)
in the antiaromatic T state. The present relationship between the aromaticity/antiaromaticity and
the electronic structures is highly informative for understanding the fundamental chemical

reactivity of Mobius aromatic molecules for future designs of the functional organic molecules.
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Experimental Procedures

1-1. Materials and Sample Preparations

The details in synthesis process of meso-hexakis(pentafluorophenyl)
[26]Hexaphyrins(1.1.1.1.1.1) and meso-hexakis(pentafluorophenyl)
[28]Hexaphyrins(1.1.1.1.1.1) ([26]Hex and [28]Hex) are described in the previous reports.
Toluene (JIS Special Grade) and 2-methyltetrahydrofuran (MTHF, Wako Special Grade) were
purchased from Wako Pure Chemical Industries, Ltd., and they were used as received. For
UV-vis absorption and time-resolved EPR (TR-EPR) measurements, [26]Hex and [28]Hex
were dissolved in toluene and MTHF, respectively. The concentrations of these solutions
were 100-200 uM. For the TR-EPR measurements, in addition, these solutions were
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deoxygenated by the freeze-pump-thaw cycle and were sealed in quartz EPR sample tubes
before the X-band TR-EPR measurements.

1-2. UV-vis absorption measurements

UV-vis absorption spectra at room temperature were measured on a SHIMAZDU
UV-1650PC spectrometer with a 0.1 cm optical path length quartz cell. UV-vis absorption
spectra at 77 K were measured on a JASCO V-650 equipped with an integrating sphere unit
ISVC-747, where the sample tube including sample solution was set into a Dewar bottle

filled with liquid nitrogen.

1-3. Time-resolved EPR measurements

Time-resolved EPR (TREPR) spectra were measured using a Bruker EMX X-band
continuous wave (CW) EPR spectrometer without magnetic field modulation at 77 K. The
EPR sample tubes were placed in a Dewar bottle filled with liquid nitrogen, which was set
inside the EPR cavity. A nanosecond-pulsed OPO laser (Spectra-Physics, basiscan/L13P-KE;
A =568 nm and 650 nm, 10 Hz) pumped by a pulsed Nd:YAG laser (Spectra-Physics,
Quanta-Ray Lab-130; 4 = 355 nm) was used as an excitation light as reported in our previous
study. Details of the detection method were given previously.?2 Microwave power was set to
be 4-5 mW. A quartz depolarizer (Sigmakoki, DEQ-1N) was employed for depolarized laser
excitations. A quartz A/2 waveplate (Sigmakoki, WPQW-65/78-2M) was used for introducing
the polarized light converting the direction of polarization in 90 degrees. In
magnetophotoselection (MPS) experiments, the polarization directions of the laser (L) were
set parallel (Bo//L) and perpendicular (Bo_L L) to the direction of the external magnetic field
(Bo). In the MPS measurements, the excitation wavelengths were selected as described in
Figure S2 and S3.

1-4. Theoretical Calculations
Geometry optimizations of the ground state of [26]Hex and [28]Hex were performed by

using the density functional theory (DFT) method with the Becke’s three parameter hybrid

exchange functional and the Lee-Yang-Parr correlation functional (B3LYP)3 with 6-31G* and
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6-31G** basis sets* in Gaussian 03° and Gaussian 09 program package.® The Cartesian
coordinates of the optimized geometries are listed in section 10 of the present Supporting
Information. The pentafluorophenyl groups of [26]Hex and [28]Hex were replaced with
hydrogen atoms. The excitation energy and the oscillator strength calculations were carried
out using the ZINDO/S method” 8 in ORCA 3.0.3 program package® and the ZINDO method’
in Gaussian 09 program package for the B3LYP/6-31G** optimized geometry. The
configuration interaction singles (CIS) calculations!® were performed by using the restricted
Hartree—Fock (RHF) method with a cc-pVDZ basis set'! in Gaussian 03 program package for
the B3LYP/6-31G* optimized geometry. The calculations of the zero-field splitting (ZFS)
tensors were carried out with Gaussian 03 program suite. The spin-spin contributions (DS
and E>®) to the ZFS parameters were estimated by the McWeeny-Mizuno equation!? 13 with
CIS/cc-pVDZ spin-densities at the B3LYP/6-31G* optimized geometries. The two-electron
dipole—dipole integrals were calculated by using our own codes.'® We have noted that the CIS
spin density-based approach has a tendency to overestimate the D value for an extended «
conjugated system. The CIS calculations, nevertheless, deserved important consideration in
determining the sign of the D value and the principal axes orientations of the D tensor of the
systems under study, as shown in Figure 1 in the main text.'*

