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A novel propellane-nanoring hybrid, TPPTI-[9]JCMP, was synthesized by triply combining [9]cyclo-meta-
phenylene ([9]CMP) with triperylenol3,3,3]propellane triimides (TPPTI). This structure features two [9]
CMP subunits, which necessarily fill the voids of TPPTI and promote assembly of the hybrid to form
a porous superstructure held together by attractive dispersion between the [9]JCMP subunits of

neighboring molecules. In the structure, three large spatial cavities are formed, which allow efficient
Received 26th January 2025 binding of up to three Ceo Within a single hybrid. Transient absorpti t led that TPPTI-
Accepted 10th March 2025 inding of up to three Cgo within a single hybrid. Transient absorption spectroscopy revealed tha

[9]ICMP and Cgq interact with each other to form a stable complex and produce long-lived triplet states.

DOI: 10.1039/d55c00713e Notably, the hybrid can adsorb ethane (C,Hg) with very excellent selectivity over ethylene (C;H,4), leading
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Introduction

Triptycene is the smallest three-dimensional (3D) rigid, pad-
dlewheel-shaped polyaromatic system and an important
component of low-density materials with applications in
sensors, molecular machines, and supramolecular chemistry,
due to the large internal molecular free volume (IMFV)
conferred by its shape-persistent geometry (Fig. 1).*”” In partic-
ular, the m-extended triptycenes, wherein larger ring systems
are fused to the triptycene core, are conceptually interesting and
practically useful, as this extension significantly increases IMFV
above the bridgehead sites and between the blades.®*" In
contrast, an alternative paddlewheel-shaped molecule, tri-
naphtho[3.3.3]propellane (TNP) (Fig. 1), though scarcely
studied, has a larger m-surface and higher rigidity than tripty-
cene, which facilitates the formation of ordered organic solids
with great porosity and large surface areas.** Interest in -
extended TNPs has intensified, and recent studies have inves-
tigated their electronic and assembly properties,*>*
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to a highly selective CoHg/CoH4 separation.

diradicaloid and triradicaloid character,*?° gas separation,*
and use as emitters in organic light-emitting diodes.**** In
2019, we reported a new propellane, triperyleno[3,3,3]pro-
pellane triimides (TPPTI) (Fig. 1), which is composed of three
perylene monoimide units fused on a [3,3,3]propellane.*>*** This
propellane exhibits promising characteristics, including high
solubility, large m-surface, and strong electron-accepting capa-
bility. Notably, the versatile chemistry possibilities associated
with TPPTI offer great opportunities for the development of
structurally and chemically distinctive 3D compounds.
However, the large flat m-blades of TPPTI are prone to
promoting self-association by m-stacking, thereby lowering
solubility and disfavoring the formation of homogeneous
mixtures or cocrystals with nonplanar partners. In addition, it is
reasonable to assume that the large free volume of TPPTI,
especially around its bridgeheads, partially frustrates and
inhibits packing.?**”

Trinaphtho[3.3.3]propellane  Triperyleno[3,3,3]propellane triimides

Fig. 1 Chemical structures of triptycene, trinaphthol[3.3.3]propellane,
and triperyleno(3,3,3]propellane triimides with internal molecular free
volume elements.
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To turn TPPTI into effective hosts, an effective way is to make
derivatives devised to block m-stacking, increase solubility, and
facilitate cocrystallization. Here we report a new [n]cyclo-meta-
phenylene ([7]CMP)-bearing propellane hybrid, TPPTI-[9]CMP,
wherein the [9]cyclo-meta-phenylene ([9]CMP) subunits are
triply linked to the TPPTI framework. It is assumed that the
spatial orientation of the consecutively linked cyclophenylenes,
accompanied by the conformational changes of [r]CMP, would
substantially enhance excellent flexibility and porosity, which,
in turn, would result in unique self-assembly or new
properties.®®*** The molecular geometry of the 3D hybrid
provides three nanometer-sized cavities in the structure, as one
can imagine that the [9]CMP subunits partially occupy the voids
near the bridgeheads, promoting crystallization in a controlled
orientation. This combination of a nanoring and propellane
could thus open up new possibilities for supramolecular self-
assembly that blend the flexibility and porosity expected for [n]
CMP with enhanced binding affinities known for m-extended
propellanes.

