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A supramolecular complex acting as a molecular rotor was assembled from cucurbit[7]uril and a rigid, rod-
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shaped molecular anchor. This rotor was then anchored to the facets of a hexagonal tris(o-phenylenedioxy)

cyclotriphosphazene matrix, forming a regular 2D array. Semi-empirical calculations revealed very low
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Introduction

The development of two-dimensional (2D) stimuli-responsive
systems, consisting of regular arrays of molecular motors,
switches, and rotors, is a rapidly growing area of research.'?
These 2D systems, which can reorient or isomerize as
a response to external stimuli like light or electric fields, offer
significant potential in molecular nanoelectronics,** memory
devices, optical filters,” and heterogeneous catalysis.* While
synthesizing and characterizing functional molecules in solu-
tion - key building blocks for future smart materials - is
a relatively well-established process, achieving precise control
over the positioning of individual molecules within these arrays
remains a major challenge.

Three common approaches to developing such 2D materials
include: (i) self-assembly, typically on metallic surfaces, either
from solution or gas phase, (ii) the formation of Langmuir-
Blodgett films at liquid-gas interfaces, and (iii) the intercalation
of molecules into porous solid surfaces. Crucially, each of these
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rotational barriers for the macrocyclic units within this array, suggesting smooth rotational motion and
promising potential for future applications in dynamic molecular systems.

methods requires carefully designed and fine-tuned stimuli-
responsive molecules tailored for the specific approach.*

Herein, we are further exploring the third approach, which is
based on the installation of molecules on the facets of the
hexagonal form of a zeolite-like matrix called tris(o-phenyl-
enedioxy)cyclotriphosphazene, often abbreviated as TPP
(Fig. 1A-C)."*** This porous material is interwoven with
a network of parallel channels, approximately 5 A in diameter,
that connect two opposing crystal faces. These channels are
spaced about 11 A apart and are arranged in a trigonal pattern
(Fig. 1C).** We previously demonstrated that dipolar rotors,*
unidirectional light-driven molecular motors,’* and also
azobenzene-based switches'” can form surface inclusions using
sophisticated rod-like molecular anchors. Recently, we have
shown that fullerene Cgo-based molecular rotors can also be
installed on the facets of TPP nanocrystals using a molecular
anchor.*

In this study, we demonstrate that 2D surface inclusions are
not limited to traditional covalent molecules, but can also
encompass supramolecular complexes, thus significantly
expanding the available pool of guest molecules. To illustrate
this, we designed and synthesized a model system featuring
a rod-like molecule 1 with an adamantylated pyridinium at one
terminus, which serves as a binding site for cucurbit[7]uril (CB
[7], Fig. 1D-G). 1-(1-Adamantyl)pyridinium bromide was shown
to have high affinity for CB[7], with a binding constant reaching
2.0 x 10" M™" in a 50 mM aqueous sodium acetate buffer.®
The other end contains a TPP binding site characterized by two
aliphatic units, tert-butyl and bicyclo[1.1.1]pentyl (BCP), whose
distinct *C NMR signals allow the tracking of the degree of
insertion into the matrix (Fig. 1). These two ends are separated
by a bulky triptycene cage (~9 A diameter), acting as a stopper to
prevent full insertion into the TPP matrix. When complexed
with CB[7], the upper part of the system forms a molecular rotor
with a diameter of ~16 A (ref. 20) enabling only the lower
portion of the molecular rod 1-CB[7] to insert into the matrix
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MOLECULAR ROD: SYNTHESIS, COMPLEXATION AND X-RAY STRUCTURES

NO,

QNO

NO, NS cr
Cl TMS §
7
iii
—_—

8, 83% 10, 88%

8O

6, 65%

i) Pd(PPhj)s, Na,CO,, toluene, ethanol, water, 110 °C. ii) Acetonitrile, reflux. iii) 1
TBAF, THF, 25 °C; 2. Pd(PPhj)s Cul, Et;N, DMF, 70 °C. iv) DMSO, water, 25 °C.

Hydrogen
Carbon
Nitrogen
Oxygen
Chlorine ) ¢
Bromine 6 8 10

H0o
&
H Q
H o
2

SURFACE INCLUSIONS

Charged Head:
CB[7] Binding Site

Triptycene-
Based Stopper

1-CB[7]@TPP-d,,

1.CB[7] H

Fig. 1 Synthesis of molecular rod 1 and its reaction with CBI[7] leading to supramolecular complex 1-CBI[7]. The structure of the TPP-d;,
molecule (A), the corresponding space-filling model (B) and a top view of a small fragment of hexagonal TPP (C). CBI[7]: a schematic repre-
sentation (D), top (E) and side (F) view on a space-filling model, and a chemical structure (G). Idealized graphical visualization of surface inclusion
1-CBI[71@TPP-d;,: top (H) and side (I) view on a space-filling model. ORTEP representation of intermediates 6, 8, and 10 (thermal ellipsoids shown

on 30% probability level).

