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1. Introduction

To many, periodic mechanical conformational mo-
tion of molecules is mesmerizing to a degree that is
difficult to explain rationally: It is almost as hard
to stop watching an image of internal rotation in a
molecule as it is to stop watching the flames of a
campfire. Perhaps this is one of the reasons why
chemists have been fascinated for decades with
molecular structures that permit internal mechanical
motion at various degrees of complexity, from random
flipping to concerted geared motion and to motion
intentionally driven in a unidirectional manner. The
present review deals with man-made molecular ro-
tors from the point of view of their potential utility
for “molecular machinery”.
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2. Scope

In the context of nanoscience, it has been custom-
ary to use the term molecular rotor for molecules that
consist of two parts that can easily rotate relative to
each other. The rotation is one-dimensional in that
it involves changes in a single angle. It is common
to view the part with the larger moment of inertia
as stationary (the stator) and the part with the
smaller moment of inertia as the rotator (the other-
wise more common term rotor has been preempted
as it refers to the whole molecule), but the distinction
is truly unambiguous only if the stationary part is
fixed on or within a much more massive object, such
as a macroscopic one. In the absence of such mount-
ing, the rotator and the stator both turn around a
common axis. In the absence of outside torque, a
simple computational procedure relates the possibly
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quite complicated paths of all the nuclei to the overall
rotation of the molecule in the laboratory frame.!

In gases, liquids, and certain solids, entire mol-
ecules can rotate as a whole around three indepen-
dent axes, but we will not deal with this phenomenon
presently, although molecules rotating in a solid
could be referred to as rotors by the dictionary
definition? of the term (“a part that revolves in a
stationary part”). Since internal rotation within
molecules is nearly ubiquitous (for instance, all
molecules with a methyl group qualify), we further
restrict the scope of this review to studies of historical
importance, in which groundwork was laid to the
current developments, and to studies in which such
rotation has been the focus of attention in the context
of nanoscience and relevant to the ultimate construc-
tion of molecular-size mechanical structures that
might perform useful functions. In many borderline
instances, we were obliged to make subjective deci-
sions concerning inclusion in the review, and we beg
the reader for understanding where we may have
erred and also in cases of inadvertent omissions. A
particularly difficult distinction has been the separa-
tion of pendular motion, which we do not cover, and
rotatory motion. We have taken the view that the
function of a molecular rotor is continued rotation
by 360° or more, and we have not treated exhaus-
tively structures capable of rotating only part way,
although some are mentioned in the context of
rotational barriers.

We only deal with artificial molecular rotors and
pay no heed to naturally occurring protein-based
rotors and motors, such as ATP synthase.3® These
have been reviewed repeatedly in the recent past.®~ 1!
Even among artificial rotors, we have arbitrarily
decided to deal only with compounds that have been
isolated as pure chemical species with a well defined
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structure, and not with mixtures. This eliminated
from consideration almost all work on polymers.
Their internal rotations represent a fascinating
subject in its own right, and one only needs to think
of crankshaft rotation?2° or the work of Gaub and
collaborators?%?? on a bistable nanoscopic machine in
which a cis—trans isomerization of azobenzene units
shortens a polymer chain and performs nanoscopic
work.

We have included both molecular rotors exhibiting
thermally induced rotation and those designed so as
to be capable of being driven by an external force,
such as an electric field or a flow of a fluid. Our
emphasis is on experimental results, but we have
included computational and theoretical work, and
section 3 provides a theoretical background for mo-
lecular rotors. It emphasizes the behavior of rotors
mounted in a solid or on a surface, reflecting our
belief that these situations are most relevant for
nanotechnology. Little is said about methods (section
4), which are generally well known and not particu-
larly specific for the study of rotors.

We devote particular attention to molecules that
can potentially exhibit unidirectional motion, as
opposed to random flipping in either direction. A
controlled direction of rotation is often considered as
a prerequisite for a motor, even though its dictionary
definition,?® “something, such as a machine or an
engine, that produces or imparts motion”, does not
specify unidirectionality. Many authors use the term
molecular motor and molecular rotor interchange-
ably, but we prefer to reserve the former for mol-
ecules designed in such a way that their rotation can
actually produce potentially useful work. Useful work
is not easily defined on the nanoscale, and we have
in mind a process that starts at thermal equilibrium
with an external bath and at the end leaves a
measurable and desired difference in the system after
it is again in thermal equilibrium. Such useful work
might be the translocation of a distinct object from
one site to another, or the pumping of a fluid, as one
would expect of a motor. Although even a real
macroscopic motor can most definitely idle at times,
converting high-grade energy into heat and achieving
nothing else, a rotor that can do nothing but idle will
not be referred to as a motor presently. After all, a
macroscopic toy spinning top would hardly be con-
sidered a motor just because it can rotate, but it is
surely acceptable to call it a rotor. We recognize, of
course, that this is a matter of personal preference
and that at some future time a further synthetic
elaboration of such a molecular rotor may convert it
into a species capable of actively converting energy
supplied to it from the outside into useful work. Still,
we prefer to wait with the label motor until such
elaboration has actually been performed. Although
examples of molecular motors based on steady rota-
tory motion capable of performing useful work are
known, to our knowledge none of them are artificial.
Useful work-performing artificial molecular struc-
tures based on pendular motion, which can also be
considered rotatory in nature, are known, but they
lie outside the scope of the present review (turning
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Figure 1. Classification system for surface-bound RS
molecular rotors. (See text and Table 1.)

the axis of a liquid crystal, controlling binding events
or transport, etc.).

Structurally, one can distinguish rotors in which
the stator and the rotator are covalently attached to
each other, and those in which they are not (as in
catenanes, molecules containing two interlocked rings,
and rotaxanes, containing a ring mounted on a rod).
We shall only attempt exhaustive coverage of molec-
ular rotors in which the stator and the rotator are
covalently linked, which appear not to have been
reviewed before. The important and popular subject
of rotation in catenanes and rotaxanes has been
reviewed elsewhere,?* 26 and we will only briefly
mention a few isolated examples. The reader is
referred to review articles dealing with catenanes and
rotaxanes of the Stoddart type,?’ 36 of the Sauvage
type,®” % of the amide type,*°° with catenated
cyclodextrins,?%2 and with dendrimeric rotaxanes.5?
A useful article by Willner and collaborators touches
on many issues concerning the use of photoisomer-
ization in possible molecular devices, with an em-
phasis on rotaxanes and catenanes.?* Other reviews
and monographs have covered catenanes and rotax-
anes in general.5>—8

Molecular rotors of the kind covered in the present
review can be classified further according to various
criteria. We distinguish rotors that float freely in
solution or vapor (section 5), those that are located
inside solids (section 6), and those that are surface-
mounted (section 7). As discussed above, for solution-
phase rotors, the distinction between the rotator and
the stator may be ambiguous, as both portions of the
molecule rotate with respect to each other. However,
for surface-mounted molecules, one can specify
whether (i) the molecular rotor provides only the
rotator element (an “R rotor”), with the surface acting
as a stator, or whether (ii) the stator, rigidly attached
to the surface, forms a part of the molecular structure
(an “RS rotor”). In addition, the axle of rotation about
which the rotator turns can be perpendicular (an
azimuthal rotor) or parallel (an altitudinal rotor) to
the surface (Figure 1). For rotors in solids, the R and
RS distinction can also be made. For a solid formed
of molecular rotors, the component molecules will
usually contain both a rotary part and some structure
which separates adjacent rotators, making them RS
rotors. However, plastic crystals are solids made only
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Table 1. Definitions for Molecular Rotor Systems
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term

definition

molecular rotor

a molecular system in which a molecule or part of a molecule rotates against another part

of the molecule or against a macroscopic entity such as a surface or a solid

molecular motor
Brownian motor

a molecular rotor capable of producing useful work
a molecular system that undergoes unidirectional motion in response to thermal

the part of the molecule or system that rotates against the rest (generally taken as that

or ratchet fluctuations in a nonequilibrium state
rotator
which has the smaller moment of inertia)
stator

the stationary part of the system with respect to which the rotator turns (generally taken

as that which has the larger moment of inertia)

axle the portion of the molecule that carries the rotator and about which the rotator turns; some
molecular rotor systems do not contain axles (e.g., a rotor physisorbed onto a
surface—an R Rotor (see definition below)

altitudinal rotor
attached (see Figure 1)
azimuthal rotor
is attached (see Figure 1)
R rotor
solid acting as the stator
RS rotor

a surface-mounted rotor which turns about an axle parallel to the surface to which it is
a surface-mounted rotor which turns about an axle perpendicular to the surface to which it
a surface-mounted or solid-state rotor system without a defined axle, with a surface or bulk

a surface-mounted or solid-state rotor system covalently attached to a surface or located

within a bulk solid, where the stator is a part of the molecular framework and
there is a clearly defined axle about which the rotator turns

of rotators (R rotors). Because a solid has many
planes against which rotors could be classified as
either altitudinal or azimuthal, such a distinction is
not helpful in this case.

Within each category of solution-phase, surface-
mounted, or solid rotors, an additional classification
can be made by examining the chemical nature of the
axle, which is most commonly represented by a single
bond, a triple bond, or a metal atom. As will be
discussed below, the chemical nature of the bond
strongly influences one of the fundamental energy
terms in the system, the intrinsic barrier to rotation.
We will also discuss systems with no defined axles,
such as molecules “incarcerated” in inclusion com-
plexes, physisorbed to a surface, or diffused into
solids. Most of these cases involve three-dimensional
whole-molecule rotations and are not within our
classification system nor within the scope of this
review. However, we do briefly mention several such
systems which either (i) were important for the
discovery of later, related systems or (ii) in and of
themselves represent possibilities for molecular-level
devices. Table 1 provides definitions for molecular
rotor systems that we will use throughout this text.

As alluded to above, we concurrently categorize
rotors not only within this structural classification
but also by their function, that is, by the nature of
their dynamics under a given set of environmental
conditions. For instance, for hindered, thermally
activated systems, there are rotors with such a small
rotational potential energy barrier that reorientation
of the rotor is frequent at a sufficient temperature
and those where the rotor is strongly hindered and
simply sits in the lowest energy configuration, unless
the system is perturbed by an external force. Most
examples fall between these two extremes. Even a
single-rotor system could exhibit both behaviors by
altering the temperature, with frequent motion at
high temperatures but no reorientation when cold.
This example underscores a significant point: the
interplay of the various energies in a system deter-
mines rotor dynamics (section 3). The structure of the
rotor establishes many of these energy terms, such

as the barrier to rotation; the remainder are the
result of environmental conditions, such as temper-
ature, or a combination of structure and environ-
ment, as in the case of a rotor with a permanent
electric dipole coupling with an applied electric field
or a propeller of a particular shape interacting with
a viscous liquid.

Within this categorization based upon dynamics,
the first distinction applied reflects the relationship
between external forces and the motion of the rotor.
We classify systems as driven, when the presence of
an external force determines the dynamics of the
rotor. In contrast, for systems described here as
random, the motion of the rotor is primarily dictated
by the thermal energy, although the presence of an
external field may affect the static configuration of
the system or cause the rotation to be unidirectional.
Within the driven category, we distinguish rotors
that interact with the driving force via a field, for
instance, a dipole rotor interacting with an applied
electric field, from those where the interaction is
steric, such as in an interlocking system of cogs.
Driven motion is further categorized by the efficacy
of the driving. Similarly, two types of random rotors
are included: (1) those where the thermal energy is
the only important energy term and the motion is
purely Brownian and (2) rotors where thermal energy
is small compared to the intrinsic barrier to rotation
and the rotor reorients by thermally activated hop-
ping.

There is a group of authors who use the term
“molecular rotors” in a much narrower sense and
define them as “fluorescent molecules with a viscos-
ity-sensitive quantum yield that can be used to
measure viscosity changes”,? such as in cell mem-
branes and liposomes.f97¢2 These compounds have
also been used to study liquid crystals and poly-
mers.5364 Such molecules lose their electronic excita-
tion energy by radiation or by intramolecular rota-
tion, in a ratio that depends on the free volume in
the environment. Therefore, a simple fluorescence
measurement can give information about viscosity
changes in a particular medium.
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There is a much broader class of molecules that
have a partial double bond in the ground state as the
axle, which permits a hindered rotation, normally
fast at room temperature, and that undergo a twist-
ing conformational change upon electronic excitation.
Return to the ground state then can lead to rotation
and, hence, syn—anti isomerization. They are often
referred to as TICT (twisted intramolecular charge
transfer) molecules. These also fall under our defini-
tion of a molecular rotor, but since a comprehensive
review on these structures has just been published,®®
we shall only refer to them briefly.

Molecules with a true double bond in the ground
state as the axle are usually very highly hindered
rotors, but they too can twist upon electronic excita-
tion. Return to the ground state can then lead to a
net rotation, and hence, cis—trans isomerization (e.g.,
stilbenes,®%-67 rhodopsin,®® azobenzene®?). These, too,
qualify as molecular rotors under our definition, but
instead of reviewing the vast number of all known
cases of geometrical isomerization of double bonds,
we limit our discussion to several specific examples
in which the authors were clearly interested in
molecular machines, and we refer the reader else-
where?*7 for additional information.

Finally, we need to specify that we do not consider
as molecular rotors molecules that are capable of
Berry pseudorotation, and we do consider molecules
capable of turnstile rotation. Berry pseudorotation
generally starts in a trigonal bipyramidal geometry
and follows a path along which the axial angle is
closing and one of the equatorial angles is opening
until the molecule reaches a square pyramidal tran-
sition state. The motion then continues until the
molecule returns to a trigonal bipyramidal geometry
with ligand positions interchanged.”’ In turnstile
rotation, a pair of ligands rotates with respect to the
other three.”? Often it is difficult to distinguish
whether a mechanism for interconversion of metal-
complex isomers involves rotation, pseudorotation, or
a dissociation/association process. In this review, we
include only those metal systems in which ligand
fluxionality is definitely due to rotation of a defined
group about a defined axle. The reader is directed to
other reviews of fluxionality in transition metal
complexes.”7

3. Theoretical Issues

3.1. Overview of Characteristic Energies

We begin with an overview of the general theory
and basic behavior of rotor systems. The Langevin
equation which describes a one-dimensional rotor
system is™

@ _ - a‘fnet do

dtz - 00 _775

+ &(T¢) (1)

Here the thermal bath interacts with a single tor-
sional degree of freedom, 6. The rotator has a moment
of inertia I about the rotational axis and moves in a
potential V. that encompasses all static or time-
dependent interactions between the rotator and the
external world. Specifically, the intrinsic torsional
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potential (reflecting interactions between the rotator
and the remainder of the rotor) and the coupling
energy between the rotator and any driving field are
included in V,. The quantity » is the friction
constant (which may be frequency dependent), and
& is stochastic torque representing thermal fluctua-
tions in the system (7' is temperature, and ¢ is time).

A cursory examination of eq 1 indicates that the
rotor has one degree of freedom, the ability to turn
through a single torsional angle, a situation which
is clearly an approximation for molecular structures.
However, the other molecular degrees of freedom due
to thermal motion of atoms within the rotor are
reflected in the frictional and stochastic terms. In
other words, the random motion of the atoms within
the molecule comprises part of the thermal bath with
which the single torsional degree of freedom inter-
acts. As discussed in detail below, this interaction
with other degrees of freedom manifests itself in two
ways: as random, stochastic torque on the rotator
and as a loss mechanism. For instance, torsional and
nontorsional modes in a rotor system are inherently
coupled, although the extent of this coupling will
depend on rotor structure. A driving force designed
to turn the rotator may also populate other modes
in the rotor (section 3.1.2). From the point of view of
eq 1, this results in a need for greater applied torque
in order to maintain motion of the rotator, an effect
which manifests itself as an increased effective
friction constant #.

Although the remainder of section 3 is devoted to
an elaboration on the various terms in this equation,
some factors are common to the entire discussion and
can be addressed here.

3.1.1. Inertial Effects

For a rotor in perfect vacuum at zero temperature,
the last two terms on the right-hand side of eq 1 are
removed and the elementary result of Newton’s
second law for angular coordinates is obtained. If we
further restrict the system by setting the intrinsic
torsional potential and any restorative coupling
between the rotator and an applied driving field to
zero, the rotor will turn if subjected to external
torque. Here, the maximum possible angular ac-
celeration is the ratio of applied torque to the moment
of inertia about the rotational axis. After this torque
is removed, the energy of the system is purely kinetic
and given classically by € = L?/2I, where L is angular
momentum, and L = —(dV,/00)At, where, in this
case, —0Vpet/00 is constant torque applied over a time
At. A quantum mechanical approach quantizes the
angular momentum in packets of h/2w, where h is
Planck’s constant, and generates discrete rotational
energy levels ¢

hedJ+1)

€ (2:1) 21 )

where o is the rotational quantum number.”® Here,

the spacing of the levels increases with a decreasing
moment of inertia.

For a collection of rotors with nonzero temperature,

a comparison of the level spacing to the thermal
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energy determines whether the rotor can be treated
classically or quantum mechanically. The distribution
of rotational energies is given by statistical mechan-
ics.™ For the systems of interest here, the final two
terms in eq 1 are generally not negligible, and inertial
effects tend to be small compared to frictional ef-
fects.””’® Not only is the moment of inertia of the
rotators generally minute, but in solution phase,
viscous or drag effects can be significant. As discussed
in the following subsection, even in solids and on
surfaces, analogous interactions cause the motion of
the system to be dominated by friction. However, as
the size of rotators increases and frictional effects are
minimized, inertial effects may become important,
and some theoretical literature has addressed this
topic.”~8 Experimental efforts, especially in solids
where a protected rotor might rotate in void spaces,
unhindered by the overall crystal environment,3%5
may ultimately probe inertial effects.36-8°

3.1.2. Friction in Molecular Systems®

The final two terms in eq 1 reflect the interaction
of the single angular degree of freedom of the rotator
with the thermal bath. As mentioned above, the
thermal bath includes both internal and external
degrees of freedom such as motion of the atoms in
the rotator, the atoms in the stator, if present, and
the atoms in the surrounding medium (solution,
surface, or solid). The explicit stochastic interaction
with the bath can be described as torque 7(¢) that
varies rapidly in time and is irregular in amplitude.
In equilibrium, the average value of 7(¢) is zero.
However, if the rotor (due to some external force) is
exhibiting directed motion, with an average angular
velocity over time [d6/d¢[= 0, and then this external
force is removed, the effect of the thermal bath should
be to return [d6/d¢t0to zero over some time. This
observation would indicate that perhaps 7(¢) can be
subdivided into two terms: a rapidly varying part,
which has a mean value of zero, and a slowly varying
part, which is a function of d6/dz.

Following this approach, the former term is identi-
fied with stochastic torque & in eq 1. Its magnitude
and sign are purely random, independent of 6 or d6/
d¢, and it has an average value of zero over the
relaxation time of the system. The more slowly
varying part of 7(¢) returns the system to equilibrium
when conditions change and is associated with the
frictional term. Because the specific functional form
of the interaction with the thermal bath is unknown,
frictional torque is derived by making an expansion
of 7(¢) in terms of angular velocity, d6/d¢. The zeroth
order term in this expansion, or the value of the
function when the angular velocity is zero, is expected
to be zero, as discussed above. However, the first-
order term in the expansion yields the —» d6/d¢ term
in eq 1, where the minus sign reflects the tendency
to reduce the angular velocity. If we assume that the
system is only slightly removed from equilibrium,
then we can estimate the slowly varying portion of
7(¢) as this first term, obtaining eq 1.

In solid rotor systems, the effect of friction can be
thought of as loss of energy from the rotational mode
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that is being driven by a driving force (discussed in
section 3.2.2) to other modes within the rotor, within
the stator, or within the larger system, via vibra-
tions.”1¥2 Thus, the driving field must continuously
provide energy in order to keep the rotor rotating
against the thermal motion of the atoms within the
structure. This is a very different picture than the
inertia-limited rotor discussed in section 3.1.1. In
molecular systems, the so-called friction constant, 7,
is often a function of frequency.?>?2 This result is not
surprising, since molecular vibrations have charac-
teristic frequencies and are not expected to all
respond similarly to excitations on varying time
scales.

For rotating molecules in solution, Stokes’ result
for friction in a viscous medium can be utilized to
establish a functional form for the friction constant
7. For a macroscopic spherical rotating object in
solution of viscosity f, the friction constant can be
written in terms of the measurable quantities of the
system

n = 87ha’ 3)

where a is the radius of the sphere.”® As can be seen
from eq 3, as the size of the object or the viscosity of
the solution increases, friction grows. While this
model, derived in the hydrodynamic limit where the
rotating object is larger than the molecules in the
solution,® is widely used in situations where the
molecule as a whole is rotating, even for larger
molecules, its utility can be limited.?*=°7 Thus, eq 3
serves simply as an illustrative example of the
quantitative effects of friction and is not necessarily
applicable to the rotors described herein.

3.1.3. The Fluctuation—Dissipation Theorem

With a slightly more detailed analysis, a correlation
between the stochastic term, &(T,¢), and the friction
constant can be derived. In particular, the fluctua-
tion—dissipation theorem states®®%9

n= ,%F [ TE ) &g+t (4)

Equation 4 links characteristics of the equilibrium
random fluctuations with the friction exhibited when
the system is perturbed from equilibrium. The gen-
eral form of this result was derived by Callen and
Welton'%0101 and can be qualitatively understood as
follows:1%2 Let us set external torque due to Ve in
eq 1 to zero and examine the system as it is affected
by the thermal bath only. If we also neglect the
stochastic torque term, the resulting equation for d6/
d¢ has a solution do/d¢ = (d6/dt)y exp(—nt/I), where
(do/dt)y is the value at ¢ = 0. At long times, the
angular velocity goes monotonically to zero. However,
this result is inconsistent with the equipartition
theorem, according to which [[d6/d#)?0= ET/I for a
one-dimensional system in the absence of external
torque.'® This difficulty is the result of having



Artificial Molecular Rotors

neglected the stochastic term. With its inclusion, we
ﬁnd104

doe _(do
a = (a)o exp(—;yt/I) +

Judt" exp(—n(t—t' VD) E@VI (5)

where the second term reflects the integral over time
of the angular acceleration due to stochastic torque.

If we use this expression to calculate [(d6/d¢)?L] the
square of the first term in eq 5 vanishes at sufficient
times due to the decaying exponential. Similarly, the
cross-terms have an integral of &(¢) over a finite time
and thus go to zero due to the random nature of &(¢).
However, the square of the final term is second order
in &(¢): it depends on a correlation between & at some
time #p and & at time (¢9 + ¢). If the product &(zo)
&(tott) is identically zero, equipartition cannot be
satisfied. Conversely, for a significant time difference,
we expect this correlation to be zero. This is resolved
by assuming a correlation function [§(¢9) &(to+¢) 0=
2B5(1),1%* where the 0 function ensures that the
correlation is zero for any significant time and B is
related to the magnitude of the fluctuating torque.
Using this expression, we obtain [(d6/d¢)?T= B/nl at
long times. Equating this with the equipartition
result yields eq 4.

The friction constant that has been evaluated for
molecular rotors according to a definition that was
inspired by a simple phenomenological model was
found to be a function of frequency,’?? indicating
that linear response theory is not sufficient. More
sophisticated phenomenological models that treat the
frequency dependence of % explicitly would probably
admit the approximation of linearly responding en-
vironment.

The fluctuation—dissipation theorem can be de-
scribed as the equivalence between the energy re-
moved by friction (dissipated) from the system (the
rotor in our case) and the fluctuations of the bath.
These fluctuations represent the mechanism by
which the rotor is returned to equilibrium when a
driving force is removed and by which a steady state
is established in the presence of an accelerating force
(see, for instance, the discussion in section 3.2.1.2).

3.1.4. Other Energies in the System

The potential energy V, is the sum of all other
internal and external energies in the system. Ener-
gies of particular importance in this review are the
torsional potential, the interaction energy between
a dipole and an externally applied field, and dipole—
dipole interaction energies.

The internal torsional potential is defined for
rotor—stator systems as the potential energy versus
angle for turning the rotator about its axis in the
absence of external fields. It reflects both interactions
between the rotator and the stator and the nature of
the axle. Internal torsional potentials are often
modeled as sinusoidal functions with n potential
minima and a characteristic barrier height, W.10

The number of potential minima reflects the sym-
metry of the system. For instance, azimuthal rotors
with threefold rotators, moving against a threefold
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stand, will generally have three potential minima at
locations where the rotor is staggered with respect
to the stator. The barriers, or the peaks in the
potential energy curve, occur when the rotator and
stator are eclipsed. Planar systems, such as those
with significant &z bonding or other conjugation along
the rotational axis, will often have twofold minima.
Systems in which the order of the symmetry axis of
the rotator is not matched with that of the stator (one
is not an integer multiple of the other) will have a
multiplicative number of minima. For instance, a
fivefold rotator moving against a threefold stator
yields fifteen wells. As the number of potential wells
increases, the barrier height is usually suppressed,
since no purely staggered orientation is possible and
the rotator cannot orient itself in a way that signifi-
cantly reduces interactions with the stator. The
energy difference between a “well” and a “barrier” is
reduced, effectively decreasing the barrier height, W.

As mentioned in section 3.1, the barrier height
amplitude is also a function of the nature of the
axle.'% For instance, a single-bond axis is normally
associated with a barrier to rotation in the range of
a few kilocalories per mole. Part of this effect is the
short length of the o0 bond, which leads to significant
interactions between rotor and stator. Rotation about
triple bonds, in particular acetylene linkages, yields
intrinsic barriers that are calculated to be only a few
hundred calories per mole.1%%1% Systems where metal
atoms act as an axis can exhibit a wide range of
barrier heights.

Internal potentials are by definition characteristic
of the molecule alone and are generally measured or
calculated in the gas phase. Interactions between the
rotors and a solution or surface are perturbations to
this intrinsic potential. However, in the solid case,
the distinction between rotor, stator, and environ-
ment can be blurred and an internal potential may
refer to the energy surface the rotor experiences in
the ordered solid. Given this, and for simplicity, we
will generally use the term rotational potential (and
the variable W) to be the extrinsic value, reflecting
the true potential surface that the molecule experi-
ences due to both intrinsic and environmental influ-
ences. Usually, the dominant portion of this rota-
tional potential is the intrinsic torsional potential of
the molecule.

A second important energy included in V. is the
interaction between a driving field and the rotator.
In the discussion below, we will focus on a particu-
larly clear example, the interaction of a permanent
electric dipole with an applied electric field. However,
the driving interaction energy, U, can be the result
of any driving field, such as a stream of atoms or
viscous fluid flow. Other driving mechanisms, such
as manipulated chemical reactions or electronic
excitation with light, rely on modifications to the
other characteristic energies in the system, particu-
larly the internal torsional potential, to achieve
directed motion. A more detailed discussion of driving
fields is provided in section 3.2.2.

Finally, the interaction energy between rotators
must also be included in V.. As discussed in section
3.3, rotator—rotator effects can be steric or field-
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mediated. As an example of a field-mediated inter-
action, a pair of dipolar rotators has an interaction
energy, U, of

’ 3(uyr)(py'r)
Uizi'ul Mo SN T Wy 6)

where g9 is the dipole moment vector for the first
(second) dipole and r is the position vector between
the dipoles.1%%11% The r 2 dependence in eq 6 empha-
sizes nearest neighbor interactions, but generally,
longer range interactions are also important. In
principle, the interaction energy of an individual
rotator could depend on the relative orientation of
every other rotator in the collection. Parametrizing
this sort of physical situation into a system with one
degree of freedom, as would be described by eq 1, is
challenging, and approaches beyond our simple de-
scription must be utilized (section 3.3). For a collec-
tion of coglike rotators, short range sterics will
dominate the motion of the rotator, and this type of
interaction can sometimes be described by a torsional
potential where the relative angle between neighbor-
ing rotators is the important degree of freedom. While
we generally consider steric effects to be short range,
a body of work on cyanide and other ions in crystals
has shown coupling between ion orientation and local
strain fields, indicating that the ions may interact
via the strain field.!!! This type of interaction would
be considered field-mediated in our picture (section
3.3).

3.2. Rotor Behavior in Non-interacting Systems

For mutually non-interacting rotors, rotor behavior
is determined by interplay between four important
quantities: kT, the thermal energy; W, the magni-
tude of the rotational potential; U, the interaction
energy between the applied driving field and the
rotor; nd6/dt, torque due to friction.

Within the present context, we divide rotor behav-
ior into two fundamental categories distinguished by
the cause of the dominant motion. In the first, driven
motion, the driving field is the cause of the rotation
and random thermal effects and friction oppose this
rotation. In the second case, random motion, reori-
entations are due to random thermal effects and only
the net orientation is influenced by the other energy
terms. By net orientation we mean either the time
average (the orientation of one rotator sampled over
many times) or, equivalently, the ensemble average
(the net orientation of a collection of rotators, that
is, the sum of their individual orientations) at a single
time. Otherwise stated, the system is ergodic.

Thus, the organization of section 3.2 is as follows.
In section 3.2.1, we discuss driven systems, focusing
particularly on the coupling of a dipolar rotator and
a rotating electric field. Three regimes of response
to a driving field are identified: synchronous motion,
asynchronous motion, and random driven motion. In
section 3.2.2, this discussion is extended to other
driving forces. Random motion is then taken up in
section 3.2.3. Here, two cases are delineated: Brown-
ian motion, where the system is essentially uncon-
strained by potential energy surfaces and exhibits
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purely random motion, and hindered rotation, where
the rotor is strongly constrained by the potential
energy surface and navigates on that surface by
utilizing thermal energy.

Within the discussion of hindered rotation, we will
make a brief mention of systems that gain unidirec-
tional motion from thermal fluctuations in a non-
equilibrium state. These so-called Brownian motors
or thermal ratchets have been extensively reviewed
elsewhere. 112113

3.2.1. Driven Motion

In the simplest case of driven motion, the interac-
tion energy between the rotator and the driving field
is the dominant energy in the system. Consider the
specific example of a dipolar rotor interacting with
an electric field that is static in magnitude and
direction. In this case U = —u-E, where E is the
amplitude of the electric field and the electric dipole
has its lowest energy when aligned along the field
direction. We specifically assume that the torsional
potential of the rotator (W) is small. This means that
the energy versus angle for the rotator is dominated
by the interaction with the field, given by U = —uE
cos 0, where we have placed the electric field direction
at & = 0. This “driving potential” has only one
minimum, and thus, the rotator stays more or less
aligned with the field. A nonzero thermal energy
causes the rotator to oscillate about this position. If
the direction of the electric field is altered, say to 7/4,
the rotator will respond over some time determined
by frictional torque in the system but will ultimately
realign with the field. Thus, there is a strong cor-
relation between the orientation of the rotator and
the driving field. Furthermore, as we shall see below,
the dynamics of the rotator is determined by interac-
tions with the electric field, which places this example
in the regime of driven motion. However, with a static
electric field, we observe no rotation of the rotor:
what is required is an electric field which itself
rotates.

Because of its simplicity, it is this picture®"?? that
we shall elaborate upon below. After this illustrative
example, we return to the more general discussion
in section 3.2.2. We define the frequency at which
the electric field direction rotates, w. If we wish to
understand the efficiency of the driving motion, the
important variable is the angle between the dipole
moment of the rotator (described by 6(¢)) and the
angle describing the direction of the electric field,
which goes as wt. Thus, the lag angle, a(t) = wt —
0(t), determines the position of the rotor in the
rotating field coordinate system. As in the static field
case, generally when the rate of rotation is slow and/
or the magnitude of the electric field is large, the
rotator follows the field. As discussed below, at high
frequencies, frictional effects become important and
the driving motion is degraded. Similarly, at low field
strengths, the thermal energy 2T or the magnitude
of the torsional potential W become comparable with
the interaction energy U and the one-to-one correla-
tion between the rotator and the orientation of the
electric field is lost.

Within this picture, we identify three somewhat
arbitrary but useful subsets of rotor behavior, delin-
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eated by the efficiency with which the driving field
determines the position of the rotor at any given time.
Synchronous motion occurs when the driving interac-
tion energy is significantly larger than any other
energy term in the system. Here, the rotor position
is well correlated with the driving field, as in our
simple example above with a static field. The asyn-
chronous regime encompasses driven motion that is
compromised by drag torque due to friction, the
presence of a non-negligible rotational potential, or
thermally activated hopping. Despite these loss mech-
anisms, energy from the driving field still results in
directed motion of the rotor and a correlation exists
between the position of the driving field and the
rotator orientation. As the relative size of the inter-
action driving energy decreases further, the rotor
enters the random driven regime. Here, the knowl-
edge of the position of the driving field has no
predictive power in determining the orientation of the
rotator at any given time. However, over many cycles,
the result of this erratic response is still a rotor more
likely to turn in the direction of the rotating electric
field than against it. In other words, energy is still
being coupled into the rotor motion from the driving
field.

3.2.1.1. Synchronous Motion. In synchronous
motion (U > kT and W, and dU/060 = »nd6/dt), the
interaction energy with the driving field, U, is the
dominant energy term in the system. In particular,
the thermal energy 2T and any intrinsic potential W
are small compared to U and the torque due to U is
able to overcome the torque of friction.

We first set kT = W =5 = 0. Using U = —uFE cos
6 and the definition of o above, eq 1 transforms to

19%= % = _Esina~—uBo  (7)

where the last equivalence applies for small o. This
is the equation of a harmonic oscillator with a
characteristic frequency of (uE/I)V2, where I is the
moment of inertia of the rotator.

Thus, in analogy with the static case, the driving
field creates a potential well in which the rotor
resides. For a nonzero thermal energy (T > 0), the
rotator will execute librational harmonic motion
within this well while the well and rotator turn with
the field. The nonlibrational unidirectional motion of
the rotator is purely synchronous, with the rotor
executing one and only one turn for each electric field
period. The lag angle, o, oscillates about zero, and
thus, for N turns, the average lag per turn, a = o/
27N, is zero.92

3.2.1.2. Steady-State Motion. Next, we consider
a case in which the driving force is less dominant, U
> kT and W, and 9U/30 ~ nd6/dt. We first address
the effect of friction while leaving 27T and W negligibly
small. In this case, eq 1 can be solved for a steady-
state solution where net torque on the rotator is zero.
In this case, torque due to friction is compensated
by torque due to the driving field:

uE sin o = oy (8)
Here we have assumed that d6/d¢ = o or that the
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Figure 2. “Tilted washboard” potential of an electric field-
driven rotor in a rotating coordinate system. The minima
at ay are given by eq 8. AU (AU') and p(p') represent the
barrier to thermally activated hopping behind (ahead) of
the rotating field.

rotator is rotating at the same frequency as the field.
In this case, o is a constant. In fact, eq 8 is a
constraint on the conditions under which this can
occur. As the frequency of motion and, hence, fric-
tional torque increases, the lag angle grows and the
driving field exerts more and more torque on the rotor
until, at oo = /2, the driving torque is maximized.
Thus, steady-state motion occurs for d6/d¢t = w and
o, the constant lag angle, less than 7/2. For a given
field amplitude and frequency, oy is given by

. w
sin o, = ﬂ—g 9

By setting sin ap = 1, eq 9 can be solved for the
minimum field required to obtain synchronous mo-
tion for a given frequency, w.

For model molecular rotors, Michl and co-workers
found from molecular dynamics simulations that the
friction constant 7 = n(w) was an increasing function
of frequency.2 This results in a frictional torque
term that increases as w”, where y > 1. Thus, the
driving field amplitude necessary to obtain steady-
state motion as given in eq 8 may increase dramati-
cally as the frequency increases.

