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Abstract: The energetic and structural changes taking place upon rotation of the central phenylene of
1,4-bis(3,3,3-triphenylpropynyl)benzene in the solid state were computed using molecular mechanics
calculations. Pseudopolymorphic crystals of a benzene clathrate (1A) and a desolvated form (1B) were
analyzed with models that account for varying degrees of freedom within the corresponding lattices. The
calculated rotational barriers in a rigid lattice approximation, 78 kcal/mol for 1A and 72 kcal/mol for 1B, are
about 5 times greater than those previously measured by variable-temperature 13C CPMAS NMR and
quadrupolar echo 2H NMR line-shape analysis: 12.8 kcal/mol for 1A and 14.6 kcal/mol for 1B. The potential
energy barriers calculated with a model that restricts whole body rotation and translational motions but
allows for internal rotations give results that are near the experimental free-energy barriers. The calculated
barriers for 1A and 1B are 15.5 and 16.2 kcal/mol, respectively. The differences between the rigid and
partially relaxed models are attributed to the effect of correlated motions of the lattice and the rotating
group, which are evident from the structural analysis of the atomic position data as a function of the dihedral
angle of the rotator. The displacements of neighboring molecules near the rotary transition states for 1A
and 1B can be as large as 2.7 and 1.1 Å, respectively. The displacement and oscillation (C2) of
interpenetrating phenyl rings from neighboring rotors proximal to the event are significant for both 1A and
1B. In addition, 6-fold (C6) benzene rotations in clathrate 1A were found to be directly correlated to the
rotation of the phenylene rotator.

Introduction

Progress in molecular and crystal engineering1 and the
development of methods to analyze solid-state dynamics2 have
converged to make feasible the design and characterization of
crystalline nanodevices. The mechanical operations of several
macroscopic objects have been emulated with elegantly designed
molecules in solution3 and on surfaces.4 High density or
crystalline solid devices with well-defined and controllable
motions are significantly more interesting and challenging, as

illustrated by recent experimental5 and computational6 research.
These intriguing targets require structural elements that define
a static frame of reference, which organize a set of highly mobile
elements that respond to external stimuli. We have suggested
the term “amphidynamic crystals” for rigid crystals with internal
moving parts.7 With that in mind, we seek to develop organic
molecular crystals where each molecule incorporates a submo-
lecular unit that undergoes rapid rotational motion.8 Our design
is inspired by macroscopic objects, such as gyroscopes and
compasses. The function of a macroscopic gyroscope relies on
the conservation of its angular momentum, while that of a
compass operates on the orientation dependence of its magnetic
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dipole energy. These devices are mechanically similar, both
consist of a rotating or reorienting component, the rotator, and
an encapsulating rigid frame, the stator,9 which are linked
together by a frictionless axle that passes through the center-
of-mass of the rotator. Dynamic processes at the molecular level
should be very different. Molecular gyroscopes with rotational
barriers that are higher than the available thermal energy (kT)
are expected to undergo random back and forth displacements
between energy minima (site exchange) in steps that depend
on the symmetry of their rotational axes.8a In contrast, molecular
gyroscopes with barriers that are lower than thermal energy may
approach the inertial rotary motion characteristic of the mac-
roscopic objects. In our generalized nanoscale design (Scheme
1a), a molecular rotor consists of a central rotator, linked by
two axially arranged acetylenes acting as a rotary axle, and two
sterically bulky groups that act as a stator.

In Scheme 1, we use red to indicate dynamic components
and blue to indicate the static ones. The unfilled region
represents free volume. At the molecular level, gyroscopes and
compasses may satisfy most of the mechanical requirements
stated above for the macroscopic devises, yet we believe that
their function in the crystalline state would rely on their order
and collective behavior rather than on their independent action.
These materials may be viewed of as composed of an infinite
network of molecular gyroscopes or compasses, which are
expected to have properties that arise from the collective
behavior of the individual molecules. Emergent phenomena,10

such as this, are an important intellectual driving force behind
material science in general.

