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Molecular rotors have attracted attention because of their
potential applications in the fields of ferroelectric,'™ con-
ductive,™ and dielectrophoresis materials and in optical
molecular devices.”” The molecular rotors synthesized thus
far can primarily be divided into two types: mono-component
molecular rotors and multiple-component molecular rotors.
In the former, the stator and rotator are contained within the
same molecule,'>" whereas, in the latter, the stator and
rotator are contained in different molecules."*"! Although
the components and structures of molecular rotors differ,
their physical properties primarily depend on the rotational
dynamics of the rotators.**! Therefore, modulating the rota-
tional rate of the rotator is critical to the application of
molecular rotors.

In the effort to modulate the rotational rate of molecular
rotors, chemists have demonstrated that the rotational rate of
the rotator in a mono-component molecular rotor can be
controlled by chemically modifying its stator. However, the
ability to modulate the scale of the energy barrier with respect
to the rotation of the rotator is limited, because of the
interaction between the stator and rotator, which primarily
consists of van der Waals forces ™ not hydrogen-bonding
interactions. In comparison, modulating the rotational rate of
a rotator in a multiple-component molecular rotor through
hydrogen-bonding interactions between the rotator and stator
is relatively simple.”l However, not only does the construction
of multiple-component molecular rotors require the precise
incorporation of all components, but the large-amplitude
molecular rotations within the close-packed crystals often
result in the melting or decomposition of such crystals.! Thus,
modulating the rotational rate of a rotator in the solid state
through hydrogen-bonding interactions between the rotator
and stator remains a formidable challenge. Here we report the
syntheses and crystal structures of two molecular rotors: 1,1'-
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(2-fluoro-1,4-phenylene)bis(3-phenethyl-5-phenylpent-1-yn-
3-ol) (FPBP, 1a) and 1,1'-(2-amino-1,4-phenylene)bis(3-phe-
nethyl-5-phenylpent-1-yn-3-ol) (APBP, 1b). Our investiga-
tion of the rotator rotation through the imaginary parts of the
complex dielectric constant (¢”) of each molecular rotor at
various frequencies and temperatures reveals that the rota-
tion of the mono-component molecular rotor can be modu-
lated through hydrogen-bonding interactions between the
rotator and stator. More importantly, the hydrogen-bonding
interactions between the rotator and stator can significantly
enhance the energy barrier to the rotation of the molecular
rotor.

Compounds 1a and 1b were prepared according to
Scheme 1. Compounds 2 and 3 were synthesized according
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Scheme 1. Synthetic route for compounds 1a and 1b.

to methods previously reported in the literature.”"! The
treatment of 3 with trimethylsilylethynylmagnesium bromide
generated compound 4. The reaction of 4 with potassium
carbonate yielded compound 5. Compounds 1a and 1b were
synthesized using the Sonogashira coupling® of 5 with 1,4-
dibromo-2-fluorobenzene and 2,5-dibromoaniline with total
yields of 57.5% and 48.1 %, respectively (see section S1 in the
Supporting Information).

Single-crystal structural analysis at 273(2) K revealed that
1a crystallizes in the noncentrosymmetric space group Pca2;.
The asymmetrical unit in 1a consists of one dumbbell-shaped
FPBP molecule that contains the stator and hydroxy groups in
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Figure 1. a) The 1D chain structure in 1a; b) the 2D layer structure in
1a; c) the 3D structure of 1a. The hydrogen atoms are omitted for
clarity.

a trans configuration. The two adjacent molecules in 1a that
are connected through hydrogen-bonding interactions
between two hydroxy groups (O-H--O=3.081(2) A,
H-0=227A, £0-H~0=160.3°) from two FPBP mole-
cules in a head-to-tail arrangement generate a 1D chain
structure (Figure 1a). Connection of the adjacent 1D chains
through hydrogen-bonding interaction between the adjacent
hydroxy groups (O-H--O=3.178(2) A, H-0=2.44 A, 50-
H--O =145.4°) respectively from the two adjacent chains
forms a 2D layer structure (Figure 1b). Extending the 2D
layer structure leads to a 3D structure of 1a through both
hydrogen-bonding interactions between the hydroxy groups
of one layer and the F atom of the adjacent layers (O-H--F =
3.337(9) A, H-F=2.53 A, X0-H-F=159.5°)® and van der
Waals interactions (Figure 1c¢).

