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sembly of a dipolar rotor with
a close interval of 0.8 nm using a triptycene-based
supramolecular scaffold†

Takejiro Ogawa,ab Fumitaka Ishiwari, ‡*a Fatin Hajjaj,a Yoshiaki Shoji, abc

Takashi Kajitani,ade Koji Yazawa,f Takahiro Ohkubo g and Takanori Fukushima *abc

Controlling the rotation of carbon–carbon bonds, which is ubiquitous in organic molecules, to create

functionality has been a subject of interest for a long time. In this context, it would be interesting to

explore whether cooperative and collective rotation could occur if dipolar molecular rotors were aligned

close together while leaving adequate space for rotation. However, it is difficult to realize such structures

as bulk molecular assemblies, since molecules generally tend to assemble into the closest packing

structure to maximize intermolecular forces. To tackle this question, we examined an approach using

a supramolecular scaffold composed of a tripodal triptycene, which has been demonstrated to strongly

promote the assembly of various molecular and polymer units into regular “2D hexagonal packing + 1D

layer” structures. We found that a molecule (1) consisting of a dipolar 1,2-difluorobenzene rotor

sandwiched by two 10-ethynyl-1,8,13-tridodecyloxy triptycenes, successfully self-assembles into the

desired structure, where the dipolar rotor units align two-dimensionally at a close interval of

approximately 0.8 nm while having a degree of freedom for rotational motion. Here we describe the

self-assembly behavior of 1 in comparison with the general trend in molecular self-assembly, as well as

the motility of the two-dimensionally aligned molecular rotors investigated using solid-state 19F-MAS

NMR spectroscopy.
Introduction

The rotation of carbon–carbon bonds is one of the most
fundamental motions within organic molecules, and for a long
time many attempts have been made to control it to create
functionality. To this end, it may be promising to construct
solid-state materials with an ordered alignment of dipolar
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molecular rotors capable of responding to the application of an
external electric eld. In particular, special attention has
focused on two-dimensional (2D) assemblies of dipolar molec-
ular rotors arranged in close proximity, so that dipole–dipole
interactions can operate effectively. Indeed, many experimental
and theoretical studies have been carried out on the construc-
tion of such 2D systems using molecular crystals, mesoporous
silicates, metal–organic frameworks, and lms and their
transfer-monolayer on a solid surface, seeking the emergence of
characteristic phase transition behaviors.1–7 Examples of these
materials include molecular crystals, mesoporous silicates,
metal–organic frameworks, andmonolayers on solid substrates,
led by Garcia-Garibay,1–3,8 Sozzani,4,9 Akutagawa,10 Setaka,11

Hla,12 and Michl and Kaleta.13–17 Nonetheless, material designs
that can achieve a close 2D assembly of dipolar molecular rotors
while ensuring adequate space to allow them to rotate remain
a difficult challenge.1–3 For instance, Garcia-Garibay and
coworkers reported the formation of a single-crystalline 2D
hexagonal assembly of apolar benzene rotors, where a 1,4-
diethynyl phenyl unit is sandwiched between two bulky tripty-
cene units having multiple alkyl substituents as a stator (A,
Fig. 1a). However, solvent molecules are incorporated to ll the
space around the rotor units.18 In molecular systems B and C,
which are prototypes of A, space-lling structures have been
observed (Fig. 1b), where the rotors and stator units are
Chem. Sci., 2024, 15, 11021–11028 | 11021

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc02750g&domain=pdf&date_stamp=2024-07-13
http://orcid.org/0000-0002-0200-4510
http://orcid.org/0000-0001-8437-1965
http://orcid.org/0000-0001-8187-1470
http://orcid.org/0000-0001-5586-9238
https://doi.org/10.1039/d4sc02750g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02750g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015028


Fig. 1 (a–c) Chemical structures of previously reported molecular
rotors by Garcia-Garibay et al. (A–C)1–3,8 and Michl, Kaleta et al. (D)14–17

and schematic illustrations of their assembly structures. (d) Chemical
structure of the molecular rotor designed in this study, consisting of
a 2,3-difluorobenzene and two tripodal triptycene units as dipolar
rotor and stator parts, respectively, and its assembly structure formed
via a heating/cooling process in the bulk state.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
3:

