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We report that stepwise introduction of difluorophenylene as
dipolar blades into triptycenes diversifies the intermolecular
packing modes in crystals. Single crystal XRD study revealed that
changing the number of dipoles in triptycene tunes the
intermolecular packing from two dimensional intermeshed to
helical structures, offering a novel insight for engineering
triptycene-based supramolecular materials.

Triptycene is a rigid, tripodal molecule composed of three
phenylene blades, which gives it a unique three-dimensional
topology.! Owing to its structural rigidity and high symmetry,
triptycene readily forms highly ordered supramolecular architectures
in the solid state, such as intermeshed frameworks and channel-like
porous networks.?3 These characteristic packing motifs have enabled
the development of various functional materials, ranging from
porous solids to organic thin-film devices.3*

The packing behavior of triptycene can be tuned by introducing
substituents that modify its steric environment and electronic
characteristics, thereby influencing intermolecular interactions such
as hydrogen bonding,>?3 m—mt stacking,>7-%4%° CH-t interactions,???
and o-hole interactions.3%3! Although such modifications often lead
to diverse crystal packing modes, it remains challenging to rationally
control the resulting intermolecular arrangements because the
prediction of packing structures from molecular information is
inherently difficult. In addition to steric effects at the molecular level,
electronic factors—such as molecular dipoles—can also serve as
parameters to modulate intermolecular packing. In particular,
fluorine substitution can tune electronic properties and enhance
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dipole moments while leaving the molecular framework largely
unchanged.3? Despite this potential, the influence of fluorine
substitution on the packing and assembly of triptycene-based
systems remains unexplored.

In this study, we investigated how the stepwise introduction of
2,3 difluorophenylene moiety as dipolar blade, which reduce
dramatical change of steric bulkyness, affects the intermolecular
packing of triptycene derivatives in crystals. As a model system, three
diethynyl-substituted triptycenes were synthesized: non-dipolar 1a,
dipolar 1b bearing a single dipole unit, and dipolar 1c possessing
double dipolar blades. Single-crystal X-ray analysis revealed that 1a
forms two dimensional intermeshed structures, and 1b constructs
the analogue intermeshed packing mode. Interestingly, 1c yields a
chiral helical packing structure. These findings demonstrate that
introduction of dipolar units without change the steric bulkyness can
be a promising motif to search new types of intermolecular
arrangements in triptycene-based crystalline materials.
a) This work: Stepwise introduction of dipole blades into triptycene

() y
1b 1c ’

b) Crystal packing changes upon stepwise introduction of dipole blades

dipole blade

1a: 2D Intermeshed structure 1c: 4-fold helical structure

1b: Intermeshed structure

Figure 1. Illustration of this work; (a) Stepwise introduction of dipole
blades into triptycene and (b) 2D intermeshed structure of 1a, 1D
intermeshed structure of 1b and 4-fold helical structure of 1c.
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Figure 2. Crystal structure of 1a: (a) Monomer structure. (b) Close-contact geometry between 1a units. (c) 2D intermeshed structure. Crystal
structure 1b: (d) Monomer structure. (e) Close-contact geometry between 1b units. (f) 1D intermeshed structure.

Detailed synthetic protocols are provided in the Supporting
Information (S3-S8). Fluorinated anthraquinone derivatives 2b and
2c were synthesized according to reported procedures.3334
Subsequent nucleophilic addition of TIPS-acetylide to 3b and 3c
afforded the corresponding alkynylated intermediates, which were
then subjected to SnCl,-2H,0-mediated reductive aromatization to
furnish the fluorinated anthracene derivatives 4b and 4c. These
anthracenes underwent Diels—Alder cycloaddition with benzyne,
generated in situ from anthranilic acid and isoamyl nitrite, to yield
TIPS-protected dipolar triptycenes 5b and 5c¢. Finally, deprotection of
the TIPS groups using TBAF furnished the target dipolar triptycenes
1b and 1c. Single crystals suitable for X-ray diffraction analysis were
obtained by slow evaporation of diethyl ether solutions. For
comparison, the non-dipolar triptycene 1a was prepared following a
literature procedure, and single crystals were similarly grown from
diethyl ether.3> The structures of 1b and 1c were confirmed by
comprehensive characterization, including 'H and ™C NMR
spectroscopy, high-resolution EI mass spectrometry, elemental
analysis and single-crystal X-ray diffraction. Further experimental
details are available in the Supporting Information.