(Fig. 1H and I). These regular arrays of molecular rotors could
represent a significant advancement toward the development of
2D ferroelectric materials, which are appealing components of
nanoelectronic devices.****

Results and discussion

The synthetic pathway towards rod 1 was designed to address its
anticipated low solubility in common organic solvents. This
approach involved constructing two reasonably soluble
building blocks, 2 and 3, whose combination resulted in 1,
which was easily separated from the crude reaction mixture by
simple centrifugation (Fig. 1). The synthesis of building block 2
began with a Suzuki cross-coupling between boronic acid 4 and
1-bromo-4-iodobenzene (5), affording 6 in a 65% yield. A
subsequent nucleophilic aromatic substitution with 1-chloro-
2,4-dinitrobenzene (7) produced Zincke salt 8, which reacted
with adamantan-1-amine (9) to give 10 in 88% yield. Finally,
a Sonogashira cross-coupling between 10 and 11 (ref. 15)
afforded building block 2 almost quantitatively.

The structures of three intermediates, 6, 8, and also
compound 10 containing the adamantylated pyridinium acting
as a future CB[7] binding site, were independently confirmed by
X-ray diffraction of the corresponding monocrystals (Fig. 1).

Supramolecular complex 1-CB[7] was quantitatively ob-
tained in preparative quantities through a stoichiometric reac-
tion between 1 and CB[7] in DMSO. Encapsulation was
monitored using "H NMR spectroscopy (Fig. 2). The attachment
of CB[7] caused noticeable upfield shifts of both the hydrogen
nuclei of the adamantyl unit (H,-H.) located inside the mac-
rocycle's cavity and the hydrogens on the pyridine unit (Hgq and
H,) situated close to the CB[7] carbonyl portal. In contrast, the
chemical shift of the H¢ hydrogens on the ¢-Bu group remained
unchanged, supporting the proposed geometry of 1-CB[7],

14082 | Chem. Sci., 2025, 16, 14081-14087

where CB[7] exclusively occupies the cationic binding site of the
rod-shaped molecule. It is worth noting that 1-CB[7] was
accompanied by a small but detectable amount of alkali or
alkaline-earth metal-promoted trimers.>* Their presence does
not interfere with subsequent mechanochemical synthesis of
surface inclusions, as these species are stable only in non-
aqueous environments. Detailed assignment of hydrogen and
carbon atoms both in 1 and 1-CB[7] are shown in the ESL}
The surface inclusion 1-CB[7]J@TPP-d;, results from
a mechanochemical reaction between solvent-free hexagonal
form of TPP-d;, and 1-CB[7]. The mixture of the powdered
materials was ball-milled using a planetary ball mill and
subsequently annealed under argon atmosphere (see the ESIT).
The 3 mol% guest loading that corresponds to statistical
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Fig. 2 'H NMR spectra of CB[7] (A), 1 (B), 1 after addition of 0.6 equiv.
(C) and 1.0 equiv. (D) of CB[7] recorded in DMSO-dg at 25 °C. Green
asterisks indicate alkali or alkaline-earth metal-promoted trimers. See
Fig. 1 for atom labelling.
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occupancy of 1/3 of portals to TPP channels,"” secures complete
coverage of facets of TPP nanocrystals. The identity of 1-CB[7]
@TPP-d;, was confirmed by solid-state “C cross-polarized
magic-angle spinning (ss "*C CP MAS) NMR spectroscopy. A
comparison of the solution **C NMR spectra of 1, CB[7], and the
complex 1-CB[7] with their ss >C CP MAS, provided insight into
the intricate nature of the spectrum of the surface inclusion
(Fig. 3).

