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On the basis of variable-temperature single-crystal X-ray diffraction, rotational energy barrier analysis,
variable-temperature/frequency dielectric response, and molecular dynamics simulations, here we
report a new crystalline supramolecular rotor (CHzNH3)(18-crown-6)[CuCls], in which the (HsC—NHz)*
ion functions as a smallest dual-wheel rotator showing bisected rotation dynamics, while the host 18-
crown-6 macrocycle behaves as a stator that is not strictly stationary. This study also provides a helpful
insight into the dynamics of ubiquitous —CHs/—NHsz groups confined in organic or organic—inorganic
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Introduction

Over the past few decades, molecular rotors have attracted increas-
ing attention due to their potential applications in molecular
machines, sensing, energy conversion, and data storage at the
molecular scale.' ! Crystalline supramolecular rotors refer to the
self-assembled rotatable components within a supramolecular
system, which are periodically arranged in the solid state.** >
Compared with molecular rotors, supramolecular rotors usually
exhibit higher dynamism, which facilitates the rotors to possess a
higher degree of freedom for diverse rotations and external
stimulus responses.

Among various types of supramolecular rotors, crown-ether-
based rotors are of particular interest, which have been intensively
studied from time to time.?*™*° In confined space, the conforma-
tionally flexible crown ethers are capable of forming stable supra-
molecular complexes with primary ammonium (R-NH;)" ions
through multiple O---H-N hydrogen bonds, which bind and/or
semi-encapsulate the primary ammonium ions, providing a con-
fined environment for their rotation. Following this strategy, a
series of crown-ether-based supramolecular rotors had been pre-
pared merely by a one pot self-assembly method, without intricate
chemical processes. However, to our surprise, research on the
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(H5C-NH;)" ion as a smallest rotator within these unique systems
has long been neglected, although some related compounds have
been prepared and documented.*'™*® In fact, considering the
possibility of the rotation of the bisected -CH; and -NH; frag-
ments around the rotatable “C-N” axis, this basic model can also
be viewed as a smallest double-wheel rotator with different
confinement-regulated rotation dynamics at both ends (Chart 1).
Studies on this model rotator may provide a further insight into
the confinement-regulated molecular dynamics and the inherent
rotation mechanism of the crown-ether-based host-guest systems.

Herein, to address the above-mentioned issue, we prepare
and study such a new model compound, namely (CH3;NH;)(18-
crown-6)[CuCl;] (1), in which the (CH;NH;)" ion functions as a
smallest dual-wheel rotator showing bisected rotation dynamics,
while the host 18-crown-6 macrocycle behaves as a supramole-
cular stator that is not strictly stationary. The inherent molecular
dynamics of the rotator was uncovered by the variable-
temperature crystal structure analysis, rotational energy barrier
analysis, variable-temperature/frequency dielectric response, and
molecular dynamics simulations.

dual-wheel
rotator
with bisected
rotation dynamics

D I

Chart 1 Conception of the (HsC—NH3)* ion functioning as a smallest
double-wheel rotator with different confinement-regulated rotation
dynamics at both ends. The N, C and H atoms are shaded in blue, grey
and green, respectively.
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Results and discussion

Compound 1 was synthesized as red block-shaped crystals by
evaporation of the mixed aqueous solution of 18-crown-6,
CuCl, and CH3;NH;Cl in a dry environment (for details, see
ESIt). Thermogravimetric analysis shows that it decomposes at
ca. 150 °C under a nitrogen atmosphere (Fig. S1, ESIt). Single-
crystal X-ray diffraction revealed that 1 crystallizes in the low-
symmetry space group P1 (Table S1, ESIT). The asymmetric unit
of 1 contains a unique Cu** cation, three crystallographically
independent Cl~ anions, one 18-crown-6 molecule, and a
(CH;3;NH;)" cation (Fig. 1). The crystal structure features a discrete
[Cu,Clg]*~ dimer related by an inversion center, which is fused by
the bridging of a pair of bidentate Cl™ ligands. The coordination
geometry around the Cu®" ion can be described as a severely
distorted tetrahedron. The Cu-Cl distances at 293 K [2.1972(9)-
2.323(1) A] are in the normal range (Table S1, ESI{). On the other
hand, the (CH;NH;)" ion in 1 is hydrogen bonded to 18-crown-6
to form a discrete [(CH;NH;)(18-crown-6)]" cationic complex,
which as a whole exhibits two-fold disorder.