10
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
interdigitated to hamper rotational motions. Michl, Kaleta, and
coworkers reported the successful formation of a 2D assembly
of a dipolar rotor without interdigitation as a monolayer lm on
a solid substrate by applying the Langmuir–Blodgett (LB) tech-
nique to amphiphilic molecular system D (Fig. 1c).14–17 Obvi-
ously, in the bulk-state molecular self-assembly that proceeds
under thermodynamic control, densely packed structures are
generally formed to maximize the enthalpy gain from inter-
molecular forces. Structures that provide space to allow the
11022 | Chem. Sci., 2024, 15, 11021–11028
rotation of molecular rotors may be formed kinetically rather
than thermodynamically. However, since such structures are
metastable, a particular molecular design would be required to
sustain them with sufficient lifetime and thermal stability.

In this study, we developed 1 (Fig. 1d), which combines the
molecular rotor designs of Garcia-Garibay1,2,18 and Michl and
Kaleta14–17 with our original nding that a particular type of
triptycene can strongly induce 2D self-assembly. We have
demonstrated that 1,8,13-substituted triptycene derivatives,
which can be referred to as tripodal triptycenes, exhibit excel-
lent self-assembling ability, forming robust “2D hexagonal + 1D
lamellar” structures through nested packing of their phenylene
blades.19–22 These tripodal triptycenes have also been shown to
serve as a supramolecular scaffold23 to align functional molec-
ular units such as C60 (ref. 20) and even high-molecular-weight
polymers24–26 into 2D + 1D structures with hexagonal lattice
parameters of approximately 0.8 nm. A detailed investigation of
the self-assembling behavior of 1 revealed that the rotation of its
rotor unit is inhibited in the thermodynamically stable struc-
ture. On the other hand, 1 can also form a kinetically metastable
structure, which allows the rotor unit to rotate with a low acti-
vation barrier. This metastable structure is robust and long-
lasting at room temperature.

Results and discussion
Synthesis and self-assembly behavior

Compound 1 (Fig. 1d) was synthesized by the Pd-catalyzed
Sonogashira–Hagihara coupling reaction of 2,3-diuoro-1,4-
diiodobenzene and 10-ethynyl-1,8,13-tridodecyloxy tripty-
cene.20 The chemical composition of 1 was unambiguously
characterized by NMR and FT-IR spectroscopy, as well as high-
resolution APCI-TOF mass spectrometry (ESI†). Since the signal
patterns of 1, observed by 1H, 13C, and 19F NMR spectroscopy in
solution (Fig. S1–S3, ESI†), are characteristic of a C3 symmetric
structure, the dipolar 1,2-diuorobenzene unit freely rotates
faster than the NMR timescale.

When compound 1 was suspended in chloroform, heated
under reux to completely dissolve, and then allowed to cool to
room temperature, a microcrystalline powdery material formed.
1H NMR spectroscopy in o-dichlorobenzene-d4, thermogravi-
metric analysis (TGA), and elemental analysis conrmed that
the recrystallized powdery material did not contain the solvent
molecules used in recrystallization. Unfortunately, the powder
X-ray diffraction (PXRD) pattern of as-recrystallized 1 was
different from that expected if a “2D hexagonal + 1D lamellar”
structure had been formed (Fig. 2a). Presumably, similar to
previously reported molecular rotor systems,1,2,8 self-assembly
of 1 proceeding via thermodynamic equilibrium states would
not result in the desired 2D + 1D structure that provides
adequate space for the dipolar rotor unit to rotate.