Free volume about the rotator is necessary for the function
of both the macroscopic and the nanoscopic devices to prevent
the rotators from experiencing friction with their environment

(stator). This is a challenging design element that hinders the
transfer of the mechanical properties of a single molecular device
to a molecular assembly or infinite crystal lattice. Knowing that
molecular crystals are formed upon the principle of close
packing, it is conceptually difficult to maintain free volume in
the solid state.11,12 Relatively rigid and dumbbell-shaped
structures such as those generalized in Scheme 1a have
predictable packing structures with low densities that allow the
rotation of the central group.13 The orientation and distance
between molecules is controlled by supramolecular stator-stator
interactions. Variations in the structure of the stator have been
used to achieve a variety of architectures, and variations in the
symmetries of the rotator have been used to affect the magnitude
of the barrier.14 To introduce a permanent electric dipole, several
polar substituents (fluoro, amino, nitro, cyano, etc.) have been
appended to the rotator.8f Bulk materials with the properties of
a macroscopic compass are particularly intriguing because they
may provide access to nonlinear optical and electro-optical
devices that can respond rapidly and reversibly to electromag-
netic stimuli.15

The structures of molecular rotor1 in the clathrate (1A) and
desolvated (1B) forms are shown in Scheme 1b. The stator is
comprised of two bulky trityl groups, and the rotator is a 1,4-
dialkynylphenylene. The crystal structures of1A and 1B are
shown in Figure 1 for a 3× 3 × 3 grid of molecular rotors,
which is also shown in schematic form.

The benzene clathrate1A and the solvent-free form1B are
structurally related by a first-order phase transition. Both
structures belong to the space groupP1h (Figure 1) with co-
incident molecular and crystallographic inversion centers. Their
unit cells are described with only one molecule of1, plus two
additional benzene molecules in the case of1A. Molecular rotors
in the benzene-clathrate1A pack in chains with their long axes
roughly aligned along thebc diagonal (indicated in Figure 1).
Infinite chains result from a well-known supramolecular syn-
thon, known as a “trityl embrace,”16 which consists of comple-
mentary face-to-edge interactions between trityl groups of
adjacent molecules. Desolvation of1A by heating to ca. 120
°C results in the formation of1B, which can be selectively
obtained by crystallization from methylene chloride. The
structure of1B has different unit cell dimensions, but a packing
topology similar to that of1A (Figure 1) with small changes in
unit cell angles, a modest expansion in thea- andb-directions
(7.4% and 8.0%, respectively), and a large 27.4% contraction
along thec-axis. The space occupied by benzene dimers in
clathrate1A is filled by trityl groups of adjacent molecules,
which fill-in the space contiguous to their phenylene groups by
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mutual interdigitation. Views of the close neighboring groups
making up the local environments around the phenylene rotators,
or “supramolecular cages”, are illustrated in Figure 2. While
the supramolecular cage of1A includes six benzene molecules
and four interpenetrating phenyl groups, the one of1B consists
of 10 phenyl rings from six surrounding trityl groups. It is
interesting that both structures have 10 aromatic groups sur-
rounding each phenylene rotator.

Compound1 is the first and simplest test structure prepared
in our group.13 It has an open topology that exposes the rotator
to close neighbors and potential solvent molecules in the crystal
lattice. In fact, X-ray analyses of a benzene-containing clathrate17

(1A) and desolvated crystal (1B) revealed close distances
between the stator of one molecule and the rotator of another.
In the former, close-contacts between the benzene molecules
and rotator also exist. Experimentally, it was surprising that both
the benzene clathrate (1A) and the desolvated crystal (1B)
possessed rapidly rotating phenylenes despite having limited
free volume. Experimental determinations carried out by VT

CPMAS, 13C NMR, and2H NMR place the rotational motion
of the rotator of1A and1B in the megahertz regime near room
temperature, with barriers ranging in value from 12.813 kcal/
mol for the former, and 11.318-14.613 kcal/mol for the latter.
Confirmation of these values and evidence for the interaction
between polar rotators and external fields was obtained by
dielectric loss measurements as a function of temperature and
AC field frequency using fluoro-phenylene-substituted samples.19

These solid-state barriers are much larger than the gas-phase
values of ca. 0.1 kcal/mol,20 but are low when one considers
that the equilibrium structure of the environment in the crystal
tends to fill the volume around the phenylene rotator, as
illustrated in the ground-state representation in Scheme 2a.
Having a flattened disk shape, the phenylene group 90° rotation
should result in a transition state with a strong steric repulsion
between the rotator and its environment (Scheme 2b). Calcula-
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Figure 1. Crystal packing structures of the benzene clathrate1A (top) and desolvated form1B (bottom). Hydrogen atoms are not shown. See text for a
description of the color scheme. The structures as shown are analogous to the schematic depiction of an idealized 3× 3 × 3 lattice at right constituting a
27-rotor molecule assembly.