Results and discussion

A two-step synthesis of TPPTI-[9]CMP (Scheme 1a) started from
hexabrominated TPPTI 1, which was prepared using the
synthetic method developed by our group.** A six-fold Suzuki
coupling of 1 with m-terphenyl boronic ester 2 provided 3 in
80% yield, which was converted to the desired hybrid TPPTI-[9]
CMP in 50% yield by a six-fold intramolecular nickel-mediated
Yamamoto-type homocoupling reaction. This 3D hybrid is
much more soluble than TPPTI, and its "H NMR spectrum
revealed eight nonequivalent aromatic protons, indicating the
highly dynamic symmetry of the structures in solution.
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Additionally, the model compound [9]JCMP was prepared by
nickel-mediated cyclotrimerization of m-terphenyl 4, and its
molecular structure was unambiguously confirmed by X-ray
crystallography (Scheme 1b).

Single crystals of TPPTI{9]CMP suitable for X-ray diffraction
analysis were formed from slow diffusion of methanol into
chloroform solution. The X-ray structure confirmed the forma-
tion of the hybrid, which adopts a quasi-D;;, symmetric
conformation (Fig. 2a). The three perylene monoimide units in
the TPPTI subunit show a slight degree of twisting, presumably
due to enhanced packing forces. In the structure of TPPTI-[9]
CMP, the geometry of the [9]CMP subunit is different from that
of parent [9]CMP, as measured by the C-C bond lengths and the
dihedral angles between neighboring m-phenylene units.
Interestingly, the [9JCMP subunit has a decrease in strain
compared to parent [9]JCMP (Fig. S11}). These observations
confirmed that the configuration of [9]CMP is inherently
deformable, which can vary in response to changes in substi-
tution, packing, or other factors. As one structural feature, the
three perylene monoimide units and two [9]JCMP units are
responsible for creating three cavities in the structure, which
can efficiently obstruct m-stacking, giving the hybrid significant
porosity and solubility in organic solvents even though its
molecular structure is large. Thus, TPPTI-[9]CMP is assumed to
be a good partner to cocrystallize with Ce. Indeed, fluorescence
quenching titration of TPPTI{9]CMP with C,, in toluene
showed fluorescence quenching (Fig. S51). The titration data
were fitted to a 1: 1 binding mode, yielding a binding constant
of 7.7 x 10* M, with no other fitting models observed. In
contrast, fluorescence titration of TPPTI with Cg, showed no
complexation-induced quenching process (Fig. S7t). Further-
more, slow diffusion of methanol into the solution with
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(a) Synthetic steps to TPPTI-[9]CMP; (b) synthetic step to [9]JCMP. Crystal structure and crystal packing of [9]JCMP are shown.
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Fig. 2
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(a) Crystal structure of TPPTI-[9]CMP. (b) View of the packing in TPPTI-[9]CMP, as seen down the propellane axis. (c) Crystal structure of

complex (Cgo)3s@TPPTI-[9]CMP. (d) Optimized superstructure and the intermolecular binding iso-surface of (Cgo)s@TPPTI-[9ICMP. (e and f)
Crystal packing of TPPTI-[9]CMP and (Cg0)3@TPPTI-[9]CMP (the substituted groups and the solvent molecules are omitted for clarity).

equimolar amounts of TPPTI{9]CMP and Cg, in toluene formed
the crystals suitable for single-crystal X-ray diffraction, which
revealed a 3:1 host-guest complex (Cgo);@TPPTI-[9]CMP
(Fig. 2¢). In the complex, each Cg, molecule is located within
one cavity, and the centroid—centroid distances between the
central benzene rings in the perylene monoimide units, with
Ceo guests range from 6.33 to 6.97 A. In addition, each Cqj is
effectively interacting with two m-phenylene units by C-H-- 7
and C---C contacts. In comparison to the free host, the binding
of Cg, results in slight changes in the [9]CMP subunit, in which
the two m-phenylene units slightly rotate in order to tune the
cavity size to accommodate the Cq, guest in an approximate
fashion. Independent gradient model (IGM) analysis further
confirmed that the strength of the binding comes from inter-
molecular interactions between Cg, and perylene monoimide
and [9]CMP units (Fig. 2d). These results suggested that the
presence of the [9]JCMP subunit appears to provide more
binding sites than pristine TPPTI, leading to stronger binding
affinity towards Cgo. As another structural feature of TPPTI-[9]
CMP and (Cg);@TPPTI[9]CMP, the t-butyl groups in [9]CMP
subunits engage in multiple dispersion interactions to align the
molecules in a columnar fashion in the direction of the pro-
pellane axis (Fig. 2b, e, and 2f), resulting in 3D porous organic
frameworks in the solid state.*"**

