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Dielectric spectroscopy has been used to determine the barriers
of rotation of surface-mounted fullerenes (2.3 + 0.1 and 4.3 +
0.1 kcal mol™2). In order to achieve this, a Cgo derivative equipped
with an anchoring group designed to form a surface inclusion with
the hexagonal form of tris(o-phenylenedioxy)cyclotriphosphazene
(TPP) has been synthesized. Solid-state NMR analysis revealed that
approximately 50% of the surface-mounted molecules have a
chemical environment different from the others suggesting two
distinct insertion modes. These observations correlate with results
of DFT calculations.

Two-dimensional (2-D) regular arrays of functional molecules like
rotors, motors and switches represent a unique class of stimuli-
responsive materials with exciting properties.™” They attract great
attention due to their possible applications in sensing,** catalysis,”
molecular machinery,”” molecular electronics,®” etc. The construc-
tion of such 2-D assemblies is surface-specific and usually requires
properly designed molecules."*°

Self-assembly on various (mostly metallic) substrates is
probably the most frequently used approach to such arrays on flat
surfaces."™* Another widely used technique is based on the
preparation of films on water/air interface using a Langmuir-
Blodgett trough.”>™® A third conceptually different approach is
based on the installation of molecules on the facets of the
hexagonal form of a zeolite-like matrix called tris(o-phenylene-
dioxy)cyclotriphosphazene, often abbreviated as TPP (Chart 1C-
E)." The introduction of sophisticated rod-like molecular
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Regular arrays of Cgo-based molecular
rotors mounted on the surface of tris(o-
phenylenedioxy)cyclotriphosphazene
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anchors allowing the smooth formation of surface inclusions repre-
sents another milestone in TPP supramolecular chemistry.”'>*

In this paper, we are introducing a purely hydrocarbon-
based type of “maraca-shaped” rotor molecule 1, carrying a
relatively large dipole moment of ~4.1 D (Chart 1A and B).

The new molecule is comprised of two easily identifiable
parts serving distinctly different purposes. (i) Starting from the
bottom (Fig. 1A and B), the molecular maraca 1 carries a rigid
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Chart1 The structure of the Cgo derivative 1 (A) and its space-filling
model with a net dipole moment (B). The structure of the TPP molecule
(C), the corresponding space-filling model (D) and a top view of a small
fragment of hexagonal TPP (E). An idealized visualization of 1@TPP: a top
(F) and a side (G) view.
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Fig. 1 Synthesis of the Cgo derivative 1 including complete *H (blue) and
partial C NMR (red, purple, green, orange, and black — these colors
correspond to the peak labels used in Fig. 3) assignment in 1.

tail made of 1-(4-tert-butyl)-ethynylbenzene acting as an anchor-
ing unit. Its diameter is ~5.0 A and it nicely fits into the TPP
channels, whose internal diameter is ~5.5 A. The characteristic
chemical shifts of the carbon atoms of the Bu group are also used
as nuclear magnetic resonance (NMR) probes during the charac-
terization of supramolecular complexes using solid-state NMR. (ii)
The spherical Cgp-based head with its diameter of ~7 A is bulky
enough to act as a stopper preventing the molecule from complete
insertion into the TPP channels. Moreover, it is small enough not
to block the neighboring channels and thus to prevent the
remaining molecules from entering them (Chart 1E-G). This unit
also contributes considerably to the dipole moment, which is
calculated to be tilted by ~20° from the axis defined by the two
triple-bond carbon atoms (Chart 1B).

Here, we are reporting the synthesis of the molecular rotor 1
and the mechanochemical preparation of surface inclusions dif-
fering in surface saturation (50% or 100%). The surface inclusions
have been characterized using transmission electron microscopy
(TEM), powder X-ray diffraction (PXRD), and solid-state NMR
techniques. The ability of individual dipoles to rotate and to
respond to an external electric field have been recorded using
dielectric spectroscopy. DFT simulations of the surface-mounted 1
in 1@TPP have shed some light on possible insertion modes and
helped rationalize some of the experimental observations.

The synthesis of 1 was a facile process that consisted of
Sonogashira cross-coupling between 2 and trimethylsilylacetylene
(TMSA), which afforded 3 in a ca. 60% yield.>* The TMS protective
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group was then removed using TBAF in THF, and the free alkyne
4*° was isolated in a nearly 80% yield. The addition of lithium
acetylide generated from 4 to a strained C—C bond in Cg, gave 1
in a relatively high yield (judging based on the "H NMR of the
crude reaction mixture). The yield of isolated 1 was lower due to
complications with its separation from the crude reaction mix-
ture (Fig. 1). The structure of the molecular rotor 1 permitted a
complete 'H and partial ">C NMR assignment (Fig. 1), which is
expected to be useful for examination of future surface inclu-
sions. Not surprisingly, a vast majority of the carbon atoms
belonging to the fullerene cannot be unambiguously assigned.