The NICS values were computed by the gauge including atomic orbital (GIAO) mothod*®
at the B3LYP/6-31G** level for the So state or at the UB3LYP/6-31G** level for the T, state
based on the optimized geometries. The NICS values were calculated for the centers of the
hexaphyrin macrocycles with zero height as NICS(0) values, as given in the previous
reports.6 17

The T1-So energy gaps were obtained as follows. We performed the geometry optimizations
for the So state using RB3LYP/6-31G**. For the optimized geometries, we performed the
single point energy calculations for the triplet states by using UB3LYP/6-31G**. We also
carried out the geometry optimization for the twisted [28]Hex model molecule as the triplet
state. However, the optimized geometry represented a planer conformation which is
categorized as the planar [28]Hex. Thus, we did not adopt the optimized geometries for the
excited states, since the structure in the T state is frozen as described in the main text. The
SCF energy difference between these states are listed in Table S3.

The conformational preference of the twisted [28]Hex in the So state was obtained by the
RB3LYP/6-31G** calculations as shown in Table S3. It is known that the basis function does
not largely influence the state energies but the level of theory does. This preference is

probably an accidental coincidence with the predominance of the twisted conformer at lower
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temperature, since the theoretical calculations were performed for the model molecules of the
hexaphyrins in which the pentafluorophenyl groups were replaced by the hydrogen atoms. It
is known that the B3LYP theory exaggerates the delocalization of conjugated systems,
overstabilizing the Mdbius structures. (Ref.54 in the main text) However, the lack of the
pentafluorophenyl groups in the B3LYP/6-31G** calculations seems to compensate for this
overstablization, giving rise to the preference of the twisted structure, while the other method
of M05-2X is reported to result in the energetic preference of the Hiickel structure for the
[28]Hex model without the pentafluorophenyl substituents as in Ref. 54 in the main text.
From the above argument, the So state energies in Table S3 seem to be appropriate for the
aromaticity molecules of [28]Hex and [26]Hex in Figure 1. As for the Ty states, such
overstablization effect will not occur in the aromaticity molecules because of the positive
resonance energy in the antiaromatic m-conjugation system. Since the localized spin density
distribution has been obtained in the T, state of the twisted [28]Hex model, the delocalization
effect should be minor in the Ti state energy. We have performed the T: state calculation
utilizing UMO05-2X/6-31G* in the twisted [28]Hex model molecule for the optimized
geometry by M05-2X/6-31G* in the So state. The spin density distribution has been revealed
to be slightly more delocalized than the distribution obtained by the UB3LYP/6-31G*. The
computed D value of D(M05-2X) = -763 MHz is almost identical with D(B3LYP) = -746
MHz obtained from the UB3LYP/6-31G* level, denoting that the electronic structure is
unaffected by the level of theory. The vertical T1-So energy gap has been obtained to be 1.21
eV by the UMO05-2X/6-31G*. This energy is slightly higher than 1.10 eV in Table S3. These
results indicate that the localized spin density distribution lowers the T state energy which is
rationalized by the stronger spin-spin exchange coupling in the excited triplet state. It is noted
here that even when the spin density distribution is more localized in the UB3LYP/6-31G*
calculation for the twisted [28]Hex model, the T: state energy is still larger than that in the
planar [26]Hex model where spin density distribution is highly delocalized. This higher Ty
level would be thus explained by the weakened exchange integral by the involvement of the

intramolecular CT character, as described in the main text.
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Results and Discussion