The electronic structures of [9]CMP and TPPTI-[9]CMP were
probed via density functional theory (DFT) calculations at the
B3LYP/6-31G(d) level of theory. The calculated lowest unoccu-
pied molecular orbital (LUMO) of [9]CMP is distributed over the
whole ring, while the highest occupied molecular orbital
(HOMO) is partially distributed on the ring (Fig. 3a). For TPPTI-
[9]cMP, the HOMO is delocalized across all three perylene
monoimide units and the HOMO-1 and HOMO-2 are energeti-
cally degenerate, which are delocalized on only two units. The
LUMO and LUMO+1 are degenerate and delocalized over two of
the three units (Fig. 3b and S91). The HOMO-3 and HOMO-4 are

6824 | Chem. Sci,, 2025, 16, 6822-6827

degenerate and partially delocalized over the [9]CMP subunits;
however, no significant m-electron orbital mixing between the
TPPTI and [9]CMP subunits is observed (Fig S10t). TPPTI-[9]
CMP and TPPTI exhibit a very similar absorption profile in the
wavelength range between approximately 480 to 640 nm,
although slightly red-shifted (~13 nm), as the main transitions
are localized on the TPPTI subunit (Fig. 3c). Additionally, TPPTI-
[9]CMP possesses one major absorption at 266 nm, which
correlates with the [9]JCMP subunit, corresponding to the
HOMO-2 and HOMO-3 to LUMO+3 and LUMO+4 transitions
(Table S27). As expected, both TPPTI-[9]CMP and TPPTI have
similar fluorescence profiles, fluorescence quantum yields (87%
vs. 85%), and lifetimes (4.4 ns vs. 3.8 ns) (Fig. 3c and S12%}). In
comparison, note that [9JCMP has a poorer fluorescence
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LUMO (-0.78 eV)

HOMO (-5.26 eV) LUMO (-2.86 eV)

©) d)
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Fig. 3 (aand b) Calculated molecular orbitals of [9]CMP and TPPTI-[9]

CMP. (c) UV-vis spectra (solid line) of [9JCMP, TPPTI, and TPPTI-[9]
CMP and emission spectra (dashed line) of TPPTI, and TPPTI-[9]CMP.
(d) Cyclic voltammogram and differential pulse voltammogram of
TPPTI-[9]CMP.
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quantum yield of 10% and a shorter lifetime of 1.0 ns. This
suggests that the TPPTI subunit is dominating the excited state
processes for the hybrid.

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) studies were performed in dichloromethane, and the
redox potentials were determined relative to ferrocene/ferroce-
nium (Fc/Fc'). Compared to perylene monoimide (PMI) exhib-
iting two reversible one-electron reduction waves and
a reversible one-electron oxidation wave,** TPPTI-[9]CMP
undergoes a six-electron reversible reduction process, which
involves a reversible one-electron wave at —1.44 V, corre-
sponding to the formation of a singly reduced PMI radical
anion, two reversible one-electron waves at —1.53 V, corre-
sponding to the formation of two singly reduced PMI radical
anions, three reversible one-electron waves at —1.99, —2.21, and
—2.41V, corresponding to the formation of three singly reduced
PMI dianions, and a reversible one-electron wave at —2.18 V,
corresponding to the formation of a singly reduced PMI dia-
nion. In addition, the CV of TPPTI{9]CMP shows three one-
electron oxidation waves at 0.84, 0.98, and 1.15 V, correspond-
ing to the formation of three singly oxidized PMI radical
cations.