A comparative inspection of the variable-temperature struc-
tures of 1 (Fig. 1a and b) showed that the thermal ellipsoid for the
N1 atom in the (CH;NH,)" ion is nearly spherical at 293 K, but
becomes anisotropic at 150 K. This suggests that the N1 atom is
dynamically rotating around the C-N axis at 293 K and turns
frozen at 150 K. To further evaluate the rotation dynamics of the
(CH5NH;)" ion as a dual-wheel rotator, on the basis of the crystal
structure of 1 at 293 K, we performed the density functional
theory (DFT) calculations of the rotational energy changes as a
function of the rotation angles of the -CH; and -NH; fragments
around the C-N axis, respectively. The quantum chemical calcu-
lation, by using the DMol3 module of Materials Studio,** is on the
basis of the generalized gradient functionals with Perdew-Burke-
Ernzerhof correlation. The treatment of core electrons is replaced
by a single effective potential. The convergence threshold for the
maximum energy change during the geometry optimization is
1.0 x 10> Ha. As shown in Fig. 2a, the rotation energy barrier
(E,) for the -CH; fragment (~0.24 eV) is somewhat smaller than

Fig. 1 ORTEP representation (at 30% probability) for the selected unit of 1
at 150 K (a) and 293 K (b), respectively. For clarity, C-bound H atoms have
been omitted, and one set of disordered 18-crown-6 molecules and one
set of N-bound disordered H atoms are shaded in transparent colors.
Symmetry code for the generated atoms: (A) 1 — x, —y, 2 — z.
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Fig. 2 (a) The calculated relative potential energy diagram for 1 at 293 K,
as a function of the rotation angles of three C-bound and N-bound H
atoms of the (CHzNHz)* cation that rotate around the C—N bond (plotted
as grey and red, respectively), showing the varied energies from 0° to 360°
in a step of 15°. (b) Front and back views of the Hirshfeld surface of one
(CH3sNH3)* ion in 1 at 293 K, displaying the relative strength of the
intermolecular interactions surrounding the (CHsNHz)" ion. The blue,
white, and red regions represent molecular contacts longer than, equal
to, and shorter than the van der Waals distance, respectively.

that (~0.28 eV) for the -NH; fragment (note: based on the
relatively stable intermediate state present at the rotation angle
of 45° for the -NH; fragment, its rotation dynamics proceeds in a
stepwise manner, with an E, of 0.28 eV in the first step and an E,
of 0.16 eV in the second step. See the red curve in Fig. 2a). The
intermolecular interaction surrounding the (CH;NH;)" ion can
also be vividly displayed in its Hirshfeld surface map*® and the
corresponding 2D fingerprint plot that distinguishes different
elements (Fig. 2b and Fig. S2, ESIt). The fingerprint plot mainly
consists of three types of intermolecular interactions, i.e., H;- - -O,,
H; --H,, and H;- - -Cl,, respectively. The N-H- - -O hydrogen bonds
are represented by the spike at the lower-left area, which accounts
for the major contribution to the intermolecular interactions.

The three-dimensional self-assembly of the [Cu,Cls]*~
dimers and [(CH3;NH;)(18-crown-6)]" cationic complexes in 1,
mainly through the Coulomb interaction and van der Waals
interaction, leads to a relatively loose stacking structure (Fig. 3),
with the adjacent staggered 18-crown-6 molecules being
arranged in an anti-parallel orientation. The O-C-C-O torsion
angles of the annular crown ether all are close to £60° at 153 K
and 293 K (Fig. S3, ESI{), with a pattern of g'g g'g g'g™
(beginning at O1 and increasing clockwise, labeled as g if
the angle is 60° + 60°, and labeled as g~ when the angle is
—60° + 60°),*® showing a nearly planar conformation for the
macrocycle (Fig. S4a, ESIt). The subtle change in the torsions at
different temperatures (Fig. S3a and b, ESIT) reveals that the
conformation of the 18-crown-6 molecule in 1 is flexible and
variable under external thermal stimulation.