Compound 1 exhibits phase transition behavior in the bulk
state. In differential scanning calorimetry (DSC), upon heating
at a rate of 10 °C min−1, as-recrystallized 1 melts at 232 °C aer
undergoing two endothermic processes at 167 and 219 °C
(Fig. 3a).27 Upon subsequent cooling, two exothermic processes
occur at 229 and 208 °C. When as-recrystallized 1 is heated once
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PXRD patterns of 1measured in a glass capillary with a diameter
of 1.5 mm. The d-spacing values are given in nm. (a) As-recrystallized
sample at 25 °C, and (b) isotropic melt at 270 °C, and bulk samples at
25 °C after being heated once to their melting point and then cooled at
a rate of (c) 10 °C min−1, (d) 2 °C min−1, or (e) 30 °C min−1. In (e), the
peaks observed at q = 9.13, 15.8, and 18.2 nm−1 correspond to d-
spacings = 0.69, 0.40, and 0.35 nm, respectively, that arise from
diffraction from the (100), (110), and (200) planes of a 2D hexagonal
array formed by nested packing of the triptycene units. The hexagonal
lattice parameter is calculated to be 0.80 nm. The peaks observed at q
= 1.26, 2.55, 3.80, 5.07, 6.61, and 7.76 nm−1 corresponding to d-
spacings = 4.99, 2.46, 1.65, 1.24, 0.95, and 0.81 nm, respectively, are
due to diffraction from the (00n) planes (n = 1–6) of a lamellar
structure of one-dimensionally aligned 2D triptycene arrays. The
interlayer spacing (4.9 nm) agrees well with the length of the longer
axis of 1. (f) A bulk sample at 25 °C after being heated once to its
melting point and then cooled rapidly (ca. 200 °C min−1) by removal
from the heater. (g) Schematic illustration of the 2D + 1D structure of 1.

Fig. 3 DSC profiles of 1 measured using as-recrystallized samples at
scan rates of (a) 10 °C min−1, (b) 2 °C min−1, and (c) 30 °C min−1 under
a constant nitrogen flow (50mLmin−1). Black and red curves represent
the data obtained in the first and second heating/cooling cycles,
respectively. Enlarged DSC profiles ranging from 215 to 245 °C in the
second heating/cooling cycle at scan rates of (d) 2.0 °Cmin−1, (e) 10 °C
min−1, and (f) 30 °C min−1. The fact that no side peaks are detected for
the first heating process [broken curve in (d)], indicates that when 1
undergoes a heating/cooling process, structures different from that in
the as-recrystallized sample result.
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to melt, its original structural information is erased. Thus, in
the second heating/cooling cycle, the two endothermic peaks in
the rst heating process disappear, and aer melting, the DSC
prole becomes identical to that observed in the rst cooling
process.
Controlled assembly into the 2D + 1D structure

Fig. 2b and c show the PXRD patterns of 1, measured at a higher
temperature (270 °C) than its melting point (232 °C) and at 25 °
C aer cooling from its hot melt at a rate of 10 °C min−1. As
expected, the hot melt of 1 is isotropic and displays a featureless
© 2024 The Author(s). Published by the Royal Society of Chemistry
XRD pattern (Fig. 2b). Notably, the assembly of 1 upon cooling
from its isotropic melt has a structure much different from that
formed in as-recrystallized 1. The resulting PXRD pattern
(Fig. 2c) shows a peak set (red triangle) as the major diffraction,
which is typically observed for tripodal triptycene derivatives
assembled into 2D + 1D structures (Fig. 2g). However, the
presence of diffraction peaks (black triangle), which cannot be
attributed to this structure, indicates that the assembly of 1 is
not uniform and contains unidentied structures.