Comparison of the crystal packing structures of 1a—1c by single-
crystal X-ray diffraction revealed that each compound crystallizes in
a distinct packing mode (Figures 2—4). Crystals 1a and 1b exhibit
intermeshed arrangements of the triptycene frameworks, whereas
1c adopts a unique fourfold helical packing structure. In the case of

non-dipolar triptycene 1a, an intermeshed structure between
adjacent triptycene units was observed (Figures 2a—c and S1). The
crystal of 1a belongs to the Cc space group. The distance between
the carbon atom at the 9-position of the triptycene core and the
hydrogen atom at the 2-position was 4.617 A (Figure 2a). Although
no distinct noncovalent interactions were observed between the
triptycene units, close contacts were identified, with H---H and C--H
separations of 2.686 A and 2.802 A, respectively—both slightly
shorter than typical van der Waals contact distances. This
intermeshed structure extends two-dimensionally along the bc-
plane, with an interaxial distance between adjacent triptycene units
of 8.340 A (Figures 2c and S7). Furthermore, these two-dimensional
intermeshed layers are stacked in a zigzag fashion along the b-axis
(Figure S7).

Dipolar triptycene 1b, bearing fluorine atoms at the 2,3-
positions, crystallized in the P2:/c space group and exhibited a one-
dimensional intermeshed structure (Figures 2e—g and S8). The
distance between the carbon atom at the 9-position of the triptycene
core and the fluorine atom at the 2-position was 4.924 A, indicating
a slight elongation compared to 1a (Figure 2e). Disorder was
observed in the fluorinated phenylene moieties. Two
crystallographically independent molecules (A and B) are present in
the asymmetric unit (Figure 2e). In molecule A the fluorine atom is
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disordered over two blades (0.80/0.20), while in molecule B it is
distributed over three blades (0.80/0.10/0.10). H---F contacts were
identified at a distance of 2.617 A, while adjacent C---H contacts were
measured at 2.750 A. Whereas 1a forms a two-dimensional
intermeshed array of triptycene units, 1b exhibits a one-dimensional
intermeshed arrangement (Figures 2g and S8). The interaxial
distance between fluorinated triptycene units was measured to be
8.202 A, slightly shorter than that in 1a. Additionally, the one-
dimensional intermeshed columns are stacked along the b-axis
(Figure S8).

95889 A |
Figure 3. Crystal structure of 1c (P4,): (a) monomer structure. (b) top
view and (c) side view of M-helicity of the 4-fold helical structure; (d)
observed mn-m interaction and C=CH---F close contact.

Interestingly, the crystal of dipolar triptycene 1c, bearing fluorine
atoms at the 2,3,6,7-positions, formed a 4-fold helical chain structure
with a one-dimensional porous packing in the chiral P4, space group,
which is markedly different from the packing modes of crystals 1a
and 1b (Figures 3 and S9). The fluorine atoms were modelled as
disordered over the three blades of the triptycene unit, with site
occupancies of 0.90, 0.90, and 0.20, indicating minor disorder of the
fluorine atom onto the non-fluorinated blade. The distance between
the carbon atom at the 9-position of the triptycene core and the
fluorine atom at the 2-position was 4.945 A, comparable to that
observed in compound 1b (Figure 3a). In this 4-fold helical structure,
n—T stacking was observed between the phenylene and fluorinated
phenylene rings, with an interplanar distance of 3.412 A (Figure 3c).
The dihedral angle between these two rings was measured to be
1.74°, indicating that they are nearly parallel (Figure S9a). In addition,
an C=CH--F close contact was observed at 2.339 A (Figure 3c). In the
crystal structure of 1c, the helical columns are arranged side by side
with the same helical handedness (Figure S9b). As a result, the
molecular dipoles align in parallel rather than in an antiparallel
fashion, so the overall dipole moments are not cancelled out. The
helical pitch along the c-axis was determined to be 9.5889 A (Figure
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3d). The four-fold helical structure in the P4, space group,exhibited
P-helicity, as defined by the orientation obithe1nentfiinated
phenylene rings. A crystal of 1c exhibiting the opposite helicity (M-
helicity) was also observed in distinct crystal particle, corresponding
to the chiral P43 space group (Figure S10).