This journal is © the Owner Societies 2024
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Fig. 3 View of the three-dimensional supramolecular structure of 1 down
the b-axis. For clarity, H atoms of 18-crown-6 molecules have been
omitted, and one set of disordered 18-crown-6 molecules and one set
of N-bound disordered H atoms are shaded in transparent colors.

It is worth noting that the “N-C” rotation axis is not strictly
fixed when the flipping or rotation of the N-bound H atoms
occurs, which is accompanied by a synergistic quivering of the 18-
crown-6 macrocycle. Consequently, the dynamic rotation of the
(H5C-NH,)" cation as a whole manifests a variable orientation of
its dipole. This can lead to an active dielectric response under AC
electric field, which is often sensitive to changes in temperature
and AC frequency.*’~*° Thus, to further experimentally probe into
the dynamics of the (H;C-NH;)" ion at the molecular level, the
complex permittivity ¢* (¢/ — i¢”, where ¢’ and ¢” are the real and
imaginary parts, respectively) of 1 was recorded over a frequency
range from 0.5 to 1000 kHz (Fig. 4). Owing to dielectric relaxation
of the (H;C-NHj;)" cation, the ¢ and ¢ both show notable
frequency dispersion. The dielectric constants ¢ at all test AC
frequencies increase continuously upon heating, and dielectric
constants ¢” all exhibit a peak-shaped transition. The peak maxima
of ¢ appear at the increasing temperatures (Tpeax) from 165 to
243 K for the corresponding frequencies from 0.5 to 1000 kHz.

To deeply analyze the frequency-dependent dielectric signal,
the &* was measured against AC frequencies at a series of
constant temperatures (Fig. 5). In the low-frequency region,

—500 Hz 130 kHz
26491 — 1 kHz 180 kHz
——2kHz 250 kHz
——4kHz 350 kHz
——6KkHz 500 kHz
2.56 1 —sgkHz 630 kHz
—— 10kHz S00kHz M
W ——25kHz 1 MHz 7
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Fig. 4 Temperature-dependent ¢’ and ¢’ of 1 at various ac frequencies.
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Fig. 5 Frequency-dependent ¢’ and ¢” for 1 at several selected tempera-
tures (a), and the Cole—Cole diagrams are plotted as a series of arcs to
show the relationship between &' and ¢” (b). Solid curves represent the fit of
the experimental data to the Debye equation.

where the molecular motion is faster than the reversal of the
electric field, the molecular dipole can follow the switching of
the electric field, with a full contribution to the dielectric constant.
At high frequencies, where the molecular reorientation is not fast
enough to follow the changing electric field, the molecular dipole is
relatively stationary on the time scale, which contributes little to the
value of dielectric constant. At intermediate frequencies, where the
time scales of frequency and molecular reorientation are compar-
able, molecular reorientation occurs with some delay, causing
dielectric loss. This loss is displayed as peaks in the plot of ¢’
against frequency, and the relaxation time (t) of molecular reor-
ientation can be estimated from the Havriliak-Negami equation:>
& = o + Ae/{[1 + (iwr) P} (0 < «, B < 1), where = 2rf, o/ are
related to the distribution of 7, and A¢ = ¢ — ¢, (¢s and ¢, are the
low/high-frequency limits of dielectric permittivity, respectively). By
fitting the experimental data of both the real and imaginary parts,
the resultant fitted parameters (Table S4, ESIt) and fitted curves
(Fig. 5) match well with the experimental data. The parameter ¢, as
the contribution of ionic polarization apart from electronic polariza-
tion, increases slightly upon heating, indicating that the electrostatic
binding force between the [(CH;NH;)(18-crown-6)]" complex and
[Cu,Clg]*~ dimer loosens lightly with rising temperature. At the
testing temperatures from 160 to 230 K, the relaxation occurs over a
wide frequency range of 10°~10° Hz. Apparently, as the tempera-
ture increases, the molecular thermal motion turns more active
and accordingly the relaxation time decreases. The t calculated at
the testing temperatures obeys the Arrhenius equation (Fig. S4,
ESIt): 1/t = woexp[—E,/(ksT)], where w, is the pre-exponential
factor, E, is the activation energy, and kg is the Boltzmann
constant. By linear fitting of the plots of 1000/7 vs. In(), an w,
of 5.0 x 10** s and an E, of 0.28 eV were obtained. Such a value
is quite consistent with the theoretically calculated E, for the
rotation of the three N-bound H atoms (Fig. 2a).