To ensure that 1 assembles into the desired 2D + 1D struc-
ture, we reduced the cooling rate from the isotropic melt to 2 °C
min−1, as a slower cooling rate is usually associated with greater
structural regularity. However, a more complex PXRD pattern
resulted, where diffraction peaks arising from these unidenti-
ed structures became more pronounced (Fig. 2d). To our
surprise, when the cooling rate was increased to 30 °C min−1,
the diffraction peaks converged almost completely to those
arising from the 2D + 1D structure, allowing us to fully index the
observed diffraction (Fig. 2e). Furthermore, even when a sample
of the isotropic melt was removed from the heater and cooled
rapidly to room temperature, a well-dened PXRD pattern
(Fig. 2f) was obtained, which was nearly identical to that shown
in Fig. 2e. A closer look at Fig. 2e and f indicates that the PXRD
pattern, measured aer rapid cooling, features higher integrity
in diffraction in the region overlapping the halo (q = 13–17
nm−1), and two new weak diffraction peaks are detected
between q = 14–15 nm−1. The absence of diffraction peaks due
Chem. Sci., 2024, 15, 11021–11028 | 11023
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Fig. 4 VT synchrotron PXRD profiles obtained for as-recrystallized 1 in
a glass capillary with a diameter of 1.5 mm, when heated and cooled
repeatedly at a rate of approximately 30 °C min−1. The detailed peak
assignments are shown in Fig. S7 and Table S1 (ESI†).
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to the unidentied structure (black reversed triangle in Fig. 2c)
indicates that the structural order is likely to be better in the
rapidly cooled sample. The 2D + 1D structure of 1 thus obtained
was found to be maintained even upon cooling to −180 °C, as
well as on standing at 25 °C for at least 6 months.

The cooling rate-dependent structuring behavior of 1 was
conrmed by DSC analysis. As shown in Fig. 3, while the DSC
proles measured at three different scan rates (2, 10, and 30 °C
min−1) are similar overall, the temperature of each corre-
sponding peak is slightly shied. In organic solids with low
molecular mobility, phase-transition temperatures oen
change depending on the DSC scan rate. However, a closer look
at the endothermic and exothermic peaks in the higher
temperature range revealed that side peaks (indicated with
asterisks) coexist in the proles obtained at scan rates of 2 and
10 °C min−1, while such side peaks are absent at a scan rate of
30 °C min−1 (Fig. 3d–f). Based on these results and those from
the PXRD experiments, the side peaks can be attributed to the
unidentied structures that generate upon slow cooling from
the isotropic melt of 1.

By tracing the phase transition of 1 using synchrotron PXRD,
we found that the 2D + 1D structure of 1 is formed even aer the
second endothermic process in the rst heating. Fig. 4 shows
variable-temperature (VT) synchrotron PXRD patterns of 1,
measured during rapid (>30 °C min−1) heating/cooling cycles.
In a temperature range of 25–150 °C, which is lower than the
rst endothermic process (172 °C in DSC, Fig. 3c), multiple
diffraction peaks characteristic of crystalline materials can be
seen. Aer the rst endothermic process, the number of peaks
decreases, and the XRD pattern between q = 3–20 nm−1

changes, while the intense peak in the small-angle region (q =

1.63 nm−1) remains almost unchanged. When temperatures
exceed the temperature of the second endothermic process (224
°C in DSC, Fig. 3c), a drastic change occurs, generating a typical
structure, which is attributed to a 2D sheet-like triptycene
assembly with nested hexagonal packing and a 1D layer of the
2D sheets. Notably, the PXRD pattern at this stage exhibits
higher-order diffraction peaks even from the (008) planes. Upon
further heating, 1 undergoes a phase transition into its isotropic
melt, giving a featureless XRD pattern.

When the isotropic melt is cooled to a temperature (e.g., 225
°C) lower than the temperature of the rst exothermic process
(227 °C in DSC, Fig. 3c), the diffraction pattern characteristic of
the 2D + 1D assembly of 1 again appears. Although a clear
exothermic feature is seen at 204 °C in DSC, the pattern remains
unchanged during the cooling process reaching e.g., 100 °C. We
consider that the exotherm is due to a phase transition into
a slightly different structure from the high-temperature phase,
while essentially preserving the 2D + 1D order. For example,
a structure in which the molecules are slightly tilted toward the
2D plane, as seen in the single-crystal structure of 1,8,13-tris(-
dodecyloxy)triptycene,19 can be assumed. Meanwhile, all of the
peaks are slightly shied to the wide-angle region, most likely
due to thermal shrinkage of the material. Thus, the hexagonal
parameter (a) of 0.82 nm and layer spacing (c) of 5.2 nm at 230 °
C are changed to 0.80 nm and 4.9 nm at 25 °C, respectively
(Fig. S7 and Table S1, ESI†). At 25 °C, while higher-order
11024 | Chem. Sci., 2024, 15, 11021–11028
diffraction peaks arising from the (005)–(008) planes become
unclear (see also Fig. 2f), the main diffraction peaks, including
those from the 2D hexagonal triptycene assembly, are main-
tained. According to the DSC prole (Fig. 3c), 1 exhibits a glass-
transition feature at around 49 °C under rapid cooling condi-
tions. Presumably, the long alkyl chains vitrify to lower the
structural regularity of the 1D layer. Upon heating again at 100 °
C, the resulting PXRD pattern is identical to that observed at the
same temperature in the rst cooling process and is maintained
until the melting point. The change in PXRD patterns in the
second cooling process completely reproduces that of the rst
cooling process. The above observations clearly indicate that
heating/cooling 1 in the solid state results in the formation of
a 2D + 1D structure, featuring two-dimensionally aligned
dipolar rotors with approximately 0.8 nm intervals, which is so
robust that it is maintained unless the material melts.
Structural transitions during self-assembly