Figure 2. Supramolecular cages of clathrate1A (left) and desolvated
crystals1B. The view is down the long axis of the central rotator with the
trityl group removed for clarity. Only the trityl portions of the surrounding
molecular rotors are shown. Ball and stick models indicate the groups that
are closer to the viewer (above), and wire frame models indicate the groups
that are farther away (below). All hydrogen atoms have been removed for
clarity. Non-redundant rings are labeled A-E.

Scheme 2
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tions presented here indicate that a rigid lattice approximation
is not a suitable model and that the observed low-energy barriers
involve a large degree of correlated motions that change the
shape of the local environment as the rotary event takes place
(Scheme 2c).

The potential energy barriers for phenylene and fluorophe-
nylene rotators were recently calculated with a relatively simple
force field model having a central molecular gyroscope sur-
rounded by its nearest neighboring molecules or portions
thereof.19 While these models needed many geometric con-
straints and were quite limited in their application, they gave
potential barrier heights within 1-2 kcal/mol of the experimental
free-energy barriers. In this paper, we improve the applicability
of our previous work by increasing the size of the model and
reducing the structural constraints so that structural changes can
be monitored over greater distances. The 3× 3 × 3 grids
presented in Figure 1 are used to model the rotation of the
centrally located rotator, which is driven about its dihedral angle.
Structural analysis of the computational data with respect to
the dihedral angle discloses the role of correlated motion on
the energetics of rotation in these crystals.

Computational Methods

Model Molecular Assemblies.As a starting point to analyze the
dynamics of molecular gyroscopes, and using a primarily phenomeno-
logical approach, we selected a model based on discrete molecular
assemblies rather than a periodic boundary condition. While a periodic
boundary condition would describe an infinite lattice with molecular
rotations taking place in a coherent manner, the solid-state dynamics
of 1A and1B are best described in terms of a stochastic, 2-fold flipping
process. In fact, experimental evidence shows that the population of
rotating molecules of1A and1B, as well as other analogues, is a small
and temperature-dependent fraction of the total, as expected for an event
that has a relatively high-energy barrier.13,19

Calculations were performed using molecular mechanics with the
force field MM3* as implemented in the program Macromodel.21

Allinger’s MM3 method is one of the most thoroughly tested mechanics
methods for hydrocarbons.22 Calculations began from initial coordinates
taken directly from X-ray crystallographic data. Finite modelsM -1A
and M -1B, which correspond to crystal structures1A and 1B,
respectively, were constructed with 3× 3 × 3 grids of molecules
(exactly as shown in Figure 1) that were excised from the infinite crystal
lattice. The models in Figure 1 preserve the crystallographic inversion
center of the space groupP1h, with the center of the phenylene ring of
the central molecule representing the inversion center of the entire
cluster. M -1A includes 32 benzene molecules and 27 rotors (2598
atoms), whileM -1B includes only the 27 rotors (2214 atoms). These
systems are large enough to fully describe the local steric environment
about the central rotator, which is directly in contact with four (M -
1A) and six (M -1B) complete molecules. These groups constitute the
supramolecular cage that is described in Figure 2. Additional molecular
gyroscopes are included to extend the periphery of the model, where
longer-range effects, between this supramolecular cage and groups
beyond, may influence the rotational features. The vertical dimensions
of M -1A and M -1B are about 15 Å, and the horizontal ones are
somewhat longer. The structural changes up to these distances can be
monitored as a function of rotator dihedral angle to assess the limits
and distribution of correlated motion.