While the **C NMR spectrum of 1 in DMSO-dg is complex
(Fig. 3A), its corresponding ss CP MAS spectrum (Fig. 3B) shows
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Fig. 3 3C NMR spectra of 1 (A), CB[7] (C), and 1-CBI7] (E) recorded in
DMSO-dg solution at 25 °C. Solid-state *C CP MAS NMR spectra of 1
(B), CB[7] (D), 1-CBI7] (F), and 1-CB[7]1@TPP-d;, (H). Additionally, the
solid-state *C NMR of TPP-dy, (G) is shown. The carbon signals
corresponding to 1 are highlighted in blue, those of CBI[7] in red, and
TPP-dy, in green. See Fig. 1 for carbon atoms labelling.
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five peaks in the aromatic region (~150, 142, 133, 126, and 122
ppm), four in the triple-bond region (~92, 88, 85, and 80 ppm),
and six in the aliphatic region in (~68 for adamantyl carbon Cy,
~60 ppm for BCP methylenes Cq, ~52 for triptycene bridge-
heads C,, ~42 for adamantyl methylenes C,, ~36 for adamantyl
methylenes C, and tert-butyl quaternary carbon Cp, and
~31 ppm for tert-butyl methyl groups C;, adamantyl Cy, and both
BCP bridgeheads C¢). Subsequent addition of CB[7], whose '*C
spectra both in solution (Fig. 3C) and ss CP MAS (Fig. 3D)
consist of three peaks at ~157 ppm (carbonyl group), ~71 ppm
(CH groups), and ~53 ppm (CH, groups), affords inclusion
complex 1-CB[7]. In solution (Fig. 3E), the CB[7] carbon signals
at the rim are doubled due to the pair of non-equivalent portals.
The attachment of CB[7] also shields the adamantyl moiety,
leading to the expected upfield shifts in its carbon signals.
These trends are mostly preserved also in the ss CP MAS spec-
trum (Fig. 3F).

The solid-state *C NMR spectrum of perdeuterated hexag-
onal TPP-d,, exhibits three resonances at ~144, ~124 and ~110
ppm for the catechol units (Fig. 3G). The ss CP MAS spectrum
shows no signals, as this material lacks hydrogen atoms.

The incorporation of 1-CB[7] into the TPP-d;, matrix,
forming 1-CB[7]@TPP-d,,, results in the shielding of carbon
atoms associated with the TPP binding site (Fig. 1). Notably, the
BCP and tert-butyl units provide the most significant indicators.
The upfield shifts of their signals (the BCP methylene units C,
from 59.6 ppm in 1-CB[7] to 56.6 ppm upon surface inclusion,
and methyl signals C; shifting from 30.9 ppm to 27.0 ppm,
Fig. 3H), indicate that the lower segment of the molecular rod is
fully embedded within the matrix.'>*>#

Interestingly, the >C resonances of the aromatic carbon
atoms in 1-CB[7]@TPP-d,, are nearly invisible compared to
those in neat 1-CB[7] (Fig. 3F and H). We speculate that this
observation further supports the successful formation of the
surface inclusion. These aromatic carbon atoms, which are
primarily located at the TPP binding site of the molecular rod,
are likely close to the neighboring CB[7] units in neat 1-CB[7],
allowing efficient through-space polarization transfer during
the CP MAS experiment. This mechanism is suppressed in 1-CB
[71@TPP-d,,, as this region of the molecule is surrounded by the
perdeuterated TPP-d;, matrix.

The successful formation of surface inclusion is also sup-
ported by a *'P CP MAS NMR experiment that clearly identifies
the hexagonal form of TPP-d,,.*>*>*® This polymorph would be
otherwise readily converted to the monoclinic form if its empty
channels were not stabilized by the guest molecules during the
annealing process.”

The insertion of rod-shaped molecules into the TPP matrix is
generally causing an expansion of the channels as they adapt to
the inserted guest.'”*®*¢ This change is detectable by powder X-
ray diffraction (PXRD), and analysis of 1-CB[7]@TPP-d;,
(Fig. 4A) clearly shows noticeable increase of the in-plane
spacing parameter a (11.62 + 0.01 A) and decrease of the layer
spacing ¢ (10.07 + 0.01 A) of the hexagonal TPP (compared to
the guest-free material, where a = 11.454(5) A and ¢ = 10.160(5)
A).” The fitting also produces estimates for the particle size in
the powder (21 = 2 A) and strain in the material (3.3 & 0.4%).

Chem. Sci., 2025, 16, 14081-14087 | 14083
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Fig. 4 1-CB[7]1@TPP-d;,: PXRD spectrum (A), and TEM visualization of
nanocrystals (B).