With all the experimental results in mind, we propose the
structuring behavior of 1 as shown in Fig. 5. As-recrystallized 1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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features a crystalline assembly formed via thermodynamic
equilibrium in solution. Given the fact that solvent molecules
are not incorporated in the crystal, the diuorobenzene and
triptycene units should be interdigitated with each other to
maximize enthalpy gain from intermolecular forces. When this
crystalline material is heated, it undergoes a phase transition
through the second endothermic process (224 °C in DSC,
Fig. 3c), resulting in the well-dened 2D + 1D structure, where
nested packing of the triptycene blades occurs, simultaneously
releasing the rotor units to form 2D arrays on their own. In this
state, due to the difference in excluded volume between the
diuorobenzene rotor and triptycene stator units, a space could
be created around the rotor to allow for its rotation. The key to
achieve uniform formation of the 2D + 1D structure is to cool
the isotropic melt of 1 rapidly at a rate greater than 30 °Cmin−1,
otherwise structurally unidentied assemblies concomitantly
form. Thus, it is reasonable to consider that the 2D + 1D
structure is a kinetically generated metastable form of 1. Once
formed, the 2D + 1D structure of 1 is maintained at room
temperature for a long time even at temperatures lower than the
melting point.
Dynamic behavior of the rotor units

To verify if the 2D + 1D assembly of 1 indeed possesses space
around the rotor units, we measured solid-state 19F-MAS NMR
spectra to gain insight into the dynamic behavior of the
diuorobenzene rotor moieties. The as-recrystallized powder
sample of 1 at 25.0 °C showed multimodal 19F NMR signals at
Fig. 5 Schematic illustration of the overall structuring behavior of 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
around −133 ppm with a spin-lattice relaxation time (T1) of
35.8 s (Fig. 6a and S8, ESI†), which are due to the presence of
a heterogeneous chemical environment around the rotor
moieties. It is reasonable to consider that the rotor units in as-
recrystallized 1 are closely packed together, hampering their
dynamic motions (Fig. 5). Upon heating the sample to 115 °C,
the signal became sharp, and at 145 °C, themaximum operating
temperature of the instrument, it split into three signals. When
the sample was subsequently cooled to 25 °C, these signals did
not coalesce. These complicated and irreversible changes in 19F
NMR spectroscopy may be related to the endothermic phase
transition at around 160–170 °C observed in DSC (Fig. 3),
although the change in the assembly structure of 1 associated
with this phase transition is unknown.

Fig. 6b shows the temperature dependence from−63 to 132 °
C of the 19F NMR signal of a solid sample of 1 featuring the 2D +
1D structure (Fig. S9, ESI†). Even at −63 °C, the 19F NMR signal
at −133 ppm was unimodal with a T1 value of 0.67 s (Fig. S10,
ESI†). This value is considerably smaller than that observed for
the as-recrystallized powder sample even at 25 °C (35.8 s),
clearly indicating much greater motility based on rotational
and/or ipping motion of the rotor moieties in the 2D + 1D
assembly, compared with those in as-recrystallized 1. With
increasing temperature, the 19F NMR signal became sharper
Fig. 6 Solid-state VT 19F-MAS NMR spectra of (a) as-recrystallized and
(b) thermally treated 1 having a 2D + 1D structure.