Model Constraints and Dihedral Driving Method. Some of the
structural constraints of an infinite lattice can be modeled by applying

artificial constraints to a subset of atoms to control the degrees of
freedom restricted in the solid while avoiding artificial restrictions on
motions that are likely to be allowed. Thus, four constraint sets have
been tested against available experimental data: Constraint set I fixes
all atoms (Figure 1, green and red rotors), except the six carbon and
four hydrogen atoms of the central ring of the central rotator. The results
of this constraint set represent the crystal modeled as a rigid medium
and provide an upper energetic estimate for the rotational barrier in
the absence of correlated motion of the lattice. Constraint set II assumes
that translational movement of the molecules is unlikely and that the
rotation of the trityl groups is restricted. To simulate these effects, the
positions of the two methano trityl carbons (translational constraint)
and the six ipso-carbons (rotational constraint) for each trityl group of
each rotor are fixed (Figure 1, green, red, and black rotors). It should
be noted that this constraint set allows for rotation about the axis passing
through the ipso and para carbons of all six phenyl groups in the
structure. Constraint set III includes only the translational constraint
for the trityl groups (Figure 1, green, red, and black rotors), and
constraint set IV is similar to constraint set II, except that the four
(M -1A) or six (M -1B) trityl groups (red rotors) with contributing
moieties to the supramolecular cage surrounding the central rotator are
not constrained in any way. In case IV, the central rotor is completely
unconstrained (black rotor). For the benzene clathrateM-1A , 24 of
the 32 benzene molecules are unconstrained, including the 6 benzene
molecules that encompass the supramolecular cage of the test rotator.
However, there are 8 benzene molecules (Figure 1, blue benzenes) with
all carbon atoms fixed in their original positions adjacent to the unfixed
cage benzenes. These are necessary to stop the slippage of the cage
benzenes during rotation. Each constraint set allows the relaxation of
all other parameters in the molecular mechanics minimizations.

In the computational experiment, the rotator was driven 360° in
increments of 10°, taking the value present in the crystal structures as
the origin. We accomplished this by implementing the “dihedral
driving” algorithm in macromodel.23 Four atoms were chosen to define
the dihedral angle to be driven. These differ slightly forM-1A and
M-1B (Scheme 3), but in each case three of the atoms included were
the sp carbon atom at the position of attachment to the rotator ring,
and two sp2 carbon atoms at the 1 and 2 positions of this ring. The
fourth atom is a relatively stationary carbon atom of a nearby rotor
molecule chosen on the basis of its proximity and coplanarity with the
three other defining atoms. The atoms that define the dihedral angles
are highlighted in Scheme 3 with black dots connected with a yellow
line.

The constraints were applied using the default force constant of 100
kJ/mol‚Å. During the dihedral driving run, the energy at each dihedral
angle was minimized using the conjugate gradient PRCG method with
an rms convergence threshold of 0.05 Å. The electrostatic cutoff was
set to a 20 Å radius.
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11, 440.

(22) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H.J. Am. Chem. Soc.1989, 111, 8551.
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Molecular Dynamics Calculations and Hysteresis.For constraint
set IV,M-1A andM-1B dihedral drives were run in both directions to
test for hysteresis. TheM-1B runs were identical in each direction,
but those ofM-1A gave transition-state barriers displaced by 30° from
each other, one direction giving a larger barrier. Thus, constrained
molecular dynamics was performed on the clathrate for 100 ps with a
2 fs time step (298 K) and an equilibration time of 1 ps to generate
1000 sample structures to locate the global minima. This was done
starting from the equilibrium X-ray structures forM-1A and M-1B
and from the transition-state structures ofM-1B, with a dihedral angle
of 80° (see below), andM-1A , with a dihedral angle of 120° (see
below). These dihedral angle values were constrained at these values
(100 kJ/mol‚deg). After the MD simulation, the lowest energy structures
were, in turn, minimized. The energies of these structures were
compared to those obtained directly from dihedral driving and were
found to be a few kcal/mol higher in each case, for both the equilibrium
and the transition states ofM-1A and M-1B. This suggests that the
profile obtained from dihedral driving is a good representation of the
minimum energy rotational pathway.

Results and Discussion

Dependence on Constraint Model. The results forM -1A
and M -1B with constraint sets I-IV are summarized in
Figure 3.