The surface inclusions were prepared using a mechano-
chemical reaction between crystalline 1 and the hexagonal form
of TPP-d;,. The mixture of the powdered materials was ball-
milled using a planetary ball mill and subsequently annealed
under argon atmosphere (see the ESIT).

The morphology of 10%1@TPP-d;, was determined by TEM.
The sample consists of conglomerates of discoidal particles with
~50 nm diameter (Fig. 2A). This is fully consistent with our
previous observations.'®**?! Based on these results, one facet of a
TPP nanocrystal can accommodate up to ~1100 molecular rotors
1.”' The 10% molar guest loading represents complete surface
saturation.”® It is well known that the formation of a surface
inclusion is usually accompanied by a slight expansion of individual
channels in the hexagonal TPP as they adapt to the guest
molecules.***>?® These changes can be quantified using the PXRD
technique. The PXRD pattern of the 10%1@TPP-d;, has indeed
shown a notable increase of the in-plane spacing parameter a
(11.598 =+ 0.004 A) and decrease of the layer spacing ¢ (9.962 =+
0.006 A) of the hexagonal TPP (compared to the guest-free material,
where a = 11.454(5) A and ¢ = 10.160(5) A),*” strongly suggesting the
formation of a surface inclusion (Fig. 2B). This notable but still
relatively small increase further indicates that the molecules of 1
have entered the TPP channels using the ¢Bu side, ruling out the
reverse insertion (the insertion of a fullerene would cause much
larger structural changes). The presence of the purely hexagonal TPP
phase even after ball milling and annealing also supports the
successful formation of inclusion because guestfree hexagonal
TPP spontaneously collapses into its more stable monoclinic poly-
morph. The Lorentzian-shaped diffraction lines observed in Fig. 2B
are common for surface inclusions as well.*>*!

The analytical techniques mentioned so far have revealed
the formation of some surface inclusion but do not provide
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Fig. 2 A TEM visualization of 10%1@TPP-d;, (A). PXRD pattern of 10%1@TPP-d;,. The black line represents the diffraction data, while the red curve
reflects the fit (B). The dielectric loss of 10%1@TPP-d;, recorded between 20 and 110 K. Black — 400 Hz, red — 1400 Hz, and blue — 14 000 Hz (C).
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information about the depth of insertion and the mutual
positions of both components. To answer these questions,
solid-state NMR analysis has been performed.

Comparisons of the *C NMR spectra of the neat guest 1
both in solution and solid state as well as the solid-state spectra
of the surface inclusions 5%1@TPP-d;, and 10%1@TPP-d,,
(Fig. 3) also clearly confirmed formation of expected surface
inclusion. Namely, the upfield chemical shifts of carbon atoms
from #-Bu group that are considered as a characteristic NMR
probes and presence of resonances belonging to perdeuteriated
TPP matrix in the '*C CP-MAS NMR spectra are particularly
indicative. Upfield shifts are characteristic of inclusion com-
plexes because the individual catechol-based aromatic rings
forming TPP channels (Chart 1) effectively shield the carbon
nuclei of included molecules. Appearance of three resonances
representing TPP is due to protiated guest molecules that are in
close proximity to the interior of TPP channels and successfully
mediate the through-space transfer of polarization from the
guest molecules to the carbon atoms of the perdeuteriated
matrix. Thorough interpretation of >*C NMR spectra is provided
in the ESL.}

The somewhat surprising presence of two inequivalent ¢Bu
groups in both inclusions (Fig. 3C and D) has two possible
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Fig. 3 The ™C NMR spectra of 1 in a CS; solution with the internal
standard of acetone-dg at 25 °C (A), of 1 in solid state (B), and the solid-
state **C CP MAS NMR spectra of 5%1@TPP-d;, (C) and 10%1@TPP-dy, (D).
The black asterisks indicate spinning sidebands.
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explanations: (i) all molecules are complexed and approxi-
mately half of the guests 1 have a different chemical environ-
ment inside the channels from the other half (for example, they
are inserted deeper into the TPP matrix)'® or (ii) half of the
molecules form surface inclusion and have a similar chemical
environment, while the other half remain uncomplexed. Two
additional experiments were performed in order to select one of
these hypotheses. Lower molar guest loading in 5%1@TPP-d;,
(5 mol % corresponds to ca. 50% statistical occupancy of the
portals to the TPP channels) did not affect the ratio of the two
species. The same result was achieved once an excess of
solvent-free hexagonal TPP-d;, was added to 10%1@TPP-d;,
and the sample was ball-milled and annealed again, ruling out
the second hypothesis (Fig. S1 and S2, ESIt). Extended anneal-
ing of 10%1@TPP-d,,, which was used to allow the system to
equilibrate fully, did not change the ratio of the species either.