Furthermore, the excited-state evolution process for TPPTI-
[9]CMP and (Ce);@TPPTI-[9]CMP was investigated by femto-
second and nanosecond transient absorption spectroscopy (fs-
and ns-TA). Upon excitation at 520 nm, TPPTI-[9]CMP in chlo-
roform initially shows a broad excited state absorption (ESA)
band from 600 to 750 nm and ground-state bleaching (GSB)
bands at 528 and 568 nm (Fig. 4a-c). Within the ultrafast
timescale (~1 ps), the ESA band is split into two bands at 620
nm and 680 nm and the overall spectral shape does not change
throughout the test window. Specifically, the intensity and
dynamics of the sub-peak at ~610 nm are controlled by solvent
polarity (Fig. S131). We attributed the ESA band at ~610 nm to
the CT state character of TPPTI-[9]CMP, which originates from
the vibrational relaxation process of the photoinduced excited
states. We further clarify the assignment for the CT state with

(b)
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normalized comparison of decay profiles and global analysis for
fs-TA in toluene and chloroform (Fig. S14 and S157). In addi-
tion, the spectral shapes in ns-TA are in accordance with those
in fs-TA, which are assigned to the singlet state with CT char-
acter with a lifetime of 3-4 ns (Fig. S17 and S187).

In the case of (Cg);@TPPTI[9]CMP, the broad ESA band
from 600 nm to 750 nm and GSB band at 570 nm initially occur
upon excitation at 530 nm (Fig. 4d-f). Subsequently, both ESA
and GSB signals decay rapidly within the instrument resolution
time, and ESA converts into two bands with CT character,
indicating a fast CS process. Then a new ESA band at 500 nm
appears, and the GSB band red-shifts to 580 nm. The growth
and decay processes of new species are out of the test window.
The lifetime of this long-lived state for (Cgo);@TPPTI-[9]CMP
can reach up to 300-400 ps (Fig. S19 and S20t), which is
significantly prolonged relative to TPPTI-[9]CMP. The sensiti-
zation experiment revealed that the spectra of the sensitized
triplet state for TPPTI{9]CMP is in good coincidence with that
of long-lived species, indicating that the triplet state is mainly
located on TPPTI{9]CMP (Fig. S217).

On the basis of the above discussion, we inferred that TPPTI-
[9]CMP might relax into the charge transfer state upon excita-
tion (Fig. S227), which decays to the ground state through
a radiative pathway, leading to near-quantitative fluorescence
quantum yield. In contrast, the CS process might be accelerated
in (Ce0)s@TPPTI-[9]CMP, which subsequently undergoes
a charge recombination process to produce triplet states with
the mechanism of radical-pair intersystem crossing (RP-ISC)
(Fig. S227).**** The long-lived triplets are proved to be located
on TPPTI{9]CMP and decay with a lifetime of hundreds of
microseconds. The charge separation and RP-ISC process
compete with the fluorescence process, resulting in severe
fluorescence quenching in (Ceo);@TPPTI-[9]CMP.

The intrinsic porosity and large m-framework in TPPTI-[9]
CMP motivate us to further investigate its potential for ethane
(C,Hg)/ethylene (C,H,) separation.***® The packing of the
hybrids in the solid state is determined by intermolecular C-

o 5% 2| . 207 PN 20
o 3| % — | o
20 O 2 (==———- M ? =
=1 02 33 = E B % o — ggg nm
-20 - ~-20 — nm
&1 01 8 2 = — 05ps 1ns 8 — 686 nm
g 2_40_ \ / g 1ps —3ns -404
£ 4 P \/ = ggs —6ns < i
2 60+ v/ 2ns -60
0 T T AN T T 1 -80 T Y,
450 550 650 750 450 550 650 750 4 100 1000
Wavelength (nm) Wavelength (nm) Time (ps)
(e) ®
B
S }-.
= ——
g é ¥/ 04 ~3

3 54
10 .

5 - o 0=\
210 X \
o ~ \
210" 8 1 ‘
E
=

— 493 nm
— 579 nm
— 623 nm

O — 0.5ps 0.2ns
—_2 —_
g - 10+ S0ps — 3ne -104 W.N\M
2
0 \\\p =15 F T 1 LR B R AL L B LL
450 550 650 750 450 550 650 750 0 2 4 10 100 1000
Wavelength (nm) Wavelength (nm) Time (ps)