2. TREPR spectra of [26]Hex

(a) Depolarized (b) B, LL
Abs.
Em.
290 300 310 320 330 340 350 360 370 380 290 300 310 320 330 340 350 360 370 380

Magnetic field /ImT Magnetic field /mT

Figure S1. Experimental TREPR spectra of [26]Hex observed in MTHF at 0.5 us after 568 nm laser
iradiation at 77 K. The depolarized and Bo_L L spectra were obtained when the polarization direction

of the laser light (L) was depolarized and perpendicular to the external magnetic field (Bo),

respectively. Black and blue lines are the experimental and simulated spectra, respectively.

3. UV-Vis Absorption Spectra

In the absorption spectra of [28]Hex observed at 77 K (Figure S2) the strong absorption peak
is obtained at 619 nm. Also, the shoulder band around 640 nm is observed. These absorption
bands correspond to the transition moments along the long and short molecular axes in the
twisted Mobius [28]Hex, on the basis of the calculated absorption spectrum (ref *° and Figure
S3) obtained by the ZINDO method. Thus, 650 nm excitation wavelength as pointed in

Figure S2 was used to excite the transition dipole moment along the short molecular axis.

1.0
—— [28]Hex at 77 K

=
@

state 3

/650 nm
/

L o o e o o e e B e S R B
350 400 450 500 550 600 650 700 750 800 850
Wavelength inm

This will avoid the excitation of the other transition dipole moments around 620 nm. A

e
@

Normalized Absorbance
L=
Y

=
o

different MPS effect was obtained when 598 nm laser light was chosen, since this light

corresponds to the long-axis excitation.

Figure S2. UV-vis absorption spectrum of [28]Hex in toluene at 77 K. A peak shown by state 3 at

630 nm corresponds to the transition dipole moment along the short molecular axis. This assignment
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of the direction of the dipole moment was supported by the theoretical calculation by the ZINDO

method in Figure S3

State Energy Wavelength fosc T2 TX RY; TZ
(cm-1) (nm) (au**2) (au) (au) (au)

0.021030423 0 0

0.004685285 0 0

0.833275688 14 3

3.057277836 50.59957 -7.06871 0.71557 -0.34767

0.109928339% 1 0

0.268258164 3 0
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Figure S3. Calculated absorption spectrum and oscillator strength of twisted Mdbius [28]Hex whose
pentafluorophenyl groups are replaced with hydrogen atoms using the ZINDO/S method for the
B3LYP/6-31G** optimized geometry. The inset shows the B3LYP/6-31G** optimized geometry and
the molecular axes to express the directions of the transition dipole moment. The state 3 (545 nm band
as denoted by the arrow) corresponds to the shoulder absorption band at 650 nm indicated by the
arrow in Figure S2. The large transition intensity at TY in the state 3 is compatible with the direction

of M depicted in Figure 3 in the main text.
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4. Gross spin density distributions

a b)
LMY

o o -

x %

Figure S4. Gross spin density distributions of (a) planar [26]Hex and (b) twisted Mobius [28]Hex
whose pentafluorophenyl groups are replaced with hydrogen atoms. The CIS/cc-pVDZ level was

employed for the B3LYP/6-31G* optimized geometry in the ground state.