The potential energy as a function of the phenylene dihedral
angle from 0° to 360° in steps of 10° is plotted relative to the
minimum, which is arbitrarily given a dihedral angle value of
zero. The raw data for these profiles are given in the Supporting
Information (SI 1). The rotational profiles for all four constraint
sets have two isoenergetic minima [∆H(a) ) ∆H(b)] at 0° and
180°, and two essentially isoenergetic maxima [∆Hq(a)≈ ∆Hq-
(b)] separated by 180°. As expected from the symmetry of the
rotator and the crystal lattice, the shape of the potential is
periodic with respect to angular displacement with a period of
180°, but it is not symmetric with respect to the sign of rotation
from the minima. The profiles forM-1A saw-tooth considerably,
with the maxima much closer to one minimum than the other.
The profiles ofM -1B are closer to simple sinusoidal functions.
The maxima forM -1B occur at 110° and 290°, while those for
M -1A occur at 120° and 300°. As expected, the barrier heights
are strongly dependent on the constraint set. Constraint set I
results in rotational barriers of 80.4 and 69.3 kcal/mol forM -1A
and M -1B, respectively. These barriers are much larger than
the experimental values. Because lattice movements are re-
stricted, rotation is made possible only by extreme distortion
of the rotator, mostly through bending about the triple bonds
(Csp2-Csp bending). The barrier heights are significantly

reduced when relaxation of the lattice is allowed for II-IV.
The maxima forM -1A for constraint sets II, III, and IV are
25.3, 17.5, and15.5 kcal/mol, respectively. The corresponding
barrier heights forM -1B are 24.4, 17.5, and 16.1 kcal/mol (for
II, III, and IV). These values show a steady decrease in height
with increasing lattice relaxation. The rotator does not distort
significantly under these conditions. Constraint sets I and II for
M -1A have maxima displaced by 10° from the dihedral angle
values of the models using constraint sets III and IV. Similarly,
the maxima forM-1B using constraints I and II are 20° displaced
from constraints III and IV. The potential barriers using III and
IV are close to the experimental free-energy values of 12-14
kcal/mol determined for both crystal structures.7,13b,18While the
significance of this agreement cannot be assessed without
entropic contributions, the improvement observed upon the
systematic removal of structural constraints is significant and
suggests the importance of local relaxation in the crystal lattice.

The energetic profile of a rigid lattice model represented by
constraint set I should be determined by steric energy contribu-
tions. While electrostatic interactions may be also important,
their contribution to the total energy in nonpolar aromatic
crystals should be significantly smaller than the steric term,
which has a repulsive contribution with steep distance depen-
dence of 1/r.12 Further analysis of the energetic contributions
to the rotational profile is provided in the Supporting Information
(SI 2). A qualitative estimate of the effects of lattice relaxation
may be obtained by taking the difference in barrier height
between constraint sets I and IV. The structures at the corre-
sponding maxima forM -1A andM1-B are stabilized by 64.9
and 53.2 kcal/mol, respectively.

Set IV has fewer artificial constraints than set III and provides
rotational barriers that are closer to those obtained in the
experiments. Because set II overestimates rotational barriers and
set I is not at all realistic, set IV seemed optimal and was chosen
to analyze the nature of the correlated motions in more detail.

Structural Analysis and Correlated Motion. In addition
to lattice vibrations, which are not accounted for in our model,
there are several molecular degrees of freedom that may
contribute to the observed dynamic processes. These include
in-plane rotation and small amplitude translations of benzene
molecules in1A, and 2-fold rotation of the interpenetrating
phenyl groups from neighboring molecules in the two crystal
structures. These motions may change the size and shape of
the supramolecular cage so that phenylene rotation may be
correlated with them. The most energetically significant interac-

Figure 3. Rotational energy profile of clathrateM -1A (left) and desolvatedM -1B (right) with constraint sets I ([), II (9), III ( b), and IV (2).
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tions between the phenylene rotator and its environment should
involve the groups that are part of the supramolecular cage
(Figure 2); these are the most proximal to the rotary event. These
interactions were analyzed by following the movement of all
of the atoms in the models, except for the six carbon atoms
and four hydrogen atoms of the central ring that are driven
artificially to define the potential energy plot. A scatter plot of
atomic displacements (deviation, Å) from the minimized equi-
librium structure (0°) as a function of distance (r, Å) from the
center of the rotator is plotted in Figure 4 for increments of
30° of the dihedral angle forM -1A in blue and forM -1B in
red. The root-mean-squared displacement (rms) and the maxi-
mum displacement (MD) are included above the scatter plot
for 5 Å distance intervals.