Chem. Sci., 2024, 15, 11021–11028 | 11025
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(Fig. S9, ESI†), particularly above the glass-transition tempera-
ture (49 °C, Fig. 3c). Notably, unlike in the case of as-
recrystallized 1, this spectral change was reversible during the
heating and cooling processes, with T1 displaying complex
behavior and values ranging from 0.67 s (at −63 °C) to 1.05 s (at
2 °C).

Fig. 7a illustrates Arrhenius-type plots of 1/T1. There are at
least two peaks, suggesting the presence of multiple motional
modes corresponding to the Larmor frequency (470 MHz) of the
19F nucleus of the rotor units. Fitting the prole with two Kubo–
Tomita functions17,28–30 results in relatively small activation
energies (Ea) of 2.0 kcal mol−1 and 3.3 kcal mol−1 for the lower
(blue curve) and higher (red curve) temperature regions,
respectively.31 However, compared with examples of phenylene
rotor dynamics in ametal–organic framework (MOF-5, Ea= 11.3
± 2 kcal mol−1)29 and a porous organic crystal (Ea = 6.7 kcal
mol−1),30 the values of activation energy are relatively low, and
considering also that the change in T1 is small, the Larmor
frequency of the 19F nucleus may not precisely capture the
motion of the rotor units. The linewidth of the 19F NMR spec-
trum is mainly due to 1H–19F or 19F–19F dipole interactions,
which affect motion in the order of several tens of kHz. Thus,
T1r was measured using a spin-lock frequency of 50 kHz at
various temperatures (Fig. S9 and S11, ESI†), and Arrhenius-
type plotting was carried out (Fig. 7b). The obtained T1r values
change between 6.8 ms (at 132 °C) and 0.84 ms (at 44 °C), and
a unimodal peak is observed at around 45 °C with a shoulder at
around 10 °C and a tailing feature in the lower temperature
Fig. 7 Plots of (a) 1/T1 and (b) 1/T1r versus reciprocal of temperature of
thermally treated 1 having a 2D + 1D structure (white circles with
a black border) fitted with a linear combination (black curves) of two
Kubo–Tomita functions28 (red and blue curves). Fitting parameters are
shown in Tables S2 and S3 (ESI).†

11026 | Chem. Sci., 2024, 15, 11021–11028
region (<−30 °C). Fitting the prole with two Kubo–Tomita
functions gives Ea values of 5.5 kcal mol−1 and 5.7 kcal mol−1

for the lower (blue curve) and higher (red curve) temperature
regions, respectively.31 Note that these Ea values are low enough
to allow for motion of the rotor units at ambient to moderate
temperatures.

Although it is difficult to completely assign the motional
modes of the dipolar rotors from NMR data alone, we presume
that the Ea values obtained from the analysis of T1 and T1r
reect rapid motions including vibration and slow rotor
dynamics such as rotation, respectively. Of particular note is the
fact that a clear temperature dependence is observed for the
linewidth and T1r of the

19F NMR signal, which suggests a kHz-
order rotational motion of the two-dimensionally close-aligned
diuorobenzene rotors, in which dipole–dipole interactions
possibly operate. Importantly, the experimental results,
including the structural analysis based on XRD and solid-state
19F-MAS NMR spectroscopy, are all consistent and indicate
that the desired 2D dipolar rotor assembly illustrated in Fig. 1d
has been achieved using the tripodal triptycene scaffold.
Calculation of the rotational barrier in a model system