In the energy picture, the driving field has created
a potential with minima at o + 27 and a decreasing
slope with increasing a due to the friction term
(Figure 2). Now we return random thermal motion
to the system. As discussed in the previous section,
one consequence is the thermal libration of the
rotator within a potential well. Furthermore, as 2T
increases, the thermal oscillations within a well lead
to random thermal jumps, resulting in the rotor
occasionally skipping a turn ahead or falling a turn
behind the electric field (jumping from one minimum
to the next).! Thus, the rotor exhibits three types of
motion within this “tilted washboard” potential (Fig-
ure 2): the dominant synchronous following of the
applied driving field (Ao = 0), thermal librations
within the potential well (small Aa), and thermally
activated hops between potential wells (Ao = 2).

This mechanism of reorientation by thermally
activated hopping in the presence of a rotational
potential is equivalent to the rotor response in the
hindered rotor case, which is discussed in detail in
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section 3.2.2.2. The difference lies in the origin of the
potential. Here, the driving field creates the potential
minimum and the thermal effects decrease the ef-
ficiency of the driven motion. At 7' = 0, the rotor
would rotate perfectly with the field. In the hindered
case, there is no dominant unidirectional motion of
the rotator, and at 7' = 0, the rotor would be static.
The only motion is due to thermal effects, and
thermally activated hopping enables the rotor to turn
despite the presence of a permanent torsional poten-
tial due to its own structure.

Finally, eqs 8 and 9 can be modified for the case
where the intrinsic potential, W, is nonzero.”? It is
common to approximate the intrinsic potential by a
cosine function, such as

V = (W/2) cos(nb) (10)

where n is the number of potential wells and a
potential maximum has been placed at 6 = 0.1% If
the intrinsic torsional potential is included, a third
term enters in the steady-state version of eq 1, and
eq 8 becomes

uk sin(),:%-i- wn 11

Because the torsional potential and the induced
potential due to the driving field are unlikely to
coincide, the requirement for achievement of steady
state must hold for all points on the intrinsic poten-
tial curve. This indicates that eq 11 must be satisfied
for the maximum slope in the torsional potential and
leads to the condition

sin ap = (wy + Wn/2)uE (12)

Thus, the driving field must overcome both frictional
torque and the effect of the intrinsic potential in order
to establish synchronous motion. In particular, the
driving field must be able to override the intrinsic
potential such that new minima correlated to the
field orientation are established in place of those
dictated by the intrinsic potential, which have an
arbitrary orientation with respect to the driving field
direction.

3.2.1.3. Distinguishing Synchronous and Asyn-
chronous Motion. Solving eq 9 or 12 for sin oy = 1
yields the minimum E field required to produce
synchronous motion when random thermal fluctua-
tions are absent. (Asynchronous motion is not defined
when T = 0: either the rotor moves perfectly with
the field at a constant a or it does not rotate at
all.)®192 For a particular rotor studied, Michl and co-
workers®! found that this field was insufficient to
achieve even significant asynchronous rotation at
nonzero temperature. The field needed for synchro-
nous rotation is even larger, about twice that needed
for asynchronous rotation. Let us return to the tilted
washboard potential of Figure 2 and the three mech-
anisms of motion: synchronous turning, libration
about a potential minimum, and thermally activated
hopping. Given these modes of motion, the efficiency
of the driving can be quantified by the average lag
per turn. If, after N turns, the final cumulative lag
angle is 0, then a = 04/272N. Michl and co-workers
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distinguish synchronous and asynchronous rotation
via this “average lag” parameter.®? In particular, if 0
< a =< 1l/e, the motion is said to be synchronous.
Asynchronous rotation is characterized by values a
<1.

To summarize previous statements, in synchronous
rotation, the dominant motion is rotation with the
applied field. For nonzero friction, the rotator oscil-
lates about a nonzero average lag angle, op. Only
occasionally do thermally activated hops cause the
rotor to skip or jump a turn. Synchronous motion is
also possible in the presence of a nonzero torsional
potential W, but it requires a larger driving field at
a given frequency. The loss mechanism introduced
here occurs as the driving well moves through the
noncoincident wells of the internal torsional poten-
tial. If the rotor is temporarily localized in an internal
potential well, the lag angle for that turn increases.
Nevertheless, during most turns, the lag angle is
close to ay and the rotor generally follows the field.

In the asynchronous regime, the rotor does not
follow the field perfectly during most rotations, and
[d6/dt[bf the rotor can differ significantly from w. The
thermally activated mechanisms which are mini-
mized in the synchronous regime are significant here
because kT, n d6/dt, and W are no longer negligible.
As illustrated in Figure 2, because the barrier to slip
behind the field is reduced by the friction term,
thermally activated hops that allow the rotor to skip
a turn are exponentially more likely than hops that
move the rotor ahead of the field (see section 3.2.1.2).
As the friction term increases, the washboard poten-
tial becomes more tilted, causing barrier heights to
decrease and the discrepancy between forward and
reverse barriers to increase, allowing for increasingly
more rotor slipping. As discussed above, when W/uE
increases, the rotor may occasionally become trapped
in an intrinsic well until a thermally activated event
allows it to reenter the minimum created by the
driving field. Thus, at low temperatures, the driving
force fights the rotational potential. At high temper-
atures, thermally activated hops decrease the driving
efficiency.

As we further increase each of the rotation-oppos-
ing terms (KT, n d6/d¢, and W), we observe rotor
behavior that changes from the driven to the random
driven regime.

3.2.1.4. Subharmonic Motion in the Asynchro-
nous Regime. A recent computational result has
shown interesting subharmonic behavior for a dipolar
rotor driven by an oscillating electric field.!'4!15 In
this case, as the amplitude of the field E is increased,
the rotor motion makes a transition from asynchro-
nous to synchronous motion, as expected. However,
at high frequencies, rather than a smooth decrease
in the average lag per turn a, a distinct plateau at
a = 1/2 was observed. In a narrow range of field
strength and frequency, successful turns with the
field alternated with skips where the rotor did not
turn, and a qualitative understanding of the origin
of this alternation was reached. Such behavior is
reminiscent of a phase-locking condition where an
innate frequency in the system, f, is “locked” with an
applied oscillation, /', where nff = mf and n and m
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are integers. Ultimately, such a conversion of field
frequency to rotation frequency suggests the possibil-
ity of a single-molecule rotary parametric oscillator.

3.2.1.5. Random Driven Motion. As the friction
force is increased further, U > kT and W, and aU/90
< 5 d6/d¢, torque due to the driving field is insuf-
ficient to overcome the frictional response. The lag
angle without thermal fluctuations, oy, is now greater
than /2, and the response of the rotor differs for each
turn of the driving field. Here the knowledge of the
position of the driving field has no predictive power
in determining the orientation of the rotor. However,
over many cycles, the result of this erratic response
is still a rotor more likely to turn in the direction of
the rotating electric field than against it (a, the
average lag per turn, is slightly less than one).
Energy is still being coupled into the rotor motion,
and the response is driven, although extremely
inefficient. For W = 0, the average angular velocity,
[d6/dtL) in this case can be calculated by methods of
statistical mechanics:!16

(T T

where the approximate equality holds for nw/kT >
1. This expression is second order in uE/yw, which is
less than one, reflecting the small influence of the
driving field on the dynamics of the system. As the
driving frequency increases and frictional effects
grow, the average angular velocity decreases in direct
proportion to the frequency of the field. Thus, the
effect of the field decreases at higher frequencies.

3.2.2. Driving Fields

In the above discussion, we have focused on one
illustrative scheme for driving torsional molecular
motion, based on the interaction of an oscillating
electric field with a dipole in the rotator. Here we
discuss alternative approaches. Generally, these rotor
driving schemes can be divided into three main
categories: (i) coupling between a rotator’s induced
or permanent dipole moment and an oscillating
electric field, (ii) chemical reaction or change of the
electronic state of the rotor, and (iii) mechanical
coupling between the flow of a fluid and the rotator,
mediated by molecular collisions. In the discussion
below, we give a few examples of each type as
illustrations. Many more appear in the subsequent
sections.

For driven motion, the energy due to the driving
field must overcome any thermal effects, intrinsic
barriers in the rotational potential, and dissipation
by friction. Below, this is accomplished in two ways.
In the first case, as in the discussion above, the
energy terms are steady in time (constant driving
excitation). A second approach is to create a cycle of
excitation events during which the energy terms
change. In these cases, individual events in the series
may be thermally activated, but for at least one step
in the cycle, a driving field is needed. Examples of
both approaches appear below.

(1) As described above, a rotating electric field
interacting with a permanent dipole associated with
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the rotator can provide driven motion. This coupling
could also be utilized for a rotator with no permanent
dipole but with a strongly anisotropic molecular
polarizability. The driving field would then both
polarize the molecule and interact with the resulting
dipole.

Rotating electric fields have been realized by utiliz-
ing phase-shifted sinusoidal fields applied to ortho-
gonal electrodes.!'” Another physical realization of a
rotating electric field is a rotating linearly polarized
laser field.®%18 In experiments with this “optical
centrifuge”, light of a nonresonant frequency was
used as a controllable source of electric field that
interacted with an induced molecular dipole moment
(in contrast, in section ii, resonant light is used to
excite the rotor molecule to another electronic state).

Modifying the rotational potential by the applica-
tion of a spatially static, linearly polarized pulse has
also been proposed in a theoretical investigation as
a mechanism for achieving driven motion in a chiral
molecule.!'%120 Here, the unmodified potential is
asymmetric and the electric field is used to modulate
a particular barrier, allowing the rotor to rotate in
the direction of decreasing energy. The authors note
that this is only predicted to occur when the laser
pulse intensity is greater than a threshold value,
indicating that the driving field energy has to over-
come the torsional potential for unidirectional motion
to occur. If the pulse energy is too low, the rotor
moves in both directions, which is consistent with the
discussion given above.

(i1) Another approach is to take advantage of the
electronic states of the rotor molecules, which gener-
ally have different torsional potential energy sur-
faces. One proposed scheme utilizes this fact in
combination with manipulation of librational mo-
tion.1?! Here, a femtosecond pulse in the infrared
region of the electromagnetic spectrum targets the
bond which forms the axle of the rotor, generating
librational motion within a minimum of a two-well
internal potential for the molecule in its electronic
ground state. The torsional angular momentum
generated is then calculated to be sufficient to enable
the rotator to overcome the different torsional po-
tential in the excited state when a second pulse in
the ultraviolet excites the molecule. The induced
rotation is predicted to be unidirectional until fric-
tional and thermal effects (not discussed explicitly)
slow the motion of the rotator or the system returns
to its ground state.

This work builds upon earlier schemes, experimen-
tally realized by Feringa and co-workers, which are
discussed at length in section 5.7.1. In one example,
the rotator is initially rotated 180° by a light-induced
trans—cis isomerization.'?? The direction of rotation
(clockwise or counterclockwise) is determined by
steric effects at two stereogenic centers in the mol-
ecule. The system can then lower its energy (while
remaining cis) by inverting these stereogenic centers
(which reverses the helicity of the molecule). This
relaxation is thermally activated and irreversible,
and thus, the relaxation to the lowest energy product
is accelerated by raising the temperature. Once the
helicity inversion is complete, light is again utilized
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to drive the cis—trans conversion and the steric
effects, now reversed, force rotation in the same sense
as the trans—cis step. After another thermally acti-
vated helicity inversion, the original configuration is
recovered. Thus, by utilizing the stereogenic centers
in the molecule and uniquely determining the helicity
of the molecule at all times via thermal relaxation,
unidirectional motion is achieved.

(iii) A third, and less well explored, category is to
use of a stream of gaseous atoms or molecules or a
flowing liquid to impart angular momentum to a
molecular rotor. Such an approach is restricted to
surface-mounted and solid-phase rotors, as the trans-
lational motion of the rotor should be minimized
compared to the translational motion of the driving
atoms. Schematically, the idea is straightforward,
and one can immediately conjure ideas of a water
wheel or a windmill. We begin with a directed stream
of atoms of average velocity v interacting with a
rotator that consists of several equally spaced blades.
If the rotor cannot move along the direction of the
fluid flow and the atoms are significantly smaller
than the blades of the rotator, each atom that strikes
a blade imparts momentum to the much more mas-
sive rotator. The driving torque then is the sum of
the momenta per atom, muv, times the distance from
the axis, d, summed over all the atoms arriving at
the blade in a time interval, A¢, divided by A¢. The
geometry of the rotator must be considered in order
to induce rotational torque rather than a net linear
force on the molecule in the direction of the particle
flow. One way to accomplish this is to use a chiral
rotator and to flow the fluid in the direction of the
axle.16:123 Sych propeller-like structures have been
designed and synthesized (see section 5.1) but have
not yet been mounted on a substrate, such as a highly
transparent grid or a porous membrane through
which the fluid can pass. However, molecular dy-
namics on such azimuthal rotors suggest!?® that
rotation will be induced (see section 7.2).

Alternatively, if the flow velocity parallel to the
surface varies with the distance from the surface (as
expected from the no-slip condition at a solid surface),
an achiral altitudinal rotor could be utilized. In this
case, the rotational axis might be perpendicular to
the flow direction (in analogy to a water wheel), such
that the blades furthest from the surface receive more
momentum from the collisions than those closer to
the surface. An anemometer or s-shaped geometry
for azimuthal rotors mounted on an impenetrable
surface is also possible. Here the blades tend to be
equidistant from the surface but the blade—fluid
interaction between opposite blades differs, allowing
net torque on the rotator.

As a concluding note, we remark on the necessary
and sufficient conditions for unidirectional motion,
given the context of the examples above. When a
rotor system is in thermal equilibrium, the second
law of thermodynamics denies the possibility of
unidirectional motion.'’® As discussed above, energy
has to be coupled into the system in order to create
such motion. Once the energy source is removed,
thermal losses will degrade the motion. When the
energy source is persistent, a steady state is estab-
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lished where the energy coupled into the system
equals the sum of the kinetic energy gained by the
rotor and the energy lost to dissipation. A necessary
condition for unidirectional motion is that the system
be out of equilibrium.

If the driving excitation is strong enough, no other
restrictions need to be placed on the nature of the
rotor; in particular, it need not be chiral. Interest-
ingly, the driving force creates an asymmetric po-
tential (the tilted washboard in section 3.2.1.2; Figure
2). Such tilted asymmetric potentials are also seen
in molecular ratchet systems and in chiral mol-
ecules.'”” However, for a system in equilibrium, an
asymmetrical potential is not sufficient to produce
directed motion. As we shall see below, a rotor in a
two-well asymmetric potential will simply execute
thermally activated hops back and forth over the
lowest barrier between the two wells. We have
already discussed one mechanism for getting the
system out of equilibrium (driving fields) and will
return to this issue in section 3.2.3. For the moment,
we conclude that the presence of both an asym-
metrical potential and an external perturbation that
moves the system out of equilibrium appears to be a
necessary condition to achieve unidirectional motion.
These effects may be linked, as in the case of a
driving field that simultaneously creates an asym-
metrical potential and drives the system out of
equilibrium, or they may be uncoupled.

3.2.3. Random Motion

Now we turn to the case of random rotor motion.
In this regime, rotor reorientations are due to random
thermal effects and only the average orientation (as
defined in the opening paragraphs of section 3.2) is
influenced by the other types of energy available to
the system.'?* In contrast, in the driven case, a
driving field is necessary for the particular driven
motion to occur. Here, the motion of the rotor is
essentially unchanged by application of the “driving”
field. To clarify this point, imagine a large collection
of non-interacting rotors arranged on a two-dimen-
sional grid where motion can be stopped and a
“snapshot” recorded showing the orientation of each
rotator. If the rotors have no significant rotational
potential W and no driving field U is applied, then
each snapshot will show an average orientation over
the system, [Bgl) of zero. For a system of dipolar
rotors, @y, 0 is equivalent to no net polarization.
If a rotational potential is added, but the position of
the potential minima of adjacent rotors is random,
the result is unchanged. Now a driving field is
applied. For both random and driven systems, a
nonzero [Bsy[lis observed. The rotors are more likely
to point in the direction of the applied field than
against it. The size of this induced polarization is
dependent on the interplay of the interaction driving
energy with the other energy terms in the problem
as described in section 3.3.2 for driven systems and
in the sections below for random systems. Thus, the
static behavior does not distinguish between random
and driven motion. It is the dynamics between the
snapshots that determines this categorization. As we
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shall see below, in the random collection, the method
of reorientation and, to the first order, even the rate
of reorientation of the rotor remain unaffected by the
presence of the driving field.

We identify two important subsets of random rotor
behavior. In the first, which we label random thermal
motion or Brownian motion, the thermal energy 2T
is dominant. In the complete absence of any potential
energy dependence on the angle of rotation, either
due to intrinsic effects (W) or due to a driving field
(), the orientation of the rotor is random at any
given time for a nonzero temperature. If the temper-
ature were lowered to 7' = 0, the rotor would be found
at any angle 0 to 27 with equal probability. We
quantify the rotor’s motion by examining the fluctua-
tion about this zero value of [#[ As discussed in
sections 3.1.2 and 3.1.3, frictional effects are linked
with thermal effects. Despite the lack of unidirec-
tional motion, friction is still important in this system
and the mean square fluctuation of the rotors is
inversely related to the friction constant.

Hindered motion is the second subset we examine.
In this case, the rotational potential dominates. As
in the random thermal case, rotor reorientation is
again driven by thermal fluctuations, which are
manifest as thermally activated hops over the tor-
sional barrier. Thus, the reorientation rate and even
the ability of the rotor to turn at all are strongly
dependent on the thermal energy, even though it is
not the largest energy term in the system.

Finally, we turn to a very brief overview of poten-
tially useful systems that might utilize random
(bidirectional) rotor motion.

3.2.3.1. Random Thermal Motion. In the truly
random case, kT > U, n d6/dt, and W, and [H0= 0.
By manipulating eq 1 for the case where 9V ,/00 =
0, ensemble averaging and applying equipartition,
and then solving the resultant differential equation,
an expression for the magnitude of the fluctuation
in 0 can be obtained,!?®

m 20— ZI;T %(1 _ ey (14)

net

where ¢ is time. Here the rotor executes classical
Brownian motion in one torsional dimension. At long
times, ¢ > I/n, eq 14 reduces to a random walk
2 2kT
n

[0 (15)

net

At very short times, the exponential in eq 14 can be
expanded in the small quantity, 5#/I, and the first
nonzero term yields

2 |:|: ]ﬁ-‘tz

Eanet I

(16)

where the particle moves as though it had an angular
velocity of (RT/I)V2.

For a small but nonzero driving field, a slight
preference for orientation in the direction of the
applied field is predicted. This is similar to the result
for the random driven regime. However, in the
random driven case, excessive friction prevents the
rotor from following a rotating electric field. If the

Chemical Reviews, 2005, Vol. 105, No. 4 1293

field were removed, the rotor would have very little
rotation because the thermal energy could be quite
small. Here, the rotor is always in motion due to the
thermal energy. In the rotating electric field case, the
average angular velocity [d6/d¢{Jcan be calculated
from statistical mechanics using the result stated in
eq 13, but in a different regime.?-116

T o ~Sln  aD

Here, @ and E have the usual meaning of the
frequency and amplitude of the field, respectively,
and the approximate equality holds for nw/kT < 1.
Notice that this expression is second order in a small
quantity, uE/RT. To zeroth and first order, [d6/d¢[lis
unchanged by the presence of the field. For low
frequencies where nw/kT < 1, the system is not
limited by friction and [d6/d¢Clincreases with increas-
ing w. However, the time-averaged value of the
angular velocity is always much less than the fre-
quency of the field, due to the (uE/kT)? term.

If the potential U provided by the driving field
becomes significant, this random motion becomes
increasingly more contained within the rotational
well created by the field; that is, it becomes restricted
to a smaller set of angles surrounding the potential
minimum created by the driving field and [d6/d¢0
increases as shown in eq 17. Eventually, the thermal
motion turns into librations within the well, com-
bined with thermally activated hops ahead of or
behind the field. This is the case discussed in section
3.2.1.2.

If the energy of the internal potential W becomes
significant, the rotor is again localized to one or more
potential minima due to the torsional potential. It
librates within the wells and can reorient by hopping,
as discussed in the next subsection.

3.2.3.2. Hindered Motion. When W > U, kT, and
nd6/d¢, the torsional potential is the dominant energy
in the system, and the basic motion of the rotor
consists of thermal librations within a well of the
torsional potential coupled with occasional thermally
activated hops between wells. Thermally activated
hopping over the potential barrier is the only method
of rotator reorientation. In this regime where W >
kT, the probability of a thermal hop per unit time is
proportional to exp(—W/ET).126 At low temperatures,
thermally activated hops are rare and the rotor rarely
reorients. As the temperature increases, thermally
activated hops are more common, and at a suf-
ficiently high temperature, the rotor is always in
motion and the rate of hopping is nonzero even at
equilibrium. If the system is pushed out of equilib-
rium, hopping provides the only mechanism of re-
laxation which innately links the relaxation or re-
sponse rate to the hopping rates. In particular, the
relaxation rate, which is a single quantity for each
rotor, reflects the interplay between hopping rates
into and out of the various wells in the system.

We organize the remainder of the section as fol-
lows: First, we discuss the librational frequency.
Then we turn to calculation of the relaxation rate,
first addressing the case of a small driving signal
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applied to a two-well system and finally discussing
larger signals and multiple wells.

(i) Librational Frequencies. In the hindered regime,
there are two important frequencies in the problem:
the libration frequency of the rotor within the energy
well and the relaxation rate (the inverse of the
characteristic relaxation time) of the rotor. These
scales are generally linked. In particular, the rate of
thermally activated hopping is given by!%¢

rate = w, exp(—W/kT) (18)

where wo is an attempt frequency, which is ap-
proximately equal to the librational frequency.1?7128

The librational frequency is often estimated by
assuming a harmonic approximation for the small 6
portion of a sinusoidal potential with n wells, such
as that in eq 10

dv nWw n*w
0= kO = TSIDTZ@N TG (19)

where w is then given as

Y
i e

and £ is the torque constant.

In this treatment, the librational frequency is
independent of the thermal energy and depends only
on the nature of the torsional potential and the
moment of inertia of the rotor. Characteristic libra-
tion frequencies for relatively small rotors are on the
order of 10" radians/s.'?®

(i1) Response Rate of the Rotor. The other important
frequency, the relaxation rate, can be defined as 1/z,
where, for an observable quantity A with an initial
nonequilibrium value of Ay and an equilibrium value
of A, the system relaxes as!30

Alt)=A, — (A, — A, exp(—t/T) (21)

We begin our discussion by considering a collection
of N non-interacting rotors, each possessing the same
n-well torsional potential, and determine the equi-
librium number of rotors residing in each well. A
master equation approach provides a set of equations
for the rate of change of V;, the number of rotors per
unit volume in well i:

dn,

——Z[N

where I';j is the transition rate from well i to well ;.131
The right-hand side of eq 22 is a sum of the flux into
and out of well i via all the possible processes that
can populate or depopulate it. As discussed above,
the transition between wells is a result of thermally
activated hops and the rates are in the form of eq
18. Therefore,

(22)

N; U]Jit

W,
T, =) exp( o ) (23)
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Here, wj is the libration frequency in well i and
W;; is the barrier which the rotor must overcome in
order to hop from the i-th to the j-th well. The set of
equations represented by eq 22 along with the
conservation equation

ZN =N (24)

permit a solution for the system. If we wish to
determine the average orientation of the rotor, we
must solve eqs 22—24 in the steady-state case, where
the rate of change of the NV; is zero. As stated in the
opening paragraphs of section 3.2, this is the same
as calculating the probability to find a single rotor
in a given well or, equivalently, the average number
of rotors in the collection residing in a particular well
at a given instant.
(iit) Systems with Two Wells. For a two-well tor-
sional potential, we find the expression
NIy = Nol'y (25)
where the bar indicates the equilibrium value. If the
wells have equal energies, the barrier surmounted
in hopping from well one to well two is equal to that
from well two to well one. Thus, the rotors are equally

distributed in both wells and N, 1 = N/2. The
relaxation rate of the system is given by solving eq
22 for the time-dependent case using eq 25, which
yields

d _

&(N1 —N,) = —2T',(N; — N,) (26)
where we have used 'z = I's;. This is a special case
of a general relaxation equation, where the time rate

change of a quantity, A(¢), is proportional to the
distance from its equilibrium value, A,.132

dA(?)
T——

a A AL (27)

Equation 21 is a solution to such a relaxation
equation. Equation 26 fits this form with (N1 — Na)s
= 0, as expected for wells of equal energy, and 7 =
2I'1e. Thus, in this case, the relaxation rate of the
system is twice the hopping rate between wells.

If a small energy difference between the wells is
now introduced such that the energy of well one is
lowered by s and that of well two is raised by the
same amount (Figure 3), the hopping rates transform
tols1

T'is =, exp[—(W + 5) (1) xp[ L4 (1 — i)

kT kT
(28)
and
—(W —s) -W
Iy, = a)% exp k—T] A a)g exp| (1 + kT)
(29)

where W is the original value of the barrier and the



Artificial Molecular Rotors

T
W-s @

Energy

®

2s

Angle

Figure 3. General asymmetrical potential with a lowest
barrier height of W — s and an energy difference between
the wells of 2s. Well one is on the left, and well two on the
right. In the case of innate asymmetry, s', in addition to
an asymmetry caused by the driving field, 2s = 2U + s'.

last equivalency is for small s/kT. For o = wj = wo

AT T S

or equivalently, the probability of finding the rotor
in well i, P;, is given as'3!

Pt B ) o

Equations 30 and 31 confirm that the rotor has a
preference to sit in the lowest well, as expected from
Maxwell—Boltzmann statistics. For small signals, the
population difference is proportional to s.

Again, the relaxation time of the system can be
determined by solving eq 22, and the resultant
relaxation equation for N; — Ny is

AV, — N,) _
T = —20)0 exp[ﬁ (Nl - NZ) +

2w, exp[%]] % (32)

A comparison with eq 27 shows that
1/t = 2w, exp[%v] (33)

Comparing eq 33 with the result obtained when s =
0 reveals that, to first order, the relaxation rate is
unchanged by the introduction of s. This is consistent
with the discussion in the introduction to section
3.2.3. The dynamics of the system is still dominated
by the equilibrium thermally activated processes,
even under the application of a field.

Physically, a difference in energy between the two
wells can result from several causes. In the case
where s results from small changes in the environ-
ment of each rotor, for instance, disorder due to
attachment of a surface-mounted rotor to a rough
substrate, s values will differ for each rotor. Averag-
ing over the collection, the effect of the random
distribution of values will cancel and no net polariza-
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tion will be induced. For small s/kT, the relaxation
rate of the rotor will also be unaffected.'?3 In contrast,
imagine each rotor sees an identical asymmetrical
torsional potential, and the torsional potential of each
rotor is aligned, for instance in a crystalline solid.
Here, s will result in a net alignment of the rotors
toward the preferred direction. Likewise, when the
driving field creates the asymmetry, s can be associ-
ated with U, the coupling energy with the driving
field. For instance, for dipolar rotors and an applied
electric field, the energies of the wells generally
aligned with the field are lowered and those of the
wells pointing opposite to the field are raised. Thus,
the system develops a net polarization pointing in
the field direction. For a rotating electric field, this
polarization will follow the field direction, provided
that changes in the field orientation and magnitude
are slow compared to the relaxation time of the
system, 7, given by eq 28. However, it is important
to remember that while the net polarization follows
the field, any given rotor is only slightly more likely
to point in the direction of the field than against it.
The rotor is still in constant motion, flipping from
well to well at the relaxation rate. The case of a
dipolar rotor interacting with an electric field is
discussed further in the following section.

(iv) Stronger Fields and Saturation. For clarity, we
again take up the interaction of a dipolar rotor with
an applied electric field and identify s with the
interaction energy, U = —u-E. Then the quantity N;
— N; can be interpreted as proportional to the electric
polarization. In light of the analysis in the previous
paragraph and in contrast with the discussion of
driven motion, it is most helpful here to focus on a
static or very slowly changing electric field. For small
U/ET, the net rotor alignment increases linearly in
U/RT according to eq 30. As the thermal energy
increases, the polarization is reduced as random
thermal motion decreases the ability of the rotors to
align with the field. As U/kT becomes significant, we
expect the increase in polarization to slow, as each
rotator is already generally pointing in the direction
of the field. Such saturation is not taken into account
by eq 30, as it was derived only for small U/RT. In
the more general case, eq 30 transforms to!?*

N,-N,=N tanh(k%,) (34)

such that, now, Ny — Ny — N as U/RT — o. At small
U/RT, eq 34 reduces to eq 30.

When U/ET is non-neglibible, the time-dependent
behavior of N7 — Ny given by eqs 22 and 23 be-
comes

2 d
tlexp(U/RT) + exp(—U/RT)] d¢

Nlexp(U/RT) — exp(—U/RT)]
exp(U/RT) + exp(—U/RT)

(Nl_Nz)z

— (N, = N,) (35)

where the first term on the right-hand side is the
equilibrium value of N; — N, from eq 25, T remains
as given in eq 33, and wj ~ wg = wo. This equation



1296 Chemical Reviews, 2005, Vol. 105, No. 4

fits the relaxation form of eq 27, with a relaxation
time of 7' given by

Ur = %[exp(U/kT) + exp(—U/RT) ' =
~ (Tyy) " (36)

Physically, the effect of eq 36 is that when the well
asymmetry is significant enough to distinguish the
rate of hopping into (I's;) and out of (I'12) the lowest
well, the relaxation rate of the system is dominated
by the fastest hopping rate, or the rate of hopping
over the lowest barrier. This dominance is a function
of the exponential dependence of the hopping rate on
the barrier height and indicates that experimental
results measuring the relaxation time reflect pre-
dominantly the lowest barrier in the system.

This result can also be obtained directly from eqs
22 and 24 by solving for the steady-state populations
N1 and N, assuming an arbitrary population distri-
bution at time ¢ = 0, which decays toward the
equilibrium population with a time constant 7', and
then using the time-dependent equations to obtain
eq 36.

(v) Innate Asymmetry. As a final topic for the two-
well case, we discuss the situation where the well
asymmetry, 2s, results from two causes. In particu-
lar, a permanent asymmetry s', for instance due to
steric effects, may be associated with the system in
addition to the induced well difference due to the
driving field U (Figure 3). We return here to the
linear response regime where U/kT is small and, for
s' = 0, eq 30 is valid. For an s’ of any size, where
each rotor sees an identical asymmetrical torsional
potential (for instance, rotors packed in a single
crystal)l32

(F12 + I_‘21)71

NQ cosh™

2kT) KT D

N, = N, ~ N tanh(z (2k'T)

This is a second-order Taylor series expansion of the
exact result in terms of the small quantity U/kT. The
first term on the right reflects the innate alignment
of the system due to the intrinsic asymmetry, which
increases as kT decreases and is independent of the
driving field. The second term describes rotor align-
ment due to the driving field, which is suppressed
by the intrinsic asymmetry. As kT decreases, the
cosh™2 term decreases the polarization in the direc-
tion of the driving field, since the rotors have less
thermal energy to overcome the intrinsic well asym-
metry and populate the higher well in order to follow
the electric field. As k2T increases, the effect of the
innate asymmetry is reduced and the polarization
due to the electric field is limited by random thermal
motion of the rotor. For a system with randomly
oriented rotors, the first term in eq 36 sums to zero
over the rotor collection. Nevertheless, even for a
random orientation of rotors, an innate asymmetry
still affects the ability of the driving field to align the
rotors and the second term remains. At low temper-
atures, the rotors fall into their lowest wells and do
not respond to the field. At higher temperatures,
the driving field must overcome random thermal
motion.
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(vi) Systems with n > 2 Wells. For systems with
more than two wells, the geometry of the system is
reflected in the maximum polarization due to the
driving field. For the two-well case, we have assumed
a one-dimensional scheme where the two wells are
separated by 180° and the driving field points along
a line between the two wells: the rotor is either
parallel or antiparallel to the field. We now address
the more general cases, for rotors with their axis
aligned at an angle to the electric field; for randomly
oriented rotors; and for rotors with more than two
minima in their torsional potential. Again, we use
the example of a dipolar rotor interacting with an
electric driving field. Here the net alignment of the
rotors can be measured as an electric polarization
which is given by

P, = iNM (38)

for a system with n wells, where u; is the projection
of the electric dipole g onto the electric field direction
for well i.1% Thus, for a two-well system aligned at
an arbitrary angle ¢ to the electric field,

P: = (N, — Nyucos ¢ =N tanh(m)u cos @
kT
(39
where we have used the result from eq 34. For the
case of small U/ET, eq 39 reduces to

P, IV(kT)/t cos® ¢ (40)

where we have used U = uE. This result applies to
two-well systems where all rotor axes are aligned and
reflects the reduction of electric polarization as a
result of the misalignment with the electric field.

For a random system where each rotor has a
unique angle ¢ varying from 0 to 2w, the net
polarization is

D 1 27

Po= gy Mighe J v

cos® @ dp = N/,L(sz
Interestingly, the result shown in eq 41 is indepen-
dent of the number of wells as long as the wells are
equally spaced in angle. For instance, for a three-
well system,

— ([T + Tyl + TT)N
N, = (42)

[Z(rjlrkl Lyl + 00

where the subscript indices are independent (i, [ = j
# k).136 Combining this result with the projection of
the dipole for each well, u;, as in eq 38, yields the net
polarization. Here the I;; values are found from eq
23 using the effective barrier to rotation Wj. The
rotational potential in which the rotator moves is now
the sum of the initial torsional potential and the
contribution from coupling with the electric field. The
effective barrier to rotation W;; is obtained by adjust-
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ing the initial barrier by the contribution from
coupling with the electric field both at the top of the
barrier between minima i and j as well as at the well
i.137 Assuming that the initial barriers were identical,
that the initial well energies are degenerate, and that
the attempt frequencies w; are similar, the polar-
ization given by eqs 38 and 42 can be expanded as a
Taylor series in the small quantity uE/kT. The first-
order term then reduces to the last term in eq 41.

P.= YNy, =N, (“ b ) (43)
e £ i BT

In the limit of many wells, the barrier to rotation may
be sufficiently low as to approximate the rotator as
free to rotate in a plane. For an electric field lying in
this plane, the average dipole moment, [pyo]=
PN, is given as!38

f d¢ u cos ¢ exp(M)
P = f do exp(gE coskqb])1 =u (;klg’) (44)
kT

where the last approximate equality holds for small
UE/RT. Here we have used standard spherical coor-
dinates and placed the electric field along the x axis
and the rotator in the x—y plane. For an electric field
at an angle y to the rotator plane, E can be replaced
by E cos y.

Finally, if the constraints on the rotor are further
relaxed such that rotator can reorient within a set
of wells not described a single plane, the maximum
polarization will reflect the change in dimensionality
of the system. For instance, the extreme example of
a free rotor in three dimensions yields!3®

f dQ u cos 6 exp(‘M)

kT
@mollj: E 0
f dQ exp(#—]: ;,S )
ﬁ)anqo On dé sin 6 cos 6!]:—1; cos 0 (uE
B ”(3kT) (45)

fo%d(p !/(‘)n dé sin 6

where the electric field is along the z axis and the
traditional notation for spherical coordinates has
been used: Q is the solid angle, 6 is the angle
between the z axis (E field) and the rotator, and ¢ is
the azimuthal angle in the x—y plane. The ap-
proximate equality is for uE/RT <1. Equation 45 is
obtained by expanding the numerator and denomina-
tor to first order in the small quantity. The zeroth-
order term in the numerator and the first-order term
in the denominator integrate to zero.

The parenthetical expressions on the right-hand
side in eqs 40, 41, and 43—45 are often referred to
as the Curie factor and reflect the decrease in
polarization as a result of thermal motion. Compari-
son of eqs 40, 41, and 45 illustrates the correlation
between the Curie factor and the dimensionality of
the system. For a truly one-dimensional system,
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described by eq 40 with ¢ = 0, the extreme constraint
on the rotor due to the reduced dimensionality is
reflected in the polarization. As this dimensional
constraint is relaxed, the maximum polarization at
a given temperature also decreases. It is important
to note, as mentioned above, that this correlation is
normally only valid when the well positions are
uniformly distributed.