Although the phenyl ring of arylene in 1a contains one
fluorine atom, fluorine atoms occupy four different positions
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on the phenyl ring based on the different Fourier maps.
Moreover, the occupancies of fluorine atoms at the four
positions differ, implying that the phenyl ring of arylene in 1a
may rotate rapidly.

To confirm the rotation of the rotator in 1a, we measured
the imaginary parts of its complex dielectric constant (¢”) at
various frequencies and temperatures based on the pellet of
1la. As shown in Figure 2, at f=10*Hz, ¢’ was almost
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Figure 2. The plot of ¢” versus temperature for 1a. The dots represent
the experimental data, and the lines represent the simulated data
calculated from Equations (2) and (3). The inset provides the linear
fitting of In(w) versus 1/T .

constant between 150 and 220 K. At temperatures above
220 K, the ¢” values increased with increasing temperature
and reached a maximum at approximately 304 K; the &”
values then decreased with further increases in temperature.
In addition to the temperature, the frequency significantly
influenced the &” values of 1a. At f=10* Hz, the £’ maximum
appeared at approximately 317 K, whereas the &’ maximum
shifted to approximately 333 K at f=10*° Hz (the full experi-
ment data for ¢’ from 10>° Hz to 10*° Hz are provided in
section S3 in the Supporting Information). The imaginary
parts of the complex dielectric constant (¢’) at various
frequencies and temperatures indicate that 1a undergoes
the Debye-type single relaxation process."!

Based on the Debye-type single relaxation process, the
relationship of ¢” and temperature (7)) in Equation (1),

wt(T)

= 1 + (Uz‘L'(T)Z (1)

e'(T)

where w is the angular frequency of the test field and ©(7) is
the relaxation time, which is a function of the temperature in
accordance with Equation (2),

1 _E,
T = W, eXp (kB T) (2)

reaches a maximum when wz(7) = 1. Thus, the test frequency
can be used to estimate the rotational rate (1/r) at the
temperature where ¢” is maximized. Because the rotational
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rate (1/7) can be expressed as Equation (2), where E, is the
activation energy, w, is a pre-exponential factor, and kg is the
Boltzmann constant, an , value of 5.3 x 10" s™!, and an E, of
14.4 kcalmol ' were obtained from the plot of 1/ T peax. VETSUS
In(w) (Figure 2, inset).

Given the relationship between ¢’ and T in Equation (1)
obtained under the assumption that all the rotators rotate at
the same frequency (i.e., that the thermodynamic rotation is
a statistical result®), a distribution factor G(z) can be
introduced into Equation (1) to describe the distribution of
the rotational frequencies.'**! According to the time/temper-
ature superposition principle and Equation (2), the distribu-
tion factor G(t) can be transformed into a Gaussian-type
energy function, G(E,).>?" Therefore, the simulated curves
for the test frequency can be plotted according to Equa-
tion (3)

" _ ~ (UT( T)
¢(T) = A GO 3)

using multiple energy barriers that range from 9.8 kcalmol ™!
to 18.8 kcalmol ! at 1.0 kcalmol ! intervals (Figure 2).¥ As
indicated in Figure 2, the simulated curve for each test
frequency matches the experimental data.

The E, value for 1a (14.4 kcalmol ') is significantly larger
than that for 1,4-bis[tri-(meta-methoxyphenyl)propynylben-
zene (11.7 kcalmol™)™! although the packing coefficient of
1a (0.72) is smaller than that of 1,4-bis[tri-(meta-methoxy-
phenyl)propynylbenzene (0.73).”"! Because a larger packing
coefficient often results in a larger E, value for the rotation of
a molecular rotor,"” one can attribute the E, in 1a, which is
larger than that in 1,4-bis[tri-(meta-methoxyphenyl)propy-
nylbenzene, to the hydrogen-bonding interaction between the
rotator (fluorine atom) and stator (hydroxy group) in 1a.

To determine how the hydrogen-bonding interactions
between the rotator and stator enhance the E, in 1a, the
crystal structures of a single 1a crystal were measured at
123(2), 213(2), 273(2), and 313(2) K (see section S2 in the
Supporting Information). These measurements indicate that
the occupancy of the fluorine atom at position F4 in 1a
decreases as temperature decreases. At and below 213 K, the
occupancy of the fluorine atom at position F4 becomes zero,
leaving three disordered Fatoms (F1, F2, and F3) on the
phenyl ring. A further investigation of the crystal structures at
different temperatures revealed that the strength of the
hydrogen-bonding interaction (F3:-O1)! between the adja-
cent FPBP molecules in 1a increases with a decrease in
temperature (Table 1).