It should first be noted that the atomic positions in the
equilibrium structure after minimization of the energy using
constrain set IV remain nearly the same as those of the original
X-ray structure, with rms deviation values of 0.1 Å forM -1A
and 0.2 Å forM -1B (SI 3). There is a slight dependence of this
deviation on the distance from the center of mass of the model,
as the peripheries of these models are subject to greater freedom
of movement up to a MD of∼1 Å for both crystals. As shown
in Figure 4, variation in atomic displacement relative to the
calculated equilibrium structure at 0° is a strong function of
the rotational angle of the central phenylene and the distance
from this rotator; the largest displacement from the minimum

energy structure occurs at the rotational transition states.M -1B
shows a steadily increasing number of significantly displaced
atoms between the minimum (0°) and maximum (90°). This
increase is most pronounced for atoms that are closest to the
rotator, in the 0-5 Å data range. The maximum rms displace-
ment forM-1B varies from 0.1 Å at 30° to 0.4 Å at the rotational
transition state near 90°, where the maximum displacement is
as large as 1.1 Å. There are no data below a distance of about
2.5 Å, because the atoms of the central phenylene ring are not
included in the data set. The displacements are negligible above
20 Å. Atomic displacements at the rotational transition state in
the 5-10 and 10-15 Å data ranges are small (rms) 0.2 and
0.0 Å, respectively). The rms displacement in the 15-20 range

Figure 4. Positional displacement (deviation, Å) from the equilibrium structure (0°) versus distance (r, Å) from the center of the phenylene rotator in
models of the benzene clathrateM -1A (blue 0) and the desolvated formM -1B (red O) at 30° increments. The root-mean-squared (rms) and maximum
displacement (MD) are given for each data range (0-5, 5-10, 10-15, and 15-20 Å).

Figure 5. Overlaid structures at 30°, 60°, 90°, 120°, 150°, and 180° for
rings A-E (defined in Figure 2) forM -1A andM -1B.
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is negligible (rms) 0.0 Å). Analysis of the MD values shows
displacements of up to 0.3 Å in the 10-15 Å range and 0.2 in
the 15-20 Å range, indicating that a few relatively distant atoms
engage in significant structural excursions. At about 13 Å from
the center of the central phenylene, there is an abrupt decrease
in the number of data points showing a significant displacement.
This is shown clearly at dihedral angles of 60°, 90°, and 120°
and is an artifact of the model system, which has a horizontal
dimension of 13-15 Å. While correlated displacements may
continue beyond this point in the real lattice, the data suggest
that structurally significant displacements may vanish beyond
approximately 20 Å. Importantly, the central rotator is within
10 Å of all nearest neighboring rotators. The possibility of
mechanically coupled rotator motions being mediated by lattice
displacements has recently been discussed19b and is supported
by this analysis. At a dihedral angle of 180°, the rms displace-
ment drops close to zero for all data ranges as the equilibrium
structure is reached (Figure 4). The same is true after a full
360° rotation (SI 2).

The results withM-1A convey quite different structural trends
as compared to those withM -1B. Again, atomic displacements
increase as a function of dihedral angle, but they are significantly
greater in the 0-5 and 5-10 Å ranges than those found for
M-1B. At a 30° dihedral, the rms displacements in these ranges
are 0.2 and 0.1 Å, respectively, and the MDs are 0.4 and 0.3 Å,
in the same order. At the maximum of 120°, these displacements
are 1.3 and 0.4 Å, respectively. The 10-15 Å range has an
rms displacement of 0.1 Å. The largest MD value at the
rotational transition state is 2.7 Å both in the 0-5 and in the
5-10 Å ranges. The periphery ofM -1A is about the same as
for that of M -1B, and a similar discontinuity is found at a
distance of approximately 13 Å. The most striking difference
betweenM -1A and M -1B is that the former shows nonzero
displacement at a dihedral angle of 180°. Starting at 90°, large
displacements in the 0-5 distance range (1-2.5 Å) are found
and continue through the transition state (120°) to the energy
minimum at 180°. Over these dihedral angles, the data points
begin with a relatively random pattern but then neatly cluster
at two distinct values of 1.4 and 2.4 Å at 180°. The displaced
data points correspond to benzene molecules in the supramo-
lecular cage undergoing a degenerate 6-fold (C6) rotation in
concert with the 2-fold (C2) rotator flipping motion. The
displacement of the carbon atoms is smaller because they are
closer to the axis of rotation and corresponds roughly to the