3.2.3.3. Unidirectional Rotation from Random
Motion. Thus far, our discussion in section 3.2.3 has
focused on bidirectional rotation. When the rotational
potential of a rotator is modified by the application
of a field, the rotator will be more likely to point in
the direction of the field than against it. However,
how the rotator acquires this orientation, that is, by
rotating clockwise or counterclockwise, is not con-
strained. This is the most common situation when
the motion is thermally driven. However, important
exceptions to this normal condition are the so-called
thermal ratchets or Brownian motors. Such systems
are complex and have been reviewed elsewhere. 112113
We briefly discuss them here only to make a few
important points relevant to our discussion. These
systems generally have asymmetrical potentials such
as the traditional example of a ratchet and a pawl.'3?
However, in thermal equilibrium they do not execute
unidirectional motion, as pointed out in our discus-
sion above. The system must be driven out of equi-
librium, usually in a cyclic manner, to obtain directed
transport. One experimental example of a thermal
ratchet in a rotor system is the work of Kelly and
co-workers, discussed in section 5.7.2.14° By utilizing
a chemical reaction sequence in combination with
thermally activated events, unidirectional motion
was obtained without the application of a traditional
driving force. The chemical reactions force the system
out of equilibrium and create asymmetry in the
rotational potential.!*® This is consistent with the
general conditions for directed motion in randomly
driven systems'’® and the necessary conditions dis-
cussed in section 3.2.2 for obtaining unidirectional
motion in a driven rotor system. Namely, unidirec-
tional motion is possible only when an asymmetry
exists in a spatially periodic potential and the system
is driven out of equilibrium.'® In our scheme, this
result applies equally to the driven and random
regimes.

3.2.4. Utilizing Rotor Systems in the Random Motion
Regime

As a brief conclusion to the discussion of random
motion, we mention applications and systems for
which bidirectional motion dominated by random
thermal effects is useful. The most obvious example
is the analogy that we have utilized several times in
section 3.2, dipolar rotators interacting with electric
fields. A collection of such rotors represents an
artificial dielectric built up from individual mol-
ecules.'! Both ordered collections, where the mol-
ecules are evenly spaced and identically oriented, and
disordered dielectrics are useful. By altering the
characteristics of each molecule, the dielectric pa-
rameters such as polarization per unit volume and
dielectric response time can be tuned. Such work is



1298 Chemical Reviews, 2005, Vol. 105, No. 4

already underway for ordered three-dimensional
systems!#! but may be particularly interesting for
lower dimensional arrays.8-142 Ordered collections
offer the increased possibility of forming ferroelectrics
where interactions between rotors are not negligible.
Such interacting systems are discussed in section 3.3.

A second area of interest for random motion is
applications where the orientation of the rotor is the
important observable. Switches or memory elements
are examples of this type. Flipping the orientation
of a dipole rotator in order to control current flow
through a molecule has been proposed,'*? and chiro-
optic molecular switches have been developed.'** For
switches or memories, hindered rotors where the
rotator orientation is limited to a small number of
angles are an obvious choice although strong fields
may still have to be applied to reorient or reset such
elements. Rotors where rotation can be quenched by
a change in the local environment (resulting in a
change in the torsional potential) would represent
another kind of switch.14

3.3. Interacting Rotors

We now turn to situations where the interaction
energy between neighboring rotators is important. In
this section, we do not discuss the interaction be-
tween a rotator and another element of the system,
such as a surface for surface-mounted rotors, the
stator in an RS rotor, the solvent in a solution-phase
system, or the constraining solid for rotors in the solid
phase. These effects are included within the non-
interacting rotor description above and generally
manifest themselves in rotational potentials and as
friction.

An interacting rotor system can only be discussed
in the context of a collection of rotors. Furthermore,
the relative position of the rotors (the spacing be-
tween rotors) in such a collection must be well
defined. As a consequence of this definition, we
restrict ourselves to solid, surface-based, or polymeric
systems where adjacent rotators are permanently
positioned with respect to each other. Thus, collective
effects interest us here: modes or states that are
dependent on the orientation of numerous rotors in
the collection. However, we point out that work on
correlated rotations between different rotators con-
tained in the same molecule,'*® which have been
observed in solution-phase systems, may speak to
many of the important issues in establishing correla-
tions between rotators on different molecules. This
is especially true in the case where the important
interaction between rotators is steric, and thus, we
touch on such systems briefly below. In the limit that
the molecule becomes very large or a polymer is
formed, a system with correlated rotations might be
considered a collection of several types of rotators,
with the various types interacting. Additional ex-
amples and a more detailed analysis of correlated
rotation within a molecule appear in section 5. Here
we restrict ourselves to rotator—rotator interactions
between different, but identical, rotators in the
collection.

Rotator—rotator effects can be subdivided into two
broad categories: field-mediated interactions and
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steric interactions. Steric interactions involve gearing
or physical “contact” between two adjacent rotators.
In the field-mediated case, coupling between a prop-
erty of the rotator, such as an electric dipole moment,
and the field produced by the other rotators in the
collection is important. We begin by discussing steric
interactions and refer the reader to additional ex-
amples in the text to follow. Then, we take up field-
mediated effects. Few examples of this type yet exist
in rotor systems, but dipole—dipole interactions in
other materials are well studied and the extension
to rotors appears natural and fruitful.

Interaction between rotors can occur both in or-
dered systems, where the rotators are arranged in a
regular array, and in disordered or random collec-
tions. When disorder is present, the interaction
between rotators differs for different elements in the
collection. For steric interactions, this lessens the
efficiency of the coupling between rotators while, for
field-mediated electrostatic interactions, inhomoge-
neity is expected to lead to a dipolar glass.!4” Dynamic
behavior in the presence of disorder is complex, and
we will focus on ordered systems in our discussion.

3.3.1. Steric Interactions

As described above, steric interactions are funda-
mentally local. In the gear analogy, the teeth of the
adjacent rotators are intermeshed such that the
motion of each rotor is correlated. Generally, such
systems can be described with hindered rotation
where there are (at least) two important rotational
potentials: one for independent rotation of the two
units (gear slipping) and another for correlated
rotation. Thus, the steric interactions are manifested
in these rotational potentials. Correlated rotational
motion of two groups on the same molecule has been
observed in “internally crowded” systems where
adjacent groups are in particularly intimate con-
tact.1*® Here, independent motion of either rotator is
prohibited by a high activation energy. In the gear
analogy, this is equivalent to slipping a tooth of one
rotator over a tooth of an adjacent rotator. Sterically
this is a very unfavorable configuration and thus has
a high energy. The thermally activated motion of the
system, determined by a rotational potential with the
much lower barrier, is both rotators moving in
unison.

This local interaction can be extended by stringing
together a chain of rotating propeller groups. Such
chains of twofold rotators have been studied.!4%1% For
one system of this type,'*® two types of motion are
predicted. Correlated rotation occurs with a rota-
tional barrier that increases with increasing chain
length. Thus, as additional rotators are added, more
energy is required to rotate the assembly, which
reflects the interacting nature of the system. When
a rotator at the beginning or end of the chain is
forcibly rotated, localized rotation is also predicted.
Here the second rotator in the chain rotates in a
correlated way, but the next ring is static with
respect to the second rotator and turns with it as one
unit. As the chain length increases, the likelihood of
localized rotation instead of correlated rotation in-
creases due to the increased barrier to rotation, W.
A third mode of motion, torsional oscillations with
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Figure 4. Maximum energy E5o  of the 10th dipole in
a 25-dipole chain as a function of the angular velocity ¢(0)
with which the first dipole is excited for coplanar (inset, a)
and coaxial (inset, b) rotor chains (see text). Private
communication from de Jonge, J. J., and Ratner, M. A. The
inset has been reprinted with permission from ref 83.
Copyright 1999 American Chemical Society.

an amplitude less than 180°, has also been ob-
served.!®® The energy of this torsional mode and the
barrier for correlated rotation are both altered by
changing the linkage between the rotators.

3.3.2. Electrostatic Interactions

In the field mediated case, the interactions are
extended. Here, the dipole interaction energy, given
by eq 6 for a pair of dipoles, is nonzero at all
distances. Physical contact of adjacent rotators is not
needed, and depending on the size of the dipole
moment and the spacing of the dipoles, interactions
between non-neighboring dipoles may be important.
Here the energy of the system is dependent on the
configuration of the dipoles, and a well-defined
ground state of the system can be identified. Tor-
sional potentials are generally not useful, and the
whole rotor collection is treated as one unit. Because
the electrostatic interaction energy is often smaller
in magnitude than steric interactions, its effects are
generally studied in systems with low torsional
barriers and at low temperatures.!®!

Ratner, de Leeuw, and co-workers have modeled
one-dimensional arrays of dipolar rotators as classical
point dipoles with no torsional potential or friction.3'~83
As might be expected from eq 6, the ground state of
this system occurs when all the dipole moments point
along a line.’? A more rigorous result considering
long-range dipole—dipole effects gives the minimum
energy, Vi, as

Viin = —2(1.202)N — D/ (46)

for a long chain of N dipoles separated by a distance
r.82 In contrast, for a chain of rotators where the axis
of rotation is along the line connecting the rotators,
the dipoles cannot point along a line and the ground
state occurs when each dipole is antiparallel to its
neighbors.?? We will refer to these two cases as
coplanar or coaxial chains, respectively (Figure 4,
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inset). If the chain is slightly perturbed from this
ground state by moving dipole / an angle ¢; from its
equilibrium position, it will follow the equation of
motion

FPolot® = —,uZ/Ir?’Z(Zgol — @l —j° 47
J

for the coplanar system or

oo’ = willr’y sin(g, — @)/l —jI°  (48)
J

for the coaxial case.®3 Here the sum is over all the
other dipoles and [ — j is the distance between dipole
[ and dipole j. These results enable a discussion of
how an excitation would travel along the chain. If a
periodic solution of the form ¢; = upe!®™ ¥ is as-
sumed, the following dispersion relations are ob-
tained:

o = 4(1.20271r* + 20°/7° Y cos(km)im® (49)

m>0

o ? +20°/7° Y (=1)"/m’[1 = cos(rkm)l = 0 (50)

m>0

for the coplanar®? and coaxial cases,?® respectively.
For the coplanar case, the dispersion curve (o versus
k) has its maximum (which corresponds to the
maximum energy) at zero wavenumber (¢ = 0) and
drops continuously as % increases to 7. At £ = 7 (the
maximum wavevector) and at £ = 0, the slope of the
dispersion curve is zero, resembling optical phonon
dispersion in a Debye-type crystal lattice. The group
velocity |0wi/0k|, which defines the speed at which
excitations travel along the chain, has its maximum
at k = ~x/2 and vanishes at £ = 0 and 2 = 1. In the
coaxial case, the entire system of dipoles can be
rotated about its common axis without any change
in energy; thus, long wavelength (2 small) excitations
approach zero frequency in the dispersion curve. The
maximum of the dispersion curve is at £ = x, thus
resembling an acoustic phonon in a Debye crystal
lattice. The group velocity has its maximum at £ = 0
and is approximately twice the maximum group
velocity in the coplanar rotor chain.

These analytical results obtained in the low energy
limit have been verified by numerical simulations.
The authors used molecular dynamics to study a
chain with 100 dipoles.’?8% In a constant energy
ensemble, the central dipole was rotationally excited.
Monitoring the kinetic energy of each dipole, the
analytically derived dispersion relations were con-
firmed at temperatures near zero.’? For T > 0,
thermal correlations become important. Autocorre-
lation functions of the dipole orientations and of the
Fourier densities were obtained from simulations at
different temperatures. The dipole autocorrelation
function at low temperatures exhibits regular oscil-
lations which are dampened within less than 20
periods. At higher temperatures, these oscillations
disappear due to thermal fluctuations.

Energy transfer for higher excitations was studied
on a 25 dipole chain, in which the first dipole was
excited.®! In Figure 4, which shows the maximum
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energy of the 10th dipole in the chain as a function
of excitation energy of the first dipole, the difference
of the coaxial and the coplanar chains is obvious.
Low-energy excitations below three reduced energy
units (E x 4meord/u?), which are essentially blocked
in the coplanar chain, propagate through the coaxial
chain as a soliton-like wave. Intermediate excitations
with energies of 3—5 units propagate along the
coplanar chain but not along the coaxial one. For even
higher excitations, there is no significant energy
transfer in either case. Hence, the coplanar chain
behaves like a crude band filter and the coaxial chain
like a high-excitation filter.

Ground-state configurations and stability to
thermodynamic fluctuations have been discussed for
a series of two-dimensional lattices'421527156 where
such dipole—dipole-mediated waves as discussed in
the one-dimensional case may also be present. In
particular, square,'%® rectangular,'?> and hexagonal'5¢
lattices exhibit anti-ferroelectric ground states.'4? The
triangular lattice case has been most studied!42154155
and shows a ferroelectric ground state which is stable
to fluctuations.*? Generally, ferroelectric ground
states are associated with rhombic lattices (with
internal angles of less than 80°) while anti-ferroelec-
tric configurations are consistent with rectangular
lattices.142155 Possible examples of dipole—dipole or
higher order coupling between rotors with very small
torsional potentials are discussed in section 7.2.157.158

4. Experimental and Theoretical Methods

Most methods used to study rotational processes
are generally known to the chemist, and their de-
scription is easily accessible in the literature.
The most common technique for the study of solu-
tion-state rotors is dynamic NMR (or DNMR)
spectroscopy.'®*7167 More detailed discussions on 2-D
NMR techniques are available in recent reviews.168-170
NMR experiments for observing dynamical processes
in solids are also described in other sources.!717173
Other common techniques such as microwave
spectroscopy,'” 17 infrared (IR)'"87180 and Raman!81-182
spectroscopy,'83184 and circular dichroism (CD) spec-
troscopy!8%186 are mentioned in the text but will not
be discussed here. Instead, we chose to highlight two
techniques that may be less well known to chemists,
dielectric spectroscopy and molecular dynamics simu-
lations, with references to more thorough treatments.

4.1. Dielectric Spectroscopy

Torsional motion of a rotator is probed by dielectric
spectroscopy'®” via coupling of an applied electric field
with a permanent electric dipole moment associated
with the rotator. Thin films or bulk samples of rotor
molecules are treated as a dielectric and are encased
in a capacitor which can be either parallel plate or
more complex in nature. The molecules add an
additional polarization to the empty capacitor, ef-
fectively increasing the dielectric permittivity, ¢, and
thus the capacitance. The increase in capacitance is
measured as a function of the frequency of an applied
oscillating field and as a function of temperature.
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Dielectric spectroscopy is often utilized for rotors
in the random hindered regime discussed in section
3.2.3.2. Here, the thermally activated relaxation rate
is an exponential function of the ratio W/kT. For
applied electric fields with a frequency smaller than
the relaxation rate of the rotors, the dipoles follow
the field and thus contribute to the measured capaci-
tance. As the temperature is decreased, or as the
frequency of the applied field increases, the dipolar
rotators are no longer able to follow the applied field
direction and only the background capacitance of the
empty capacitor is observed. Thus, for a constant
applied frequency, a step in capacitance is observed
at a temperature where the relaxation rate of the
dipoles is approximately equal to the applied fre-
quency. The position of this step as a function of
applied frequency gives information about the tor-
sional potential in which the rotors move (Figure 3).
The amplitude of the change in capacitance provides
a measure of the number of reorienting dipoles and
the efficiency of rotor alignment with the field.

Because the capacitance due to the rotors is
normally a factor of 10% or more smaller than the
background capacitance due to the empty measure-
ment capacitor, this effect is more easily observed by
measuring the capacitor loss. The dissipation factor
tan ¢ is measured as a function of applied frequency
and sample temperature, and it contains information
on the response of the real capacitor, which includes
resistive elements, in comparison with that of an
ideal purely capacitive capacitor. Experimentally, the
loss of the measurement capacitor is usually compa-
rable or smaller in size and has significantly smaller
temperature dependence than the loss contributed
by the rotors, creating a much more favorable situ-
ation for observation of the rotor response.

For a voltage applied across an ideal capacitor, the
current observed is exactly 90° out of phase with the
applied signal. Introduction of a resistive element,
such as a leakage current, alters this phase, and a
small fraction of the total current is now in phase
with the applied voltage. This deviation from ideal
behavior is measured as the angle 6 between the true
phase and 90°. In a rotor relaxation experiment, the
rotors also contribute a resistive (or lossy) component
to the capacitor which is reflected in a peak in the
measurable quantity tan 0 as a function of temper-
ature. As mentioned above, for a fixed frequency
experiment, the dipolar rotators are unable to re-
spond to the applied field at low temperatures and
thus do not contribute to either the capacitance or
the dissipation factor. At high temperatures, the
rotors respond quickly to changes in the applied field
and thus contribute to the capacitance but provide
no dissipation. However, at an intermediate temper-
ature, where the relaxation rate of the rotors is
similar to the frequency of the applied signal, the
reorientation of the molecules contributes partially
to the capacitance but, due to the imperfect response,
also adds a resistance element to the capacitor. Thus,
tan 0 peaks at a temperature where the relaxation
rate of the rotors coincides with the measurement
frequency (the same temperature as the step in the
capacitance). For a homogeneous system with a
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Figure 5. Dissipation factor versus temperature at three
frequencies for a microcrystalline array of dipolar fluo-
robenzene rotors. The solid lines are fits to eq 51 with a
lowest barrier (W — s in Figure 3) of 13.7 kcal/mol and s'
= 1.9 kcal/mol. The sample contains ~2 x 10 rotors.
Reprinted with permission from ref 141.

single relaxation time, the shape and position of the
peak can be described by the Debye form:!88

C ot

tand = ———— 51
Co1+ w¥? 6D
where C is the capacitance due to the rotors, Cj is
the background capacitance, w is the frequency of the
applied field, and 7 is the inverse of the relaxation
rate discussed in section 3.2.3.2. Plots of tan 0 against
temperature, obtained at several frequencies, are
shown in Figure 5.

A similar experiment can be undertaken in the
time rather than the frequency domain.'® Here,
instead of an oscillating excitation, a step change in
the potential across the capacitor is imposed and the
relaxation (measured via the observable current) is
recorded as a function of time. After the fast transient
due to the response of the measurement capacitor,
an exponential decay in current should be observed
for a system with a single relaxation time. This
current reflects the alignment of the rotors with the
applied field and decays with a time constant equal
to the inverse of the relaxation rate. The integrated
area under the decay curve is proportional to the
number of rotors responding to the applied field.
While molecular rotor studies utilizing dielectric
spectroscopy are not specifically enumerated here,
they are mentioned in the context of specific com-
pounds in the sections to follow.

4.2. Molecular Dynamics

Quantum mechanical (QM) and molecular mechan-
ics (MM) methods are commonly used to construct
molecular potential energy surfaces. They can locate
minima and calculate energy barriers for various
paths. However, a static exploration of the nuclear
configurational space provides only an incomplete
study of rotor behavior, and molecular dynamics
(MD) simulations are required for an understanding
of rotor motion. While quantum dynamics methods

Chemical Reviews, 2005, Vol. 105, No. 4 1301

work at the most accurate level of theory, their
excessive computational demand makes them only
applicable to very small model systems with a few
degrees of freedom. Semiclassical methods are more
generally applicable, but large structures require the
application of classical molecular dynamics, where
all atoms are treated as classical objects moving on
a potential energy surface. The equations of motion
are then numerically solved introducing a finite time
step.1® A straightforward solution of Newton’s equa-
tions of motion provides results for a situation in
which the number of particles, energy, and volume
are constant. In most experiments, temperatures
instead of energy and pressure instead of volume are
constant. Various methods are available to perform
simulations in such ensembles.'® For typical rotor
structures, studies of rotation on a time scale up to
nanoseconds are possible. The most severe limitation
of MD in rotor studies is that it does not account for
zero point vibrations in molecular structures. It has
been argued that at very low temperatures this
results in pooling of the energy in low-frequency
modes. %!

We do not provide here a list of instances in which
MD studies of molecular rotors have been performed
but shall mention them in the following sections in
the context of the specific molecules that have been
investigated.

5. Rotors in Solution

The primary focus of this article is on possible
future applications in nanoscience and nanotechnol-
ogy, where rotors or rotor arrays mounted on surfaces
or inside solids are of particular interest. This is
reflected in the above discussion of theoretical aspects
of rotor motion, and we return to the subject in
sections 6 and 7. Up to now, however, by far most
molecular rotors have been studied in solution, and
this is the subject of section 5. It may appear
somewhat disconnected from the other sections, yet
it is essential for the appreciation of the topic. After
all, the rotor molecules need to be synthesized and
their basic characteristics, such as rotational barri-
ers, established before it makes much sense to mount
them on surfaces or to examine them inside solids,
and such synthesis and characterization are nearly
always performed in solution. Besides, to many
authors, investigation of molecular rotors freely float-
ing in a solution is fascinating in its own right, and
their eventual utility in nanotechnology is of second-
ary concern.

5.1. Propellers, Gears, and Cogwheels

It can be argued that the first mechanical molec-
ular device was the molecular gear; indeed it is one
of the simplest devices that can be designed from
molecules. The idea of “correlated”, “geared”, and
“restricted” rotation in a wide variety of molecules
is a vast area of research, which can be traced back
to the resolution of the first conformationally re-
stricted biphenyl, 6,6'-dinitro-2,2'-diphenic acid, by
Christie and Kenner in 1922.1°2 The topic has been

the subject of many review articles and several
books, 148.164-166,193—201
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Presently, we start by defining the nomenclature
used for macroscopic gears and use this terminology
to describe the molecular counterparts. Then we give
a brief historical account of the discovery of molecular
propeller systems, which led directly to the notion of
gearing in molecules. Finally, we will discuss differ-
ent systems in turn, in particular, those that led to
a deeper understanding of the mechanics of molec-
ular-scale gearing. As mentioned in section 3, we are
interested in understanding the factors that affect
the intrinsic torsional potential W through steric and
electronic effects. Insight into the steric “size” of
molecular functional groups, as well as the intrinsic
barriers created for the axle about which the rotator
turns, is of interest in developing a systematic
understanding of the factors that govern rotation.
Because the topic has been covered many times
before, we choose several examples which we feel
illustrate the principles of molecular gearing.

In particular, we do not cover most of the compu-
tational work but use one example that we consider
particularly striking to illustrate the complex beauty
of the subject: Figure 6 illustrates the geared rota-
tion of the eight nitro groups in octanitrocubane,
investigated computationally by Hrovat et al.2?

5.1.1. Nomenclature

The concept of a molecular gear is intended to
invoke images of the macroscopic analogues. Indeed,
in this review, we use a number of terms that have
relations to macroscopic objects, such as turnstiles,
motors, wheelbarrows, pinwheels, and gyroscopes, to
name a few. To facilitate a discussion of molecular
gears, we define some of the nomenclature used in
their real-world analogues and extend these defini-
tions to their nanoscale counterparts. There are four
main gear classes:?%® spur gears, bevel gears, worm
gears, and spiral or helical gears (Figure 7). Spur
gears are the simplest and the most commonly used
in macroscopic machines and are also the most
efficient type of gear, with efficiencies up to 99% in
the macroscopic world (Figure 7a). They contain two
cylindrically symmetric cogged wheels, with teeth cut
parallel to the axis of rotation, and transmit rotary
power between parallel shafts. Bevel gears transmit
rotary power to shafts that are at an angle to one
another (most commonly 90°) but lie in the same
plane (Figure 7b). The teeth are cut into the frustum
of a cone, the apex of which is the point of intersection
of the shaft axes. For macroscopic bevel gears of the
same size at right angles to one another, the velocity
ratio is one-to-one, and these form a special class of
gears called miter gears. For a velocity ratio other
than unity, the smaller of the two gears is referred
to as the pinion (which applies for the smaller of two
gears in any gear system). Worm gears transmit
rotary power between two shafts that lie in different
planes (Figure 7c). A worm is a screw cut to mesh
with the teeth of a worm wheel, which is essentially
a spiral spur gear. These gears tend to be very
inefficient due to friction and produce much heat
during operation. They are typically used in the
macroscopic world when one shaft needs to turn at a
much slower rate than the other. Spiral or helical
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Figure 6. Ball-and-stick, space-filling, and chemical struc-
tures of octanitrocubane. Reprinted with permission from
ref 202. Copyright 2001 American Chemical Society.

gears are used to transmit rotary power between
shafts that are either parallel to each other or at
angles to one another, but in different planes. The
former is referred to as a herringbone gear (Figure
7d). In the macroscopic world, the teeth of a spiral
or helical gear are cut at an angle across the face of
the gear, which differentiates them from other types
of gears. In nanoscopic systems, it can be argued
whether spiral and helical gears can be distinguished
from other types, such as bevel gears, although the
helicity of the individual molecular “teeth” may serve
to differentiate them. The efficiency of these macro-
scopic gears is roughly the following: spur > her-
ringbone > bevel > spiral or helical > worm.
Whitesides and co-workers?** have defined the
nomenclature for fluidic gears, those that operate at
the fluid/air interface, for millimeter- to centimeter-
scale objects. Gearing in the macroscopic systems
studied by this group can occur either by classical
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Figure 7. Several types of macroscopic gearing systems. Photographs courtesy of Emerson Power Transmission Corporation
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mechanical gearing or by hydrodynamic shear and
capillary forces. Fluidic gears generally have differ-
ently shaped teeth in comparison to classical ana-
logues and can indeed have no teeth at all. Gearing
in such systems is created by menisci formed at the
interface, and the shear from the turning gears is
transmitted to neighboring gears. Due to the fact that
these gears are not in intimate contact, and instead
transfer torque through the liquid medium, they have
a very low wear potential. However, it is doubtful
that the physical phenomena observed in these
systems?% will translate as the size of the objects is
decreased, ultimately to the molecular scale. The
same, however, can be said about our understanding
of mechanical gears in general. This section, and
others in the review, will deal with our understand-
ing of how and which macroscopic properties can be
transferred to the molecular level.

5.1.2. Historical Account of Molecular Propellers and
Gears

In the beginning of the 20th century, chemists
began to discover that molecules need not possess a
stereogenic center to be chiral. Hindered rotation of
groups within a molecule, if slow enough on the time
scale of observation, could render a molecule chiral.
Therefore, the presence of a stereogenic center in a
molecule is a sufficient condition, but not a necessary
one, for the molecule to have a non-superimposable
mirror image and exhibit chirality. The first experi-
mental examples were in the study of substituted
biphenyls (Figure 8), where rotation about a single
bond is hindered. It was initially argued whether
biphenyls were planar or whether the rings were
twisted with respect to one another to overcome steric
crowding. The resolution of enantiomers of biphenyls,
first observed by Christie and Kenner'? on 6,6'-
dinitro-2,2'-diphenic acid (1), proved that the
molecules must be twisted to remove planar sym-
metry. The resolution of a number of other sterically
hindered biphenyls,2%57208  gnilines,?°°~213  and
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Figure 9. Early proposals for the stereochemistry of
molecular propeller systems.

styrenes?!47218 goon followed. The ability of com-
pounds to possess chirality due to restricted rotation
was labeled atropisomerism?® (from Greek; a mean-
ing not and ¢ropos meaning turn or rotate).

Early work on biphenyls and related atropisomeric
systems was important in understanding issues
related to chirality and energy barriers to rotation
as a function of steric interactions. One importance
of the discovery is that it led to further research in
propeller-like molecules. The first such molecules
were the triarylcarbonium ions. Lewis and co-work-
ers??? investigated the low-temperature absorption
and emission spectra of the crystal violet cation (2,
R = CHj;) and detected different isomers which
interconverted with a barrier of ~2—3 kcal mol™!
(Figure 9). They proposed a helical propeller struc-
ture, where all the rings are twisted in the same
sense. Later, Deno and co-workers?21-222 investigated
many variously substituted triarylcarbonium cations
and concluded that a “plane-propeller” conformation
3 (one aryl ring planar, the other two twisted) is most
likely for substituted trityl cations.

Definitive proof of the helical conformation did not
come until the mid 1960s and was made possible by
the advent of NMR spectroscopy. Schuster, Kurland,
and Colter??3-225 (often abbreviated SKC) measured
the F NMR of fluorinated ortho- and para-substi-
tuted triphenylcarbonium ions (4) in liquid HF
(Figure 10). By using temperature-dependent NMR,
they were able to observe that the molecule is indeed
in a propeller conformation and that it interconverts
stereoisomers via “flip” mechanisms, wherein one or
more rings rotate perpendicular to the plane contain-
ing the central carbon and the three phenyl carbons
bound to it (the “reference plane”), while the remain-
ing rings pass through the reference plane (see
section 5.1.5 for a more detailed discussion). Propel-
ler-type conformations were soon discovered for the
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Figure 11. Molecules in early studies on concerted rota-
tions in gearlike systems.

triphenylcyclopropenium ion??¢ 5 (by its crystal struc-
ture) and in chiral diarylacetic acids (e.g., 6),%2” which
provided the first example of a chiral resolution by
chromatography.

However, the importance of the SKC papers was
in the use of NMR spectroscopy to view hindered
rotation in gearlike systems. Soon after the discovery
of propeller systems, investigators began to discover
that the rotation of one part of the molecule could
effect the rotation of other parts in a correlated
fashion. Kwart and Alekman??® investigated the
hindered rotation in dimesitylcarbonium ions (e.g.,
7) and found no temperature dependence on the
chemical shifts of the ortho-methyl groups (Figure
11). Therefore, even at temperatures as low at —60
°C, they exchange very rapidly. This exchange can
be due to nearly unhindered rotation about the arene
carbon—central carbon bond or to a concerted rotation
of the arene rings wherein the torsional motion of
one ring mandates the turning of the second in the
opposite direction (disrotation). Steric arguments
make the former highly unlikely, and the authors
favored the latter explanation, which was supported
by calculations. They dubbed this motion the “cog-
wheel effect”, a term that would permeate the litera-
ture for many years to come. The phenomenon was
also observed in other similar systems in the same
year.??? It should be noted that Adams predicted such
a correlated rotation in tetraarylmethanes 18 years
earlier, simply by using chemical models: “An ex-
amination of the scale models of the tetraphenyl-
methane molecule reveals a high degree of steric
hindrance. It would appear quite difficult for one of
the phenyl rings to rotate completely about its bond
to the central carbon atom if the positions of the other
three rings were fixed. Rotation of the phenyl rings
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in such a molecule should take place with greatest
ease when all four rings rotate simultaneously in a
coordinated manner.”230

With NMR, chemists had a readily accessible and
relatively straightforward method to observe con-
certed rotations in “cogwheel-like” systems, and in
the four decades following 1965, the number of
papers increased dramatically. Breslow and co-work-
ers?3! revisited the triarylcarbonium ions for geared
rotations using DNMR, as did Rakshys et al.232.233
Other groups investigated similar behavior in diaryl
ethers (8),234235 diaryl sulfides (9),2%6237 diphenyl
ketones (10),238 and polyarylmethane derivatives
(section 5.1.3),2397241 t0 name a few. In the 1970s,
1980s, and 1990s and up to the present, many groups
have returned to the concept of correlated rotation
in a number of systems. Here we will devote the rest
of the section to discussing a number of particular
areas where the majority of the work has been
concentrated. We focus on molecules that most
resemble geared systems. Much of the work discussed
above and in the following sections, as well as other
work, has been discussed elsewhere,165.166.194,195.242 o1 q
a thematic issue on atropisomerism has appeared
recently.?*3

5.1.3. Rotation of Alkyls and Related Groups in
Molecularly Geared Systems

The simplest alkane to have a rotational barrier
is ethane. This is the benchmark for teaching stu-
dents about rotational isomers and eclipsed and
staggered geometries in organic molecules. Since both
methyl groups have the same moment of inertia
about the C—C axle, one is arbitrarily defined as the
stator and the other as the rotator. In the vibrational
ground state, and in the absence of outside con-
straints, both will rotate equally in opposite direc-
tions during a hop from one to another staggered
minimum. This example illustrates how relative the
concepts of rotator and stator in an isolated molecular
rotor can be. It also hints at the possible true
complexity of the motion that is sometimes simply
viewed as a mere turning of one group in a molecule,
with the rest of the molecule immobile. Almost
inevitably, in the absence of external constraints such
as attachment to a macroscopic surface, all atoms in
the molecule need to move, and the internal rotation
is coupled to a rotation of the molecule as a whole.!

The example of ethane also shows that a vast
number of molecules could be considered rotors under
our classification system. Pitzer and co-workers?44245
discovered the barrier to rotation in ethane (~3 kcal
mol 1) in their studies on the entropy of gases by
statistical mechanics and found that it was not
possible to reproduce the entropy without a threefold
barrier in the rotation. Early work of Kohlrausch?46
and Mizushima and co-workers?4"-248 established the
existence of rotational isomers in 1,2-dichloroethane
using Raman spectroscopy and dipole moment stud-
ies. A review of rotamers in organic compounds
determined by vibrational spectroscopy can be found
in the book by Mizushima.?4

In these relatively simple models, it becomes im-
mediately clear that barriers to rotation, which can
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Figure 12. Benzene rings containing six bulky substituents form tongue-and-groove static geometries. Dynamically, the
rotation of one group influences the rotation of the other five in a correlated fashion (cyclic gear systems).

be thought of as a simple gearing model in which a
forced turning of one methyl group causes the other
methyl group to turn as well, do not need to originate
from physical phenomena observable in the macro-
scopic world. In ethane, the methyl groups do not
mechanically mesh as in large-scale gears. The origin
of the barrier to rotation and the preference of ethane
for an eclipsed conformation are quantum mechan-
ical.?*? This is our first instance where macroscopic
mechanical expectations fail at the molecular level.
Quantum phenomena often prevent us from “minia-
turizing” large mechanical devices to the molecular
scale simply.

Since the barriers in these small systems were
discovered, a variety of studies followed which mea-
sured the activation barriers to rotation in small
molecules. The use of NMR spectroscopy to determine
rotational barriers was pioneered by Gutowsky and
co-workers,?® who measured the barrier to rotation
in N,N-dimethylformamide and N,N-dimethyl-
acetamide in 1956. An account of the early history
of dynamic NMR has been related by Gutowsky.?5!
Since then, a number of groups have taken up the
study of rotation of alkyl groups and the possibility
of gearing. Notably, Roussel, Chanon, Metzger, and
associates'®” have coined the term “gear effect” for
the meshing of alkyl groups in a number of systems
(e.g., 11, Figure 11). The gear effect is defined by
these authors as “nonbonded interactions between
anisotropic alkyl groups involving a long-range trans-
mission process of conformational information due to
the polyhedral shape of the alkyl groups”.???2 These
systems behave in a manner analogous to their
macroscopic counterparts, but it is difficult to foresee
useful work being produced from them. However, the
knowledge obtained from these early studies is
important in our understanding of the physical
consequences of constructing molecular models of
macroscopic machines.

A number of groups have investigated rotations in
alkylbenzenes,??3~260 benzyl alkali salts,?617264 benzyl
halides,?5-268 gubstituted aromatic amine deriva-
tives,?%? dialkyl disulfides,?™ methylated pyridinium
salts,?%? and variously alkylated phenyl rings.271,272
A more detailed analysis of rotations of alkyl groups
can be found in a number of reviews,165.166.196,198
However, several investigators!'®727 have cautioned
that gearing in alkyl systems is quite complicated
and cogwheeling may not be the only mechanism for
the rotation of the groups.

Much of the early data available on the rotation of
alkyl systems, especially those attached to phenyl
rings where the other substituents could be modified,
led to the concept of steric “size” in organic molecules.

A number of early experiments were summarized by
Forster and Vogtle.?™* The use of steric size is
important in the design of rotor systems, as it can
be used to tune the barrier to rotation in molecules,
giving an adjustable synthetic parameter for building
rotor systems with useful applications.