5. Molecular Orbitals

Excited State 1: Triplet-A
0.5932 eV 2090.25 nm f=0.0000

119 ->125 0.11875
120 ->126 -9.12515
121 ->123 -9.21174
121 ->124 -0.33737
122 -»123 0.48908
122 ->124 -0.10656
~
g
123 gz};;’i — N
HE 12
A
119 ég :3

Figure S5. Molecular orbitals in the excited triplet state of the model molecule of twisted Mobius
[28]Hex obtained by the CIS/cc-pVDZ calculation for the B3LYP/6-31G* optimized geometry. The
transitions between the orbital numbers of 119 -> 125, 121 -> 123, and 122 -> 124 are regarded as the
CT characters. 120 -> 126, 121 -> 124, and 122 -> 123 transitions are attributable to the LE. From the
ClI coefficients of 0.119, -0.212 and -0.107 for transitions 119 -> 125, 121 -> 123, and 122 -> 124,
respectively, the CT character has been obtained to be 0.07 from a summation of the square values of
these coefficients. Similarly, from the coefficients of 0.125, -0.337 and -0.489 for 120 -> 126, 121 ->
124, and 122 -> 123, the LE character has been obtained to be 0.369. Thus, CT:LE = 1:5 is obtained.
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6. Line Shape Analyses of the TREPR Spectra

The powder pattern TREPR spectrum of the excited triplet state can be described as:

n/2 rm/2
1(By) = f f Im(psy + p3z) D (6, 9)depd8 (s1)
0 0

where, 6 and ¢ are the angles between the external magnetic field (Bo), p21 and pa.
correspond the 1-2 and 2-3 level transitions in the density matrix of the triplet state obtained
in the diagonalized sublevel system in the presence of the external magnetic field. (6, ¢) is
the distribution function in the molecular orientation and is dependent on the light excitation
condition.*® The distribution function (8, ¢) is described as follows:

In the case of L // Bo,®

D;(8,9) = cos? asin@

= (siny cos § sin cos ¢ + siny sind sin @ sin @ + cosy cos )% sinh (S2)

Inthe case of L L By,

1
D,(6,9) = Esin2 a sin 6

1
= 5{1 — (siny cos § sin @ cos ¢ + siny sind sin @ sin ¢ + cosy cos 8)?}sin@ (S3)

where a is the angles between the Bo and M as follows:

Bo = Bo(Sin @ cos ¢ ,sin@sing,cos@), M=M(sinycosé,sinysind,cosy)

The relationship between the external magnetic field (Bo) and the transition dipole moment
(M) of the molecule with respect to the principal axes of the zero-field splitting tensor is
illustrated in Figure S6.
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Figure S6. Relationship between the external magnetic field (Bo) and the transition dipole moment of

the molecule (M) with respect to the principal axes of the zero-field splitting tensor.

To obtain the kinetic parameters of the non-radiative deactivation rate constants in the excited
triplet states, we quatitatively analysed the delay time dependence of the transverse
magnetizations (Figure S7) using eq.(S1) by solving the triplet sublevel populations (o011, p22

and ps3), as follows:

P ko~ Fasc (1) Ry 0 ke (1) Pu
el Pn | K, —kyy — ko = Kggse (2) sy ke (2) P
ol pu | 0 ks ke (3) ke (3) P
P )L 0 0 0 —ky—ky—k, | Pt
(S4)
with
ke (1) = lew| K +les | K +eg| Ky
(S5)
and
ese (1) = |ewe| g +lew| ooy +ea| Ky
(S6)
where (Cix, Civ, Ciz) for i =1, 2 and 3 are the eigenvectors that diagonalize the spin

Hamiltonian of the excited triplet state in the presence of the magnetic field. (kx, ky, kz) and
(k-x, k-v, k-z) are the anistropic Si-T1 and T1-So intersystem crossing rate constats in the spin
sublevels at the zero-field. ki (i < j) are the spin-lattice relaxation rates betwee the sublevels
and are treated as, kij = kji exp(gfBo/keT) with ki> = kos. The spin-lattice relaxation time is

thus represented as, T1 = 1/(kij + kji). The time evolution of the density matrix elements, pu1,
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P22, p33 and psi can be solved by using the matrices of the eigenvectors (S) and the
eigenvalues () of the relaxation matrix in eq.(S4) to be p =S exp(nt) Sp(t = 0), with setting
the initial population p(t = 0) dominated at the excited singlet state (os1). The triplet