To investigate the dipole arrangements in crystals 1a—1c, dipole
moments were calculated using density functional theory (DFT) at
the B3LYP-D3/6-311+G(d,p) level (Figures 4 and S11-12). At the
monomer level, the calculated dipole moments indicated a negligible
value of 0.0376 D for 1a, whereas 1b and 1c exhibited comparable
dipole moments of 3.2584 D and 3.4025 D, respectively (Figure 4a
and S11). The dipole vector of monomer 1b was oriented opposite to
the fluorinated phenylene unit, whereas in 1c, it was directed toward
the non-fluorinated phenylene unit (Figure 4a and S11b—c). At the
crystal level, the orientations of the dipole moments within the unit
cells of dipolar 1b and 1c were examined. In the case of 1b, although
each monomer possessed a substantial dipole moment, the spatial
arrangement of molecules in the crystal lattice resulted in
antiparallel alignment, leading to complete cancellation of the dipole
moments within the unit cell (Figure S12a). In contrast, in crystal 1c,
the molecular dipoles were aligned parallel to each other along the
c-axis without mutual cancellation, resulting in a net dipole moment
of 4.6221 D directed along this axis (Figure 4 and S12b). This parallel
alignment gives rise to a one-dimensional helical polar structure

within the crystal (Figure 4c).
a) b)

3.4025 debye

—

c)

Dipole moment alighned along c-axis within the 1D helical chaine

Figure 4. Calculated dipole moments of 1c in crystal: (a) monomer
and (b) unit cell; (c) illustrations of the dipole moments in the 1D
helical structure.

To further rationalize the distinct packing behaviors of 1b and 1c,
non-covalent intermolecular interactions in the crystals were
analyzed using the Independent Gradient Model based on Hirshfeld
partition (IGMH) (Figure S13). The IGMH analysis suggests that the
packing of 1b is not governed by any specific dominant directional
intermolecular interactions and is instead largely dominated by
isotropic dispersion forces (Figure S13a). In contrast, 1c exhibits clear
signatures of directional interactions, including m—m stacking and C—
H---F hydrogen bonding, which are likely to cooperatively stabilize its
polar helical packing structure (Figure S13b). On this basis, a
qualitative energetic picture emerges in which dipole cancellation in
1b effectively reduces electrostatic contributions to the packing,
whereas in 1c, the absence of dipole cancellation leads to a greater
reliance on directional intermolecular interactions to stabilize the
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crystal structure. In addition to dipole alignment effects, the higher
fluorine content in 1c compared to 1b may further increase the
probability of forming weak but directional intermolecular
interactions such as C—H---F hydrogen bonding, thereby providing
additional opportunities for stabilizing the observed interaction
network. While molecular dipoles in crystals generally tend to cancel
out, the present system shows that increasing dipole multiplicity can
promote directional interaction-driven packing, offering a viable
strategy for constructing dipolar molecular crystals.

In summary, we investigated the effect of stepwise dipole
blades on the crystal packing of diethynylated triptycene
derivatives without dramatical change of the bulkiness. Three
molecules—1a (non-dipolar), 1b (single dipole blade), and 1c
(double dipole blades)—were synthesized and their crystal
structures were compared. X-ray crystallography revealed that
while 1a and 1b both form similar intermeshed packing
structures, 1c adopts a 4-fold helical arrangement. Remarkably,
in the case of 1c, the dipole moments are preserved without
mutual cancellation within the crystal, leading to the formation
of a helical polar structure. These insights afford that the dipoles
in triptycene can open the variety of intermolecular packing
modes even without introducing bulky functional groups.
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