Polyalkylbenzenes (Figure 12) have been studied
for geared rotation about the Cphenyi—Caiy bond in
the presence of the other alkyl groups. Hexaisoprop-
ylbenzene (12)254275-278 wags found to have a tongue-
and-groove arrangement of isopropyl groups wherein
the isopropyl protons sit in the cavity formed by the
adjacent isopropyl methyl groups to give an overall
Cs, symmetric molecule.?’”® A lower limit for the
topomerization barrier was found to be (AG¥) 22 kcal
mol 1.2 Likewise, Mislow and co-workers?89-28! found
similar arrangements for hexakis(dimethylsilyl)ben-
zene (13) and hexakis(dimethylgermyl)benzene (14).
In the former, when complexed to Cr(CO)s; (which
serves to break the symmetry of the molecule), they
found correlated rotation of the alkyl groups with a
barrier (AGjy,) of 14.2 kcal mol!. The concept of
conformational cycloenantiomerism was developed
from the study of 1,2-bis(1-bromoethyl)-3,4,5,6-tetra-
isopropylbenzene (15).282 The gearing of the alkyl
groups leads to four stereoisomers (two pairs of
enantiomers), where only three would exist in the
absence of gearing. If the system exhibited unhin-
dered rotation about all groups, no isomers would
exist. In this case, the cyclic structure combined with
the steric gearing leads to a situation where cyclo-
stereoisomers are observed. Isolation of one enantio-
mer allowed the authors to determine the cyclo-
enantiomerization barrier (by reversal of the six ring
substituents in a concerted fashion) to be greater
than 24 kcal mol~! (AG¥) by coalescence NMR. Biali
and Mislow?® investigated the geared rotation in a
similar compound, 1,2-bis(bromochloromethyl)-3,4,5,6-
tetraisopropylbenzene (16), and found a barrier
(AG}yg) of 26.8 kcal mol ! by using saturation trans-
fer NMR (£ = 0.19 s71). Similar results were obtained
for 1,3,5-tris(diethylamino)-2,4,6-tris(dimethylamino)-
benzene, hexakis(diethylamino)benzene, and hexa-
kis(dimethylamino)benzene.?%* Cycloenantiomeriza-
tion has also been observed in rotaxanes by Vogtle
and co-workers.5°

Hexaethylbenzene (17) and derivatives have also
been investigated for geared rotations (Figure 13).
Mislow and co-workers?®® found that the ethyl groups
prefer alternating “up” and “down” conformations
with respect to the mean plane of the benzene ring.
Similar behavior was observed in hexa-n-propylben-
zene?®® and hexakis(bromomethyl)benzene.?$” Com-



1306 Chemical Reviews, 2005, Vol. 105, No. 4

11.5 kcal mol™

17 18

~9.5 kcal mol™!

Kottas et al.

ON
OoC= ,CS
Cr /

o,

~9.5 kcal mol™!

11.5 kcal mol™!

19 20

Figure 13. Gearing in hexaethylbenzene and organometallic analogues.

plexation of a metal tricarbonyl moiety, such as
Cr(C0)s,285288 affords a species (18) in which the ethyl
groups prefer a proximal or distal relationship with
respect to the metal complex and, in the most stable
geometry, the carbonyl groups lie directly beneath
the distal ethyl groups to minimize steric interac-
tions. The barrier to rotation for exchange of proximal
and distal ethyl groups was found to be (AG*) ~ 11.5
kecal mol™1, and the barrier to rotation of the tripodal
Cr(CO); group was too low to measure (see below and
section 5.4.2 for further discussion on rotations of
tripodal metal complexes). These complexes repre-
sent molecular analogues of bevel gears, with shafts
at 90° angles to one another. However, this repre-
sents a truly geared system only if the two rotating
parts are coupled to each other. Early investigations
could not determine this, and synthetic analogues
capable of measuring the two barriers were neces-
sary. Also, as explained in section 3, the efficiency
decreases when the barriers are mismatched, as the
two components cannot orient well.

McGlinchey and co-workers have been interested
for some time in the investigation of molecular bevel
gears based on hexaethylbenzene—tricarbonylchro-
mium complexes (e.g., 18)?892%0 and, in particular, in
probing whether the rotation of the tripodal base was
correlated with the rotation of the ethyl groups. By
replacing one ethyl group with an acetyl substituent
(19), they were able to break the symmetry of the
molecule, while keeping the alternating proximal/
distal relationship among the substituents, and
observe the barrier to rotation (AG*) for the ethyl
groups (~9.5 kcal mol™!) using both solution and
solid-state 13C DNMR.2°! However, the barrier to
tripodal rotation was still too low to measure. In an
elegant experiment, they changed the ligands on the
metal to yield the chiral chromium cation [(C¢Ete)-
Cr(CO)(CS)(NO)]* (20), which allowed them to sepa-
rate tripodal rotation from ethyl group rotation.?%2
The barrier (AG*) for tripodal rotation was ~9.5 kcal
mol~! and the barrier (AG¥) for ethyl group rotation
was ~11.5 keal mol™!, which shows that the two
processes are not correlated. Siegel and Kilway?93:2%94
similarly investigated the two processes, but used
differentially substituted arenes complexed to
Cr(CO)s, and arrived at similar conclusions. In pen-
taphenylcyclopentadienyliron complex 21, McGlinchey
and co-workers?%5-2% also found that tripodal rotation
was not geared with phenyl group rotation (Figure
14). Clearly, these systems do not act as true bevel
gears. For a more detailed discussion, see reviews
by McGlinchey?8?2%° and Mislow.?’” Biali and co-
workers297729 have also investigated the geared
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Figure 14. Molecular analogue of a bevel gear. However,
the rotation of the tripod was not found to be correlated
with that of the phenyl groups.

rotation in other polyethylated and related aromatic
systems.

More comprehensive treatments of the static and
dynamic stereochemistry of alkyl groups can be found
in several reviews.194197.198,300 Other systems, such as
tetraalkylethylenes,?! tetracycloalkylethylenes,3°? tet-
racycloalkylmethanes,?3 ortho-disubstituted ben-
zenes,304305 alkylated propenals,?% alkylated ada-
mantanes,?” and  8-(dimethylamino)naphthyl
ketones,?%® have also been studied for correlated
rotation of the alkyl or related fragment. A number
of groups have also investigated cogwheeling of alkyl
groups from a computational standpoint.39-312
Pophristic and Goodman?'? calculated the “gearing”
(correlated disrotation) and “antigearing” (rotation in
phase) in dimethyl ether. They found that the split-
ting between the geared rotation and antigeared
rotation is due to hyperconjugative effects instead of
simple steric factors. This study highlights the inher-
ent difficulty in using macroscopic principles to
design molecular machines, as there is no macro-
scopic analogue of hyperconjugation.

Although many of the geared systems described
here and below are not directly applicable to creating
“molecular machines”, they do provide the basis for
understanding the factors involved in correlated
rotations, ultimately needed for the design of mol-
ecules to be useful as molecular rotors. A requirement
for a molecular gear would be the transmission of
“information” such as directed motion over a certain
distance or over several geared units, as in the
cooperative motion of all six alkyl groups on the
hexaalkylbenzenes described above. However, the
question of how this behavior can be harnessed to
make useful molecular devices still needs to be
addressed.

5.1.4. Biphenyls

In section 5.1.2, we discussed atropisomerism in
biphenyls and the importance that restricted rotation
had on the understanding of isomerism with relation
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to stereogenic centers; that is, molecules do not
necessarily require a stereochemical center to be
chiral. Rotational processes are related to the energy
difference between the ground-state and transition-
state geometries of the molecules in question. For
biphenyl-type molecules, for rotation to proceed, the
two aryl groups must pass through a geometry in
which they are coplanar. Depending on the substit-
uents at the positions located ortho to the aryl—aryl
bond, the transition state may be low enough in
energy such that rotation occurs rapidly at room
temperature. If sterically demanding groups are
introduced in these positions, isomers will result
which do not rotate at room temperature and can be
isolated enantiomerically pure (see section 5.1.2).
However, in certain cases, the transition state may
be stabilized relative to the ground state to lower the
barrier to rotation. Take, for example, the conversion
of biphenyl derivative 22 to 23 (Figure 15). Suther-

CL o O
T A

22 23 24

Figure 15. Oscillatory motion in “strapped” biphenyl-type
systems.

_
-—

land and Ramsay?'* found (by DNMR, monitoring of
the gem-dimethyl signals) the barrier to rotation
(AG*375) to be 18.8 kcal mol™! for racemization
(strictly speaking, “enantiomer interconversion”, but
we shall retain the convenient abbreviation “racem-
ization”). Rebek and Trend?®'® designed the related
bipyridyl system 24, which has a slightly lower
barrier (AG*37;5 = 14.5 kecal mol!). Bipyridyls are
known from X-ray crystal structures to bind to
transition metal ions with the aryl rings nearly
coplanar. Therefore, metal binding to 24 could actu-
ally lower the racemization barrier by stabilizing the
transition state. Indeed, this was observed.?> Com-
plexation with HgCl; or ZnCly reduced the barrier
(AG¥313) to 10.5 kecal mol™! (Figure 16), and even

| X = |
N~ M=Hg* zn* Ny
M M
\N Z | \N N
X l =

Figure 16. Metal-bound biphenyl-type systems.

larger rate enhancements were found in bipyridyls
with crown ethers appended, as in 25—27 (Figure
17).316317 Racemization was observed in 25 with
DNMR by monitoring the benzylic protons (shown).
Without added metal ions, the lower limit of the
barrier for 25a was found to be (AG*) 24 kcal mol !
(no coalescence up to 165 °C). For 25b and 25c,
although a singlet was observed for the benzylic
protons, the authors did not believe the equivalence
was due to racemization and placed the barrier at
>24 kecal mol~!. When PdCl; was added, the activa-
tion barriers decreased to 14.6 kcal mol~! (AG*¥sy;) for
25a, 14.0 kcal mol~! (AG¥ag3) for 25b, and 13.9 keal
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Figure 17. Rotations in some biphenyl-type systems.

mol~! (AG¥ag3) for 25¢, which corresponds to at least
a factor of 10° at room temperature. In this study,
however, the authors contended that the metal binds
to the bipyridyl nitrogens and not the crown ether
portion of the molecule. This was later disproved?!8
by the same authors in the investigation of metal
complexation to 26, which lacks nitrogen binding
sites but behaves in an analogous manner to 25a—c
when complexed to metal ions.

Bott, Field, and Sternhell?!® investigated a “ration-
ally designed” biphenyl system to study steric effects
in the rotation of biphenyls. Molecule 28 possesses a
number of markers which can be used to observe and
control rotation. The ability to change the X and Y
groups synthetically allowed the authors to test the
rotational barrier in terms of steric effects by chang-
ing the sizes of the X and Y substituents. In this
system, the Y group is only changed slightly to bring
the barriers into an acceptable range for DNMR
studies, while X is used to test the steric conditions.
The prochiral methyl groups on the indane ring are
used to observe the rotation in the NMR and are
sufficiently removed from the site of the steric
interaction in the transition state to not be a factor
in the rotational barriers. Changing X and Y should
have little or no effect on the ground-state geometry
and only affect the transition-state geometry, which
is important because a reference level must be
defined when a series of compounds are compared.
If substitution changed the ground-state and transi-
tion-state geometries, no correlation could be attained
throughout the series, since there would be no
reference point. This compound fits that criterion, as
well as others studied in the paper. In all, 33
derivatives were synthesized and measured. From
the data, the authors were able to determine the
effective van der Waals radii of the substituent groups
through the series (by changing X, but keeping Y
unchanged). Many conclusions about the size of the
substituents were as expected: I > Br > Cl > F;
SCHj3; > SH; ¢-Bu > i-Pr > CHjs; CF3 > CHs.

5.1.5. Arene Propellers and Gears

Polyaryl molecular propeller systems draw im-
mediate analogies to macroscopic propellers found on
airplanes and boats. The dynamic gearing in systems
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Figure 18. Arene-based propeller systems.

containing multiple arene systems was introduced in
section 5.1.1, and a full account of this vast area is
beyond the scope of this review. Many reviews have
appeared,48.165.166,194-196,199-201.242,320-322 511 ] the reader
is directed to them for a more detailed discussion.
Polyarene propellers can generally be classified into
two subsets: (a) those arranged around a central
atom (Figure 18), as in diarylsulfoxides, diaryl sul-
fones, diaryl sulfides, diaryl ketones, and diaryl
ethers (29; X = SO, SO, S, CO, respective-
ly),235-237.323-330 Ji_ and triarylboranes (30; Z = B),381-333
diarylmethanes and derivatives (29; X =
CH,),227-229,238,241,334-340 ¢ rigrylmethanes (80; Z = CH
and trityl cations (30; Z =
(+),220-225.231-233,239.240,381-333,341-347 t ot paarylmethanes
(31),%39 triarylamines (30; Z = N),348349 triarylphos-
phines (30; Z = P) and derivatives,?*°352 and pol-
yarylated ethanes, ethenes (32; R = R' = H), ethenols
(82; R = H, R" = OH), and ethenones,217353-359 gnd
propeller chains,4%150:336 gand (b) those described by
the rotation about a planar unit such as a benzene
ring. This second class includes the triarylcyclopro-
penium cation (5),226 polyarylated cyclopentadienes,
cyclopentadienones (Figure 24),242:360-362 gnd ben-
zenes (Figures 22 and 23).363-367

In polyaryl propeller systems, the aryl “blades” are
twisted in the same sense to yield an overall helicity.
If the arene units are differentially substituted,
rotation of the groups can lead to isomerization. The
rotation of aryl groups in polyarylated molecules is
complex, and the interpretation of the data obtained
has often been incorrect or at least under debate.
From these studies, however, came an important
contribution to the understanding of chirality and
isomerization in molecules not necessarily containing
a stereogenic center. Mislow and co-workers per-
formed the first detailed investigation of correlated
rotation in polyphenylated molecules and examined
the concept that the torsional motions of two coupled
rotors would lead to a situation where the coupled
motion of the two units is energetically favored over
the independent rotation of the individual units. This
was first shown for polyphenylated methanes (30 and
31; Figure 18).200349 Mislow defined much of the
nomenclature and group theoretical arguments that
would be used for the decades to come. 148200201
Including the use of the SKC nomenclature for “flip”
mechanisms, Mislow introduced the concept of re-
sidual stereoisomerism (also called phase isomerism
by Iwamura and co-workers?®®), which describes the
ability of a system to possess isomers by the sole fact
that the rotations of certain units within the molecule
are correlated and not independent of the time scale
of the observation. In an analogy to macroscopic

Z=B,N,P,CH, C*

Kottas et al.
\»C@R R
R

3 32

R =H, OH, Ar

geared systems, consider two gears that rotate on
axes at a distance where the teeth are not inter-
meshed. In this case, the gears rotate independently
of one another and there is no correspondence
between the rotation of one and that of the other. On
the other hand, if the teeth are meshed, then the
rotation of one dictates the rotation of the second. In
molecular terminology, as described for arene propel-
lers, if the steric conditions in the system allow for
adequate meshing at the temperatures and time
scales of the observation, the rotation of one aryl
group will likewise dictate the rotations of others in
the system. In the macroscopic analogy, one gear
rotates clockwise while the other turns counterclock-
wise. In molecular terms, this is called correlated
disrotation. If the aryl groups are differentially
labeled, isomers will result which cannot interconvert
unless there is gear slippage, where one or more rings
rotate independently of the others in a nonconcerted
fashion.

Mislow has labeled the plane containing the central
atom and the three aryl atoms bound to it the
reference plane and defined stereochemical correspon-
dence as the relationship that defines the conforma-
tions in propeller molecules. A propeller-shaped
molecule can invert its helicity by undergoing n-ring
flips, and the mechanism for inversion changes with
the nature of the compound and the steric bulk. For
example, highly substituted aryl groups would be
unlikely to go through zero-ring flips, because, in the
transition state, all the aryl groups must pass
through the reference plane simultaneously and
become coplanar. For ring flips of n > 0, n rings
rotate in a conrotatory fashion through a plane
perpendicular to the reference plane, while the others
(for n = 1 or 2) pass though the reference plane in a
disrotatory fashion. In Figure 19, we show a sche-
matic for ring-flip mechanisms which reverse the
helicity of the original molecule. For the three-bladed
propeller shown (a = b = ¢; a, b, ¢ achiral on the time
scale of the measurement), if Z = B, eight diastere-
omeric d/ pairs result, six from the conformation of
each phenyl ring (a, b, ¢ above/below the reference
plane) and two from the helicity of the propeller. If
Z = CH, a stereogenic center is introduced and 2° or
16 diastereomeric dl pairs will result (but flip mech-
anisms only lead to interconversion of diastereomers,
not enantiomers). Mislow defines the structure where
a = b = ¢ as maximally labeled?® and has tabulated
all the possible stereoisomers for different combina-
tions a, b, and ¢.1%?

Similarly, Biali, Rappoport, and co-workers have
extensively studied geared rotations in polyarylated
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Figure 19. Schematic representation of ring-flip mechanisms for aryl propeller systems. The symbol // represents a phenyl

ring oriented perpendicular to the page.

ethenes and ethenones,3°6:358.359 and Schlogl et al.?%3
found that 1,1',2,2'-tetraarylethenes (33, Figure 20)

7S ok

Figure 20. Polyarylated ethene and ethane propeller
systems.

could be separated into enantiomers (AGggs* = 22.2
kcal mol™%; £, = 38.3 min at 21 °C). Isomerization
was suggested to occur by a two-ring flip mechanism,
while, in 1,1,2,2-tetra-o-tolylethane (34) and tetra-
o-tolylethene (85), Willem et al.?** found an inter-
conversion of the isomers to proceed via a four-ring
flip.

Several groups have investigated “propeller
chaing”,14%.150.336,369 which consist of multiple arene
units connected via linking groups (Figure 21), and
investigated the transmission of rotational informa-
tion along the chain. Montaudo et al.?3¢ first studied
a series of substituted dibenzylbenzenes (36) by
dipole moment and NMR measurements. They found
preferred conformations based on the substitution
pattern but did not probe the dynamics. Biali and
co-workers!#? investigated similar molecules, perm-
ethylated dibenzylbenzenes (37 and 38), using DNMR
and molecular mechanics calculations. In compound

37, different conformations result from the two
possible helicities of the moieties and the arrange-
ment of the phenyl groups on the main chain.
However, for a given conformation of the main chain,
not all helicities are sterically feasible. Compound 37
also displays an achiral conformation, which is pos-
sible for propeller chains with an odd number of
rings, while those with an even number of rings must
exist in chiral conformations. The lowest energy
mechanisms for this molecule to interconvert helici-
ties are a two-ring flip involving the two outer rings
(Ecale ~ 7 keal mol™!) and a one-ring flip involving
the middle ring (E.a. ~ 7.2 keal mol™1). One surpris-
ing outcome came when driving the rotation of the
outer ring in the calculation: while the middle ring
was found to rotate in a disrotatory fashion as
expected, the third ring did not rotate at all and the
behavior was termed “localized disrotatory rota-
tion” 149

The calculated barrier for the mutual interconver-
sion among all the conformers in 37 was calculated
to be 3.9 kcal mol~!. In compound 38, since all the
propeller conformers are chiral (even number of
rings), each flip resulted in enantiomerization. Like
the case of 37, the lowest energy flip mechanism
proceeds through a geometry in which the rings are
alternately coplanar and perpendicular to the refer-
ence plane. The barrier to correlated rotation in 38
(Ecae ~ 10 keal mol™!) was found to be larger than
that in 37, which is in turn greater than that in the
diphenylmethane (29; R = pentamethyl, X = CH)
analogue also investigated in this paper.!*° In conclu-

Figure 21. Some examples of propeller chains.
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Figure 23. Organometallic polyarylated propeller systems.

sion, the authors found that increasing the chain
length decreases the chance of correlated rotation
throughout the chain. Instead of minimizing the
steric interactions by rotations along the chain, the
interactions are in fact localized and the threshold
mechanism becomes correlated disrotation involving
only two rings at a time.

Most of the barriers to rotation in polyaryl species
such as those discussed above are below (AG¥) 25 keal
mol ™! and thus lead to some isomerization at room
temperature. Although barriers as high as (AG¥) 30
kecal mol™! (¢12 = 8 months at 20 °C) have been
observed in binaphthyl ethers,3?®> two-cogged gears
have an inherent inefficiency as compared to gears
with larger numbers of intermeshed teeth.

Systems in which the geared rotation is about a
central, planar unit such as a phenyl ring have also
been studied (Figure 22). The first example of a
polyarene on a planar skeleton appears to be that of
Sundaralingam and Jensen??¢ for triphenylcyclopro-
penium perchlorate (5; Figure 10), for which the
crystal structure showed a propeller conformation.
Hayward-Farmer and Battiste®™ first investigated
the tetraarylcyclopentadienone system and polyaryl-
benzene systems and found that the barriers to
rotation were (AG*) 21.8 kcal mol ! in 3,4-bis(o-tolyl)-
2,5-biphenylcyclopentadienone (39) and above (AG¥)
25.6 keal mol ! in 1,2-bis(o-tolyl)-3,6-diphenylbenzene
(40).

Gust and co-workers3%3364 studied rotational isom-
erism on hexaarylbenzenes in the late 1970s. The
static stereochemistry shows that the aryl rings
prefer a conformation perpendicular to the central
benzene, with librations about the Ca,—Cpp, bond in
and out of this arrangement. An X-ray structure of
hexaphenylbenzene (41)3"! had previously shown the
phenyl rings to prefer a “propeller” conformation with
a ~65° angle with respect to the central benzene, and
electron diffraction3’? predicted an essentially per-
pendicular arrangement of the phenyl rings with

Kottas et al.

librations of +10° from normal. Gust and co-work-
ers363:364 ysed sterically demanding o- and m-substi-
tuted phenyl rings to increase the barriers to rotation.
For rings bearing o-substituents (42; R = Me, OMe),
the barriers were as high as (AG¥) 38 kcal mol ! for
the aryl ring to pass through a transition state in
which it is coplanar with the central benzene ring.
For m-substituted phenyls, the barriers were signifi-
cantly smaller (AG* ~17 kcal mol ™). The values have
been assigned to one-ring flip mechanisms, followed
by rotational relaxation of the other five rings, which
inverts the helicity of the molecule. Conversion to the
enantiomer would require that all six rings flip, but
this is energetically very unfavorable. Pepermans et
al.366.373 g]s0 investigated hexaarylbenzenes and found
similar results.

McGlinchey and co-workers347377 used organo-
metallic labels to differentiate the aryl rings on
hexaarylbenzene propeller systems (Figure 23). In
hexaphenylbenzene chromium tricarbonyl (43),37 the
unhindered rotation of the rings leads to overall Cy,
symmetry, which is reduced to C; when the rotation
of the phenyl ring bearing the chromium group is
slowed on the NMR time scale (=100 °C). The value
for the rotational barrier (AG*) of the complexed ring
was found to be ~12 kcal mol™!. This is lower than
the value obtained by Gust and co-workers, but it was
not possible to tell if this was a result of a stabiliza-
tion effect on the transition state of destabilization
of the ground state. Replacing the phenyl-Cr(CO)s
unit by a ferrocene group (44), McGlinchey and
colleagues3’® found that a propeller conformation was
not the lowest energy structure. Instead, as evidenced
in the crystal structure, the rings exhibit an incre-
mental progression of twist angle (51° to 120°) with
respect to the central benzene ring. The ferrocenyl
unit lowers the barrier relative to that of the corre-
sponding chromium tricarbonyl complex 43, such
that propeller interconversions could not be observed
on the NMR time scale. To understand the effect of
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the ferrocene group on propeller dynamics of pheny-
lated benzenes, larger naphthalene groups were
chosen.?7378 McGlinchey and collaborators®”” syn-
thesized ferrocenylpenta(2-naphthyl)benzene (45) and
studied it by DNMR and X-ray crystallography. The
solid-state structure exhibits disorder at three of the
naphthalene rings, and the low-temperature NMR
confirms that the molecule is a mixture of rotamers
(at least three diastereomers). Clearly, these systems
do not represent good candidates for molecular gears,
and the authors have suggested®”” even bulkier
groups, but it is unclear whether this design scheme
will produce nanoscale applications.

Willem et al.360361 reinvestigated tetraarylcyclo-
pentadienones (46) in the early 1980s and found the
interconversion pathways to be one or two sequential
one-ring flip mechanisms based on whether the
phenyl ring on the carbon a to the ketone or the one
on the carbon f to the ketone rotates (Figure 24).

X =H, iPr, Me,Et,
tBu, and CH(OH)CH3

B - ring flip
46 47

Figure 24. Pentaphenylated planar arene propellers.

They concluded that the threshold mechanism was
the uncorrelated rotation of the a-phenyl ring via a
one-ring flip. In an similar example, Gust and co-
workers®%® observed that phenyl groups in penta-
phenylbenzenes (47) adjacent to the nonphenylated
position rotate much more easily if X is smaller than
a phenyl ring. Brydges and McGlinchey?®%? used
semiempirical calculations and structure—conversion
path correlation to study polyphenylated cyclopen-
tadiene and cyclopentadienones (46). They concluded
that the rotations of the o and 8 phenyl groups are
only partially correlated and describe the threshold
mechanism for rotation as a “delayed n-ring-flip”
mechanism which would not be observable by NMR
methods. A flip of the a ring is followed by that of
the f ring at some delayed time, indicating that the
rotations of the two are not truly geared. This is more
evidence for the likelihood that molecular gears based
on phenyl—phenyl interdigitation will not find use
in the practical world.

A number of groups have also investigated geared
rotation in arene systems computationally. Knop and
co-workers®”™ have investigated tetraphenyl “wind-
mill” systems of boron, carbon, and nitrogen using
ab initio (HF) and DFT calculations. They predicted
the activation energy for concerted rotation of the

H &
®ﬁ :

Me

48
Figure 25. Triptycene-based molecular gears.
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phenyl rings to be (Ecac) ~5.0 keal mol™! in BPhy™,
~6.4 kcal mol™! in CPhy, and ~7.9 kcal mol™! in
NPhs". A number of reviews!65194,195,199.201 ojye g more
comprehensive treatment of correlated rotations in
arene-based propeller systems.

Gears with planar symmetry (“two-toothed” gears)
are terribly inefficient and find almost no use in the
macroscopic world. The complex and debated mech-
anisms for isomerization of geared systems based on
arene propeller molecules show this macroscopic
observation pertains to the nanoscopic world as well.
Again, although the arene-based gear systems are
unlikely to find uses in the design of molecular
machines, the scientific knowledge gained is likely
to help us understand the extent to which the
information we have gleaned from the extensive
study of simple (or even complex) macroscopic ma-
chines will be useful when the same devices are
shrunk to the dimensions of molecules. The informa-
tion obtained from the work mentioned above was
instrumental in designing the first truly geared
systems, which will be discussed in the next section.

5.1.6. Triptycenes

The laboratories of Iwamura and Mislow!*® re-
ported the first examples of truly geared rotation, in
ditriptycyl ethers (Tp2X; X = O) and ditriptycyl-
methanes (TpoX; X = CHy). Interestingly, both groups
came upon these systems independently and concur-
rently in the early 1980s.148 As shown in Figure 25,
they consist of two three-toothed gears, and the
intermeshing between the phenyl groups on the two
triptycenes leads to little or no slippage of the gears,
even at high temperatures. In these systems, there
is no doubt that rotation of one triptycene unit causes
the disrotation of the other in a frame of reference
that keeps the central linker atom static. Before
discussing the work in this field, a distinction must
be made between static and dynamic gearing.?™
Static gearing is defined as the intermeshing of
groups in the ground state due to steric crowding and
is commonplace in organic and inorganic chemistry.
Dynamic gearing is defined as “the special effect on
the rate or mechanism of a process that may be
attributed to the intermeshing of a chemical [rotator]
with neighboring groups”?°! and is much rarer in the
chemical literature (cf. “the gear effect”; section
5.1.3).197

Earlier work by Oki and co-workers?®® had shown
that bridgehead-substituted triptycenes (Tps) behave
as molecular gears with high barriers to rotation
(Figure 26). Oki and others have investigated
triptycenes substituted at the bridgehead with
benzyl, 281738 mesityl, 38138 and phenoxy?8238538 groups.

Me _ 0 O O
209 XY P
oc
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Mislow’s group and Iwamura’s group extended these
studies into the ditriptycyl geared systems shown in
Figure 25.148

Figure 26. Early triptycene molecular rotors.

Empirical force field calculations®” predicted a
barrier of only 1 kecal mol™! to rotation in TpsCHy
from the C; ground state through the Cs transition
state, implying that correlated rotation was nearly
barrierless. To probe geared rotation by NMR, dif-
ferentially substituted ditriptycyls needed to be
synthesized, and Mislow?%” provided a full permuta-
tional analysis for the different types of substitution
patterns that would lead to isomers under geared and
nongeared rotation. Mislow?%® and Iwamura®® simul-
taneously published the realization of this concept
in back-to-back papers in 1981 for Tp2CHz and Tp2O
derivatives, respectively. In TpeX derivatives with
only one substituted triptycene benzene ring, nine
isomers are predicted: one achiral meso isomer and
four diastereomeric d! pairs.?¥73% Under the opera-
tion of dynamic gearing, some isomers interconvert
and only three residual isomers remain: a meso
isomer (consisting of one achiral conformer and a d!
pair) and two enantiomeric D and L residual isomers
(each with three chiral conformers). To interconvert
isomers, gear slippage would have to occur, meaning
that one triptycene would temporarily become un-
cogged from the tooth of the other. Mislow?3® chose
to investigate the dimethyl analogue 48, and Iwa-
mura®?® observed the phenomenon in the chloro
analogue 49 (Figure 25). Both found that diastereo-
mers were observable and separable and that the
barrier (AG*) to isomerization (gear slippage) was
quite high: ~34 keal mol ™! for 48 and >25 kcal mol !
for 49. After these initial successes, many variations
of the original systems were investigated. In all cases,
isomer interconversion did not occur at room tem-
perature and the barriers to gear slippage (AG¥)
exceeded 30 kcal mol 1. The benzene rings on one
triptycene fit well into the cleft formed by two of the
benzene rings on the other, causing the rotation of
one to induce the correlated disrotation of the second
and making slippage unfavorable.

Iwamura and co-workers®*! investigated a substi-
tuted bis(triptycyloxy)triptycene (Tp'OTpOTp’, 50)
compound to investigate whether dynamic gearing
could be observed in doubly geared molecules (analo-
gous to the rotor chains discussed earlier). They
found this to be possible with an extremely high
activation energy for gear slippage (E, = 43.2 kcal
mol 1), and they proved that stereochemical informa-
tion from one terminal triptycene unit can be trans-
ferred to the other one via the unlabeled central
triptycene unit through cooperative geared motions.
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This system provided the first example of a molecular
species that could adequately mimic the behavior of
a macroscopic counterpart and the rules that govern
rotation, and it demonstrated the inherent advantage
of the three-toothed over the two-toothed wheels.
Mislow and co-workers3923% glso investigated the
three-cogged rotors tris(9-triptycyl)cyclopropenium
perchlorate (51) and tris(9-triptycyl)germanium chlo-
ride (52), which allowed them to investigate selection
rules for molecular gears (Figure 27). If one trip-

51 52

Figure 27. Tris(triptycyl) gears—formally disallowed geared
rotation.

tycene rotates, the second must rotate in a disrota-
tory fashion, while the third would only be allowed
to rotate conrotatory with respect to the first. In a
cyclic system, this clearly cannot be done, and thus,
cogwheeling in this system is forbidden, as one would
expect from imagining a macroscopic analogue. As
with macroscopic gears, correlated rotation in a cyclic
gear system can only occur if the number of cog-
wheels is even, and this was observed to be the case
in the molecular system also. Therefore, rotation in
these molecules can only occur via gear slippage. This
is borne out in the experiment. The high barriers to
topomerization (AG* ~ 20.0 kcal mol ') in these
systems contrast with the low (AG* ~ 5 kcal mol™?)
barriers for correlated disrotation observed in bis(9-
triptycyl)methanes, and it is clear that this gearing
system does not operate with the same fidelity. The
authors conclude: “9-triptycyl systems are therefore
the only molecular gears studied to date that match
their mechanical counterparts in both static and
dynamic properties, i.e., that follow the same classical
mechanical laws as gears in the macroworld.” Yama-
moto and co-workers®* studied methyltris(9-trip-
tycyl)stannane and benzyltris(9-triptycyl)stannane
and arrived at similar conclusions.

For macroscopic systems of this type, geared rota-
tion would not be observed. At the molecular scale,
however, thermally activated processes lead to gear
slippage. Therefore, although the systems described
above represent extraordinary achievements in fur-
thering our understanding of how macroscopic rules
relate to systems operating on the molecular scale,
the particular exceptions that belong only to the
nanoscopic regime must always be kept in mind in
both the design of systems and in making claims as
to whether those systems will be useful as molecular
analogues. The difference is related to the scales at
which the different systems operate and the value
of kT relative to the barriers present (see section 3).
For molecular systems at or around room tempera-
ture, kT is usually large enough to randomly excite
rotational and vibrational modes that permit motion
over barriers. Since molecular machines will most
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Figure 28. Aromatic amide gears.

likely run at room temperature or higher, this is an
important point. However, it does not preclude the
use of molecules in the fabrication of useful devices,
because these random motions could possibly be
harnessed and thermally activated rotation of mol-
ecules could help in the design of nanodevices. It is
in this endeavor where truly important contributions
to our understanding of the design and implementa-
tion of molecular machines will be realized. We have
already briefly discussed Brownian motors in section
3, and we will discuss other examples of harnessed
random motion in the later sections.

A more detailed discussion of gearing in these
systems is available.!8201 Triptycenes are syntheti-
cally accessible by addition of benzynes to an-
thracenes. However, the conditions for the in situ
formation of benzyne are quite harsh and some
functional groups are not tolerated. Protecting groups
and subsequent substituent manipulation may be
needed. Since these molecular gear systems represent
the first true nanoscopic representation of a macro-
scopic gear, it will be interesting to see if work
continues toward the development of geared systems
with larger numbers of teeth per gear. Organome-
tallic chemistry offers a wide variety of interesting
structures with angles between units at fixed values,
and the synthesis of miter gears (bevel gears held at
90° angles to one another; section 5.1.1) and other
variations seems plausible. In sections 5.1.8 and 5.4
we will discuss some aspects of gearing in organo-
metallic systems.

5.1.7. Aromatic Amides

Rotations about aryl-C=0 groups in aromatic
amides have been known for some time, and a
number of interesting systems have been developed
by exploiting the partial double bond character!®! of
the structure and by introducing sterically demand-
ing groups on both the aromatic ring and the amide
nitrogen. Atropisomerism can be observed in substi-
tuted benzamides whose o-positions carry groups
larger than a proton.??® The C=0 group then lies
more or less perpendicular to the plane of the
aromatic ring,??%2%7 and the barrier to rotation can
be high enough (AG* between 25 and 40 kcal mol~1)
that enantiomers can be resolved®®403 and the
barriers to rotation of the amide unit can be mea-
sured.*944% Clayden and co-workers have used their
experience in making chiral aromatic amides,*06-408
for use in stereocontrolled reactions,*%*~416 toward the
creation of “geared” molecular systems (Figure
28).417418 Using a sterically hindered 2-methyl-1-
naphthamide system bearing a chiral pyrrolidine
(53a), they found that aryl-CO bond rotation (AGsos*
= 26 kcal mol™!) was correlated with C—N bond
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rotation (AGsps* = 24 kecal mol1).417 However, in this
case, the barrier to slippage is quite low and the
authors prefer to say that Ar—CO rotations are
“gated” by C—N rotations. In a similar system,
Johnston et al.*!® replaced the dimethylpyrrolidine
by a dimethylpiperidine unit (53b) and found that
the barrier to gear slippage in this system was
extremely high and rotation occurred concertedly
with a better than 99% efficiency. They proposed a
disrotatory cogwheeling mechanism for the rotation.
Clayden and co-workers*'8420 also designed molecule
54, in which correlated and uncorrelated rotations
could easily be distinguished. The NMR shows a
mixture of diastereomers, and because correlated
rotations only interconvert enantiomers, and not
diastereomers, variable-temperature NMR should
only cause the coalescence of some of the peaks and
not others if the rotations are geared. This is indeed
what was found, and the authors concluded that
correlated rotation accounted for more than one-third
of the rotational processes, with a rate of approxi-
mately 10 Hz at room temperature. For less hindered
amides, C—N rotation occurs more slowly than Ar—
CO rotation and the processes are not correlated. As
the steric hindrance increases, the rate of Ar—CO
rotation decreases until the two appear to have the
same rate, giving rise to geared rotation. Once again,
this points out the importance of synthetic tunability
in designing, studying, and improving molecular
systems.