deactivation rate constant is represented as,

_kytk K,
b 3
(S7)
The EPR transition probabilities in T:—T2 and T.—Ts are represented as,°
1 -1
Py =@ {_QT+ +3C+w, - ’[?J} (Pzz _Pll)
2
(S8)
1 -1
P =0 {‘Qﬂ —3C+a, _{?J} (P33 _Pzz)
2
(S9)
where
1
Q.= gf,eﬁ"ﬁgﬂ + 52‘41__:*’1’{1;
(S10)
D, 2y Ef 2, 0 © 2 e 2
C= g(1—3005 9) —5(005 ¢sin” @—sin” @sin 6)
(S11)

In eq. (S10), gr and At denote the effective g values and hyperfine coupling constants in the
excited triplet state. In the present system, the gr and At can be treated to be isotropic since
the EPR spectra exhibit the symmetrical shapes. At = 0 was assumed. In eq. (S10), D and E

are the ZFS constants described in the main text.

On the basis of the kinetic parameters of (kx, Ky, kz) and (k-x, k-v, k-z) determined in Figure
S7, we also computed the delay time dependence of the sublevel populations at the zero-field,
as shown in Figure 5a, demonstrating that the A/A/A/E/E/E pattern is explained by the

dominant Tz depletion for the later delay times.
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28[Hex] in toluene 28[Hex] in MTHF

a) 0.5 us a) 1 us

b) 5 us b) 8 us
c) 20 us L b '
MNVW

T — > >
M — > >

Relative Magnetization
Relative Magnetization

c) 23 us
300 320 340 360 300 320 340 360
Magnetic Field / mT Magnetic Field / mT

Figure S7. TREPR spectra of 28[Hex] in toluene (left) and in MTHF (right) obtained by the
depolarized laser irradiations at 77 K. The computed transverse magnetization curves are
shown by the red lines to reproduce the EPR spectra together with their intensities for the
given delay times. In toluene, (kx, kv, kz) = (1.0x108, 1.2x10°, 8.0x108) st and (k-x, k-v, k-z) =
(1.2x10%, 1.3x10% 2.4x10%) s were set to reproduce the data with T1 = 5.5 ps as the
spin-lattice relaxation time. In MTHF, (kx, kv, kz) = (1.1x108, 3.1x108%, 3.0x10%) s* and (k-x,
K-y, k-z) = (1.3x10% 1.1x10% 1.9x10%) s were set with T, = 7.5 ps. In MTHF, D = -527 MHz
and E = -67 MHz were employed. From eq.(S7), kr = 1.6x10* s and 1.4x10* s were

obtained as the triplet deactivation rate constants in toluene and MTHF, respectively.

S12



7. ZFS parameters

Table S1. Calculated ZFS parameters of DSS and ESS obtained by the CIS calculation together with
the experimentally determined ZFS parameters of D(Exptl.) and E(Exptl.) obtained for the phenyl
substituted porphyins (H:P = Tetraphenylporphyrin, ZnP = Zinc tetraphenylporphyrin, and MgP =
Magnecium tetraphenylporphyrin) together with hexaphyrins ([26]Hex and [28]Hex).

. D(Exptl) E(Exptl.)

SS SS SS S
E/D
D /MHz E /MHz |E /D] IMHz | MHz |E/D]
[26]Hex
+9712 —242 0.0258 +813P —205° 0.252
(Planar)
[28]Hex
_ ~7462 -3a 0.0041  -532¢ -18.2°  0.034
(Mdbius)
H.P +15082  —183% 0.121 11489 —-2394 0.209
ZnP +13342 542 0.040 911°¢ -270¢ 0.296
MgP +1358%  —782 0.057 914 f —-2557  0.279