Fig. 4 2D contour maps, transient absorption spectra and decay profiles of TPPTI-[9]CMP (a—c) and (Cgo)s@TPPTI-[9]CMP (d-f) in dilute
chloroform solution with excitation at 520 nm and 530 nm, respectively.
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H---w and C-H---O interactions, resulting in a 3D porous
network with honeycomb-shaped channels. The porous
network contains void spaces, with pore sizes of 11.7 A x 5.9 A
(Fig. S237). The nitrogen sorption isotherm measured at 77 K
revealed that TPPTI-[9]CMP has a Brunauer-Emmett-Teller
(BET) surface area of 165 m”> g ' (Fig. S247). The single-
component adsorption experiments were performed on C,Hg
and C,H, at different temperatures (273, 283, and 298 K) using
activated TPPTI-[9]CMP (Fig. S25t), which revealed that the
adsorption of C,H, consistently exceeds that of C,H, across
the entire pressure range at different temperatures. At 298 K
and 1 bar, the adsorbed amount of C,H for TPPTI-[9]CMP
reached approximately 32.4 cm® g™, which is significantly
higher than that of C,H, (16.5 cm® g~ ") (Fig. 5a). The isosteric
heats of adsorption (Qy) for C,Hs were calculated to be
between 17.2 and 21.4 kJ mol™" using the virial equation
(Fig. 5c and Table S5%), which are higher than those of C,H,
(11.6 to 16.3 kJ mol™'), indicating a stronger gas bonding
affinity for C,Hs.

These results are further supported by dispersion-corrected
density-functional theory calculations (DFT-D), which pre-
dicted the static binding energies for C,H, and C,H, to be
approximately 32.7 and 25.4 k] mol !, respectively. The
increased binding energy can primarily be attributed to the
enhanced steric complementarity between the C,Hg molecule
and the cavity of TPPTI{9]CMP when compared to C,H,.*” This
is likely due to more efficient C-H---7 interactions and
hydrogen bonding for C,Hs than for C,H, (Fig. S281). Our
calculations also indicated that the C,Hgs molecules preferen-
tially locate in the cavity and the C-H---N hydrogen bonding
might play a dominant role in C,Hg-selectivity (Fig. S28%). In
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Fig. 5 (a) Single component adsorption isotherms of C,Hg and CoHy4

at 298 K. (b) Qs curves for TPPTI-[9]CMP. (c) IAST selectivity of CoHg/
CoH4 (1: 1, v/v, without gas carrier) mixtures at 298 K. (d) Comparison
of IAST selectivities of the CoHg/CoH4 (1: 1, v/v) mixture for TPPTI-[9]
CMP with previously reported pure organic C,He-selective adsorbents
at 298 K and 1 bar.
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addition, the selectivity of TPPTI-[9]CMP towards C,H, and
C,H, is estimated to be 2.46 by the ideal solution theory (IAST,
Fig. 5b). This value surpasses those reported for other high-
performance C,Hs-selective organic adsorbents at 298 K and 1
bar (Fig. 5d and Table S47).** A breakthrough experiment was
finally conducted in a fixed-bed column using a binary gas
mixture of C,Hg/C,H, (50/50, v/v) at 298 K (Fig. S261). C,H, first
breaks through the packed column at 40 seconds, while C,Hg
begins to break through after 258 seconds. During this
interval, polymer-grade purity (>99.95%) C,H, can be
collected. Overall, these results highlight the potential of the
hybrid for efficient gas separation.

Conclusions

In conclusion, we have designed and synthesized a nanoring-
propellane hybrid, in which two [9]CMP units are triply linked
to the TPPTI framework. A comparison between TPPTI and the
hybrid reveals that the presence of the [9]JCMP unit plays an
important role in the crystallization and assembly of the hybrid.
Of particular interest is that crystallizing this hybrid produces
a superstructure with significant porosities for guest inclusion.
We believe that the development of this unique hybrid with the
nanoring unit and propellane framework will allow its potential
usage for binding a variety of guest species, fullerene extraction,
and gas separation, overcoming some of the crystallinity and
assembly limitations that have previously hindered the devel-
opment of this field.

Data availability

Detailed synthesis and characterization of the related
compounds, crystal data for [9]CMP, TPPTI-[9]CMP, and
(C60)s@TPPTI-[9]CMP, along with 'H NMR, *C NMR, high-
resolution mass spectra (HRMS) of the related compounds, CV,
UV, and PL measurements, PL titration, transient absorption
measurements, gas adsorption tests, and theoretical calculation
details, are available in the ESL}
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