As in previous examples, although these systems
are important in furthering our understanding of
geared systems and expanding the “tool box” with
which synthetic chemists can work, aromatic amide
systems would appear to lack the fidelity to rival
their macroscopic counterparts on the nanoscale.
Although synthetically accessible, aromatic amides
are relatively reactive, and the two-toothed gears
discussed here suffer from the same problems as
those discussed above for the phenyl systems. Amines
also suffer from stereochemical complications due to
nitrogen inversion, which must be taken into account
when determining whether such systems have useful
applications. However, in these cases, it did not
provide an insurmountable impediment to their
study.

5.1.8. Gearing in Organometallic and Inorganic Systems

A number of groups have investigated rotations in
organometallic and inorganic molecules, some of
which were discussed in previous sections where
relevant. Hellwinkel et al.#?! investigated rotations
in propeller molecules in naphthyl-substituted spiro-
phosphoranes (55) as a function of the substituent
(X) in the 8-position of the naphthalene unit (Figure
29). They found the size sequence X = N(CHjy), >
OCH; > CH; ~ Br ~ Cl > F > H > electron pair,
where the electron pair was carried by an aza
nitrogen (56). This important information on steric
size was alluded to in section 5.1.3. Knowledge of
such factors arms the synthetic chemist with an
arsenal of possible functional groups to either in-
crease of decrease rotational barriers when designing
the synthesis of a molecular target.
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Figure 29. Examples of organometallic gears.

Trahanovsky, Kowalski, and Avery*?? first inves-
tigated the dynamics of monochromium tricarbonyl
complexes of diarylmethanes, diaryl ketones, diaryl-
methanols, and diarylethenes (57), and they sug-
gested that the rotation of the complexed ring was
correlated with that of the uncomplexed ring. Bar-
riers for the uncomplexed ring were in the range of
(AG*) 14—20 kcal mol~1. Weissensteiner, Scharf, and
Schlogl®3® studied mono- (57) and bis(tricarbonyl-
chromium) (58) complexes of diarylmethanes, diaryl-
ethanes, and diaryl ketones. They concluded that
adding an additional (CO)3Cr did not change the
barrier dramatically, which implies either that there
was a change in the ground-state and the transition-
state geometries or that the rotations were not
correlated to begin with.

Aylett and Taghipour?® discussed the possibility
of “multiple-cogwheel” rotation in ISi[M(CO)s]; and
Si[M(CO)sl4 (M = Mn, Re) clusters (59; Figure 30).

I
M(CO)s @‘Z AN
(OC)M-8i-M(CO)s R R
M(CO)s

Z=P,As Z=P;Y=0,8S, Se
59 60 61
Figure 30. Some other organometallic gears.

Due to the highly congested nature of the complexes,
it was deemed likely that the rotation of one M(CO)s
group would include the concerted rotation of the
others. However, they could only conclude this via
molecular models and infrared data because low
solubilities of the compounds precluded NMR studies.
Were this an example of geared rotation, it would
represent a cyclic gear system of four four-toothed
gears (one metal—carbonyl bond is axial and would
not contribute to gearing). In section 5.1.6, we
discussed the selection rules for cyclic gear systems,
with four in an array being allowed. This compound
would be an example of such a system, and barriers
to gear slippage in this or related compounds would
be an interesting investigation, especially in the solid
state. In section 6, we will mention some examples
of geared rotations in the solid state.

Many organometallic counterparts of the organic
compounds discussed above were also studied as
geared systems. Binsch and co-workers®° studied
phosphorus and arsenic analogues of triarylmethanes
(60), and Howell et al.?*! investigated the silicon and
germanium analogues as well (Figure 30). The latter
group also investigated the effect of a chalcogen

X = CHy, C=0, CHOH,
C=CH2, C-CH3
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an (OC)sCr X
R
= 2 Qo

/
(OC)Cr R (OC)KCr

X= CH2, C=0, C-CH3

57 58

attached to the phosphorus atom (61) and found that
the barrier to rotation roughly scales with the van
der Waals radius of the chalcogen (O < S < Se). Here,
the rotationally isotropic atomic group contributes to
the rotational barrier, likely due to steric repulsions
of the chalcogen electron cloud from that of the
rotating phenyl rings and well as changing the
valence angles about the phosphorus.

McGlinchey and co-workers*?* have combined the
chemistry of triptycenes (section 5.1.6) with that of
chromium coordination to phenyl rings*?® in their
attempt to synthesize a molecular brake. They syn-
thesized 9-indenyltriptycene and complexed it to a
chromium tricarbonyl fragment (62), hoping that the
metal fragment will be movable between the five- and
six-membered rings of the indene (Figure 31). Depro-

) k

O‘Oa‘o 7
H e

‘CF(CO)3 (CO)3Cr

62 63 64

Figure 31. Organometallic gearing systems on a trip-
tycene scaffold.

tonation is known to create a haptotropic shift (7% —
7?) of the metal fragment to the five-membered ring
(63),2%° and protonation reverses the process, as
shown in Figure 31. However, the chromium tricar-
bonyl preferred the triptycene phenyl groups over the
benzene ring of the indene, and only compound 64
was isolated. The barrier to rotation (AG¥) in this
molecule was found to be ~13 kcal mol™! by line
shape NMR analysis.

Other inorganic and organometallic systems stud-
ied for dynamic gearing and hindered rotations
include tetrakis(pyridine)ruthenium(II) complexes,*28
iron-diene complexes,*?” osmium clusters,*?®42 bulky
silanes,*397432 and chiral arylamido aluminates.*33

5.2. Rotation in Nonsandwich Porphyrins

Porphyrins, metalloporphyrins, and their linked
arrays are important in the study of light-harvesting
antennae and as synthetic models of photosynthetic
reaction centers. Porphyrin arrays have also been
used in the study of energy transfer for use in solar
energy conversion and in molecular electronics. In
2000, a ten-volume compendium called The Porphy-
rin Handbook,*3* covering all aspects of porphyrin
chemistry, was published.*®> Because this compen-
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Figure 32. Atropisomeric forms of tetra(o-X-phenyl)porphyrins.

dium covers porphyrins in chemistry, physics, biol-
ogy, medicine, and materials science, we will give
only a brief overview of rotational processes in
porphyrins. Reviews of electron transfer in molecules
mimicking photosynthetic systems, with a large focus
on porphyrin systems, have been written by
Wasielewski,*36437 Harriman and Sauvage,*?® and
Hayashi and Ogoshi.**® For a discussion of porphyrins
studied for use in molecular devices and machines,
the book by Balzani et al.?6 can be consulted. The
barriers to rotation in dodecaarylporphyrin dications,
5,15-diarylporphyrins, and 5,15-diaryl-2,3,7,8,12,13,-
17,18-octaalkylporphyrins were reviewed by Med-
forth.440.441

5.2.1. Rotation of Phenyl Groups in Phenylporphyrins
(PPs)

The rotation of the phenyl groups in substituted
and unsubstituted 5,10,15,20-tetraphenylporphyrins
(TPPs) has been known since the 1970s, and within
the last 30 years, many other rotational processes in
porphyrins have been studied. Recently, Medforth*4!
has published a review of rotational processes in
diamagnetic porphyrins, concentrating on work pub-
lished since two early reviews appeared.44%443

The rotation of phenyl rings in TPP and substituted
derivatives is very similar to the atropisomerism
observed in biphenyls and related systems discussed
in section 5.1.2, and the nomenclature is often the
same. For a phenyl group to rotate, it must pass
through the plane of the porphyrin, much like two
aryl rings in a biphenyl must become coplanar in the
transition state (Figure 8). Typically, ortho-substi-
tuted phenyls and some meta-substituted phenyls
give rise to atropisomerism observable on the NMR
time scale, which has almost solely been used to
observe and measure activation barriers for such
processes. In a conformationally immobile system,
four atropisomers exist for TPPs, differing by the
location of the substituent above (o) or below () the
porphyrin plane: aoao, aoofS, ofofS, and ooffp
(Figure 32).

Gottwald and Ullman*4* were the first to observe
rotation of the phenyl rings in TPPs (Figure 33) in
tetra-o-hydroxyphenylporphyrin (o-OH-TPP; 65). Due
to the relatively large barriers to rotation, they
isolated the four isomers on silica gel and studied the
isomerization crudely by thin-layer chromatography
separation followed by spectroscopic identification.
Isomerization at room temperature occurred with a

first-order rate constant of (1.5 + 0.5) x 1075 s71,

which corresponds to an activation barrier (AGygs)
of 24.0 keal mol~!. To test whether distortion from
planarity of the porphyrin ring (“ruffling”4®) occurred
in the transition state, they made the more rigid
copper metalloporphyrin (66), but they found that the
activation barrier increased only slightly to (AG;QS)
25.4 kcal mol™!. Metalated porphyrins are not as
flexible as their free-base congeners and are thus not
as susceptible to ruffling. This makes the passage of
the sterically demanding phenyl group through the
plane of the porphyrin more difficult, and the result-
ing activation energy for the rotation is thus higher.
However, the small change indicated that the ruffling
may not be very important. Soon after, Walker and
Avery*4¢ discovered atropisomerization in nickel(IT)
tetra-o-tolylporphyrinate [Ni(o-tol-TPP), 67], and they
found the barrier to rotation to be at least (AG*) 26
kcal mol™! using DNMR. Because of experimental
limitations, they could not determine the exact value.

M = 2H 65
M = Cu 66 67

Figure 33. Early tetraphenylporphyrin systems for the
study of phenyl ring rotation.

After these initial successes in observing atrop-
isomerism in TPPs, Eaton and Eaton*47~452 published
a series of papers discussing rotation in substituted
metalated TPP complexes of Ru(Il), In(III), Ga(III),
and Ti(IV) (68—76, Figure 34) bearing axial ligands
(which render them asymmetrical). Depending on the
metal and the ligand, they found activation energies
(AG*995) between 13.0 and more than 23 kcal mol !
using DNMR (Table 2). For o-Me-TPP complexes of
In and Ru (77), the barriers were too high to measure
by DNMR.4° Reference 451 provides a comprehen-
sive table of AG¥y9s, AH*, AS*, E,, and rate constant
data for a variety of Ru(IIl), In(III), and Ti(IV)
complexes, and reference 452 has a similar table for
Ga(III) complexes.
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77

Figure 34. Octahedral porphyrin complexes exhibiting hindered rotation of the phenyl groups. For 68—76, R, M, L1, and

Ly are defined in Table 2.

Table 2. Characteristic Energies for Phenyl Group
Rotations in Metalated Tetraphenylporphyrins
Bearing One or Two Axial Ligands on the Metal, as
Shown in Figure 34

M R L: Ly

AG¥a9s (kcal mol™') compd ref

In Pr Cl 16.2 68 450
Ti Pr O 15.6 69 450
In CF; Cl 17.0 70 450
Ti CFs O 16.3 71 450
Ru CFs; CO THF 17.5 72 450
In CHs CO >20 73 450
Ru CHs CO Py >20 74 450
Ru iPr CO EtOH 19.9 75 448
Ru iPr CO DMP 18.6 76 447

Gust and co-workers*?® investigated the DNMR of
H>TPPs and diprotonated H,TPPs (Figure 35). They
found an activation barrier (AG¥s3) of 25.9 kcal mol !

M = 2H AGy33 = 25.9 kcal/mol (78)
M = 4H AGgg = 23.0 kcal/mol (79)

83

M = 2H AG,g3 = 25.2 kcallmol (80)
M = 4H AG3gg = 21.8 kcal/mol (81)

for Ho(o-OMe-TPP) (78) and a slightly lower barrier
(AG#388 = 23 keal mol ™) for the dication 79. Similarly,
for di-o-OMe-TPP, they found AG¥;33 = 25.2 kcal
mol~! for the parent 80 and AG*355 = 21.8 keal mol ™!
for diacid 81. The diacids are known to be less
conformationally rigid than the free-base porphyrins,
which are in themselves less rigid than metalated
porphyrins, and this accounts for the lower barrier
to phenyl rotation. Hatano et al.*** studied the
dynamics of 0o-CN-TPP (82) and found an activation
energy (E,) of about 21 kcal mol ™! for the rotation of
one phenyl group. Medforth and co-workers*5® inves-
tigated atropisomerism in TPPs with o-carborane
appended to the meta-position of the phenyl rings
(83). For the free-base porphyrin, they found a barrier
to rotation of (AGje3) ~17 keal mol ™, while the zinc

NC I
NC
CN
! CN

M = 2H E, = ~21 kcal/mol (82)

M = 2H, 32.8 kcal/mol (84)
M = Zn, 33.5 kcal/mol (85a)
M = Ni, 30.4 kcal/mol (85b)

Figure 35. Barriers to rotation in substituted phenylporphyrins.
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derivative had a barrier (AG*) of 18—19 kcal mol !
and the nickel metalloporphyin had a barrier
(AGj,3) of about 13 kcal mol~!. Such barriers are
lower than those typical for ortho-substituted TPPs
but are higher than normal for meta-substituted
TPPs, indicating the steric “size” of the carborane
unit. Officer and co-workers studied atropisomerism
in diphenylporphyrins containing ortho-methyl and
meta-carboxaldehyde groups (84—85) as a function
of the central unit (2H, Zn, and Ni). The barriers to
rotation were similar to those for TPPs containing
ortho-substituents (AG* ~ 30—33 kcal mol™!) and
agreed well with those for similar diphenylporphyrin
systems.**® These early results provided the ground-
work for understanding the factors that influence the
rotation about the Cyorpn—Cpn single bond. The ability
of the porphyrin ring to distort from a planar
structure lowers the activation barrier to rotation.
However, the barrier is tunable, depending on the
nature of the substituent on the aryl rings and on
the state of the porphyrin ring (free-base, diacid, or
metalated form). The choice of the metal serves to
further fine-tune the relative energy to rotation of
the phenyl rings.

In their studies on iron porphyrins as mimics for
oxymyoglobins and oxyhemoglobins, Collman and co-
workers were interested in the acoa-isomers of TPPs
(Figure 32) bearing steric groups in the ortho-
positions of the phenyl rings to form “picket fence”
porphyrins.*7458 The idea was to create a hydropho-
bic pocket by placing all the substituents on the same
side of the porphyrin ring, which mimics the natural
system and allows oxygen to enter where it is
protected from other species by the pickets. In this
way, they were able to crystallize the first iron
porphyrin complex with bound dioxygen. Collman
has reviewed his work in the field,*” and others have
investigated “picket fence” porphyrins*°~46% as mod-
els for naturally occurring heme systems.

Similar systems dubbed “pocket porphyrins” have
also been studied by Collman and co-workers.466:467
In these compounds, three of the ortho-substituents
are bound (caa) to form a cap, and the fourth
substituent is in the [ position, which forms a
“pocket” on the a face for reversible oxygen binding.
This work represents an elegant way to take advan-
tage of the intrinsic rotational barriers in porphyrin
molecules to make useful systems, in this case, to
study biologically important molecular models. Whit-
ten and co-workers*6846° have studied tetraamido-
TPPs similar to those investigated by Collman and
collaborators (Figure 36). They performed a detailed
study of the activation barriers to rotation (Table 3),
both thermally and photochemically, for the free
bases, the diprotonated forms, and metal containing
complexes of tetra-o-propionamido-TPP (86—91), tetra-
o-hexadecanamido-TPP (92—97), and tetra-o-pivala-
mido-TPP (98—103). Nickel(II) complexes gave the
lowest barriers to rotation in all cases. This is not
surprising, since Ni—TPP complexes are nonplanar
in the solid state, indicating that deformation is
possible and leads to a pathway for easier phenyl
group rotation. As expected, they found that the zinc-
(IT) complexes gave the highest barriers to rotation:
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Figure 36. Picket fence porphyrins. See text for explana-
tion of R and X groups.

Table 3. Characteristic Energies for the Rotation of
Substituted Phenyl Groups in the Amido
“Picket-Fence” Porphyrins Shown in Figure 36

AG*sg3

M R (kcal mol™)  compd ref(s)
2H C(O)CH,CHs 29.1 86 469
4H C(O)CH,CHs 26.4 87 469
Ni(II) C(O)CHyCHj 25.8 88 469
Cu(Il) C(O)CH:CH; 29.7 89 469
PdII) C(O)CH;CHj 31.0 90 469
Zn(II) C(O)CH,CHj3 31.4 91 469
2H C(O)(CH2)15CH3 29.1 92 468, 469
4H C(O)(CH2)15CHs 26.5 93 468, 469
Ni(II)  C(O)(CHjz)15CHs 25.8 94 468, 469
Cu(Il) C(O)(CHy)15CHjs 29.6 95 468, 469
Pd(II) C(O)CHsz)15CHs 31.1 96 468, 469
Zn(II) C(O)(CHs)15CHs 31.2 97 468, 469
2H C(O)C(CHas)s 30.6 98 468, 469
4H C(O)C(CHs)s 28.3 99 469
Ni(II) C(O)C(CHs)s 100 469
Cu(Il) C(O)C(CHs)s 31.4 101 469
Pd(II) C(O)C(CHs)s 31.7 102 469
Zn(II) C(O)C(CHs)s 32.2 103 469
2H C(0O)OCHs 27.5¢ 104 471
Zn(II) C(O)OCHj; 29.2¢ 105 471

@ AG¥363 (kcal mol™?1).

Zn—TPP complexes are known to be the least de-
formable planar metal—TPP complexes in the solid
state. Although the free-base and diacid compounds
gave slightly higher barriers to rotation than the
nickel(II) complexes, they were lower than all the
other metals, presumably because they are more
easily deformed. The diprotonated forms gave lower
values than the free bases.

In general, the pivaloyl group gave higher barriers
than the other groups, which indicates that the size
of the tert-butyl group is more important than the
chain length. The authors also found isomerization
by photochemical activation of the porphyrins. In a
study of triplet-excited porphyrins, Knyukshto et
al.#"® found that rotational motion (libration) of the
phenyl groups and the resultant deformations of the
porphyrin ring led to shortened triplet lifetimes at
room temperature. Photochemical isomerization via
an electronically excited state offers another param-
eter by which rotational processes can be exploited.

The ability to change the rotational barriers by
interconverting functional groups is a topic we have
already touched upon and will continue to encounter
throughout the article. Understanding structure—
function relationships is of the utmost importance in
designing and improving systems for nanoscience
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16.7 kcal mol™

~20 kecal mol™!

109

19.7 keal mol™

Figure 37. Porphyrin arrays with appended fullerene groups (TBDMS = tert-butyldimethylsilyl).

applications, and insight into steric effects on ground
and transition states is one such parameter. Hatano
et al.*63 performed detailed kinetic studies of rotation
in tetra-o-amino-TPP and tetra-o-pivaloylamino-TPP.
In comparing their data with those of other groups,
they found the size order pivaloylamino > hexadec-
ylamino ~ NH; > CN > MeO ~ OH. Fujimoto et al.4™!
have investigated tetra-o-methoxycarbonyl-TPP “picket
fence” porphyrins (104—105; Table 3). For the free
base, they found an activation energy (AG*) of 27.5
keal mol™1; for the zince(II) porphyrin it increased to
(AG*) 29.2 kcal mol™!. Sternhell and co-workers*’
studied the tetra-o-halide-TPP series (106; X = F, Cl,
Br, I), similar to work by their laboratory on biphe-
nyls.3 Predictably, they find that rotation is fastest
for fluorine and decreases through the series as the
halide size increases. The barriers (AG¥s4) were 22.9
kecal mol~! for F,*”® 29.5 kcal mol~! for Cl, 30.6 kecal
mol™! for Br, and 33.5 kcal mol™! for I. These data
for steric size agree well with those discussed previ-
ously.

Recently, Diederich and co-workers** 47" have
observed atropisomerization in porphyrin systems
with appended Cgo groups*’® in their investigation of

molecular dyads for photosynthetic mimics. In pre-
cursor 107 (Figure 37, n = 0), the barrier to rotation
(AG*y93) about the phenyl rings was 16.7 kcal mol 1,476
Upon appending two fullerene molecules to give
compound 108 (n = 0), the barrier (AG¥ygg) rose to
19.7 kecal mol~! when monitored by DNMR. There-
fore, they deduced that the attractive interaction
between the fullerene and the porphyrin increased
the free energy to rotation by ~3.0 kcal mol™! (the
Ceo is sufficiently removed as not to be involved in
steric interactions in the transition state). In solution,
108 (n = 0) preferentially adopts a conformation
where the fullerenes sit on opposite sides of the
molecule, giving the Cy symmetric structure shown
in Figure 37. The same applies for the higher ho-
momer (n = 2). In solution, the compound with three
porphyrin units (108, n = 1) exists as a mixture of
syn (Cgo rings on the same side; Co, symmetry) and
anti (Cgo rings on opposite sides; Cg;, symmetry) forms
in a ~1:1 ratio. Similarly, Diederich and co-workers
investigated fused TPP systems with appended Cg
molecules, but they did not examine the dynamics of
isomerization.*”” Nierengarten et al.*’® have shown
isomerization in 5,15-diphenylporphyrins bound to
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Figure 38. Rotors based on pyridylporphyrins.

fullerenes via benzyloxy tethers at the two meta-
positions (109). They found a barrier (AG¥zgs) of ~20
keal mol ! for rotation about the phenyl—porphyrin
bond.

Calculations have also been used to understand the
structure—function relationship in phenylporphyrins
and have aided the understanding of transition-state
structures in these systems. Okuno et al.*3° have
investigated phenyl ring rotations in phenylporphy-
rins using DFT. Not surprisingly, they found that in
the transition state, which brings the phenyl ring into
coplanarity with the porphyrin plane, the porphyrin
ring distorts to avoid steric interactions with the
ortho-hydrogens on the phenyl ring. The phenyl ring
itself does not undergo significant distortion from
planarity, and this was further supported by a
calculation on the smaller biphenyl system. The
authors concluded that porphyrin deformation con-
tributes significantly to the barrier to rotation (and
atropisomerism) observed in phenylporphyrins, and
the introduction of ortho-substituents on the phenyl
ring increases the steric bulk and hence the extent
to which the porphyrin ring must deform to accom-
modate a coplanar transition state.

Avilov et al.*8! have used semiempirical methods
(ZINDO) to look both at the steric conditions related
to rotation and at the electronic effects of nitro-
substituted phenyl groups, with the nitro group in
the ortho-, meta-, or para-position. Like Okuno and
co-workers, they found that severe deformations of

112b
off Form

the porphyrin ring accompanied phenyl rotation,
especially when the nitro group was in the ortho-
position. Because the porphyrin rings maintain their
structures after the rotation, the distortion in the
transition state does not appear to be prohibitive in
the design of molecular machinery based on this
design principle (molecules do not fatigue in the same
manner that macroscopic analogues do). If one con-
siders the usefulness in solid-state applications or
situations where the porphyrin units are close-packed
on a surface, the distortion of the porphyrin ring may
indeed be a problem. However, one could argue that
no rotation at all would be observed in such highly
congested environments.

5.2.2. Rotations Involving Pyridylporphyrins (PyPs)

The ability to make multiporphyrin units based on
the coordination of pyridine(s) on one unit to a metal
center on another has led to fascinating architectural
arrays.*827485 Alessio et al.*%¢ synthesized an “open-
box shaped” pentamer (110) consisting of a central,
free-base, or zinc-complexed tetrapyridylporphyrin
(TPyP) and four Ru—TPPs coordinated via a pyri-
dine—Ru bond (Figure 38). They found a relatively
simple NMR spectrum, indicating a highly sym-
metrical molecule in which all the Ru—TPPs rotated
freely on the time scale of the observation, even
though the individual phenyl groups showed atrop-
isomerism. Similarly, Imamura and co-workers*87-491
have investigated ruthenium(Il) and osmium(II) por-
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phyrin oligomers based on mono-, di-, tri-, and
tetrapyridylporphyrins. Systems with 4-pyridyl groups
were called “perpendicular type” (111a), and those
based on 3-pyridyl groups, “oblique type” (111b).
Using an oblique type dipyridylporphyrin and com-
plexing it to two Os(II) porphyrins (112), the authors
found two distinct forms in the NMR spectrum—oa
(112a) and aof (112b)—which are atropisomers of
each other (Figure 38). Coalescence of the two peaks
in a variable-temperature NMR experiment occurred
around 355 K, but evaluation of the activation
parameters was impossible due to decomposition of
the compound at this temperature. They estimated
the interconversion barrier (AG¥ss5) between 112a
and 112b to be about 18 kcal mol !, which is similar
to barriers observed in TPPs, although lower than
those observed in tetra-o-substituted-TPPs. Such an
architecture could possibly be used for molecular
switching devices, but they would have to be address-
able in a simple way. Also, the stability of the
compound makes it a questionable choice for molec-
ular electronics applications where process temper-
atures are often higher than the decomposition
temperature for this compound.

Allesio and co-workers*®? have also investigated an
oblique-type PyP: a mono-3-pyridyl porphyrin bound
to a Ru(Il)-TPP. Again, rotation of the Ru—TPP
about the Ru—N bond is fast, as evidenced by the
equivalence of the phenyl groups in the NMR, while
the individual rotations of the phenyl rings are slow
at room temperature. Subsequently, Allesio et al.*%
investigated a pentameric complex of tetra-3-pyridyl-
PyP [and its Zn(II) analogue] with Ru(II)-TPP and
dubbed the resulting structure a “flying saucer”.
Surprisingly, they found unhindered rotation about
the porphyrin—pyridine bond to make all 16 phenyl
rings on the Ru—TPP equivalent (although hindered
rotation about each phenyl—porphyrin bond was
observed).

Miskelly and co-workers*** were able to separate
the metal complexes [Zn(II), Cu(Il), and Ni(II)] of
tetramethylated o-TPyP salts into their atropisomers
and found them to be stable for more than a month
at room temperature both in the solid state and in
solution. This is encouraging for applications in
information storage devices. Sanders and co-work-
ers*¥4% and Osuka and co-workers*®” have also
studied porphyrin arrays based on PyP scaffolds. The
former group®® observed atropisomerism in di-
pyridylporphyrins bearing osmium carbonyl clusters
(Figure 39). They obtained a mixture of cis (113a)
and trans isomers (113b) from the reaction of 5,10-
dipyridylporphyrin with Os3(CO)1o0(NCMe)z, but no
attempt to determine the rotational barrier was
made. A recent review by Imamura and Fuku-
shima?®®® has highlighted advances in self-assembled
metalloporphyrin oligomers, and a number of recent
reviews have concerned the wide synthetic design
space available for multi-porphyrin arrays,?°%50! in-
cluding PyPs.

In the above sections, we focused on the almost
trivial rotational processes in PPs and PyPs and
showed how such a simple rotation (analogous to a
rotation in a biphenyl molecule) can be exploited to
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Figure 39. Isolated rotational isomers of dipyridylpor-
phyrins coordinated to osmium clusters.

make interesting systems and possibly useful ones.
In particular, Collman has used the hindered rotation
of phenyl groups to synthesize and study molecules
related to naturally occurring systems, and several
examples of rotationally switchable molecules have
been shown. In the next section, we discuss larger
arrays and the rotational processes that occur in
them.

5.2.3. Rotations Involving Nonsandwich Porphyrin Arrays

Thus far, we have concerned ourselves with rota-
tions involving groups (phenyl and pyridine) directly
bound to the meso-positions of the porphyrin. Other
investigators have studied systems with direct meso—
meso linkages, linking through ethynyl groups, and
other types of connections between porphyrins. Rota-
tions in this miscellaneous category of compounds
will be covered in this section. The rotation of alkyl,
alkenyl, and amino groups attached to porphyrins
and the rotation of axial ligands attached to the metal
in metalloporphyrins was reviewed by Medforth.44!
The impetus of the work described in this section is
derived from the desire to link porphyrin systems
together in order to study electron transfer and other
processes which occur in multiply linked porphyrins.
Although electron transfer is not necessarily a rota-
tional phenomenon, several groups have exploited
rotational motion as a means of probing electronic
communication.

Arrays of porphyrins linked to one another or to
other molecules which can act as donors or acceptors
(or both) with respect to the porphyrin is another
area of interest, predominantly for making synthetic
analogues of naturally occurring photosynthetic mol-
ecules.*36592 Structure—function relationships in these
systems are highly important in understanding the
factors that govern energy transfer, and the litera-
ture in this area is very detailed in this respect.
Lindsey and co-workers have been interested in
studying systems based on TPP systems linked by
ethynes as light-harvesting arrays (114—119).503504
In these compounds (Figure 40), they investigated
energy transfer from a zinc porphyrin to a free-base
porphyrin and found that the efficiencies are greater
than 90% even though the ethyne linker couples the
two porphyrins only weakly.?55%6 When o-methyl
groups were placed on the phenyl group connected
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Figure 40. Linear porphyrin arrays.

to the ethyne linker (115), thus disrupting the ability
of the porphyrin and the phenyl group to adopt a
coplanar arrangement via rotation, a 4-fold decrease
in the electron-transfer rate was observed.?*” Lifetime
measurements also supported the fact that the
energy transfer is a through-bond and not a through-
space interaction. By placing chloro groups in the o-
and o'-positions of the phenyl groups on the linker
(119), the authors were able to look at both a steric
and an electronic effect of the linker.?® The results
were very similar to those obtained with the tetra-
o-methyl system, and the effect was determined to
be steric, and not electronic, in nature, confirming
earlier conclusions that coplanarity of the phenyl
groups on the linker is necessary for efficient energy
transfer. A more detailed study of the effects of
rotation and the flexibility of the ethyne linker was
performed®® and showed that the phenyl groups
prefer a coplanar arrangement but that the barrier
to rotation (E.,.) about the triple bond is only about
0.8 kcal mol 1. Considerable flexibility in the ethyne
linker was also discovered, which could have a
dramatic impact on energy transfer.?%

To test whether rotation of the porphyrin units was
important in energy transfer, Lindsey and collabora-
tors®10 constructed “molecular box” 120 consisting of
four TPPs connected via four ethyne linkers to form
a square, which ensured coplanarity of the porphyrin
units (Figure 41). The corners of the square were
alternating zinc and free-base porphyrins. They
found no difference in the energy-transfer rates in
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Figure 42. Hexameric porphyrin wheel. M! = Zn; M2 =
2H.

this ensemble versus the linear system (both without
groups that would hinder rotation of the linker). By
synthesizing a “hexameric wheel of porphyrins”!!
(Figure 42), they concluded that frontier orbitals on
the phenyl groups were more important to electronic
communication than were torsional motions about
the ethyne bonds. Lindsey and co-workers have
reviewed their progress in this area®? and re-
cently®'2513 have shown that hindered rotations of
appended aryl groups significantly alter the excited-
state properties in related 5,5'-aryl-substituted bis-
(dipyrrinato)metal complexes.

Albinsson and co-workers®47522 have investigated
diporphyrin arrays connected via bridge molecules
(B = benzene, naphthalene, anthracene, and bicyclo-
[2.2.2]octane) through meso-phenylethyne (PhCC)
linkers in their research on triplet energy transfer
(TET) (Figure 43; M = Zn, M' = 2H). To interpret
the results, they performed time-dependent density
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Figure 43. Donor and acceptor porphyrin systems separated by molecular bridge molecules.

functional theoretical (TD-DFT) calculations to de-
termine the extent to which the torsional angle of the
bridge molecule affects electron transfer.’'® They
found no coupling when the bridge molecule was
orthogonal to the porphyrin plane, in which the
porphyrins were rotated and the PhCC—B—CCPh
was kept coplanar. When the porphyrin—phenyl
dihedral angle was set to 60° and the bridge molecule
was rotated, the coupling was again found to be
largest when the bridge was coplanar and signifi-
cantly reduced in the twisted rotamer. The bicyclo-
[2.2.2]octane bridge has been shown experimentally
and computationally®® to be a poor TET coupler,
indicating the process is likely through-bond and not
through-space. Albinsson and co-workers®!7521 have
also studied hole transfer from gold to zinc porphy-
rins linked by the bridges described above (Figure
43; M= Zn, M' = Au") and arrived at similar
conclusions.

Okuno and Mashiko®?3 have also studied the effects
of torsional motion on excitation energy transfer
(EET) using TD-DFT in a diphenylethyne linked
diporphyrin system composed of one zinc porphyrin
and one free-base porphyrin. They conclude that
rotation affects the zinc porphyrin and not the free-
base porphyrin. Such rotation induces an avoided
crossing on the excited-state potential energy surface,
and the EET is caused by a nonadiabatic interaction
around the avoided crossing.

The synthesis of “windmill-like” arrays of porphy-
rins linked through direct meso—meso bonds has
been investigated by Osuka and co-workers.5247526
They made large arrays by connecting porphyrins
through their meso-positions with phenyl groups or
phenylacetylenes or by direct meso—meso coup-
ling.527-52% For a 1,4-phenylene linked trimer, where
the two central porphyrins are meso—meso linked (to
create a hexamer), they determined the barrier to
rotation (AG¥) of a peripheral porphyrin to be about
16 keal mol 1. In a “dodecameric porphyrin wheel”?30
(Figure 44), they found that the outer and inner
porphyrinic 3 protons and the eight aromatic protons

Figure 44. Dodecameric porphyrin array.

on the meso-aryl positions are different due to
restricted rotation. However, little is known about
rotational processes and their effect on energy trans-
fer in theses systems. Recently, Aida and co-work-
ers®! have reviewed progress in the field of light-
harvesting antennae.

Other groups have studied systems in which por-
phyrins have been coupled by spacers represented by
benzene,??17534 biphenyl,?® anthracene,’*® phenan-
threne,?” butadiyne,?®®~547 ethyne,?*® 550 and other
structures.?>1-552 Although not looking at rotation per
se, Helms et al.’® performed an interesting study
pertaining to the effect of rotational processes on
electronic coupling. They investigated the rate of
electron transfer between two free-base porphyrins
as a function of the twist angle of the biphenyl-
derived bridging group: phenanthrene (0°), dihydro-
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Figure 45. Porphyrin units with spacers possessing
restricted dihedral angles.

phenanthrene (20°), o-chlorobiphenyl (60°), 0,0'-
dimethylbiphenyl (70°), and 2,2',6,6'-tetrameth-
ylbiphenyl (90°) (Figure 45). They found that the rate
of electron transfer was highly dependent on the
phenyl—phenyl angle and displayed a surprising cos
20 relationship with a maximum at angles of 0° and
90° and a minimum at 45°. The findings of this study
are important in understanding the relationship
between the porphyrin-bridge angles in these sys-
tems but are in sharp contrast to the findings of
Lindsey®®* and Albinsson,’™ who found that little or
no electronic coupling (or at least a large decrease in
the transfer rate) was found for their systems when
the bridging units could not achieve coplanarity or
the activation barrier was high. The results of Okuno
and Mashiko,!'? stating that the rotation has a
dominant effect on the zinc porphyrin, may be
relevant in reconciling this discrepancy.