length of a CdC double bond in benzene (1.4 Å). The associated
hydrogen atoms are farther from the axis of rotation and are
displaced by ca. 2.4 Å. Completing a full 360° rotational period
of the central phenylene results (SI 4) in a second 60° step by
the benzene molecules in the model, indicating that there is one
C6 rotation per 180° flip. These results are in line with the
previous analysis of spectroscopic data where the correlated
motion of the C6 rotation and the C2 rotation was compared to
a slipping gear system.13b It is well known that C6 rotation of
benzene molecules in the solid state occurs with frequencies in
the 1012-1013 s-1 range,24 which are much faster than the rate
of phenylene flipping observed in these systems. Thus, although
the data predict a 1:1 correlation of rotations, this does not mean
that the C6 rotation cannot occur without phenylene rotation.
In fact, experimental results indicate that this coupling must be
relatively week as benzene rotation takes place with rates>108

s-1 at temperatures where phenylene flipping occurs in the 103

s-1 range.17bNotably, the displaced data points include the atoms
belonging to only five benzene rings, including both B and C
(four benzenes) and one of the E rings. The other symmetry-
related ring of E does not rotate, although its displacement
behavior is nearly identical to its symmetric partner; at the
critical point for rotation, the ring returns to its original position.
We do not know the reasons for this outcome, but it may
indicate the looseness of these correlations.

The correlated motions between the groups that make up the
supramolecular cage and the central phenylene ring can also
be illustrated by overlaying the structures of rings A-E
(Figure 5).

The phenyl rings (A-E) of M -1B are relatively static as
compared to those ofM -1A (A and D). One can see that the
displacement of the phenyl rings of adjacent trityl groups is
best described as oscillations (librations) about the benzene-

(24) (a) Hoa, J.; Vodl, R. R.; Vold, R. L.; Etter, M. C.J. Phys. Chem.1989, 93,
7618-7624. (b) Boden, N.; Clark, L. D.; Hanlos, S. M.; Mortimer, M.
Faraday Symp. Chem. Soc.1978, 109.

(25) (a) Cholli, A. L.; Dumais, J. J.; Engel, A. K.; Jelinski, L. W.Macromolecules
1984, 17, 2399-2404. (b) Rice, D. M.; Wittebort, R. J.; Griffin, R. G.;
Meirovich, E.; Stimson, E. R.; Meinwald, Y. C.; Freed, J. H.; Scheraga,
H. A. J. Am. Chem. Soc.1981, 103, 7707. (c) Rice, D. M.; Meinwald,
Y. C.; Scheraga, H. A.; Griffin, R. G.J. Am. Chem. Soc.1987, 109, 1636-
1640. (d) Rice, D. M.; Blume, A.; Herzfeld, J.; Wittebort, R. J.; Huang,
T. H.; Das Gupta, S. K.; Griffin, R. G.Biomol. Stereodyn. Proc. Symp.
1981, 2, 255-270. (e) Kamihira, M; Naito, A.; Tuzi, S.; Saito, H.J. Phys.
Chem. A1999, 103, 3356-3363. (f) Hiraoki, T.; Kogame, A.; Norio, N.;
Akihiro, T. J. Mol. Struct.1998, 441, 243-250. (g) Zhang, H.; Bryant,
R. G. Biophys. J.1997, 72, 372. (h) Naito, A.; Izuka, T.; Tuzi, S.; Price,
W. S.; Hayamizu, K.; Saito, H.J. Mol. Struct.1995, 355, 55-60.

Figure 6. Displacement (deviation, Å) of the center of mass (six carbon atoms) of rings A-E for models of the benzene clathrateM -1A and the desolvated
structureM -1B at 30°, 60°, 90°, 120°, 150°, and 180° with respect to the center of mass of the model at the minimum energy structures (0° and 180°).
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trityl carbon-carbon bond. Interestingly, solid-state 2-fold
flipping motions measured for the phenyl group of phenylala-
nine25 in several crystal forms occur on the same time scale as
the rotation of the 1,4-dialkynylbenzenes of1A and 1B.8

However, a correlated C2 rotation of central phenylene with C2

rotation in the neighboring phenyl groups is not observed in
the calculation, nor in2H NMR experiments carried out with
trityl-d30 isotopologues of the two crystal forms of1. A
comparison of the transition-state energies for constraint set I
to constraint set II (forM-1B) suggests that libration of the
surrounding phenyl groups helps reduce the potential energy
barrier of a hypothetical rigid lattice by 45 kcal/mol. A similar
analysis forM-1A suggests that librations and benzene rotations
reduce the corresponding barrier by 55.1 kcal/mol. Further
structural analysis from constrain set IV shows that the rotation
of the central phenylene inM -1A andM -1B is also aided by
small displacements of the neighboring aromatic rings. The
displacement of the center of mass for ring, A-E, in M -1A
andM -1B from the center of the rotator is shown in Figure 6.