Thus, the fluorine atom at the F4 position could be only
detected at higher temperatures because higher temperatures

Table 1: Hydrogen-bonding interaction of F3--O1 in 1a at various
temperatures.

TIK] F3--01 [A] F3--HO1 [A] X F3..H-O1
123(2) 3.278(5) 2.47 155.4°
213(2) 3.303(8) 2.49 159.4°
273(2) 3.337(9) 2.53 159.5°
313(2) 3.333(9) 2.57 154.4°
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not only favor the rotation of the rotator, but also weaken the
hydrogen-bonding interaction (F3--O1) between the rotator
and stator in 1, which, in turn, decreases the rotational
friction. Thus, the disorder of the fluorine atom in the rotator
increases with increasing temperature. The disappearance of
the fluorine atom from the F4 position in the rotator at lower
temperatures is unambiguously related to the formation
hydrogen bonds (F3--O1) between the rotator and stator in
1a, which prevents the fluorine atom at the F3 position from
becoming disordered or rotating. This deduction is consistent
with the occupancy of the fluorine atom at the F1 position,
which approaches that of the fluorine atom at the F2 position
at higher temperatures, and with the occupancy of the
fluorine atom at the F1 position, which diverges from that
of the fluorine atom at the F2 position at lower temperatures
(see section S2 in the Supporting Information).

To further confirm that the hydrogen-bonding interac-
tions between the rotator and stator are important in
enhancing the E, in 1la, the molecular rotor 1b was
synthesized with the fluorine atom replaced by an amino
group. Single-crystal structural analysis revealed that 1b
crystallizes in space group P1. Although the space group of 1b
differs from that of 1a, the 1D chain in 1b can also be viewed
as the connection between adjacent APBP molecules through
the hydrogen bonding of two hydroxy groups (O-H--O=
2.801(4) A, H-~-0=1.96 A, 50-H--0=1682° from two
APBP molecules in a head-to-tail arrangement, similar to
that in 1a (Figure S2a). Moreover, the two compounds have
similar packing models (Figure S2). However, the hydrogen-
bonding interaction between the rotator (amino group) of one
APBP molecule and the stator (hydroxy group) of an adjacent
APBP molecule in 1b (O-H-~N=2.881(15) A, H~O=
2.13 A, X O-H--O =147.2°; Figure 3) is significantly stronger
than that in 1a (Figure 3a). Therefore, we expected that the

fopon

a4 coved

Figure 3. The hydrogen bonds between the hydroxy and amino groups.
The hydrogen atoms are omitted for clarity.

E, for the rotation of the rotator in 1b would be significantly
higher than that in 1a if the hydrogen-bonding interaction
between the rotator and stator are important in enhancing the
E, value for the rotation of the rotor.

In fact, measurements of the &” values at various
frequencies and temperatures (Figure 4 and Figures S4 and
S5 in which the rapid increase in ¢” at temperatures above
370K is due to an increase in the conductivity at high
temperatures) indicate that the maximum &” for 1b occurs at
a significantly higher temperature than that for 1a at the same
test frequency. For example, at f= 10* Hz, the maximum ¢” for
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Figure 4. A plot of ¢ versus temperature for 1b. The dots represent
the experimental data, and the lines represent the simulated data
calculated using Equations (2) and (3). The inset shows a linear fitting
of In(w) versus 1/Teq.

1b occurs at approximately 375 K, whereas that for 1a occurs
at approximately 320 K at the same frequency. Based on the
date in Figure 4, the w, and E, values for 1b are 5.7 x 10" 5™
and 18.9 kcalmol™!, respectively, which indicates that the
hydrogen-bonding interaction between the rotator and stator
can influence the E, for the rotation of the molecular rotor.

In summary, we synthesized two molecular rotors, 1a and
1b and determined the activation energy for the rotations of
1a and 1b. We obtained an E, value for 1a of 14.4 kcalmol ™',
which is significantly lower than that for 1b (18.9 kcalmol ™).
Single-crystal structural analysis revealed that the hydrogen-
bonding interactions between the rotator and stator play
a key role in determining the activation energy for the
rotation. Compounds 1a and 1b represent the first examples
of mono-component molecular rotors in which the rotator
rotation has been regulated by hydrogen-bonding interactions
between the rotator and stator. Thus, the present work may
open a pathway to the regulation of rotator rotation in mono-
component molecular rotors.
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