[a] The CIS calculations were undertaken for corresponding molecules whose phenyl groups (or
pentafluorophenyl groups) are replaced with hydrogen atoms at meso positions. The CIS calculations
tend to overestimate the D value for the extended m conjugated system due to the computations
without the phenyl groups. However, a good correlation obeying DS = 1.4 D(Exptl.) is obtained
between DSS and D(Exptl.). This indicates a validity of the present computed electronic structure
shown in Figure S5 with CT:LE = 1:5 to explain the ZFS parameters in the twisted [28]Hex. It is also
noted that the computed principal axes orientation (Figure 1b) of the spin-spin dipolar interaction was
[b] Obtained in

2-methyltetrahydrofuran, [c] Obtained in toluene. [d] Taken from ?°. Absolute sign of D was not

consistent with the experimentally determined orientation in Figure 3.

determined experimentally. [e] Taken from %°. Absolute sign of D was not determined experimentally.

[f] Taken from %°, absolute sign of D was not determined experimentally.
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8. NICS values

Table S2. Calculated NICS values (ppm) at the ring centers in the Sp and T, states of planar [26]Hex,
planar [28]Hex and twisted Mobius [28]Hex.

[26]Hex (Planar) [28]Hex (Planar) [28]Hex (Mdbius)

S 3,003.8 L 5.548,5.3 W,
NS Rt B e B "R L g g™ W LN W
20 29, e, 28 29 8y, @ “‘ v
NICS(0) e AP i AR P ag N My
L ] - [ *a F] L R o &
position PR 0GR 8y B 2050 00 0 2R S, jﬂ‘.ga
1 & b & A ] ] 4 4 -] i f ’ Jf
So -16.75 45.88 -14.90
T: 41.72 -17.02 59.51

9. Calculated state energies

Table S3. Calculated state energies and the energy gaps between the T; and Sy states obtained by the
(U)B3LYP/6-31G** methods.

AE(T1-So) /
E(So) /Hartree  E(T1) /Hartree?
eV
[26]Hex -1483.688329  -1483.653502 0.95
[28]Hex
-1484.920999  -1484.910211 0.29
(planar)
[28]Hex
_ -1484.924953  -1484.884429 1.10°
(twisted)

2 Obtained by the single point calculations for the optimized geometries in the Sp states.

bThe vertical T1-So energy gap has been obtained to be 1.21 eV by the (U)M05-2X/6-31G* level for
the optimized geometry by M05-2X/6-31G* in the Sy state. Since the excitation energies are not
largely affected by the level of theory, T1-So energy gap = 1 eV is conclusive for the twisted 28-Hex,

highlighting the remarkably accelerated T1 -> Sy deactivation character by the orthogonal 3rr*.

S14



10.  Cartesian Coordinates of Optimized Geometries

Table S4. Cartesian coordinate of B3LYP/6-31G** optimized geometry of the planar
[26]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms in the ground

state.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 1.106678 2.917939 0.184994
2 6 0 0.691849 1.589754 0.656693
3 6 0 -0.662921 1.597131 0.645802
4 7 0 -3.808521 1.434611 0.041082
5 6 0 -1.058534 2.924584 0.166768
6 6 0 -2.343431 3.434130 -0.050762
7 7 0 3.808521  -1.434611  -0.041082
8 6 0 -3.581766 2.777149  -0.046001
9 6 0 -5.162999 1.293088 0.001993
10 6 0 -5.837448 0.064878 0.025410
11 6 0 -5.247956  -1.198535 0.028807
12 6 0 -5.886061  -2.478159 0.105943
13 7 0 0.028637 3.706267  -0.061289
14 6 0 -4.904077  -3.434708 0.122428
15 6 0 -3.629070  -2.780904 0.028632
16 6 0 -2.393655  -3.430325 0.017176
17 6 0 -1.106678  -2.917939  -0.184994
18 6 0 -0.691849  -1.589754  -0.656693
19 6 0 0.662921  -1.597131  -0.645802
20 6 0 1.058534  -2.924584  -0.166768
21 7 0 -3.893129  -1.428599  -0.029099
22 6 0 2.343431  -3.434130 0.050762
23 6 0 3.581766  -2.777149 0.046001
24 6 0 5.162999  -1.293088 -0.001993
25 6 0 5.837448 -0.064878  -0.025410
26 6 0 5.247956 1.198535  -0.028807
27 6 0 5.886061 2.478159  -0.105943
28 6 0 4.904077 3.434708  -0.122428
29 6 0 3.629070 2.780904  -0.028632
30 6 0 2.393655 3.430325 -0.017176
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-0.028637
-4.842947
-5.831770
3.893129
4.842947
5.831770
1.332078
-1.341892
-2.370321
-4.930332
-6.902400
-6.922456
-3.248584
-6.955948
-5.026823
-2.429951
-1.332078
1.341892
2.370321
4.930332
6.902400
6.922456
3.248584
6.955948
5.026823
2.429951