The translation of the rings as a function of the dihedral angle
for both models occurs both away from (positive values) and
toward (negative values) the center of the rotating phenylene.
Displacements tend to be largest near the corresponding
transition states. In the clathrate modelM -1A, phenyl ring D is
displaced away from the rotator, while benzene C is displaced
toward it at the transition state of 120°. The solvent molecule
is displaced by ca. 1 Å and the phenyl ring by ca. 0.5 Å. The
direction of the displacement of other rings, such as benzene
B, is dependent on the dihedral angle. Ring D is displaced ca.
0.5 Å away from the rotator at the transition state of 90°.
Movements in this case can be also toward or away from the
rotator depending on the dihedral angle. Rings A, B, C, and E
switch direction at or near the transition state, indicating that
the shape of the supramolecular cage is being molded continu-
ally to accommodate the rotator. A simple estimate of the
energetic importance of these displacements at the transition
state forM-1B takes the difference in barrier between constraint
set II, which disallows translation of these rings, and IV, which
does allow them. This difference is about 10 kcal/mol. A similar
analysis is not possible forM-1A because the rotation of the
benzene rings and the translation of these rings and those of
the phenylenes are not able to be separated by comparison of
constraint sets.

Conclusions

The rotational barriers for the two-fold flipping process of
diethynyl phenylenes in crystals of the benzene clathrate1A
and desolvated structure1B of 1,4-bis(3,3,3-triphenylpropynyl)-
benzene have been calculated with molecular mechanics using
large molecular assemblies constrained to model the crystal
lattice. Potential barrier heights within a few kcal/mol of the
experimental free-energy barriers are obtained when constraints
are minimal. Estimates of the energetic consequences of
correlated motion between the lattice and the rotator place this

stabilization between 50 and 65 kcal/mol as compared to a rigid
lattice approximation. ForM-1B, the oscillatory motion (libra-
tion) associated with the rotational degree of freedom of the
interdigitated phenyl rings of close neighboring molecules
accounts for the majority of this stabilization, while displace-
ments of the same phenyl groups account for a significantly
smaller proportion. The structural changes that accompany these
energetic effects have also been analyzed. Changes in atomic
positions with respect to the equilibrium structure as a function
of dihedral angle depend on the distance from the rotator. The
displacements are larger in the model of the benzene clathrate
M -1A as compared to those in the model for the solvent-free
crystalsM -1B. This is probably due to the greater freedom of
the benzene molecules in the cage of the former. The 180°
flipping motion of the rotator is correlated with a 60° rotation
of the solvent molecules inM -1A, suggesting that phenylene
rotation takes advantage of the well-documented rotation of
benzene about its C6 molecular axis, as in previous analysis of
our spectroscopic data.13b The calculations also suggest that
phenyl rings undergo oscillatory motions (librations) about their
C2 axis, but do not appear to rotate. All of these movements
are also coupled to small translational displacement of the
benzene and phenyl rings that move toward or away from the
rotator to accommodate its intrusion along the rotational
trajectories. Structural perturbations, measured in terms of
atomic displacements, radiate outward from the rotary event,
beyond the immediate environment of the supramolecular cages,
to about 13 Å and possibly farther with relative magnitudes
dependent on the distance from the rotator. Adjacent rotators
within this distance may communicate through subtle structural
changes in the lattice. The most important conclusion of this
work is that, in the absence of large amounts of free volume,
rotational motion in the solid state may be coupled to correlated
motions in the crystal lattice. The present study illuminates many
aspects of the rotational process, which are difficult to gauge
experimentally. A better understanding of the factors that affect
rotational motion in the solid state will be very useful in the
design of molecular devices.
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