Additionally, a Voigt parameter of 1 indicates that the Bragg
peaks are Lorentzian in shape rather than Gaussian - a charac-
teristic typically observed in surface inclusions.'”*®

The morphology of 1-CB[7]@TPP-d;, was examined via
transmission electron microscopy (TEM), revealing clusters of
discoidal particles with an approximate diameter of 30-50 nm.
These findings are consistent with previous observations,**
and align reasonably well with the values derived from PXRD
fitting. Additionally, 1-CB[7]@TPP-d;, shows good thermal
stability (melting of TPP at ~251 °C and decomposition of 1 at
~268 ©°C), that is comparable with structurally related
systems™ " as revealed by differential scanning calorimetry
(DSC, see Fig. S7 in ESIT for details).

We then questioned whether the CB[7] units undergo rota-
tion around the adamantyl headgroup. In DMSO-d, solution,
the equivalence of the equatorial H, protons and the methylene
H, and H, protons suggests fast, unrestricted rotation on the
NMR timescale. However, the situation in the solid state
remains uncertain, particularly given that the binding affinity of
CB[7] towards the adamantyl unit is expected to increase
significantly in the absence of solvent. Unfortunately, experi-
mental probing of such dynamics in the solid state is highly
challenging: techniques such as H NMR would require site-
specific deuteration, and other established methods (e.g,
dielectric spectroscopy, 'H T; relaxation measurement,
variable-frequency-MAS "*C NMR) either demand synthetically
complex modifications or yield convoluted signals from
multiple dynamic processes. Therefore, to gain insight into the
rotational potential landscape of the system and evaluate its
feasibility as a molecular rotor, we turned to computational
modelling as a practical and informative alternative. Using the
GFN2-xTB semi-empirical method,*®>" a binding affinity of
48 kcal mol ' in the gas phase was determined, far greater than
the affinity in aqueous solution of 1-(1-adamantyl)pyridinium
(see above: 2.0 x 10> M, i.e. 17 kcal mol ™). The presence of
this very tight interaction then raises a question whether it
allows or prevents the rotation of the macrocycle. As the reso-
lution of the ss **C CP MAS NMR spectra of 1-CB[7]@TPP-d,, is
too low to test the respective equivalency of all CB[7] equatorial
carbons CH, methylene carbons CH, and carbonyl rim CO, we
decided to assess CB[7] motion around the rod in silico using
truncated rod 12.

Three motions of CB[7] using the GFN2-xTB semi-empirical
method were scanned: rotation of both the adamantyl head

14084 | Chem. Sci, 2025, 16, 14081-14087
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group together with CB[7] around the rod (Fig. 5A), rotation of
CB[7] around the adamantyl group and along its symmetry axis
(Fig. 5B), and a rocking motion around the head (Fig. 5C).
First, complex 12-CB[7] was optimized. It displays a near-
zero dihedral angle ¢ (—2.6°) and a tilt angle # of 17.8°. Scan-
ning dihedral angle ¢ in the presence and absence of CB[7]
returned contrasted energy profiles (Fig. 6). In the absence of CB
[7], the periodicity is 6-fold, with energy minima obtained when
¢ and dihedral angle C(6)(pyridinium)-N(pyridinium)-
C(1)(adamantyl)-C(2)(adamantyl) (180° + ¢) are near 0°, 120°
and 240°. Transition states are obtained when the pyridinium
unit is almost perpendicular to one adamantyl C(1)-C(2) bond,
i.e. at ¢ 27° (30° relative to the ground state) with a 60° peri-
odicity; these are 1.45 kcal mol ™" less stable than the ground
states. When encapsulated, as tilt angle ¢ is non-zero, the
periodicity is reduced to 3-fold, and the energy profile features
an intermediate at ¢ = 62° barely less stable than the ground
state (AE = 0.10 kcal mol ") and two transition states at ¢ = 27°
and 87° (AE = 2.97 and 1.71 kcal mol ", respectively). Relative
energies are governed by the distance (i.e. the strength) of the
CH---O=C interaction between the partially positive pyr-
idinium hydrogens at positions 2 and 6, and the CB[7] rim
oxygens. Distances of approximately 2.10 A are measured in the
ground state and in the intermediate, and up to 2.75 and 2.40 A
in the higher-energy and lower-energy transition states,
respectively (Fig. 6). We note that the 7-fold symmetry of CB[7] is
irrelevant when describing the rotational pathway, as the mac-
rocycle is not frozen, and undergoes slight geometry adjust-
ments during each step of the scan along dihedral angle ¢. We