Ph Ph
Ph X.-Ph
=
Ph Ph
Ph 121 Ph
Ph Ph

Ph Ph
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Lin and Therien®® investigated a series of six
bisporphyrins linked by ethyne and butadiyne groups
coupled at the meso—meso (122 and 126), meso—/3
(123 and 125), or f—f3 positions (121 and 124) on the
two rings (Figure 46). Three factors affected the
degree of excitonic and electronic coupling in these
systems: (i) the length of the bridge (ethyne >
butadiyne in a series), (ii) the positions to which the
bridge is coupled (meso—meso > meso—f > f—f, in
the absence of steric effects), and (iii) steric factors
which modulate the rotational space which the por-
phyrins can sample. The meso—meso ethyne (122),
meso—meso butadiyne (126), and meso—/ butadiyne
linked (125) dimers all had calculated barriers to
rotation of less than 1 kcal mol™!. Highly efficient
electronic coupling was found in all these cases,
decreasing in the order meso—meso ethyne > meso—
meso butadiyne > meso—/ butadiyne. The meso—/j
ethyne linked (123) dimers cannot rotate, but libra-
tions led to some excitonic coupling. Both f—f linked
compounds (121 and 124) have barriers to rotation,
but the butadiyne analogue can achieve planarity by
rotation while the ethyne cannot, and enhanced
coupling was found in the butadiyne linked molecule.
In this case, the ability to achieve coplanarity out-
weighs the lesser effectiveness of the linker (butadiyne
vs ethyne).

Intramolecularly linked porphyrins, systems in
which a porphyrin is linked to itself by a tether, have
been known since the early 1970s, and some repre-
sentatives are shown in Figure 47. Also known as
“strapped porphyrins”® (127—129), “cyclophane por-
phyrins” 556 “capped porphyrins”®7-%%9 (132—-133),
“basket-handle porphyrins”®® (181), “crowned por-
phyrins” %1 “picnic-basket porphyrins”%? (181), “coro-
net porphyrins”®? (180), and “gyroscope porphy-
rins”?%* (134), most have been studied as synthetic

Ph Ph

Ph Ph

Ph Ph
124

Ph Ph

Figure 46. Ethyne-, butadiyne-, and meso—meso linked porphyrins.
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Figure 47. Intramolecularly linked porphyrins.

mimics for myoglobin and hemoglobin. The concept
of putting a “protecting” strap over one side of the
porphyrin to protect the dioxygen binding site is
analogous to Collman’s “picket fence” and “pocket”
approach for reversibly binding oxygen. Although
many papers have appeared,’®® 57 few have dis-
cussed rotation of the porphyrin through the cavity
created by the strap or rotation of individual units
in the strap itself. In some cases, rotation would not
be observable or even possible. For example, the
basket-handle (131), capped (132), and double-capped
(133) porphyrins are locked and cannot rotate. De-
pending on the chain lengths in the tethers, some of
the other structures shown in Figure 47 also may not
be able to rotate (see below). An early review on
“protected hemes” was written by Traylor.5°

To the best of our knowledge, Sanders and co-
workers®81582 were the first to study rotation in
strapped molecules. In looking at quinone-capped
porphyrin 135 (Figure 48), they found that rotation
of the porphyrin through the cavity created by the
strap, which leads to racemization of the two chiral
forms, was slow on the NMR time scale. They also
found that the quinone unit rotated rapidly through
the cavity created by the tethers and the porphyrin.
Furthermore, they discovered that the whole en-
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Figure 48. Quinone-capped porphyrins.

semble relaxes by spinning around the fourfold axis
of the porphyrin. In unsubstituted porphyrins, this
spinning motion would by accompanied by very little
solvent disruption (due to its disklike nature) and
therefore relaxation would be faster (smaller T,). In
the capped porphyrins, the 7T values were viscosity
dependent because rotation of the porphyrin requires
the cap to displace more solvent. Upon addition of
magnesium(II) to the porphyrin, the quinone adopts
a preferred conformation with one carbonyl pointing
toward the metal center, although rotation is still fast
for the quinone moiety as a whole at room temper-
ature.

Staab and co-workers performed a more detailed
study on the rates of rotation of quinone-capped
porphyring®®3-58 in their studies of photoinduced
electron transfer in such systems.5395% For a series
of 1,4-quinone-bridged structures (136), they inves-
tigated the barrier to rotation upon changing the
substituents (X) in positions 2 and 5 as well as by
changing the porphyrin structure from octamethyl-
(136) to tetramethyltetraethyl-5,15-diphenylporphy-
rin.?® For X = H, Me, Cl, and Br, they observed no
splitting of the S-methyl signals down to 150 K. For
X = OMe, they observed such a splitting with an
activation barrier (AG¥g3) of ~9.3 kcal mol~. They
also studied a dimethoxyhydroquinone derivative for
comparison. For X = CN, a much higher barrier
(AG*339) of about 17 kcal mol~! was found for the
hydroquinone unit. Replacing four methyl groups by
ethyl groups in the porphyrin raised the barrier to
rotation only slightly (~0.4 kcal mol™!). The authors
also observed a “swinging bridge” motion of the
quinone due to the flexibility in the tethers.

Lindsey and co-workers®®! have performed a de-
tailed study on porphyrins bearing meso linked
straps with different lengths and rigidities (Figure
47). In particular, they examined the dynamics of the
tethers moving from one porphyrin face to another.
In the case of 0,0" linked porphyrins 127 and 128,
the barriers to rotation were high enough that the
isomers were separable by HPLC, whereas m,m'
linked porphyrins could not be separated with chro-
matography but could be observed spectroscopically.
For these molecules, activation barriers (AG*) of
about 16 kcal mol™! were observed for rotation
through the strap, which are similar to values
presented above for atropisomerism in “unstrapped”
molecules.

Gunter and co-workers®27%%¢ have developed a
catenated porphyrin system where a smaller ring is
interlocked with the strap on the porphyrin (Figure
49). These catenanes are of the Stoddart type?$—36 and
self-assemble in solution. The tetracationic unit can
easily rotate about the central hydroquinone unit, but
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Figure 49. Catenated porphyrin systems.

the porphyrin containing ring cannot rotate through
the tetracationic unit (pirouetting in the nomencla-
ture of Stoddart?7?%) due to the steric bulk of the
porphyrin unit. In 137b, the rotation of the tetraca-
tionic unit about the hydroquinone unit has an

appreciable barrier AGyg, = 12.9 keal mol™%; & = 104

s71).592 For the shorter chain Zn derivative (137a),
the barrier increased as expected (AG}, = 14.4 kcal
mol™1; & = 445 §71)592593 The free-base porphyrins
(138a and 138b) showed a similar behavior. In the
case of the electron richer 1,5-naphthoquinol unit
shown in 139a and 139b,5935% the barriers to rotation

(AGj,,) were determined to be 15.7 keal mol ™! for
both molecules. To control the rotation of the tetra-
cation unit in the cavity of the porphyrin macrocycle,
the authors used protonation of the free-base por-
phyrins (138a, 138b, and 139b). The self-assembly
of such structures is controlled by a template effect,
in which the electrostatic interactions between the
porphyrin and the tetracationic unit allow the mol-
ecule to be formed in nonstatistical yields. If this
interaction were broken in the assembly process, low
yields of the catenated structures would result.
However, once the catenane is formed, removing the
favorable interaction could lead to interesting proper-
ties, as the two units can no longer dissociate.
When the porphyrin is in its free-base from, the
viologen unit of the tetracationic macrocycle sits
above the porphyrin. When the porphyrin is proto-
nated, the viologen unit avoids it due to electrostatic
repulsions and the p-xylylene unit sits above the
porphyrin. For the phenyl-linked porphyrin with the
shorter strap (138a), upon protonation, the viologen
unit moves farther away from the porphyrin ring and
the rate of rotation of the tetracationic unit about the
hydroquinol stator actually increases (1000 s™1;
AGjas = 12.9 keal mol™) relative to the case of the

unprotonated porphyrin (80 s71; AG§38 = 14.2 kcal
mol™1). For the porphyrin with the longer strap
(138b), the rotational rate of the protonated porphy-
rin was found to be 1500 s! (AGhss = 12.6 keal
mol™1), which is comparable to the case of the
unprotonated system (1500 s™; AGjog = 12.7 keal
mol™1). Therefore, protonation has little effect on
rotation rate in this case, but the tetracation prefers
to have the xylyl group over the porphyrin ring and
the flexibility in the tether allows the entire paraquat
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unit to displace from the center of the porphyrin. For
the case with the long strap and the naphthyl unit
in the porphyrin macrocycle (139b), the rates for the

protonated (5 s1; AGsgg = 16.2 kcal mol™!) and the

unprotonated (10 s % AGjes = 15.7 kcal mol™?)
forms were not very different.

These data show that there is an interplay between
electrostatic and steric effects. Although the proto-
nated porphyrin might be predicted to yield increased
barriers to rotation due to electrostatic repulsions,
these repulsions in and of themselves cause the
flexible linker to move farther from the porphyrin,
and thus, the steric hindrance to rotation is reduced.
For the data given above, these contributions to the
rotational barrier appear to balance in this system.

Face-to-face porphyrin dimers and trimers (two or
three porphyrins linked to each other through tethers
with the porphyrin planes parallel) were pioneered
by Collman and co-workers.5%-69 However, the early
workers were interested in catalysts for the elec-
troreduction of oxygen to water, and rotational
processes in such systems were not investigated.
Later, face-to-face porphyrins and porphyrin ag-
gregates gained renewed interest in models for
naturally occurring electron-transfer systems.504-612
The first example of rotation of one porphyrin inside
the cavity formed by the other porphyrin and the two
tethers was provided by Sanders and co-workers,>””
as determined by the simplicity of the NMR spec-
trum. However, they did not attempt to determine
the barrier to rotation. In a subsequent paper,®'3 they
synthesized two new structures with different tethers
(Figure 50). In compound 140 with symmetrical

140 141
Figure 50. Face-to-face porphyrins.

tethers, rotation is slow on the NMR time scale at
room temperature, and it exists as a 2:1 mixture of
meso and racemic forms due to the lack of symmetry
in the porphyrin. No saturation transfer was ob-
served between the isomers, and the authors placed
an upper limit of 1 s7! on the interconversion rate.
Protonation to the tetracation led to an isomeric ratio
of 3:2 (meso:racemic), presumably because the mu-
tual repulsion of the two charged species widens the
inter-porphyrin distance and thus allows for easier
rotation, as observed in the catenated system dis-
cussed above. Incorporation of zinc(II) favors the
meso isomer with a higher than 50:1 selectivity. The
authors attributed this to greater porphyrin—por-
phyrin interaction in this isomer compared with the
racemic one. The compound 141 with unsymmetrical
(and shorter) tethers also existed as two isomers (syn
and anti) and interconversion by rotation is not
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Figure 51. porphyrin complex that encapsulates fullerenes. Reprinted with permission from ref 617. Copyright 1999

American Chemical Society.

possible. Protonation and metalation have no effect
on the isomer ratio. Both compounds also experience
a fluxionality based on the ability of one porphyrin
to “slide” to a different position relative to the other.
On the basis of results obtained from this work,
Sanders and Hunter%'4 developed a simple model for
sm— interactions as a predictive method for designing
molecules that favor 7—m interactions and have used
it to design host—guest systems.615-616
Encapsulation of fullerenes into porphyrin dimer
compounds was investigated by Aida and co-work-
ers®177621 in a cyclophane-type molecule (Figure 51)
and by Reed and co-workers®?? in “molecular twee-
zers”. A system developed by Shinkai and his col-
laborators®?® employed a porphyrin tetrad which
could rotate about a p-terphenyl axle (Figure 52) to

Figure 52. Multiporphyrin system that can bind two Cg
molecules cooperatively.

selectively bind two Cgy molecules. Another Cg rotor
based on porphyrins, in which the porphyrin com-
plexes do not rotate with respect to one another, but
about a cental butadiyne axis, was also investi-
gated.b?* This porphyrin tetramer was used to show
cooperative binding to bidentate amines. Aida has
also developed an oscillator based on a porphyrin—
fullerene system (Figure 53) and recently used cy-
clophane—porphyrin systems to extract fullerenes
larger than Cr¢ from mixtures created in the combus-
tion-based industrial production of Cgy and Cr(.5%°

5.3. Rotations about Triple Bonds

Early computational work by Liberles and Mat-
losz%26 investigated diarylacetylenes semiempirically
(CNDO and INDO). In particular, they were inter-

ested in the effect of orbital overlap of the p-orbitals
of the aryl rings with those on the ethyne unit and
whether this would lead to a planar structure or one
in which the phenyl rings were mutually perpendicu-
lar, given that the triple bond has two mutually
orthogonal 7 systems. They found that the twisting
potential is very flat, and they concluded that the
perpendicular geometry was more stable by ~1 kcal
mol~!. The nature of the methods used makes the
latter result doubtful. Several groups have calculated
the bond rotations about groups attached to a carbon—
carbon triple bond using ab initio levels of theory and
also found them to be very low.107:108627 The barriers
(Ecae) are in the range of 0.4—1.1 kcal mol™! for
diphenylacetylene derivatives!?’-%27 and less than 10
cal mol™! for bis(trimethylsilyl)acetylene.!%® Ito and
co-workers®?® measured the torsional motion in tolane
(diphenylacetylene) in a supersonic free jet and
obtained a value inside this range (202 ecm™! ~ 0.6
keal mol™1).

However, as we have seen before, if the steric
environment around the groups attached to the
ethynyl group prevents easy rotation, then the bar-
riers can become quite high. To measure barriers
about triple bonds by conventional techniques, such
as DNMR, sterically hindered analogues must be
synthesized. In particular, the steric interaction of
the groups must bridge the length of the triple bond
(~4.0 A for X—C=C—Y%?). Oki, Toyota, and co-
workers found large barriers in substituted bis-
(triptycyl)ethynes (142a—1438h),530-633 big[di(o-aryl)-
phenyl]acetylenes (144a—144¢),%%* and bis(1-phenyl-
9-anthryl)ethynes (145a—145d),%% and supported the
results by molecular mechanics calculations (Figure
54). Table 4 shows the rotational barriers for these
sterically hindered diphenylacetylenes. For the di-
triptycene molecules, barriers in the range of 9—17
kcal mol~! were found, with the barrier increasing
as a result of the steric size of the substituents on
the triptycene phenyl groups. As shown in section 5.1,
the methoxy group is actually “smaller” than the
methyl group, likely due to the ability to avoid steric
interactions by rotations about the Ph—0O and O—CHjs
bonds, whereas a methyl group is more rigid and
cannot avoid steric interactions as easily. The halo-
gen series also shows the predicted trend: upon
increasing the van der Waals radii in going from
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Figure 53. Molecular oscillator based on fullerene encapsulation to a porphyrin face-to-face dimer complex. Reprinted
with permission from ref 620. Copyright 2002 American Chemical Society.
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Figure 54. Hindered rotation about triple bonds.

fluorine (143a) to iodine (143d), the rotational bar-
riers (AG¥) increase from 11.6 to 17.3 kcal mol™!
(Table 4). This observation has been made repeatedly
throughout this text. With larger substituents such
as phenyl (143e) and mesityl (Mes; 143f), the barriers
were found to be 15.7 and 18.8 kcal mol™!, respec-
tively. For compounds 143g and 143h, the authors
found severe deformations of both acetylene groups
in the crystal structure,®? which likely accounts for
the lower than expected values for the rotational
barriers (17.5 kcal mol ! for 143g and 17.8 keal mol !
for 143h). Overall, in this series, the rotational
barriers increased in the order H < F < OCHj; < Cl
< CH3 ~ Ph < Br < I = arylethynyl < Mes. This
hierarchy is similar to that seen in other systems.
In bis[di(o-aryl)phenyl]acetylenes (144a—144c¢), the
barriers were too low to measure and were estimated

144a X = CH, 145a X = 4-CHg
144b X = CH,Br 145b X = 4-i-Pr
144c X = CH,OCH3 145¢ X = 3-i-Pr

1456d X = 3,4-(i-Pr),

to be about 7 kcal mol™ (AG¥).%3* For bis(1-phenyl-
9-anthryl)ethynes (145a—145d), the authors were
able to measure the barriers.®?® Using dynamic NMR
(total line shape analysis), they found two dynamic
processes: rotation of the two anthracene units about
the acetylenic axis and rotation of the phenyl groups
about the Ca,—anthracene bond. For the most steri-
cally hindered molecule (145d), the barrier to rota-
tion (AG¥y73) about the acetylene bond was an ex-
traordinary 18.0 kcal mol™! while that about the
phenyl ring (AG*s73 = 11.9 keal mol™') was similar
to that found in other structures (section 5.1.4).
Phenyl ring rotation was in the vicinity of 10—12 kcal
mol ! for all compounds, and the anthracenyl rotation
scaled as the steric bulk of the substituent (AG*y75 =
11.5 kcal mol™! for 145a, 11.3 kcal mol ™! for 145b,
and ~17.5 kcal mol™! for 145¢). The two processes
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Table 4. Activation Barriers for Rotation in the
Hindered Diphenylacetylene Compounds Shown in
Figure 54

compd AG¥975 (keal mol™1) ref
142b 10.1 630
142¢ 8 630
142d 154 630
142e 12.7 630
142f 9.4 630
143a 11.6 631
143b 14.7 631
143¢c 16.7 631
143d 17.3 631
143e 15.7 632
143f 18.8 632
143g 17.5 632
143h 17.8 632
144c <8 634
145a 11.5 635
145b 11.3 635
145¢ ~17.5 635
145d 18.0 635

Figure 55. Design scheme for a pinwheel receptor where
the rotationally flexible recognition elements can bind three
analytes cooperatively, where R is a recognition element
and A is an analyte. Reprinted with permission from ref
636. Copyright 2000 American Chemical Society.

Fluor Fluor
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Figure 56. Pinwheel receptor with a fluorescent tag for
readout. Reprinted with permission from ref 637. Copyright
2001 American Chemical Society.

"OFF State"

appear to be independent of each other, although the
authors could not rule out some correlated effects.

Molecular rotors containing triple-bond and buta-
diyne axles, with possible applications to chemical
sensing, were developed by Glass and co-workers%36-638
for the fluorescent sensing of analytes. The first-
generation pinwheel receptor bears three coordina-
tion sites for the binding of analytes and an acetylene
spacer (Figure 55), while the second-generation sys-
tem has two binding sites with a third site occupied
by two fluorophores which form an excimer upon
excitation, with a butadiyne spacer (Figure 56).
Binding of an analyte will bring the fluorophore pair
in close proximity, and excitation will cause excimer
formation. This allows for the molecule to be probed
for analyte binding. Such a system may have uses
in memory devices where the presence of excimer
emission could equal a binary “1”, while the absence
would correspond to a “0”.

Kottas et al.

In these systems, binding of the first molecule has
the highest energy because the rotor must rotate into
the preferred conformation. After the first binding
has occurred, and the entropic price has been paid,
subsequent bindings have lower energies. This is
termed a positive allosteric effect and will be dis-
cussed in greater detail in section 5.4.4.

5.4. Rotations of Molecular Carousels (Sandwich
Complexes)

We define a molecular carousel as a compound
consisting of two or more planar (or nearly planar)
“decks” which rotate and remain parallel to each
other. An alternative formulation would be the name
molecular sandwich complexes. However, we feel that
the term sandwich complex includes molecules which
may not rotate, whereas a carousel naturally brings
about the image of rotation.

5.4.1. Metallocenes and Related Complexes

Metallocenes (146) are perhaps the simplest type
of molecular carousel (Figure 57). Since the discovery

@@—/{

146 147 O 148
Figure 57. Metallocenes and substituted metallocenes.

of ferrocene (146; M = Fe)%¥ and its subsequent
structural determination 4?64 many groups have
studied the barrier to rotation in the parent and its
derivatives. Early computational papers®42643 and
dipole moment measurements of substituted fer-
rocenes® predicted “free”®® rotation of the cyclopen-
tadienyl rings about the iron axle. Holm and Ibers546
were the first to experimentally determine a barrier
to rotation in ferrocene (AG¥ = 1.8 kcal mol ') as well
as in ruthenocene (146; M = Ru; AG*¥ = 2.3 kecal
mol 1) by line shape analysis of the solid-state NMR
spectrum. Mulay and Attalla®’ also found a small
barrier (AG* = 2.3 kcal mol ! at 68 K) for ferrocene,
and the barriers in cobaltocene (146; M = Co),
nickelocene (146; M = Ni), and chromocene (146; M
= Cr) were all measured to be (AG*) 1.8 £ 0.2 kcal
mol-1.648

Over the ensuing years, many groups have inves-
tigated the rotational processes in metallocenes and
their derivatives. In particular, inserting bulky groups
on the cyclopentadiene (Cp) rings increases the
barrier to rotation and, if the steric hindrance is high
enough, makes the barriers to rotation within the
region accessible by solution-phase dynamic NMR
analysis (AG* > ~5 kcal mol™!). Simply putting one
acetyl group on each ring (147) already increases the
barrier®®® to over 11.0 kcal mol™!, and putting two
tert-butyl groups on each ring (148) further hinders
the rotation such that it occurs with a barrier®? of
13.1 kcal mol~1.65¢

A number of groups have also investigated con-
certed rotations of more than one group in substi-
tuted metallocene compounds. For example, Castel-
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Figure 58. Substituted metallocenes with two rotational
processes and the possibility of geared rotation (Ph =
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Figure 59. Organometallic “molecular turnstile”, showing
(1) rotation about the ruthenium axle and (2) rotation of
the phenyl rings. In order for the rotation (1) to occur, the
phenyl rings must rotate out of their nearly perpendicular
arrangement to allow passage of the indazolyl groups.
Reprinted with permission from ref 657. Reproduced by
permission of The Royal Society of Chemistry.
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lani et al.%? gsynthesized bis(tetraphenylcyclo-
pentadienyl)iron(II) (149) to investigate both the
rotation of the cyclopentadienyl rings and the reori-
entation of the phenyl groups in the process (Figure
58) in attempt to determine if they were correlated.
The barrier (AG¥73) to phenyl group rotation (cog-
wheeling) was found to be 9 kcal mol™! at —95 °C
while the cyclopentadienes were still rotating rapidly.
Deck and co-workers® studied [1,2,4-(CgF5)3CsHal -
Fe (150) by °F DNMR and observed two dynamical
processes: (1) the rotation of the aryl groups with
respect to one another and (2) the rotation of the two
cyclopentadiene rings. The activation energy (E,) for
the rotation of the Cp rings in [1,2,4-(C¢F'5)3sCsHoals-
Fe (150) was found to be 11 kcal mol™!, which is
similar to that found for [1,2,4-(Me3Si);CsHoloFe (151)
(11.0 keal mol~1)854 and [1,2,4-(Me3C)sCsHsloFe (15.3
kcal mol™) (not shown).%5%

Interestingly, polyphenylated metallocene mol-
ecules do not have very high barriers to rotation as
one might have expected for such a crowded system.
It was postulated®® that the phenyl rings can rotate
slightly out of their preferred geometry to allow for
passage of the other substituents, which corresponds
to a geared (“concerted”) rotation.

This was also observed by Launay and co-work-
ers®7 in their work on a “molecular turnstile”. They
have synthesized a ruthenium sandwich complex
with a pentakis(p-bromophenyl)cyclopentadiene deck
and another deck consisting of a hydrotris(indazolyl)-
borate (“scorpionate”®®®) group (Figure 59). In such
a crowded molecule, and as evidenced in the X-ray
structure, it is quite surprising that they could not
observe hindered rotation of the cyclopentadiene
ligand [the rotational barrier (AG*) was less than 10
keal mol™!] or the phenyl groups on the cyclopenta-
dienyl ring. NMR indicated that the indazolyl groups
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fit into the pockets created by the phenyl groups on
the opposite deck, as evidenced by their greater
shielding. Therefore, the authors proposed a rota-
tional mechanism wherein the phenyl rings twist out
their nearly perpendicular arrangement as the in-
dazolyl rings pass and then settle back into their
perpendicular state. The authors noted that such a
design is well suited for functionalization for surface
attachment, and they hope they will then be able to
control the direction of rotation. Surface attachment
with concomitant observation of rotation would be an
important step in the direction toward molecular
electronics (see section 7.2).

Okuda®® and Long®°® have written reviews with
some discussion of rotation in metal complexes with
sterically demanding cyclopentadiene ligands. Ex-
amples of fluxional behavior in metallocenes and
related complexes can also be found in a number of
other places,242,660-662

Several groups have investigated hindered rotation
in tetraarylcyclobutadienecyclopentadienylcobalt com-
plexes (Figure 60). Rausch and co-workers®? studied
such complexes bearing two phenyl rings in positions
1 and 3 and mesityl groups in positions 2 and 4 on
the cyclobutadiene (Cb) ring (152). They found re-
stricted rotation about the cyclobutadiene—mesityl
bond with an activation energy E, of 10.5 kcal mol ™!
(AGogs® = 13.7 keal mol™!) and facile rotation of the
cyclopentadiene as low as —60 °C. Takahashi and co-
workers®* have studied tetraarylcyclobutadienecy-
clopentadienylcobalt complexes bearing bulky chiral
(—)-menthyl groups on the cyclopentadienyl ring
(153). The menthyl group on the Cp ring resides
between two phenyl groups on the Cb ring and
hinders the rotation of the phenyl rings, which
induces a helical chirality to the molecule due to
concomitant restriction of the Cp—Co—Cb bond rota-
tion. Stevens and Richards®® have designed an
interesting system in which the four phenyl groups
on the cyclobutadiene are cogged with a three-toothed
triptycene molecule attached to the cyclopentadiene
unit (154). Although spectral changes were noted
using variable-temperature NMR, the evidence was
inconclusive as to whether the two cogs were actually
coupled in this system. However, it represents a novel
design for the synthesis of molecular gears, even
though a three-toothed gear meshed with a four-
toothed gear would be inefficient (see section 3 for
further elaboration).

Metallacarboranes were recently investigated for
electrical, redox, and photochemical switchable rota-
tion by Hawthorne et al.5%¢ The bonding in metallo-
carboranes is related to that in metallocenes, but
complexes of the former tend to be more stable than
those of the latter. This group took advantage of this
stability to make a two-state molecular switch that
interconverted via rotation about the metal ion axis
(Figure 61). In 155a, the oxidation state of the nickel
is +4, and these complexes are known to prefer the
cisoid geometry with the carbon vertexes on the same
side of the molecule,%7-668 while in the +3 oxidation
state nickel prefers a transoid conformation like that
shown in 155b.%687670 The authors exploited these
preferences to induce a 4s/5 (144°) rotation by
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changing the oxidation state of the metal both
eletrochemically and photochemically. Photon-driven
rotation was observed using resonance Raman and
luminescence spectroscopy and supported with time-
dependent DFT calculations. With this energy input,
an electron is promoted to the lowest unoccupied
molecular orbital (LUMO) and the molecule relaxes
via rotation.

The authors of the study proposed several systems
in which unidirectional rotation could be observed,
an important step toward making true molecular
motors (see section 5.7). One advantage of the car-
borane systems over similar metallocene systems is
the ability to substitute the cage further for multiple
functionalization. One possibility alluded to in the
paper was surface attachment (see section 7.2). Such
molecules on a surface could be photochemically
switched and represent “l1s” and “0Os” in a binary
system. If the rotamers could be “read” and “written”
with different wavelengths of light, ultracompact
storage media (such as a compact disk) would be one
example of an application, with one bit equal to one
molecule.

5.4.2. Piano-Stool (Half-Sandwich) Transition Metal
Complexes and Related Compounds

The so-called piano-stool complexes are half-
sandwich complexes bearing one cyclopentadienyl
ligand and up to six other ligands. We have already
discussed several examples in section 5.1, and here
we only briefly mention several others. The parent
compound of this class, from which its name is
derived, is the CpM(CO); complex 156, which bears
resemblance to a three-legged piano stool (Figure 62).
In this section, we include compounds that are
structurally similar to the parent but are neither
metallocenes (section 5.4.1) nor multicyclopenta-
dienyl compounds (section 5.4.3).

166 167
Figure 62. Some half-sandwich metal complexes.

Figure 62 shows a variety of such single-Cp piano-
stool complexes that have been investigated, with
structures 156 through 160 showing typical ex-
amples. The barrier to rotation in solid 157 was
studied by both quasi-elastic neutron scattering
(QENS)¥! and spin—lattice relaxation NMR mea-
surements.”2 QENS gave a value of 4.0 kcal mol ™1,
which would appear to be high for this relatively
unhindered molecule, and NMR T; measurements
provided a more likely value of 1.7 kcal mol~! (AG?).
A larger than expected value was also obtained for
158 (4.9 kcal mol 1% using mechanical spectros-
copy.b™ Similarly, Gilson et al.’’? measured the
barriers to rotation in 159 and 160 by spin—Ilattice
relaxation NMR and found similar values (AG¥) of
1.71 and 1.70 kecal mol™!, respectively. Earlier, they
had measured the barrier in 161 and found it to be
a seemingly high 2.3 kcal mol™!, which is the upper
limit measured for ferrocene.®”> Several half-sand-
wich complexes with cyclooctadiene (COD) “stools”
have been measured by Mann and co-workers®"®
using 3C spin—lattice relaxation experiments. For
the rhodium complex (162), these authors obtained
a barrier (AG¥) of ~1.9 kcal mol™!, and for the iridium
complex (163) it was ~1.7 kcal mol™!. Recently,
Mynott and co-workers®”” found restricted rotation
of an unsubstituted Cp ring in (#5-Cp)M*(PhsP),-
(72-CH,CHPh) complexes for M = Ru and Os (164).

Much like metallocenes, compounds bearing only
one Cp group normally exhibit fast rotation at room
temperature, unless they are substituted with bulky
groups on the ring or the metal ligands are bulky
enough to hinder rotation. By substituting the Cp
ring with a tert-butyl group as shown in 165, hin-
dered rotation was observed when L. = PPhg, but no
value was obtained for the barrier.6’”® Okuda®” found
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Figure 63. Metal complexes with multiple cyclopenta-
dienyl ligands.

no hindered rotation in 166, which is surprising given
the bulkiness of the Cp substituents and the ligands,
whereas 167 is an example of a highly hindered arene
piano-stool compound with a barrier to rotation of
13.9 kcal mol 1.

A full discussion of rotation of the ligands and the
Cp ring is beyond the scope of this review, and we
direct the reader to the reviews of Albright,561.680
Okuda,¢ Coville et al.,®® and McGlinchey,??° which
give more in-depth coverage of the rotational pro-
cesses in these molecules. Albright®1.680 has reviewed
the early results on arene-based half-sandwiches
with chromium tricarbonyl tripods, including ben-
zene, cyclobutadiene, cyclopentadiene, cyclohep-
tatriene, and other polyene complexes. More recently,
McGlinchey?®° has reviewed slow tripodal rotations
in sterically hindered arene—chromium complexes
(see also section 5.1.3 for a discussion of geared
rotation in such complexes).

Activation energies for piano stool complexes are
in the range of 2—13 kcal mol~. Similar trends are
followed as in the metallocene series: larger substit-
uents and smaller metals lead to larger barriers to
rotation. However, as the above short discussion
indicates, it is not trivial to predict the rotational
properties based on these criteria alone. More work
in this area must be completed before predictive
methods in rotational potentials can be used to tune
the properties of these compounds for applications
in molecular machinery. The ability to substitute
different ligands on the metal permits the function-
alization of such compounds, for example, for surface
attachment.

5.4.3. Complexes Bearing More Than One Cp Ring

A number of other groups have studied organome-
tallic complexes bearing more than one cyclopenta-
dienyl ring. Although these complexes are not true
“sandwich” compounds, they will be treated in this
section (Figure 63). In 1959, the barrier to rotation
of cyclopentadiene groups in CpsTiCl, (168) was
measured®s in the solid state using the T relaxation
NMR method and the barrier (AG*) was found to be
a scant 0.5 kcal mol™!. Increasing the steric bulk
around the titanium atom by replacing the chlorine
ligands with cyclopentasulfide (Cp:TiSs; 169) in-
creases the barriers (AG¥) to rotation about the Cp
rings.®”® Two barriers were found, 1.8 and 2.1 kcal
mol™!, for equatorially and axially positioned Cp
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ligands. The two rings have different steric environ-
ments and rotate at different rates. Increasing the
steric bulk on the Cp ligand also increases the barrier
to rotation. Thus, in [(MesSi):Cpl2TiCl:%%2 (170) and
[(Me3Si)2:Cpl2ZrClL%83 (171), the barriers (AG*) in
solution were found by the coalescence NMR tech-
nique to be ~8.9 and ~9.0 kcal mol !, respectively.
When three trimethylsilyl groups were investigated
(172), the barrier (AG¥) increased predictably to 11.2
keal mol ™! for the zirconium complex and 11.0 keal
mol ! for the hafnium complex (Hf has a larger ionic
radius). Similarly, bridged cyclopentadienyl com-
plexes of the type 173 which have u-oxo and -chal-
cogen bridges were investigated. For X = O, the
barrier for rotation (AG¥sy) was found to be 9.6 keal
mol ! and increased to (AG¥ss) 11.0 kecal mol~! for
the larger selenium ion (X = Se).

When four phenyl groups are placed on the Cp
rings as in (PhsCp)<TiCl (174), the Cp rings do not
have an observable barrier to rotation, while the
phenyl groups rotate with a barrier of ~10 keal mol !
(Figure 63).5%¢ Therefore, there is no correlation
between the two types of rotation. A more detailed
analysis can be found elsewhere.®665 A review of
cluster complexes bearing facial arene ligands, in-
cluding dynamic behavior, has been recently written
by Wadepohl.58

Bis(cyclopentadienyl) complexes of the type dis-
cussed above resemble macroscopic bevel gears—
gears with shafts at angles to one another but in the
same plane (see section 5.1.1).

5.4.4. Bisporphyrinato and Related Complexes

Porphyrins will form 2:1 complexes with larger
metal ions wherein the metal lies between two
porphyrin rings to form a carousel structure such as
that shown in Figure 64. This is in contrast to the

Figure 64. Side (left) and top (right) views of a bis-
(porphyrinato) metal (M) sandwich complex.

metal binding we saw in section 5.2. Suslick and co-
workers®® and Buchler et al.58776% first looked for
possible rotations in such bisporphyrinato complexes
but were unable to detect any rotation of the two
porphyrin complexes with respect to one another
about the axle comprised of the metal atom. The
former group investigated zirconium(IV) complexes
and observed no rotation by NMR analysis up to 150
°C. No isomerization was observed upon refluxing in
toluene for 2 h. The phenyl rings, however, did rotate.
The latter group studied both cerium(IV) and zirco-
nium(IV) double-decker complexes and also con-
cluded that rotation about the metal ion axis does
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not occur. In the case of the cerium(IV) complexes,
they were able to detect (though not separate) two
isomers caused by hindered rotation of the complexes.

Aida and co-workers®? reinvestigated cerium(IV)
and zirconium(IV) complexes, resolving the enanti-
omers using chiral HPLC. They confirmed that the
zirconium complexes were stable to thermal racem-
ization (refluxing toluene; 2 h), but they found that
the cerium(IV) complexes isolated underwent facile
racemization, even at 10 °C. They further determined
by a scrambling experiment that dissociation followed
by recombination of the porphyrins was not respon-
sible, and they proposed that mutual rotation of the
porphyrin rings was responsible for the racemization.
The ability to rotate and the rates were found to be
dependent on the steric bulk of the ligands and the
size of the central metal atom. Addition of acid
promoted rotation in the zirconium(IV) complexes.