-3.706267
3.512010
2.587099
1.428599

-3.512010

-2.587099
0.790960
0.820800
4.498061
4.587470
2.740262
0.089267

-0.641487

-2.626821

-4.507611

-4.495924

-0.790960

-0.820800

-4.498061

-4.587470

-2.740262

-0.089267
0.641487
2.626821
4.507611
4.495924

0.061289
-0.154811
-0.102431

0.029099

0.154811

0.102431

1.004451

0.961502
-0.272274
-0.239542
-0.144818

0.035176
-0.018479

0.150936

0.174998

0.223963
-1.004451
-0.961502

0.272274

0.239542

0.144818
-0.035176

0.018479
-0.150936
-0.174998
-0.223963
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Table S5. Cartesian coordinate of B3LYP/6-31G** optimized geometry of the twisted

Mobius [28]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms in the

ground state.

Center
Number

Atomic
Number

© 00 N O O &b W DN -

W W w W DN PRP P PRPRPRPRPR R PR R
W NP OO0 N Ol A WODNPFPOOWOLONOD Ol WDN - O

P OO =, O 0O 0O O FPF OPF OO0 OO0 Rk OOk OO0 OO0 Pk Ok OO0 OO0 kP Ok OO

O O OO O O O O O OO O O O OO OO0 OO0 OLOOODOOuOLOOLOOoO o oo o o

5.294390
6.207243
7.284221
5.466157
5.837423
4.071362
2.962736
1.631513
1.006298
1.464406
-0.301729
-1.020835
-0.534414
-1.617620
-2.840030
-3.875149
-3.797210
-4.938698
-5.880860
-4.606142
-5.413337
-5.030655
-5.960187
-7.036131
-5.213603
-5.554554
-3.828393
-2.714373
-1.393403
-0.176348
-0.119052
0.871550
1.926087

0.264498
1.273641
1.212805
2.323380
3.260244
1.995196
2.829103
2.451404
1.173655
0.255566
1.316025
0.515311
2.687582
3.355995
2.841137
3.577974
4.623389
2.737772
2.979391
1.454057
0.333763
-0.803644
-1.696964
-1.694197
-2.448264
-3.206981
-2.076315
-2.629715
-2.549402
-2.836832
-3.152205
-2.639374
-2.781660

-0.257046
-0.716129
-0.638420
-1.205216
-1.598314
-1.070278
-1.220946
-0.964787
-0.978276
-1.313167
-0.558084
-0.486417
-0.253937

0.332713

0.765789

1.435350

1.701920

1.656944

2.129301

1.116208

0.924898

0.188585
-0.485859
-0.364703
-1.343720
-2.036750
-1.114384
-1.755716
-1.299635
-1.986904
-3.019818
-1.115299
-1.294394



N
o

P P PP RPRPNPRP NNPRPNRPNPRPNOOOR OR OO OO
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0.331238
0.982292
2.365009
3.174829
2.803619
4.472285
5.362322
4.432164
5.497744
4.031818
3.233454
0.646128
0.836267
-3.317255
-2.927718
-3.745309
-1.036485
-1.724260
3.154274
-6.449078
-2.877047
-1.494073
3.170716
6.509682
0.384034