0 +17.8°
©-2.6°

Fig. 5 Three possible CB[7] motions in 1-CB[7]@TPP-d;,: (A) rotation
of the adamantyl head group around the rod (ie. with varying
C(2)(pyridinium)—N(pyridinium)-C(1)(@damantyl) - C(2)(adamantyl)

dihedral angles ¢; (B) rotation of CB[7] along its symmetry axis w is
a C(2)(adamantyl)-C(1)(adamantyl) -N(pyridinium)—-C(carbonyl, CB[7])
dihedral angle); and (C) rocking motion of CB[7] around the adamantyl
head group; the tilt angle 6 is the angle between the N(pyridinium)-
C(adamantyl) axis and a fitted plane through the 14 equatorial carbon
atoms of CBI[7]. (D) GFN2-xTB optimized structure of complex 12-CB
[7]. Interactions between pyridinium hydrogen and the nearest
oxygens of the CBI[7] rim highlighted using a space-filling model.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Relative stability of (A) rod 12, and (B) assembly 12-CBI[7] along
dihedral angle ¢. Top views of assembly 12-CBJ7], (C) at its most stable
conformation, (D) at a transition state, (E) at an intermediate and (F) at
a second transition state along the adamanty! rotation pathway. CB[7]
carbonyl oxygens highlighted in red and numbered to highlight the
pyridinium hydrogens—CB[7] CO distances along the rotation
pathway. Relative energies in kcal mol™.

also note that this mode of CB[7] motion, that is coupled to the
rod motion, will operate with any rotation along the rod (along
the C(pyridinium)-C(aryl) or C(aryl)-C=C axis, for example).

An energy profile for the rotation of CB[7] around the ada-
mantyl group was determined, while the latter is allowed to
wobble within its potential well (i.e. dihedral angle ¢ varies only
slightly, and CB[7] motion is decoupled from the rod, see Fig. 7).
Transition states are again detected once the pyridinium
hydrogens at positions 2 and 6 find themselves between
carbonyl groups of the CB[7] rim (see Fig. 7C). Due to the 7-fold
symmetry of CB[7], the period of the energy profile is approxi-
mately 51° (360/7) and the activation barrier is again very low
(1.82 kecal mol ™).

Finally, the impact of the CB[7] tilt angle 4 relative to the rod
axis (Fig. 8A) was determined. Energies were scanned by varying
the distance between the pyridinium C(4) atom and the nearest
oxygen at the CB[7] rim. For each optimized assembly along the
the tilt calculated using the guest

scan, angle was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Relative stability of assembly 12-CB[7] while rotating CBI[7]
along its symmetry axis. Top views of assembly 12-CB[7], at (B) its most
stable conformation, and (C) a transition state along the CB[7] rotation
pathway. See Fig. 5 for the description of the angles; relative energies
in kcal mol™. Interactions between pyridinium hydrogens and the
nearest oxygens of the CB[7] rim highlighted using a space-filling
model.

N(pyridinium)-C(adamantyl) vector and a normal to the fitted
plane across the 14 equatorial carbon atoms of CB[7] (see ESI
sectiont). As the tilt angle narrows, hydrogen pyridiniums at
positions 2 or 6 must relocate between two CB[7] rim carbonyls
(Fig. 8), and the energy increases. To the contrary, when the tilt
angle is forced to widen, the CH---O=C distance is too short,
and the interaction becomes repulsive (see Fig. 8A). The

AE [kcal/mol]

0 5 10 15 20 25
6 []

AE +1.65

8 +2.9% ¢ +1.6°

Fig. 8 (A) Relative stability of assembly 12-CB[7] as a function of the
CBI[7] tilt angle 4 relative to the rod axis. (B) Side and (C) top views of
assembly 12-CBI[7], with a tilt angles 6 of 2.9°. See Fig. 5 for the
description of the angles; relative energies in kcal mol ™.
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narrowest tilt angle that can be returned by freezing a single
coordinate is 2.9°, with a 1.65 kcal mol™' destabilization, i.e.
other more favorable distortions take place instead of bringing
CB[7] perfectly perpendicular to the rod axis.

Conclusions

To conclude, we have demonstrated that even noncovalent
supramolecular complexes can be arranged to 2D arrays on the
surface of TPP nanocrystals using properly designed molecular
anchors. The rod-shaped molecular anchor, featuring an ada-
mantylated pyridinium-based headgroup, formed a host-guest
complex with CB[7], while its lower section embedded into the
porous matrix of the surface. The CB[7]-based unit functions as
a molecular rotor. Despite CB[7] binding tightly to the head
group in the solid state, it remains extremely mobile, and all
motions described above can proceed concomitantly with very
low energy barriers, approximately half of a C-C bond rotation
in ethane.®"*
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