This led to a “controversy”®! in the literature as
to whether bis(tetraarylporphyrinato) complexes did
or did not rotate. It was pointed out that if rotation
was a little too slow for observation on the NMR time
scale, it could not be observed using coalescence NMR
experiments. Indeed, these authors did not observe
coalescence up to 150 °C (in DMSO-dg), but they
found it difficult to isolate the enantiomers even at
room temperature due to their facile racemization.
Tashiro et al.%92 found that the rate of rotation (and
thus racemization) of chiral cerium double-decker
complexes is greatly accelerated by reduction of the
metal center and that oxidation retards the acid-
induced rotation of zirconium complexes.

Shinkai and co-workers®®? exploited the ability of
the cerium(IV) complexes to rotate to show that
molecular recognition in such compounds could lead

Figure 65. Cooperative binding via a rotational mechanism in cerium(IV) bis(porphyrinato) complexes. Reprinted with
permission from ref 705. Copyright 2001 American Chemical Society.

to a positive allosteric effect. The complex bore four
pyridine groups on the phenyls, and the authors
investigated the binding of dicarboxylic acids (Figure
65). As discussed in section 5.3, when the first
substrate is bound, the entropic price is paid (lost
rotation of the porphyrin rings), and binding of
subsequent substrates is favored because the mol-
ecule is already conformationally locked. Previous
work®946% had shown that a similar porphyrinato-
iron(IIT) complex did not show cooperative binding
due to a tilt in the rings after the first substrate
binds, leading to a negative allosteric effect (binding
of the first substrate precludes binding of additional
ones). The authors have also shown®6697 recognition
for chiral dicarboxylic acids using complexes bearing
two 4-pyridyl groups on each of the decks. Interest-
ingly, the chiral induction was kept even after
removal of the guests, and this “chiral memory” could
be preserved for 3 days at 0 and 1 year at —37 °C
(Figure 66). The authors identified such systems as
possibly useful for “molecular memory systems”. This
is an example of a molecular rotor system useful in
memory applications, although the racemization may
be too fast for immediate utility at ambient temper-
ature. Clearly, more work must be performed to slow
the thermal racemization, and the synthetic ability
to introduce steric interactions into molecular sys-
tems could play a role in achieving this goal.

These authors®®® also demonstrated a similar sys-
tem which binds oligosaccharides preferentially based
on their chirality. Similarly, Shinkai and co-workers
have shown cooperative binding of silver ions to the
n-faces of the aryl groups on the porphyrin decks,%%®
saccharide (Figure 67) and oligosaccharide binding
to modified double deckers in aqueous environ-
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Figure 67. Cooperative saccharide binding via a rotational mechanism in a cerium(IV) bis(porphyrin) complex. Reprinted
with permission from ref 705. Copyright 2001 American Chemical Society.

ments,’98-71 and alkali ion binding to lanthanum-
(III) double-decker molecules adorned with crown
ether moieties.”"? By appending carboxylate groups
onto cerium(IV) bis(porphyrinato) double deckers,
positive homotropic allosteric binding of anions was
also observed. Binding of the above analytes to the

complex, in all cases, either hinders or immobilizes
the porphyrin to rotation.

A lanthanum(III) triple-decker porphyrin complex
(175 and 176) was also investigated by the Shinkai
group (Figure 68).79 The rates of rotation of the
lanthanum triple deckers were much faster than
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Figure 68. Triple-decker molecular rotor (175—176) and
a molecular oscillator (177).
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Figure 69. Bis(porphyrin) sandwich complex (left) bound
by metal-metal quadruple bonds and a phthalocyanine
dimer (right) with a u-oxo silicon linker.

those of the corresponding double deckers, which in
turn were much faster than those in the cerium(IV)
double deckers. The reason is presumably due to the
increased ionic size of lanthanum(III) (118 pm)
versus cerium(IV) (97 pm). The ability to change the
size of the metal ion to achieve a change in the
rotational barrier imparts a tunability in the molec-
ular design of such systems for useful applications.

Aida and co-workers” also reported a molecular
oscillator based on a cerium(IV) bis(tetraphenylpor-
phyrinate) complex (177) wherein the two “decks”
were tethered together by a crown ether chain
(Figure 68). Since the complex could not rotate by
360°, it simply oscillated back and forth. The authors
did not investigate metal ion binding to the crown
ether, which may be useful to lock the dimer complex
to a single orientation and could be useful for sensor
applications by metal binding to the crown ether
portion. Several reviews’7% have appeared recently
on the concepts of allosteric interactions with an
emphasis on bis(porphyrinato) complexes.

Porphyrin complexes such as those discussed in
section 5.2, wherein the metal sits within the por-
phyrin ring and connecting the two metal centers via
a linker to create a 2:2 porphyrin—metal structure
also creates a carousel structure, are shown in Figure
69. Collman and co-workers”"~7% have pioneered the
study of rotations in dimeric metal—porphyrin com-
plexes which involve a formal metal-metal qua-
druple bond.”%711 In their seminal paper,’®” they
measured the barriers to rotation in three different
binuclear molybdenum(II) porphyrins (178—180) us-
ing DNMR and found them to be identical within
experimental error (~10 kcal mol™!). This was con-
sistent with the spectroscopic evidence of Trogler and
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Gray, who predicted a 6-bond energy of 10 kcal mol !
for quadruply bonded metals. In the mono-meso-
tolyloctaethylporphyrin dimers of molybdenum and
tungsten, [Mo(TOEP)]s (178) and [W(TOEP)].
(179),708.712 the Collman group found barriers (AG¥)
of 10.8 and 12.9 kcal mol™!, respectively, using
DNMR methods. This is interesting in light of the
fact that all measurements show that the W—W
quadruple bond is longer that the Mo—Mo quadruple
bond. Another interesting feature is that both mol-
ecules prefer an eclipsed ground state with the
porphyrin rings lying directly above and below each
other, unlike the staggered state for the 2:1 com-
plexes, as shown in Figure 64. In the mixed W—Mo
system (TOEP)W—Mo(TOEP) (180),7%° the barrier to
rotation (AG¥) was 10.6 kcal mol™!. Kim et al.”?
studied the rotation of dimeric tungsten—TPP com-
plexes [W(TPP)]s, which involves a formal rotation
about a tungsten—tungsten quadruple bond, and
found it to be (AG*) 11.3 kcal mol~! by NMR line
shape analysis. Previously, Yang et al.”** had shown
that the barrier to rotation (AG¥) about a formal
molybdenum—molybdenum quadruple bond in
[Mo(TPP)], was 6.3 kcal mol !

Binstead, Reimers, and Hush"!® have investigated
the rotation of phthalocyanine dimers and trimers
bridged by u-oxo-silicon linkers (e.g., 181) by photo-
electron spectroscopy.”%"17 They concluded that stacks
of u-oxo silicon phthalocyanines™8 can be simply
derived from the dimers, and they believe that
through-stack coupling could be tuned “by application
of external geometric constraints”. They believe
nanotechnological applications, such as a ratchet-
drive mechanism, could result.

5.4.5. Metal Atoms as “Ball Bearings”

Shionoya and co-workers”°~72! have developed a
double-decker sandwich system that coordinates
three silver ions between the decks of the carousel
which act as ball bearings for rotation of the sand-
wich complex. Initially, they studied”® the complex-
ation of silver with two disk-shaped tridentate ligands
bearing imidazole ligands and found a complex in
which two disks bound three silver ions to form a
sandwich complex and one with four disks held
together by four silver ions in a tetrahedral fashion
(Figure 70). Exploiting this discovery,’® they in-
creased the steric bulk of the disks with toluene
groups and changed the silver binding moieties to
thiazolyl and 2-pyridyl groups. The tolyl groups
served to force the thiazolyl groups out of the plane
of the central benzene ring for more efficient binding
to silver. Complexation of three silver ions with two
disks resulted in the quantitative conversion into a
sandwich complex which had a distinct helicity (as
evidenced by X-ray crystallography). To verify the
helicity in solution, they used chiral counterions and
observed the interconversion (P = M) by NMR. For
the disk with 2-pyridyl groups, they found that the
P = M interconversion occurred above 328 K, and
for the thiazolyl system, it is fast even at 303 K.

Shionoya and co-workers™! extended these inves-
tigations in an attempt to observe driven motion
using their ball bearing system. Using the more
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Copyright 2004 American Chemical Society.

fluxional thiazolyl disk molecules, they synthesized
a disk with six such units on a central benzene ring
(Figure 71). Using this disk and the tris(thiazolyl)
disk, they coordinated the two rings in a heterotopic
fashion to three silver ions. From variable-tempera-
ture NMR, they found that ligand exchange between
the nitrogens of the hexakis(thiazolyl) disk and the
silver ions led to reversible rotation (P = M inter-
conversion). By line shape analysis, they found that
the free energy for rotation (AG¥yg) was ~14 kcal
mol~! (AH* = ~12 kcal mol~! and AS* = ~ —6.4 kcal
mol™1). They propose a transition state wherein the
silver ions are coordinated to three thiazoyl nitrogens
(Figure 72). The advantage of these systems is their
quantitative assembly in solution and matching
sixfold barriers to rotation. It remains to be seen how
robust they are, but it appears to be an interesting
system to study.
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Shinkai and co-workers'#> discovered that binding
silver ions to the concave m-clefts of cerium(IV)
porphyrins (three Ag™ ions per cerium double decker)
actually increased the rate of rotation of the en-
semble. When no silver ions were present, the rate
of rotation was 200 s™! (AG¥y93 = 14.1 kcal mol™1),
and when three silver ions were present, the rate
increased slightly to 220 s™! (AG¥33 = 11.0 kcal
mol™1). They conclude that the silver ion binding
induces a conformational change in the bis(porphy-
rin) system that removes interactions and makes
rotation easier, such as decreasing the amount of 7
bonding and/or increasing the distance between the
decks. In this way, the silver ions act as molecular
“grease” to facilitate the rotation of the disks. This
is similar to what was observed in the catenated
porphyrin system discussed earlier, where adding a
species that would seem to slow the rotation actually
served to speed it up. While the silver ions might
intuitively appear to be a steric nuisance to the
rotation of the sandwich complex, they impart con-
formational changes that allow the disks to rotate
with less hindrance. These results appear to defy
logic when thinking about similar systems on the
macroscopic scale, but at the molecular scale, inter-
esting things happen that cannot be reconciled with
such “macroscopic” thinking.

5.5. Rope-Skipping Rotors and Gyroscopes

A “rope-skipping” rotor (182) consists of a cyclic
core to whose opposite ends are attached the two ends
of a chain that can swing around the core (Figure
73). Taking the core as an immobile reference frame,
this evokes images of children skipping rope in the
street. These compounds have also been called pad-
dlanes,”?? which intuitively brings about images of a
paddle on a steam ship if one considers the chain to
provide an immobile reference frame within which
the cyclic system rotates. This dichotomy reminds us
again of the ambiguities associated with the notions
of a rotator and a stator in a molecular rotor. In an
isolated molecule, both will move relative to an
external frame, and the concepts are strictly ap-
plicable only for molecular rotors attached to a
macroscopic body.

Some of the intramolecularly linked porphyrin
systems discussed in section 5.2.3 fit this definition.
Rope-skipping rotors also distantly resemble gyro-
scopes, in that if the rope were turning fast enough
to create a “shield” around the interior, a rotator
inside would be shielded like a gyroscope. More
realistically, we use the term molecular gyroscope for
molecular rotors similar to rope-skipping rotors but
carrying more than one chain around the central
core. Here, too, in an isolated molecule the core and
the shield will both rotate, and it will not be easy to
tell the stator apart from the rotator.

The parent compound for rope-skipping rotors is
cyclophane. Figure 73 shows several examples of
cyclophanes, such as [2.2]metacyclophane (183) and
[3.3]paracyclophane (184), where the numbers in the
brackets indicate the chain length of the tethers
holding the two benzene rings. For compounds with
only one aromatic group, the number in the bracket
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Figure 74. Some rope-skipping rotors and paddlanes.

indicates the chain length, as shown for [n]paracy-
clophane (185), and the number in parentheses
indicates the substitution pattern, as shown for [8]-
(2,5)pyrrolophane (186). Early work on rope-skipping
and hindered rotation in cyclophanes has been cov-
ered elsewhere!®® and will not be reviewed here.
Several monographs and reviews dedicated to cyclo-
phanes, including their rotational dynamics, have
been published.?23.724

Molecular rope-skipping paddlanes were discovered
by Ginsburg and collaborators™? in 1973. Attempting
to synthesize the singly linked [2.2.2]bicyclooctane,
rope-skipping rotors 187 and 188, they were only able
to isolate the dimeric structures 189 and 190 (Figure
74). They reported “no extraordinary behavior of
protons...in the room-temperature NMR” and per-
formed no further analysis on the systems. Helder
and Wynberg™ did perform variable-temperature

185 186
[n]Paracyclophane [81(2,5)pyrrolophane

NMR measurements on rope-skipping rotor 191 (n
= 8) and found temperature dependence presumably
related to rotation. A unique paddlane structure was
synthesized by Venkataramu et al.”? (192), but they
made no attempt to investigate the dynamics.

Vogtle and Mew"®” synthesized a rope-skipping
rotor in which the central unit is a triptycene (Figure
75). Compound 194 (n = 8, 12) was synthesized by
the pyrolysis of the disulfone 193 (n = 8, 12). NMR
analysis showed that the triptycenes could not rotate
inside the cavity of the chain for any length. Models
indicated that the chain was wedged between two
phenyl groups of the triptycene, which is borne out
in the diastereotopicity of the phenyl protons (2:1
ratio, indicating that two phenyl groups are equiva-
lent while the third is in a magnetically different
environment). Dignan and Miller”®® found similar
results for a triptycene-based cyclophane. Gakh et
al.72%730 gynthesized an analogous triptycene with
crown ether tethers [195; X = O(CH2CH20)s or OCHs-
CH20]. NMR and crystal data showed the center of
the crown ether chain to be in one of the cavities of
the triptycene. Binding to T1" distorted the structure
of the chain. These authors have also investigated
bis(triptycyl) paddle wheel systems (196),73073! which
undergo fast rotation above 60 °C and for which the
rotation is frozen below —40 °C.

A wholly different type of rope-skipping rotor,
based on organometallic platinum complex 197 (n =
1, 5, 9,11) was recently described by Gladysz and
collaborators (Figure 76).732 Although the P—Pt—P
axis can rotate, only the smaller chlorine atom is able
to pass under the methylene chain, and therefore,
the molecule can oscillate back and forth. At room
temperature, the oscillation is fast for n = 5, 9, and
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Figure 75. Triptycene-based rope-skipping rotors.
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Figure 76. Organometallic rope-skipping rotors. Progeni-
tors to molecular gyroscopes.

11 but slow for n = 1. The lower limit for the
rotational barrier (AG¥) for the smallest chain is 17.4
kcal mol~1. For the second-shortest chain (n = 5), the
upper limit to the activation process (AG*) was found
to be 8.4 kcal mol~!. Given that the shortest chain
does not rotate fast up to 95 °C (no coalescence up to
this temperature) and the second-shortest chain
rotates too quickly even at —90 °C (no coalescence
down to this temperature), the authors propose a 15-
member macrocycle (n = 3) to measure the exact
barrier of an oscillation within their experimental
capabilities.

The Gladysz group has used the same synthetic
strategy to synthesize molecular gyroscope structures
(198; n = 2, 4, 6), in which the ligands on the
pentacoordinate iron rotate within the cage formed
by the methylene linkers, as shown in Figure 76.7%3
From the parent (L = L' = CO), they replaced one
CO by an isoelectronic NO ligand and investigated
the dynamics of the system with 1*C DNMR. They
found the enthalpy of rotation (AH¥) to be 9.5 kcal
mol™! for n = 6 by line shape analyses of the
temperature-dependent spectrum. For n = 4, warm-
ing the solution led to line broadening, but the
compound decomposed at higher temperatures. The
two choices of shorter tethers each showed two sets
of signals at room temperature, indicating that
rotation is slow on the NMR time scale. The inclusion
of a dipole moment in the molecule opens possibilities
for driven motion in a rotating electric field (see
section 3). The fact that the rotator is “protected” by
the cage also leads to intriguing options for regular
arrays of dipolar rotors capable of communicating
through electrostatic interactions. The cage could be
used to keep the dipoles separated, whether in a
solid-state device or on a surface, and their mechan-
ical interference small.

Previously, Ng and Lambert”* synthesized a pal-
ladium complex employing similar chemistry to form
a two-armed molecular gyroscope (199) in a surpris-
ing 80% yield. These compounds are analogous to the
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X = O(CH,CH,0), or

OCH,CH,0

supramolecular inclusion compounds which will be
discussed in the next section, with the advantage of
having a covalent axle to hold the rotator in place.

Molecular turnstiles are closely related to
paddlanes and are thus considered here in the rope-
skipping section. The first rationally designed mo-
lecular turnstile was synthesized and studied by
Moore and Bedard (Figure 77).735 They attached a

200a R = H
200b R = CH,OCH3

200c R= H,C

Figure 77. Molecular turnstile.

substituted p-diethynylbenzene group to the interior
of a phenylethynyl macrocyclic framework and ob-
served the rotation of the internal phenylene group
as a function of its substituents (R = —H, —CHo,-
OCHs, —CH0-3,5-di-tert-butylphenyl). They studied
the differentially substituted molecules using DNMR.
Compound 200a rotates too quickly to be studied by
NMR methods. As discussed in section 5.3, the
intrinsic barrier to rotation about triple bonds is very
low, and in the absence of steric hindrance, the
rotational barrier here is likely to be less than 1 kcal
mol !, well below the limit for DNMR measurements.
For 200b, rotation is still very fast and the barrier
to rotation (AG¥) was estimated to be 13.4 kcal mol 2,
due to steric interactions between the methoxymeth-
ylene groups and the macrocyclic framework. Com-
pound 200c is sterically very bulky, and rotation was
not observed. This compound is thus conformation-
ally locked. The authors hoped to use these confor-
mationally bistable molecules in new types of solids
or liquid crystals in the hope that they would respond
to external electric fields. To the best of our knowl-
edge, however, these studies have not been carried
out by these authors. However, they have been taken
up by others848> more recently on similar molecules
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Figure 78. Molecular mill.

in solid-state studies (section 6.1). Ipek and Varnali’3¢
used semiempirical calculations (PM3) to investi-
gate Moore’s turnstile (200) for R = H, F, Cl, CN,
CHj;, OCHj3, and CH,OCHs. They found that H, F,
and Cl do not interfere with spindle rotation, while
CN, CHj;, OCH3, and CH2OCHj3; block the rotation of
the inner substituted phenyl ring. They found sig-
nificant distortions in the transition state as the
inner phenyl group passes through the plane con-
taining the macrocycle.

Another molecular turnstile (201), referred to as a
“molecular mill”, was designed and synthesized by
the Vicens group,’®” using two calix[4]-bis-crown
ethers as the rotational elements in a framework of
a naphtho polyether diol (Figure 78). They performed
molecular modeling studies on the system and found
that the calix[4]arene moieties would be able to rotate
independently of one another. However, they gave no
experimental evidence to support the calculations.

5.6. Rotators in Inclusion (Supramolecular)
Complexes

Supramolecular chemistry, or “chemistry beyond
the molecule”,’®® is chemistry that involves binding
by interactions between molecules and not by cova-
lent bonds, and it is considered one of the greater
advances of the latter half of the last century, leading
to Nobel Prizes in chemistry for Jean-Marie Lehn,”3°
Donald Cram,™° and Charles Pedersen.™! “Conven-
tional chemistry” deals with the construction of
molecules from atoms, while supramolecular chem-
istry is based on the construction of larger ordered
arrays from molecular building blocks. Traditional
chemistry has a length scale of approximately 1—-100
A, while that of supramolecular chemistry is an order
of magnitude higher, or ~1—100 nm. Many reviews
exist which discuss the principles of supramolecular
science, 3877407427746 gnd a number of groups have
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been interested in molecular nanoscience derived
from supramolecular chemistry.”® Several groups
have investigated rotational processes in inclusion
complexes, which will be covered in this section.
Much of the published work on the dynamic behavior
of molecules in supramolecular complexes concerns
the association and dissociation properties of such
species, and we will not discuss these here. In some
cases, we felt obliged to deviate from our stated
criterion and to discuss examples involving whole-
molecule rotations. We believe these instances rep-
resent structures which may ultimately lead to useful
nanoscience applications or are important in the
general understanding of rotational phenomena.

5.6.1. Rotation in Host-Guest Complexes

In general, electrostatic effects dominate the inclu-
sion of guests into their hosts and steric effects
dominate the rotation of the guests inside the frame-
work of the supramolecular host. For example, using
variable-temperature NMR techniques, Hilmersson
and Rebek’™’ found that benzene rotates rapidly
inside a cylindrical cavitand while p-xylene tumbles
slowly and toluene shows an intermediate rotational
rate. Behr and Lehn™® used ?H and 3C NMR
relaxation experiments to investigate the rotations
of alkyl groups on guest molecules in complexes of
p-methylcinnamate, m-methylcinnamate, and p-tert-
butylphenate in a-cyclodextrin (a-CD). Upon inclu-
sion, the reorientation times increase by a factor of
4. For the cinnamates, the methyl groups showed
hindered rotation, indicating that they were inside
or in contact with the CD. In contrast, the tert-butyl
group in the phenate is likely outside the cavity. They
concluded that there is weak coupling between the
host and the guest in these compounds, that is, very
little change to both the host and guest upon com-
plexation. Thus, their individual motions are weakly
coupled in the complex.

Lehn and co-workers investigated ammonium
cryptates (e.g., 202, Figure 79) and initially”*® found

N

o] /N
SN e
®

~~ Y N
N,/ ~00 ‘o H“ ™~ ®\ >
L S b R o

\h——Jp
O

o

LN

202 203
Figure 79. Ammonium cryptate molecules.

by 2D NMR techniques that the ammonium ion does
not rotate in the cavity of the cryptate. Semiempirical
calculations on the complex gave a barrier (E.y.) of
23 kecal mol ! for rotation of the ammonium ion about
the Cj axis of the cryptate. In another system (203),7%°
they did find rotation of the included ammonium ion.
The crystal structure showed that the ammonium ion
is hydrogen-bonded in the cavity, and they studied
the dynamics by NMR. At room temperature, the
complex is fluxional, but below 228 K, motion is
frozen and the methylene protons on the cryptate
cage are also frozen. The free energy of activation for
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the symmetrization process was found to be 10.5 +
0.5 kcal mol~1.7%0 Interestingly, all the carbons of the
cryptand have a similar correlation time (z.), which
allowed the authors to conclude that it is an “isotropic
rotor”. The fast reorientation inside the cavity indi-
cates that the ammonium ion is only weakly coupled
to the host, and they labeled this complex an
“anisodynamic supramolecule”. Compound 202, where
the ammonium was tightly held by the host and did
not rotate inside the cavity,”*>7° was labeled an
“isodynamic supramolecule”.

Many macrocyclic hosts in supramolecular inclu-
sion complexes are not spherically symmetric. Many
are oblong, having a long axis and two shorter axes.
The supramolecular terminology is often analogous
to that used for describing planetary regions. For
example, the poles terminating the longitudinal axis
are often referred to as the northern and southern
hemispheres and those of the equatorial axis, the
eastern and western hemispheres. Therefore, ellipti-
cally shaped guests can fit differentially into the host
and, when asymmetric, can be probed by DNMR for
rotation of the host in the guest. Figure 80 shows one

R= CHZCHZCGHEr (CH2)4CH3
204
Figure 80. “Football-shaped” carceplex.

such host, a carceplex (204), synthesized by Cram
and co-workers”™ in which the guests CH3;OH-
HOCH3;, CH;CN-NCCHs;, CH;CN, CH;CH;OH, (CHjs)o-
NCHO, CH;COCH2CHs, and CH;CH2COCHCHj; were
included. The host is “shaped like a U.S. football,
fattest at its equator and narrower at the poles”.”!
Four C; axes of symmetry exist about the equatorial
plane, and a C; axis exists along the longitudinal
plane, in addition to five mirror planes. By probing
the protons along the periphery of the host by NMR,
rotations of the included guests could be monitored.
In all cases, the long axis of the guest lined up with
the long axis of the carcerand. For inclusion of
H-CH3COCH,CHs;, the authors found that rotation
about the long axis was fast on the NMR time scale,
while rotation about the short axis (which exchanges
the ends of the guest) was slow and observable. For
the symmetrical H-CH;CH2COCH;CHj; molecule,
only one type of signal is observed, as end-to-end
exchange cannot be probed due to the symmetries of
the host and the guest. For the smaller guests,
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H'CH3CH20H, H'(CH3)2NCHO, H‘CH3OH'HOCH3,
and H-CH;3CN, rotation about all axes was found to
be fast on the NMR time scale.

A similar carceplex (205, Figure 81) was synthe-
sized by Cram and co-workers and studied for rota-

R= CH20H206H5
205
Figure 81. A carcerand.

tion of dimethyl sulfoxide (DMSO), N,N-dimethyl-
formamide (DMF), and N,N-dimethylacetamide
(DMAA) guests.™2753 They found that the long axes
of the guests were coincident with the long axis of
the carcerand. A combination of *C and 'H NMR
showed that DMAA was only able to rotate about its
long axis (up to 175 °C), while DMF could rotate
about all its axes, even at very low temperatures (—37
°C). For DMSO, down to —2 °C, it could likewise
rotate about all its axes, but below this temperature,
it was restricted to rotation about its long axis.
Interestingly, the authors also measured the bond
rotation of the C—N amide bond of DMAA and DMF
in the complex. For DMAA, the rotational barrier was
~1 kecal mol™! higher in the carceplex than that in
the free amide, while, in DMF, the barrier was ~2
kcal mol™! lower inside the cage than in solvent. This
implies that the inside of the host is a mixture of
vacuum and guest and that solvent effects outside
the cage are greater than the steric effects inside the
cage.

Likewise, Cram and co-workers”™* investigated
rotations of guests in carcerands of the type shown
in Figure 82 (206; one enantiomer shown; the other
enantiomer and the meso compound not shown). In

/\
CHj3 HsC 3 % CHs
= X
3 S
\ /
HsC, Hy HaC
\/
206

Figure 82. A carcerand.
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207an=1(1314)
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207d n=4(1.96 A)

209asyn (141 A)

208 (131 A
( ) 209b anri (1.39 A)

EtOOC_ COOEt

210

Figure 83. Nanobelts for fullerene cages. The inside
diameters of the belts are shown in parentheses. The top
figure was reprinted with permission from ref 764. Copy-
right 2003 Wiley-VCH.

looking at CPK models, they determined that chlo-
roform “provides the largest common surface between
host and guest without any rotational constraint of
host vs. guest, unlike the model of [tert-butanol]
whose OH fits better in the equatorial rather than
in the polar caps of the host. Dichloromethane in
models ‘rattles’ when shaken, and thus the cavity is
a mixture of vacuum and guest.” However, they did
not probe the rotation experimentally. The above
studies are important for understanding the rotations
of molecules fully included into larger species and
represent noncovalent analogues of the molecular
gyroscopes discussed previously (where the rotator
is fully protected by a cage). A likely next step toward
nano-machinery would be to probe dipolar guests in
solid-state structures of such supermolecules via an
electric field. In section 6.3, we will touch on some
examples of “solid-state inclusion complexes”.

Bonechi et al.” found that acetonitrile (CH;CN)
behaves as a “free” rotor in the cavity of a calix-
arene by C NMR relaxation measurements and
supported by molecular mechanics and dynamics.
Calixarenes form cone-shaped structures and can
include small organic guest molecules.”~759 In this
example, the acetonitrile group sits in the cavity of
the calixarene with the cyano portion pointing toward
the cone opening. Reorientational motion of the
acetonitrile guest was 2 orders of magnitude faster
than that of the calixarene host.

Kawase and co-workers have pioneered the study
of fullerenes complexed into “nanobelts” made of
aromatic units—cyclic para-phenyleneacetylenes (Fig-
ure 83).760-762 These belts (207—209) were shown to
complex small organic molecules”? and fullerenes,63.764
which showed interesting dynamic properties. A
variable-temperature NMR analysis showed that Cg
(210) rotates rapidly inside ring 207a, even at —100
°C.763 With the less symmetrical bis(ethoxycarbonyl)-
methanofullerene (211), two singlets appeared for the
aromatic protons at —100 °C, whereas they were a
singlet at room temperature. This implies hindered
rotation of the larger fullerene derivative in the ring.
No crystal structure could be obtained from the Cg
complex, most likely due to rotation of the cage in
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the macrocycle and hence disorder in the crystal.
However, the substituted fullerene gave a crystal
structure (207a-211) from toluene. The authors find
that the ester groups “lean on the aromatic
rings...and therefore the aromatic protons of [the
nanoring] act like a gear wheel hindering easy
rotation of the guest”. The possibility of gearing in
these molecules may present an interesting applica-
tion for molecular devices. In the crystal structure,
the ring adopts a bowl shape, because the fullerene
is larger than the cavity of the ring, and a larger
“belt” might fully include the spherical guest.

To remove the symmetry from the ring (and
increase the likelihood of rotational isomers) as well
as to increase the inside diameter, the authors
synthesized two new ring structures with naphtha-
lene units, either 1,4- or 2,6-substituted (208 and 209,
respectively).”®* Figure 83 shows the interior diam-
eter of the rings as calculated by the semiempirical
AM1 method. The 1,4-substituted naphthalene de-
rivative (208) has the same interior dimensions as
207a, and the 2,6-substituted ring (209) has the same
dimensions as a C;9 molecule. For 207a-C;, the
authors found two signals at —100 °C, indicating that
the center of the fullerene is not aligned with the
center of the macrocycle, and rotation is fast at this
temperature. They proposed that it occurs about the
long axis of the fullerene (C7p has lower symmetry
than Cgp). The new complexes, 208-Cgy, 208-Cro, and
209-Crg also showed fast rotation down to low tem-
peratures.

5.6.2. Rotation in Self-Assembled Architectures

In this section we briefly discuss several examples
of rotations in “self-assembled architectures”, defined
as compounds derived from individual molecules to
create a supermolecule in solution and held together
by noncovalent bonds. We note the similarities to
crystal engineering (section 6) and to self-assembly
of molecules on surfaces (section 7), but the molecules
discussed here are not crystalline in that they do not
form coordination networks derived from unit cells,
nor is their assembly related to any surface phenom-
enon.

Whitesides and co-workers’%~769 have investigated
supramolecular complexes made from hydrogen-
bonded components. These “rosette”””° structures self-
assemble in solution and are composed of cyanuric
acid derivatives (isocyanuric acids and barbituric
acids) and of a synthesized molecular “hub”. The hub
is designed with the correct geometry and stereo-
chemistry to self-assemble the cyanuric acids in
solution, as shown in Figure 84.7"! The authors found
coalescence of the signals in the NMR and proposed
that it was caused either by a rotation of a cyanuric
acid in the aggregate or by an association—dissocia-
tion mechanism, wherein one molecule formally
dissociates, rotates by 180°, and returns to the
complex (Figure 85). The barrier (AG¥) was found to
be between 13 and 15 kcal mol™!, but the possible
two isomerization pathways could not be distin-
guished. Use of optically active isocyanuric acid
derivatives8 led to formation of diastereomers, but
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Figure 84. Self-assembled aggregates (as viewed from above) made from an isocyanuric acid component (open geometrical
figure), melamine (shaded geometrical figure), and a three-armed “hub” molecule. The chiral complexes shown on the left
have C3 and C; symmetry, and the enantiomers are shown below the dashed line, which represents a mirror plane. Helical
chirality is represented by the M and P as defined by the arrows. The C3 and C; isomers can be conceptually interconverted
by rotation of the spoke denoted with the dot. The numbers in the isocyanuric acid component are related to the number
of imine protons observed, which are used for determination of the isomeric distribution. Reprinted with permission from

ref 768. Copyright 1997 American Chemical Society.

Figure 85. Two possible rotation mechanisms for White-
sides’ self-assembled “hub” compounds: (a) intracomplex
rotation and a (b) dissociation—rotation—association pro-
cess. Reprinted with permission from ref 768. Copyright
1997 American Chemical Society.

this did not aid in the understanding of the process
that leads to rotation of the cyanuric acid compo-
nents. To the best of our knowledge, the mechanism
has not yet been elucidated, and because this is not
a clear example of intracomplex rotation, we will not
discuss it further.

Reinhoudt and co-workers”’2~"76 have similarly
investigated rotational phenomena in self-assembled
molecular cage structures (Figure 86) composed of
cyanuric and barbituric acid derivatives and in
complexes with melamine and a calixarene (the hub).
They began with calix[4]arene 212a containing
melamine substituents and self-assembled the struc-
tures in a variety of solvents with 2 equiv of the
barbiturates (diethylbarbituric acid or DEB) or cya-

nurates (cyanuric acid or CYA) to give complexes
containing three units of the calixarene and six units
of the acids: (212a);(DEB)s and (212a)3(CYA)s. Com-
plexation involved the cooperative interaction of 36
hydrogen bonds!*® in a manner similar to those
described above for the Harvard group”” and also
investigated by Lehn and co-workers.””® Using a
enantiomerically pure calixarene, they found that the
assembly process led to supramolecular chiral struc-
tures (with six stereogenic centers).”’47"> The com-
plexes can form in three isomers as shown in Figure
87: D3, C3h, and Cs.

Dynamical processes were also found in these self-
assembled structures when complexed with three
molecules of alizarine (213).776 A complex of (212a)s-
(DEB)(213); was crystallized and shown to have a
threefold axis of rotation, with the alizarine hydroxyl
groups pointing away from this axis (Figure 88).776
Only one of the three possible isomers,” C3y, is found
in the crystal structure, whereas (212a);(DEB)g
crystallizes with D3 symmetry. Upon addition of
alizarine to the (212a);(DEB)g, the complex sponta-
neously rearranges to accommodate the guests. The
final complex can be thought of as a supramolecular
rotamer of the original. Using the fact that cyanu-
rates form stronger hydrogen bonds to melamine,”"780
the DEB molecules were then replaced by titration
with butyl cyanurate to give (212a)3(BuCYA)s, which
resulted in the release of the guest (Figure 89). The
cyanurates have a different geometry than the bar-
biturates and are not able to accommodate the guest
alizarine. The (212a)3(BuCYA)s supramolecule is
again of D3 symmetry, and thus, the authors showed
that the supermolecule can exist in two “rotameric”
states. Although it can be converted from one to the
other and back again, thereafter, no further change
is possible. They have also observed the rotation of
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Figure 86. Rosette structure synthesized by Reinhoudt and co-workers. Reprinted with permission from ref 776. Copyright
2003 Wiley-VCH.

R's R'%
C3h Cs
(staggered) (symmetrically eclipsed) (unsymmetrically eclipsed)

Figure 87. Three geometries for a hydrogen-bonded rosette structure. Reprinted with permission from ref 775. Copyright
2000 American Chemical Society.

inclusion complexes adsorbed to a surface using near- ecule rotating inside the cavity formed by the outer
field scanning optical microscopy (NSOM).78! molecule may be exploited to yield interesting prop-
. . o~ erties. Several examples of such systems are the so-

5.6.3. Rotations in Molecular “Onion” Complexes called fullerene “onion” compounds™> and nano-
Molecules within molecules are an interesting area tube “peapod” complexes.”"87 The potential for

of research,’? and the potential for the inner mol- useful devices being achieved from this design is not
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2124
(212a) (DEB), (staggered, 1))

Figure 88. Self-assembled molecular rotor. Addition of alizarine (213) causes the structure to rotate from a staggered
conformation to the eclipsed rotamer. Reprinted with permission from ref 776. Copyright 2003 Wiley-VCH.