To obtain more insight into the behavior of surface-
mounted 1 and to rationalize the solid-state NMR results, the
structure of 1@TPP was investigated computationally using a
cluster model (details in ESIY). Semiempirical metadynamics
followed by reoptimization using the B3LYP functional found
three distinct conformers of 1@TPP, which are shown
in Fig. 4A. Complexation energy of these conformers is
—50.9 keal mol ™ * (I), —45.8 keal mol " (IT) and —42.6 keal mol !
(IM). To maximize hydrogen bonding, the Cq, acetylene linker in
conformer I bends by about 15° relative to the phenylene tail
(Fig. 4B).%® In conformer II, only the H- - -O interaction (d = 2.6 A)
is present, bending is absent and 1 is positioned relatively
symmetrically relative to TPP. In III, the Cq, hydrogen points
away from TPP, and the rotor 1 again bends to form relatively
weak noncovalent interactions with the TPP scaffold.

The anchoring group of 1 in I and II is immersed much
deeper to the TPP matrix than in III (6.46 A for I and 6.68 A for IT
compared to 3.24 A for III), leading to a deshielding of III
relative to I and II. DFT averaged calculated chemical shifts of
the ¢-Bu carbon atoms (see the ESIf) are 156.92 ppm for
structure I, 156.47 ppm for structure II and 154.84 for structure
III. This 2 ppm difference in carbon chemical shifts of fully (I
and II) and partially (III) inserted 1 is in good agreement with

Fig. 4 (A) A side and a top view of the optimized geometries of 1@TPP
conformers obtained at the B3LYP-D3BJ/def2-SVP level of theory. Guest 1
is shown in light blue, TPP in orange, and the hydrogen atom on the Cgg
unit in purple. (B) A detailed view of the bending and hydrogen bonds
present in conformer | of 1@TPP.

This journal is © The Royal Society of Chemistry 2024
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the experimental finding of two signals separated by 1.2 ppm.
On this basis, we hypothesize that the presence of two inequi-
valent £-Bu units in **C solid-state NMR spectra may be due to
different depth of insertion of 1 in TPP. This conclusion cannot
be reached by comparing the relative energies of I-III, as our
calculations do not account for entropy and only locate distinct
minima on the potential energy surface.

Rotation requires the cleavage of hydrogen bonds between
the Cgp hydrogen and TPP, resulting in a shared rotational
profile for I and II. Our DFT computations estimate that the
barrier associated with this rotation is 5.6 kcal mol ™" (Fig. S3a,
ESIT). Configuration III is predicted to rotate almost freely
(Eror = 0.4 keal mol™; Fig. S3b, ESIf), and it can interconvert
to I by translation through the channel, which has a calculated
barrier of 8.7 kcal mol* (Fig. S4, ESI{).

Individual molecular guests 1 carry relatively large perma-
nent dipoles (~4.1 D calculated using DFT - see Table S1, ESIT).
Therefore, their response to an external electric field (particularly
once arranged in a 2-D array in 10%1@TPP-d;,) can be monitored
using dielectric spectroscopy. The unique geometry of such 2-D
assemblies usually guarantees individual molecules (located on
the solid-gas interface) sufficient separation from neighbors and
thus relatively unrestricted rotation. The rotational barriers were
extracted from the positions of the associated dielectric-loss peaks
for different external-field frequencies. The dielectric loss of
10%1@TPP-d;, has shown two distinct peaks between ca.
30 and 100 K (Fig. 2C), with the first one slightly more populated
than the one at higher temperature. They are associated with
two rather low barriers of rotation: 2.3 £ 0.1 (Ep;) and 4.3 +
0.1 keal mol™" (Eg,). These barriers likely correspond to the
rotation of the weakly bound conformer I (Eg,) and the more
deeply inserted complexes I and II (Eg,). The computed barriers
(Fig. S3, ESIY) for these processes (Eyorm = 0.4 keal mol % By ; =
5.6 keal mol ) are in reasonable agreement with measured values
of Eg, and Ep, (2.3 and 4.3 keal mol %), given the accuracy of
empirically-corrected DFT and the neglect of entropy.

To conclude, we have synthesized a unique type of fullerene-
based molecular rotor 1 with a relatively high dipole moment.
This compound was successfully inserted into the hexagonal TPP
matrix, resulting in 1@TPP-d,, surface inclusions, where the rod-
like section of the molecule acted as an anchor and the fullerene
unit stayed above the surface. It has been found that approxi-
mately half of the molecules of 1 have a chemical environment
different from the other half. The DFT simulations of 1@TPP-d;,
indicate that part of the guest molecules is immersed relatively
deeply, their molecular axis is parallel with the axis of the TPP
channel and only the fullerene part is slightly tilted because of the
hydrogen bonds between the C¢-H and the heteroatoms present in
the TPP matrix. The other guest molecules are inserted only
shallowly, and their molecular axis is noticeably tilted. The two
experimentally determined rotation barriers (ca. 2 and 4 kcal mol )
most likely correspond to the rotation of Cgy-based dipoles in
complexes with different TPP penetration depth.
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