To estimate the degree of motility of the rotor unit in the 2D
assembly of 1, we performed density functional theory (DFT)
calculations based on a simplied model (10, Fig. 8a), where the
dodecyloxy groups of 1 were replaced by hydrogen atoms, and
a 2 × 2 × 1 super-cell (Z = 4) was constructed using the
hexagonal lattice parameter (a = 0.7961 nm) obtained from the
PXRD experiments (at 25 °C, Fig. 4 and Table S1, ESI†). We
Fig. 8 (a) Structure of a model (c-axis projection) with a 2 × 2 × 1
super-cell of 10 (Z = 4) for DFT calculations. (b) Plots of relative energy
versus the rotational angle (q in molecule d, Fig. 8a) of the rotor units of
10 located at the center of the 2D hexagonal lattice (molecule d),
calculated under periodic boundary conditions. Insets: the arrange-
ment of the rotors at selected rotational angles (see also Movie S1,
ESI†).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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placed a 1.5 nm-thick slab layer (vacuum layer) between the 2D
hexagonal arrays of triptycene under periodic boundary condi-
tions, resulting in c = 3.5 nm (for details, see the ESI†). The
rotor unit of a molecule located at the center of the 2D hexag-
onal lattice (molecule d in Fig. 8a) was manually rotated in 5-
degree increments (rotational angle q = 0–360°, Fig. 8a), while
the angles of the other rotor units were xed.

As shown in Fig. 8b, all the rotor units in the most stable
structure (q = 0°) are aligned in the same direction (inset, le).
The energy prole contains three maxima at q = 70, 180 and
290° and three saddle points at q = 0, 110 and 245°. The largest
barrier was determined to be 2.85 kcal mol−1 at q = 180°, where
the uorine atoms of adjacent rotor units are in close proximity
to each other (inset, right). This value roughly agrees with the Ea
values obtained from the solid-state 19F NMR measurements
(Fig. 7). The rather small rotation barrier estimated from these
calculations indicates that the two-dimensionally arranged
rotor unit has a large degree of motility that is enough to allow
even a 360° rotation. It is interesting to note that there is a clear
angular dependence in the rotational barriers (Fig. 8b); the
most stable and unstable structures are found in the geometries
where the orientation of the dipole moment of the rotating unit
is parallel and antiparallel, respectively, to those of the other
rotor units. This suggests the possibility that cooperative rota-
tional motion can occur, and we have begun to address this
issue.

Conclusions

If dipolar molecular rotor units are aligned close together while
leaving adequate space for rotation, do they exhibit cooperative
and collective rotation through dipole–dipole interaction? To
examine this question, it is necessary to construct such struc-
tures in a bulk solid material that would allow measurement of
its physical properties. However, in reality, this is difficult to
achieve since molecules, when assembling, tend to form the
closest packing so as to maximize intermolecular forces. In the
present study, through careful investigation of the self-assembly
behavior of newly designed 1, we have demonstrated that the
use of a tripodal triptycene-based supramolecular scaffold can
achieve a desired structure, in which 2D hexagonal arrays of the
triptycene units and 2D arrays of the dipolar rotor units are
alternatingly aligned to form 1D layers. Here, the triptycene
units also serve as a stator. The key to this achievement was
nding that this structure can be obtained when a bulk sample
of 1 is heated once to its isotropic melt and then cooled very
rapidly, rather than relying on self-assembly from the thermo-
dynamic equilibrium state in solution, i.e., recrystallization.
Although the resulting assembly of 1 featuring the 2D + 1D
structure may lie in a kinetically formed metastable state, it can
be maintained at room temperature for at least 6 months, and
even upon heating for a short time at temperatures lower than
its melting point. Furthermore, as conrmed by solid-state 19F-
MAS NMR spectroscopy, the dipolar rotor has motility with an
activation energy (Ea) of ca. 5.7 kcal mol−1 in the solid state. At
the same time, this indicates that the desired assembly struc-
ture in which the dipole rotors are closely aligned in a 2D
© 2024 The Author(s). Published by the Royal Society of Chemistry
structure while maintaining their dynamic properties has been
achieved. The DFT calculations for a simplied model further
suggest that the rotor unit in the 2D assembly has sufficient
degrees of freedom to rotate even 360°. We believe that this
work is an important step toward exploring the dynamic
behavior of dipole rotors aligned with 2D correlations. We are
currently investigating the detailed physical properties of this
material to demonstrate unique functions and phenomena
arising from the coupling of rotational molecular motion and
dipole–dipole interactions.
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