As well known, molecular dynamics simulation can serve as
an effective method for elucidating the microscopic molecular
motion processes, such as vibrational, translational or rotational,
as a function of time and/or temperature. To further gain a direct
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Fig. 6 Overlapping maps of six shapshots for a [(CHzNH3)(18-crown-6)1*
cationic complex in 1, by NVT dynamic simulation of 1 at Ts values of 150 K
(@) and 300 K (b), respectively, showing orientation changes over the
simulation times from 500 to 2500 ps (in an increasing step of 400 ps).
The specified H and O atoms are represented as balls.

insight into the distinct rotational dynamics of the -CH; and
-NH; fragments in 1, we performed molecular dynamics simula-
tions using the Dreiding force field, based on the crystal struc-
tures of 1 at 150/293 K (keeping volume constant), respectively. As
shown in Fig. 6a and Fig. S5 (ESIt), at a simulation temperature
(Ts) of 150 K, all the atoms except those of the -CH; fragment are
frozen and show no translation or rotation, further supporting
that the disorder about 18-crown-6 at 150 K is static in essence, in
accordance with the results of structural analysis and low-
temperature dielectric spectroscopy. When the Ty is raised to
330 K based on the crystal structure of 1 at 293 K, both of the
—-CH; and -NH; fragments in 1 actively rotate, which is accom-
panied by a slight-amplitude quivering of the “N-C” axis (Fig. 6b
and Fig. S6, ESIT).

To statistically identify the locations of the N/C-bound H
atoms of the (CH;NH;)" ion within 1, the radial distribution
functions (RDF)*' derived from the molecular dynamics simula-
tions were calculated using the equation gy{r) = (AN(r, r + Ar))V/
(4nr”ArN:N;), where r is the distance between species i and j,
(ANgr, r + Ar)) is the ensemble-averaged number of species j
around i within a shell from r to r + Ar, Vis the system volume, and
N;and N; are the numbers of species i and j. Thus, the g(r) values of
the specific N/C-bound H atoms around the designated O atom of
18-crown-6 at Tg values of 150 and 330 K are shown in Fig. 7a and
b, respectively. At a Ts of 150 K, the one sharp peak of the red
H- - -O curve and the two closely adjacent peaks of the black H- - -O
curve show that the highlighted N-bound H atom is roughly fixed
at one site without rotation, whereas the highlighted C-bound H
atom rotates apparently. At a Tg of 330 K, the two discrete peaks of
the red H- - -O curve suggest that the highlighted N-bound H atom
can hop among three relatively stable sites (see the three different
H.--O distances of 1.84, 3.36 and 3.37 A in the inset map of Fig. 7b,
two of which are very close); on the other hand, the two overlapped
peaks of the black H: - -O curve show that the highlighted C-bound
H atom rotates in a greater degree of random distribution in
comparison with that at a T of 150 K. Overall, the RDF analysis
coincides well with the structural and dielectric analyses.