-2.294074
-2.289654
-2.127568
-2.636531
-3.180228
-2.361256
-2.603333
-1.590355
-0.850916
0.716856
0.176592
3.345838
4.301964
1.555562
0.762281
-1.083922
-2.218249
-1.904581
-1.495300
0.415255
-3.180136
4.422286
3.876577
-1.054371
-2.495360

0.166194
1.411010
1.573918
2.672045
3.531735
2.351571
2.918930
1.115664
0.558208
-0.569477
-0.221274
-0.579174
-0.321890
0.631148
0.125864
-0.171396
-0.007309
0.666324
0.657666
1.238612
-2.677609
0.505656
-1.421768
0.892727
2.295971
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Table S6. Cartesian coordinate of B3LYP/6-31G** optimized geometry of the planer

[28]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms in the ground

state.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 1.181631 2.948964 0.141404
2 6 0 0.700926 1.656678 0.595236
3 6 0 -0.660903 1.663075 0.585129
4 7 0 -3.848801 1.446056 0.023578
5 6 0 -1.122704 2.956901 0.123279
6 6 0 -2.383519 3.452730  -0.084531
7 7 0 3.848800 -1.446056  -0.023585
8 6 0 -3.643432 2.768191  -0.043826
9 6 0 -5.234174 1.288709 0.012575
10 6 0 -5.893684 0.077307 0.017227
11 6 0 -5.321886  -1.214618 0.017259
12 6 0 -5.958981  -2.469135 0.058062
13 7 0 0.031768 3.707277  -0.068845
14 6 0 -4.966267  -3.446270 0.073493
15 6 0 -3.710498  -2.799102 0.030490
16 6 0 -2.440635  -3.453062 0.057581
17 6 0 -1.181632  -2.948964  -0.141399
18 6 0 -0.700927  -1.656678  -0.595231
19 6 0 0.660901 -1.663076  -0.585128
20 6 0 1.122704  -2.956902  -0.123270
21 7 0 -3.959754  -1.450878  -0.007341
22 6 0 2.383518  -3.452730 0.084531
23 6 0 3.643432  -2.768191 0.043822
24 6 0 5.234173  -1.288710 -0.012579
25 6 0 5.893683  -0.077307 -0.017230
26 6 0 5.321885 1.214618  -0.017259
27 6 0 5.958997 2.469135 -0.058063
28 6 0 4.966267 3.446271  -0.073489
29 6 0 3.710498 2.799103  -0.030486
30 6 0 2.440634 3.453061  -0.057575
31 7 0 -0.031769  -3.707275 0.068853
32 6 0 -4.902417 3.506537  -0.104270
33 6 0 -5.894011 2.579051  -0.055486
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3.959753
4.902416
5.894011
0.038305
1.332287
-1.329697
-2.452024
-4.993401
-6.964829
-6.979778
-3.313981
-7.029498
-5.100172
-2.505770
-0.038305
-1.332287
1.329695
2.452024
4.993401
6.964828
6.979777
3.313980
7.029496
5.100171
2.505768

1.450878
-3.506536
-2.579052

4.592361

0.852828

0.880046

4.511420

4.583796

2.7136777

0.106386
-0.666575
-2.619490
-4.518682
-4.513231
-4.592366
-0.852828
-0.880048
-4.511419
-4.583795
-2.736778
-0.106386

0.666574

2.619490

4.518683

4.513231

0.007346
0.104265
0.055475
-0.550166
0.945754
0.905434
-0.326752
-0.163705
-0.076066
0.013588
0.019509
0.077861
0.099760
0.290769
0.550162
-0.945749
-0.905436
0.326755
0.163701
0.076051
-0.013593
-0.019503
-0.077865
-0.099756
-0.290761
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