Experimental
Materials and methods

All chemicals were obtained from commercial sources and used
without further purification. The FT-IR spectrum was recorded

7272 | Phys. Chem. Chem. Phys., 2024, 26, 7269-7275
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Fig. 7 RDF profiles of the specific N/C-bound H atoms about the speci-
fied O atom of 18-crown-6 (highlighted in the inset image) in 1, derived
from molecular dynamics simulations of 1 at T values of 150 K (a) and
330 K (b), respectively.

on a Nicolet 6700 FT-IR spectrometer using KBr pellets from
4000 to 400 cm™'. The powder X-ray diffraction (PXRD) pattern
(Cu-Ka) was collected on a Rigaku MiniFlex600 0-20 diffract-
ometer. Thermogravimetric analysis (TGA) was carried out on a
TA Q50 system at a heating rate of 10 °C min~* under a nitrogen
atmosphere. The complex permittivity was measured under a
nitrogen atmosphere, using a Tonghui TH2838 LCR meter in a
Mercury iTC cryogenic environment controller from Oxford
Instruments, and the tested sample was ground and pressed
into a tablet under a pressure of ca. 3 MPa.

Synthesis

A mixture of CuCl,-2H,0 (1.0 mmol), 18-crown-6 (1.0 mmol), and
(CH3NH;3)CI (1.0 mmol) was dissolved in an aqueous solution (3
mL). The resultant clear solution was allowed to stand at room
temperature in a dry environment. Two days later, colorless
column-shaped red crystals of 1 were deposited from the
solution, in ca. 85% yield based on Cu. The PXRD pattern of
bulky crystals indicated that the experimental pattern matches
well with the simulated one (Fig. S7, ESIf). IR data (KBr, cm '):
3447(m), 3165(m), 3108(s), 3026(m), 2903(s), 2822(m), 2746(m),
2522(m), 1965(m), 1616(m), 1469(m), 1351(s), 1285(m), 1249(m),
1099(vs), 960(s), 837(m), 528(m).

Single-crystal X-ray crystallography

The variable-temperature single-crystal X-ray diffraction inten-
sities of 1 were collected on a Rigaku synergistic diffractometer
equipped with a graphite-monochromated Mo-Ko radiation
(A = 0.71073 A) source, at the temperatures of 150(2) and
293(2) K, respectively. Absorption corrections were applied by using
the multi-scan program CrysAlisPro.>® The structures were solved by
direct methods and refined using the fullmatrix least-squares

This journal is © the Owner Societies 2024
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technique with the SHELX program package.” All hydrogen atoms
were generated geometrically. Crystallographic data and structural
refinements for 1 at five different temperatures are summarized in
Table S1 (ESIt). Selected bond lengths are listed in Table S2 (ESIt).
More details about the crystallographic data have been deposited
as ESL}

Classical molecular dynamics simulations

The classical molecular dynamics simulations of 1 were performed
using the Forcite program implemented in Materials Studio.** For
retaining the chemical environments of all the molecular frag-
ments, all the molecular dynamics simulations were performed for
the solid-state by using periodic models based on the experimental
crystal data. Besides, except for fixing the unit-cell parameters, all
the atoms and coordinates were set in free motion during simula-
tion processes. The constant-volume and temperature (NVT)
ensemble was used to simulate the dynamic processes at specific
simulation temperature. The partial atomic charges of all the
atoms were estimated through the charge equilibration
method,* and the force field parameters of C, H, N, O and Cl
are taken from the Dreiding force field, while that of Cu can be
adopted from the universal force field. The electrostatic interac-
tions and the van der Waals interactions were evaluated by the
Ewald summation method, with a buffer width of 0.5 A. The total
simulation time was 2500 ps, with a time step of 1.0 fs.

Conclusions

In summary, this research has focused on the (CH;NH;)" ion that
functions as a smallest dual-wheel rotator within a crown-ether-
based supramolecular rotor. Through a comprehensive investiga-
tion involving variable-temperature crystal structure analysis, rota-
tional energy barrier analysis, variable-temperature/frequency
dielectric response, and molecular dynamics simulations, we
unveiled the bisected rotation dynamics inherent to this supra-
molecular rotor, offering a valuable perspective on the dynamics of
ubiquitous -CH3/-NH; groups confined in organic or organic—
inorganic hybrid solids. Further research will be extended to
investigate the confinement molecular dynamics of the (CH;NH;)"
ion trapped in other crystalline systems.
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