(212a)(DEB) (213). {cclipsed. )

(212a), (DEB),(213), (eclipsed. Cy) (212a),(BuCYA), (staggered, D;)

Figure 89. Conformational switching by a molecular rotor based on supramolecular chemistry. Addition of butyl cyanurate
(BuCYA) causes replacement of the diethylbarbituric acid (DEB) units and expulsion of the alizarine molecule, causing
the structure to rotate from an eclipsed to a staggered geometry. Reprinted with permission from ref 776. Copyright 2003

Wiley-VCH.

yet known. Here we discuss such molecules, including
those in which a guest is encapsulated inside a host,
which in turn is included inside a larger host.

An early example of such a system was discovered
by Vogtle and Miiller,’ who crystallized y-cyclodex-
trin with coronates and cryptates. These complexes
were later shown by X-ray diffraction™""1 to be
comprised of an alkali metal bound inside the cryptand
and surrounded by either one or two cyclodextrins.
These types of molecules were called cascade com-
plexes. To the best of our knowledge, rotational
phenomena have not yet been observed in such
structures.

Rebek and co-workers™? have synthesized capsules
inside capsules, reminiscent of Russian Matroshka
dolls (Figure 90), which can be used to bind guests,
and they observed rotational processes. Upon encap-
sulation of 215 into inclusion complex 214, a simple
pattern was observed in the NMR spectrum, implying
fast, nondirectional rotation. However, when K*-filled
cryptate 216 was encapsulated into 214, the NMR
signals were split into two sets, which led the
researchers to conclude that the desymmetrization
was due to restricted guest rotation. They argued
that both the cation and its thiocyanate (SCN™) anion
are encapsulated, with one ion occupying the upper
half and the other the lower. The ions can switch

216M =K'
217 M =S
218 M = Ba®'

214

Figure 90. Inclusion complexes inside inclusion com-
plexes—chemical Matroshka dolls. Reprinted with permis-
sion from ref 792. Copyright 1999 American Chemical
Society.

positions, but this process is slow on the NMR time
scale. This was supported by the 13C NMR study of
an isotopically labeled thiocyanate (S*CN™) and the
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Figure 91. Synthesis of curcurbit[n]uril.

fact that a larger anionic salt of potassium did not
form the inclusion complex.

A fascinating new area of research is centered
around cucurbiturils.87.88793-795  Cucurbit[n]urils
(220[n]) are synthesized from the glycouril (219) and
formaldehyde under acidic conditions, where the n
denotes the number of methyleneglycouril units in
the cycle (Figure 91). They were first synthesized in
19057 but were not investigated further until the
early 1980s, when Freeman, Mock, and Shih fully
characterized the products of the reaction.”™” The six-
membered macrocycle 220[6] is the most commonly
formed product. Like other macroscopic cylinders,
cucurbiturils bind a variety of guests, including
xenon, ™8 water,”® THF 800802 gnd pyridine,®*® among
others. Larger cucurbiturils are known, and 220[5]
is the smallest formed under these reaction condi-
tions.

Day and co-workers®948% gynthesized a gyroscane
consisting of a smaller cucurbit[5]uril (220([5]) inside
a larger curcurbit[10]uril (220[10]) host (Figure 92),
and they showed that the smaller 220[5] rotates
rapidly inside the host. The complex was crystallized
from concentrated hydrochloric acid, and the crystal
structure showed that the 220[5] is directly in the
middle of 220[10] but that its axis is 64° inclined to
that of the host. There is a chloride ion in the center
of the guest and two water molecules (or hydronium
ions) between the 220[5] and 220[10] cages. The
authors only performed the variable-temperature
NMR measurements down to 2 °C, and they did not
see any splitting of the signals. This implies that the
guest is rotating rapidly inside the host. Because the
guest is inclined with respect to the host, they
referred to this as “gyroscope-like motion”, which
leads to the dynamic averaging of the NMR signals
for the host and the guest. For this to occur, the guest
molecule 220[5] must undergo both axial rotation and
precession inside of the 220[10] macrocycle.

Blanch and co-workers®% investigated the use of
o-carborane (221) as a template for the assembly of
cucurbit[7]uril (Figure 93). o-Carborane is a nearly
spherical (icosahedral) unit which is included in the
spherical curcurbituril, and the authors viewed it as
a model for a molecular bearing. Although the car-
borane can dissociate from the host (slowly at room
temperature), the complexes are rather robust, sur-
viving aqueous acids, ion exchange chromatography,
and vacuum-drying at 80 °C. The NMR spectrum
showed only a single resonance for the two carborane
C—H units, indicating that the guest rotates rapidly
inside the host. A low-temperature NMR analysis
was precluded by insolubility.
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Figure 92. Molecular gyroscane: a curcurbit[5]uril (220[5])
encapsulated inside a curcurbit[10]uril (220[10]): (a, top)
axial view (space-filling); (b, bottom) side elevation (ball-
and-stick). Color code: C, green; N, blue; O, red; H, cyan;
O (water), magenta. Reprinted with permission from ref
804. Copyright 2002 Wiley-VCH.

221

Figure 93. o-Carborane (221; ® = carbon, all other
vertexes are boron) included in a curcurbit[7]uril (axial
view). Reprinted with permission from ref 806. Copyright
2001 American Chemical Society.

5.7. Driven Unidirectional Molecular Rotors

A system capable of unidirectional motion is a
precursor to a true molecular motor. To produce
useful work, a molecular motor will require a supply
of energy. Similarly, a unidirectional rotor also
requires a supply of energy, even if it is not capable
of producing useful work and thus is no motor
according to our definition. Learning how to drive a
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molecular rotor unidirectionally appears to be a
useful and much simpler first step to learning how
to drive it to do useful work.

A short review on unidirectional rotors has recently
appeared,®” and the authors preferred the term
motor to describe these unidirectional systems. We,
however, favor the view that useful work (e.g.,
pumping a liquid) must be produced by a system that
is to earn the term molecular motor. So far, in our
opinion no artificial system has achieved this goal,
although some discussed in the following section
come close and although the point could be argued
depending on the definition of useful work. In the
following section, we describe the first step—the
synthetic design of molecules which undergo uni-
directional rotation.

5.7.1. Light-Driven Unidirectional Molecular Rotors

Feringa and co-workers have pioneered the field
of chirooptic molecular switches!44808-810 gnd ex-
panded on their findings to develop actively driven
molecular rotors.81-812° A number of groups have
investigated photochemical cis/trans isomerization,
ring closure, and charge-transfer processes®!® as
potential means for bistable switches, where the
read-out generally depends on the changes in the
optical properties that accompany these conver-
sions.808810 Ag early as 1956, Hirshberg®4815 noted
that the photochromism displayed by a spiropyran
and its subsequent conversion to a merocyanine dye
might be applicable as a molecular memory device.
A recent survey of photochromism is available.”

The concept of using the information stored in
different enantiomers (namely, their opposite re-
sponses to polarized light) is the basis for chirooptical
switching, assuming the enantiomers can be switched
readily and nondestructively. And, if the enantiomers
can be read out at wavelengths different from those
used to switch them, the read-out process could
likewise be nondestructive. Many previous systems
had failed due to fatigue, destructive read-out, and
side reactions caused by photochemical processes.88
Toward the goal of making bistable switches, Feringa
and co-workers initially investigated sterically crowded
systems based on helicenes (222 and 223) connected
via double bonds, with the output being helical
reversal between P and M forms (as shown in Figure
94).816-819 The stability to racemization for many such
molecules is quite high (AG* ~25—30 kcal mol™1),
depending on the heteroatoms in the rings and
groups on the periphery.®!! These initial discoveries
led to the attempted synthesis of a molecular brake
(Figure 95). The authors proposed that if a rotation-
ally mobile group is on the lower ring system and
the compound is photochemically switched, the rota-
tion will be halted and hence the group acts a
molecular brake.82° However, trans-224 actually had
a higher barrier to rotation than cis-224 by 0.7 kcal
mol ! due to the fact that the methyl groups on the
rotator interacted more strongly with the allylic
methylene groups in the trans form than with the
naphthalene fragment in the cis form. The flexibility
of the naphthalene unit allows it to move out of the
way and let the rotor pass. Again, an intuitively well-
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Figure 94. Helicity reversal by the isomerization of double
bonds in sterically crowded systems.
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Figure 95. Attempted realization of a molecular brake in
sterically crowded alkenes.

225d 225¢
Figure 96. Four-stage molecular switch.

designed system presents problems when shrunk to
the molecular level.

To design a molecular rotor that could perform a
360° turn, Feringa and co-workers synthesized a four-
station molecular switch (Figure 96). This was ac-
complished by using a dimethylamino group (225) as
a proton acceptor which acted as a brake to block the
switching process.??! State 225a can be converted to
225b by light-induced isomerization of the double
bond. Protonation of the dimethylamino group ef-
fectively locks the molecule in the conformation
shown in 225¢. Protonation of 225a also leads to the
trivial protonated form, 225d. Interconversion of
225¢ and 225d could not be accomplished by irradia-
tion, effectively showing the braking action of the
protonated amine. Such a system shows promise for
memory elements, but the use of acidic conditions in
solution is not desirable.



1346 Chemical Reviews, 2005, Vol. 105, No. 4

To create a unidirectional molecular rotor, the
Feringa group needed to include the components
required for such a system: repetitive, unidirectional
motion and a consumption of energy. Building on
previous work on phenanthrylidenes in collaboration
with the group of Harada®?-826 and using a similar
strategy to that in the four-state switch, they devel-
oped a unidirectional molecular rotor (226).122827 The
stations shown in Figure 97 can be populated indi-

(3R, 3'R)-(M,M)-cis-226

‘ 20°C

(3R, 3R)-(M,M)-trans-226 (3R, 3'R)-(P,P)-cis-226

Figure 97. Unidirectional, light-driven molecular rotor.

vidually, or the entire system can be kept at >60 °C,
and under irradiation, continuous 360° unidirectional
motion was found. The interconversion of the isomers
was followed by NMR and UV—vis spectroscopies and
the directionality by CD spectroscopy. In this system,
the light energy is required for the molecules to enter
the sterically strained M,M configurations in an
energetically uphill process, and the more stable P,P
isomers are formed in thermal, energetically downhill
processes. The input of light energy therefore allows
unidirectionality without violating the second law of
thermodynamics.

A second-generation unidirectional molecular rotor
(227) was synthesized and studied by Feringa and
co-workers (Figure 98).828 In this system, they made
a distinct upper and lower portion of the rotor
molecule, indicating the possibility that the lower
portion could be used to link the rotor to other
molecules or to a surface. Again, four different stages
were observed which could be interconverted and
monitored by CD spectroscopy. In this case, unlike
that of the first generation rotor, the unidirectional
motion is dictated by a single stereocenter—the
methyl group on the top fragment.

Feringa and co-workers32?:830 had previously stud-
ied the femtosecond spectroscopy of a number of
related overcrowded alkenes (228) to determine the
rates of photoisomerization, which were found to be
quite fast (<300 ps). To determine the tunability of
the second-generation system, they investigated the
effects of changing the heteroatoms in the framework
(Figure 99) as shown in Table 5. In looking at the
thermally activated helix inversion from the less
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Figure 98. Second-generation light-driven molecular ro-
tor.

Less Stable
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228

Figure 99. Light-induced isomerization in crowded alk-
enes.

Table 5. Characteristic Energies and Half-lives for
the Thermally Activated Helix Inversion for the
Molecule Shown in Figure 99¢

compd 228 AG* (kcal mol™1) tiz at 25 °C
X=8,Y=S 25.3 215h
X=S,Y=0 24.1 26.3h
X=CH,,Y=S 21.9 40 min

@ Changing the heteroatoms (X and Y) in the framework
changes the energies for thermal isomerization

stable P isomer to the more stable M isomer, they
found that replacing a sulfur by an oxygen on the
lower half lowered the barrier to rotation (AG¥) by
1.2 kcal mol™'. When the sulfur on the upper half of
the molecule was replaced by a CH; group, the
barrier (AG*) decreased by 3.4 kcal mol~! and the
half-life decreased from 215 h to 40 min.8!283! Retar-
dation of the motion was observed for other deriva-
tives,?2 and a smaller version of the second-genera-
tion rotor was designed.®3? The ability to tailor the
properties by changing the atoms in the framework
leads to an important design principle. However, one
of the drawbacks of light-induced molecular machin-
ery is resiliency of the molecules under the duress of
constant switching by a high energy source, espe-
cially when bonds are broken and formed (as a r bond
is in the case of switchable alkenes). To the best of
our knowledge, no tests have been performed as to
the fidelity of these devices, that is, the number of
switching cycles possible before photobleaching or
another process leads to the degradation of the
switches. Many alkenes are stable to such switching
processes, but tests on the compounds described
above have yet to be performed.
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Feringa and co-workers have also investigated
these unidirectional molecular rotors in liquid crys-
tals,®* showing that the motion of the rotor can lead
to a change in the macroscopic material, manifested
as a change in the color. They had observed a similar
phenomenon with other chiral molecular switches in
liquid crystals.?35 Recently, they have shown that the
chirality of a liquid crystal phase can be reversed
when a photochromic switch is incorporated into the
individual molecules.?3¢ Others have proposed pho-
tochemically driven molecular rotors based on liquid
crystal molecules.837-840

Zerbetto and co-workers have studied the effect of
rotation in rotaxanes by external electric fields®!! as
well as photochemical stimuli.?*? Stepwise circumro-
tation of a small ring about a larger ring containing
individual stations using light, heat, and chemical
stimuli in a catenated structure has been investi-
gated by Leigh et al.?*3 With one smaller ring within
a larger one containing three stations, unidirectional
rotation could not be achieved. However, in a signifi-
cant accomplishment, when two smaller rings were
catenated onto a larger four-stage ring (a [3]cat-
enane), the smaller rings prevented rotation in the
reverse direction and the overall movement was
unidirectional. This important area of research has
been reviewed recently,’” and catenanes lie outside
the scope of the present review as defined in the
Introduction.

Fujimura and co-workers®* performed a computa-
tional study of 2-chloro-5-methylcyclopenta-2,4-diene
carbaldehyde (229; R = Cl) as an example of a chiral
molecular rotor by quantum dynamics (Figure 100).

H
0 WH Fr.
R CH, Hé:%\
CHs
229 230

Figure 100. Molecules for the study of light-driven
molecular rotation.

The simulations were done in a one-dimensional
potential representing the internal rotation of the
—CHO group against the cyclopentadiene system.
This rotation has an asymmetric potential, and
unidirectional rotation can occur when the —CHO
dipole moment interacts with a linearly polarized
electric field. The cyclopentadienyl part was assumed
artificially fixed in space, and a 30 ps long linearly
polarized laser pulse at 124 em™! (3.72 THz) with a
maximum field strength of 3.4 GV/m was introduced
in the calculation. At this field strength, the dipole—
electric field interaction was comparable to the
potential barrier, and unidirectional rotation was
predicted.

Similar methods were applied to randomly oriented
ensembles of the same molecule to study the influ-
ence of linearly and circularly polarized laser pulses.'?°
In both cases, the ensemble average of the angular
momentum reversed when the symmetry of the
molecule was reversed. Whereas linearly polarized
laser fields induced rotation in the molecular coor-
dinate system, circularly polarized fields induced
rotation in the laboratory fixed frame.
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These results were obtained while energy dissipa-
tion, which is of critical importance, was ignored. It
was included through a quantum master equation
method.'” In an intense laser field, unidirectional
rotation was calculated to occur in the intuitive
direction, while, at intensities below threshold, rota-
tion in the other direction may occur.

Fujimura and co-workers showed the feasibility of
pump—dump femtosecond laser pulses to initiate
unidirectional rotation in 229 (R = H) by quantum
dynamics simulations in a one-dimensional poten-
tial.8%> Whereas IR frequencies were studied so far,
and the dynamics on the ground state was investi-
gated, electronic excitations with UV —vis laser pulses
were studied within a two-state model. If the mini-
mum in the ground state does not correspond to a
minimum in the excited state, a torque with the
directionality defined by the chirality of the molecule
acts upon vertical excitation from the ground-state
minimum. If the wave packet is transferred back into
the ground state by a time-correlated dump pulse
before it arrives at the minimum in the excited state,
the angular momentum accumulated in the excited
state is preserved and rotational excitation results.

Electronic excitations combined with librational
excitation by IR laser pulses are also suitable to
induce molecular rotation. This was shown by Manz
and colleagues using 1D quantum dynamics simula-
tions for (4-methylcyclohexylidene)fluoromethane
(230; Figure 100),346 which exists as aR and aS
enantiomers, which interconvert through a 180°
rotation about the double bond. The molecule was
initially assumed to be present entirely as the aR
enantiomer. A linearly polarized IR laser pulse
resonant with the librational mode was applied to
induce rotational excitation in the ground state. A
subsequent UV laser pulse was applied to elevate the
rotational wave packet. Due to local asymmetry of
the excited state in the region of the ground-state
minimum, unidirectional rotation was induced. Once
directional rotation stops, the direction of rotation
cannot be predicted any more, because of the inver-
sion symmetry of the rotational potential. Thus, the
use of this particular design for nanotechnology
seems limited, but the principle is very interesting.

This series of publications reports high level quan-
tum dynamics calculations of molecular rotors, which
do not invoke the approximations made in classical
molecular dynamics. The computational demands do
not allow the study of large systems. In fact, the
studies were done on a one-dimensional potential,
and energy dissipation effects cannot be estimated
from this type of calculation.

5.7.2. Chemically Driven Rotors

Kelly and co-workers have investigated molecular
brakes,?47848 ratchets, and chemically driven uni-
directional molecular rotors.’*°~%! The molecular
brake was based on a bipyridyl unit connected to a
triptycene moiety, in which the triptycene could
rotate readily in the system (Figure 101), similar to
molecules we have discussed previously. When Hg?"
is added to the system, the bipyridyl unit is com-
plexed and attains a planar conformation, similar to
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Figure 101. Molecular brake shown (a) schematically and
(b) in its molecular form. Reprinted with permission from
ref 849. Copyright 2001 American Chemical Society.

that observed in Rebek’s bipyridyl system (section
5.1.4; Figure 16). In this configuration, the triptycene
can no longer rotate. The rotational arrest can be
observed by NMR, and thus, a braking action can be
observed.

In 1963, Feyman laid out the framework for the
design of a gas-driven molecular ratchet and pawl
system which could be used to theoretically lift a
flea.®52 In his discussion, he then proceeded to show
how this cannot be true, based on the second law of
thermodynamics. In the present article, we have seen
in section 3 and repeatedly thereafter how macro-
scopic analogies are likely to break down as a system
gets smaller, because Brownian motion (kT terms)
begins to dominate. In section 5.7.1, we saw an
example of a unidirectional motor by Feringa and co-
workers. In this case, light energy had to be used as
an input—unidirectional motion cannot be obtained
without the input of energy, whether it be thermal,
electrical, chemical, or another form.

Kelly and co-workers made and studied a system
that showed that the second law survives, even if at
first sight intuition might tell us otherwise.8%3:854
Similar to the molecular brake, they designed a
molecule composed of a triptycene connected to
phenanthrene and benzophenanthrene (231) units
(Figure 102). The phenanthrene and benzophenan-
threne are helical and thus would appear to impart
a differential preference for rotation in one direction.
However, as Feynman explained, and transition-state
theory also tells us, if the thermal bath provides
enough energy for rotation, it provides enough energy
for rotation in either sense, and bidirectional rotation
is indeed what the group found by using a combina-
tion of coalescence and spin polarization-transfer
NMR (AG* = 25 keal mol ™). Predictably, no preferred
rotation in one direction was observed and the
conclusion was that the second law is indeed valid.®*®

Kelly and co-workers then set out to produce a
chemically driven molecular rotor (232),140-856.857 yging
the high-energy phosgene molecule as an input, much
like ATP is used to drive biochemical motors (Figure
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Figure 102. Attempted design of a unidirectional rotor
(a) based on the helical twist of the benzophenanthrene
unit, which imparts a chirality as shown in the space-filling
models (b). Reprinted with permission from ref 856.
Copyright 2000 American Chemical Society.

103). The system is a derivative of their ratchet and
pawl system, but it contains functional groups that
reversibly react with the phosgene. As shown in
Figure 103, addition of phosgene and triethylamine
to 232 converts the aniline group in the triptycene
unit to an isocyanate which can then, after rotation,
react with a hydroxypropyl tether on the helicene to
form a urethane linkage. However, the urethane is
in an undesirable conformation and uses thermal
energy from the bath to rotate (again in the same
direction; the reverse direction is restricted by the
now-formed urethane link) to a more stable confor-
mation. Addition of water then cleaves the urethane
to give a rotamer of the original starting atropisomer.
Although this represents a simple system, it provides
a proof that unidirectional motion can be obtained
in molecular frames with the correct input of energy.
Feringa (for light energy), Kelly (for chemical energy),
and Leigh (for light and chemical energy) have now
shown this. Another important feature of all three
systems is the ability to harness the random fluctua-
tions in the thermal bath, in properly designed
systems, to still obtain unidirectional motion. These
relatively simple, albeit important, examples were
useful in proving these concepts, and they open the
doors for further exploitation in these realms.

6. Rotors in Solids

In this section, we will cover molecular rotations
within large structures including solids, liquid crys-
tals, and related systems. As noted at the outset, we
only deal with well characterized pure compounds
and not with mixtures such as polymers. Even so,
subjective decisions had to be made for inclusion of
material into this subset of the review. For instance,
we did not include numerous instances of rotation
in crystals that were not a result of design but
happened to be discovered. For instance, we do not
discuss “bicycle pedal rotation” in crystals of trans-
stilbenes®?8-860 and trans-azobenzenes,%1-%2 in which
the double bond turns around the single bond that
attaches it to the phenyl rings while the rings remain
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Figure 103. Chemically driven unidirectional molecular rotor. Reprinted with permission from ref 856. Copyright 2000

American Chemical Society.

stationary. As mentioned in the Introduction, we
were particularly concerned with including structures
that in our judgment may be ultimately useful in
nanoscience applications. This makes molecules in
solids and especially on surfaces considerably more
relevant than molecules floating freely in solution,
and we have accordingly discussed them in more
detail.

However, in dealing with rotors in solids, we will
only discuss a few topical areas which we believe fit
the criterion of potential relevance to the building of
molecular devices: in particular, the use of crystal
design to incorporate rotational phenomena into solid
structures. As stated earlier, we do not consider the
rotations of whole molecules, even though the crystal
environment could be considered to act as a stator
with respect to such rotation. Therefore, we do not
discuss the phenomenon of molecular rotation in the
plastically crystalline state,®%® where orientational
disorder is caused by the rotations of entire molecules
in the crystal (plastic crystals),36485 or the rotational
diffusion of molecules in zeolites® or other solids.%67
The dynamics of plastic crystals as well as other
glassy solids, studied by NMR, has been reviewed
recently by Bohmer et al.'”® Instead, we will concern
ourselves here with the rotations of an individual
part of a molecule (rotator) within the framework of
a larger molecule (stator) which is itself in the
framework of a solid, such as a crystal. We also look
here at geared rotations in some solids, as this is
related to our discussion in the solution-based rotors
section (section 5), but again, we only consider cases
in which the gearing involves a part of the molecule
(rotator).

Crystal design is rapidly becoming one of the
fastest growing fields in chemistry and physics
today.88-872 Whether for the design of porous solids,
solid-state magnets, designer catalysts, or other
crystal-related phenomena, much progress has been
made recently. In a sense, crystal engineering is
attempting to learn to design solid-state properties
in the same fashion as chemists have been designing
molecular properties. This is reminiscent of the
supramolecular chemistry discussed in section 5.6.

There, large structures were made by the noncova-
lent assembly of molecules. The principles are similar
in crystal engineering, where forces typically much
weaker than a chemical bond dictate the packing in
a solid. With knowledge of the types of structures
that lead to different crystal packing, molecules can
be synthetically designed to give known superstruc-
tures with built-in substructures. A number of early
researchers discovered that rotational processes can
be observed in solids with a variety of techniques,
but the phenomenon is not widely known among
chemists, who frequently think of all crystals as being
internally rigid, as most of them of course are.
Recently, several groups have become interested in
using crystal design to produce crystals containing
tailored rotor molecules that have low rotational
barriers and in harnessing such internal rotation to
make designer solids that can be used for rotoelec-
tronic applications. In this regard, the contributions
of Garcia-Garibay’s group, starting with their initial
outline of their research program,®”® are particularly
systematic and noteworthy and are discussed in
detail in section 6.1. Their molecules contain a rotator
mounted on an axle whose ends are shielded by bulky
protecting groups intended to prevent neighbors from
interfering with the motion of the rotator.

Many methods, including X-ray diffraction, neutron
diffraction, inelastic neutron scattering (INS), quasi-
elastic neutron scattering (QENS), dielectric spec-
troscopy, solid-state NMR experiments, and others,
are available to the chemist and physicist interested
in studying dynamic processes in solids, liquid crys-
tals, and other macromolecular species. For the
reasons cited in section 4.1 for solution-state NMR,
including ease of use and availability of spectrom-
eters, solid-state NMR has become one of the favor-
ites in the understanding of solid-state structures.
Between solid-state NMR and X-ray diffraction,37487
different, yet complementary, data can be obtained
on molecular motions in solid-state samples.

The data obtained from crystal diffraction experi-
ments give the mean position of the atoms and the
probability density of their average displacement
from the mean position, expressed in the familiar
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Figure 104. Proposed solid-state molecular gyroscope. The structure on the left is a space-filling model of that in the
center, and the picture on the right schematically depicts the “gyroscope”. Reprinted with permission from ref 85. Copyright

2002 American Chemical Society.

thermal or vibrational ellipsoids. The data can then
be extrapolated, often with some assumptions, to give
values of force constants and rotational barriers in
crystals. From X-ray crystallography, information
about the translational, vibrational, and rotational
(librational) motions of a molecule or parts of a
molecule can be obtained. In contrast, solid-state
NMR experiments give information on the local
structure of the molecule, which may or may not
correlate with information about the extended struc-
ture.

In section 5.4.1, we discussed how solid-state
relaxation measurements were used to determine the
rotational barriers in ferrocene (146, M = Fe; Figure
57) and related compounds. Similarly, Maverick and
Dunitz®® were able to determine the rotational
barriers for a series of crystalline metallocenes, for
which diffraction data were available over a wide
range of temperatures. Although the data agreed
quite well, different space groups yielded different
values, which indicates a further complication rela-
tive to solution studies. For ferrocene in a triclinic
unit cell, they obtained a value of 1.8 kcal mol !,
which agrees nicely with the data reported in section
5.4.1. Dunitz and co-workers have pointed out that
the results agree well, even if the underlying as-
sumptions are quite different.8”2 Spectroscopy gives
information about the rate (e.g., frequencies, relax-
ation times) versus temperature, assuming an Ar-
rhenius type behavior, whereas the torsional ampli-
tude method®”? (e.g., Dunitz and White®") uses
classical Boltzmann averaging to estimate the rota-
tional barrier height at a given temperature. In the
words of Dunitz and co-workers,?”2 “In a sense, one
can say that spectroscopy sees the rate at which
molecules cross the barrier, while diffraction sees the
bottom of the potential well; we derive roughly the
same barrier height as long as the potential is
approximately sinusoidal.” Thus, the two methods
are complementary. Bernard and Wasylishen®’ have
recently reviewed fluxional processes for some orga-
nometallic compounds, including metallocenes, in the
solid state, and we will not discuss them further here.

6.1. Phenylene Group Rotations

Garcia-Garibay and co-workers have investigated
designed crystals in which phenylene groups could
rotate in the cavity created by the substituents on
the phenylene rotator848-873.879-881 and refer to the
systems as “molecular gyroscopes”. This is not the
usage of the term that we have adopted presently
(section 5.5). The structures discussed by these
authors are closely related to the turnstiles of Moore
and co-workers” discussed in section 5.5, but they
are nonplanar. The goal of the Garcia-Garibay group
is to design a molecule that encompasses a fully
enclosed cavity containing a chemically bonded rota-
tor (Figure 104). This would then be a true molecular
analogue of a gyroscope. If the phenylene carried
substituents that would make it dipolar, it could then
be addressed by an external electric field. A recent
publication from the laboratory of Gladysz describes
a true molecular gyroscope, albeit with a nonpolar
rotator, but the rotator is not of the phenylene type’?
and they did not study the dynamics in the solid state
(see section 5.5).

In a preliminary study,’™ 1,4-bis(3,3,3-triphenyl-
propynylbenzene (233), which has no dipole, was
synthesized and crystallized from benzene, which
was included in the crystal (Figure 105). From

233R=H
234 R=t-Bu

Figure 105. Molecular rotor designed with the intent of
allowing the phenylene rotator to turn in a crystalline solid.

dynamic '3C cross-polarization and magic-angle spin-
ning (CPMAS) NMR, the authors found a splitting
of 60 Hz at ~255 K, giving a time constant of rotation
of 7.7 ms and a barrier (AG¥s55) of 12.8 kcal mol 1.
From quadrupolar echo 2H NMR line-shape analysis,



Artificial Molecular Rotors

they found an upper limit for the rate of rotation of
10*s™1, giving an activation barrier of 14.6 kcal mol !
for the desolvated structure—only ~2 kcal mol™!
higher than that for the clathrate structure. Later,8
the same group synthesized the dodecakis-tert-butyl
analogue (234) to counteract intercalation and found
that the twofold flip occurs at 100 MHz (108 s™1) in
the solid state at ambient temperature. This com-
pound crystallized in a propeller conformation. They
also made a deuterated phenylene analogue to in-
vestigate the 2ZH NMR. Unfortunately, the rotation
was faster than the upper limit of the experiment,
108 s71 at 293 K, and at 193 K, the rotation was
slower than the lower limit of the experiment, 103
s~L. Spectra at intermediate temperatures could not
be fitted to a single rate constant. This implies that
loss of crystallinity gives amorphous solids, and even
with the bulky groups, interdigitation in the crystal
was still observed.

The Garcia-Garibay group®* also reported the dy-
namics of 1,4-bis(3,3,3-triphenylpropynyl)benzene
(233), which was crystallized from benzene. They
found one molecule of the rotor with two benzene
molecules included. Using 3C CPMAS NMR, it was
shown that the phenylene groups undergo rapid
twofold flipping with a rate of 1.3 x 102 ™! (v = 77
ms) at 18 °C (AG¥a55 ~ 12.8 kcal mol™1). The included
benzene molecules are also in a “state of rapid
rotation”. Since the benzenes are in a T-shape
conformation, the authors considered the system to
be possibly geared, even though the twofold rotation
of the phenylene against the sixfold rotation of the
benzenes would be inefficient. They found (by 3C
CPMAS NMR and quadrupolar echo 2H NMR line-
shape analysis between 200 and 330 K) that the
twofold flipping occurs in the kilohertz regime while
the sixfold flipping occurs above 100 MHz. They also
studied solvent-free crystals grown from dichlo-
romethane. They found rotation rates ranging from
1.5 x 10 st at 297 K to 3.8 x 10 s7! at 385 K and
an activation barrier (E,) of 14.6 kcal mol~! for the
solvent-free crystals. This is only ~2 kcal mol™!
higher than that for the clathrate crystals, so gearing
in the clathrated structures is unlikely.

In an attempt to shield the rotator more, Garcia-
Garibay and co-workers® also used triptycene end
groups (Figure 106) to form the cavity and showed
that various groups could be used as the rotator, such
as anthracene, pyrene, and biphenyl. Again, none of
these structures bear a dipole moment, and the
authors explored the gas-phase rotational potentials,
crystallization behavior, and thermal properties. All
molecules rotated fast on the NMR time scale, which
was supported by semiempirical AM1 calculations,
which showed essentially frictionless rotation. From
X-ray crystallography, the authors found that the
close packing interactions that hinder the rotator
rotation come from interdigitation, wherein tripty-
cenes fill the void space between two triptycenes on
an adjacent molecule in the crystal.

Again, they made the triptycene units bulkier by
adding methyl groups to increase the free space in
which the phenylene unit can rotate (Figure 106, R
= tert-butyl).®! The crystal structure indicates more
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Figure 106. Example of a phenylene rotator with triptycyl
blocking groups designed to allow the phenyl group to
rotate in a crystal when the rotor crystallizes. R = H, tert-
butyl, as discussed in the text. Reprinted with permission
from ref 85. Copyright 2002 American Chemical Society.

235X=H;Y=F;Z=
236 X=H;Y=CN; Z
237 X=H;Y =NOy; Z=H
238 X =H; Y =NHy; Z=H
239 X = NHy; Y = H; Z = NH,
240 X = H; Y = NHy; Z = NO,

H
=H

Figure 107. Dipolar rotors for examination of rotation in
the solid phase.

void space through which the rotator can turn, and
from the atomic displacement parameters in the
crystal data, they were able to estimate a rotational
barrier of only 3.3 kcal mol™! (at 100 K and assuming
a twofold flipping model).

In their first examples of dipolar rotors (235—240),
Garcia-Garibay and co-workers®” synthesized a se-
ries of dipolar phenylenes on the trityl framework
and determined the effects of crystallization on
rotation (Figure 107). The dipoles ranged from 0.74
to 7.30, but the volumes only differed by ~5%, and
some crystals showed positional disorder. They stud-
ied the molecules using 3C CPMAS NMR. All signals
were averaged at room temperature, and the over-
lapping peaks did not allow them to get quantitative
data. The crystal disorder is by inversion, and
therefore rotation cannot be the cause, but a 180° or
360° rotation could cause the disorder in some of the
molecules.

Compound 235 was crystallized in both a desol-
vated and a clathrate form and characterized by
Price, Garcia-Garibay, and co-workers as a crystalline
dielectric.'*! Utilizing dielectric spectroscopy, ?H
NMR, and variable-temperature X-ray crystallogra-
phy, the authors demonstrated a rapid thermal
response of the molecular rotors to the applied
electric field with a measured barrier to rotation of
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~14 kcal mol™! and found a twofold rotational
potential with a well asymmetry of about 1.5 kcal
mol~!. The observed behavior of the rotors was
relatively monodisperse with about two-thirds of the
active rotors having indistinguishable barriers to
rotation. The observed asymmetry was shown to
result from steric interactions between the dipolar
rotators and the nonrotating portions of neighboring
molecules via the interdigitation mechanism dis-
cussed above. This steric effect dominated the dipolar
rotor—rotor interactions, which are weak for the
relatively small dipole of the singly fluorinated
phenylene group.

6.2. Geared Rotations in Solids

Hexammine metal complexes [M(NHj3)] X2 (where
M is a metal, usually divalent, and X is a counter-
anion) have six ammonia groups ligated to the central
metal in an octahedral fashion. Due to the steric bulk
surrounding the metal, correlated rotations of the
individual ammonia ligands can be visualized, and
this phenomenon was found in a number of studies.
Rotations in [Ni(NHj3)slX; crystals (X = Cl, Br, I) have
been studied by EPR,38278% and observed line-width
variations have been explained in terms of correlated
rotations of the NH; groups.®%¢ Trapp and Shyr®s7
proved this by looking at the EPR spectra of [Ni-
(NH3)6lXs in [Zn(NH3)s]Xe and [CA(NHj3)6lX2 hosts
(where X = Cl, Br, I). Above the critical temperature
(T,), the complexes existed in a perfectly octahedral
environment, and below the T, the motion is frozen.
Stankowski et al.®%8 have studied rotations in [Ni-
(NH3)](BF4)2 and found a 7. approaching room
temperature, which agrees with specific heat mea-
surements.?° Sczaniecki®? found four angular minima
and four angular maxima in an electrostatic calcula-
tion of a model compound comprised of six NHj
groups as a function of the correlated rotation of all
the protons. Even though such a correlated system
might find use in a nanoscience application, these
compounds suffer from low stability, even at room
temperature.

Correlated rotations in crystals of [(alkoxycarbon-
yDmethyl]cobalttricarbonyltriphenylphosphine [ROC-
(O)CH3Co(CO)sPPh3]891789 were studied computa-
tionally for CH3CH;OC(O)CH2Co(CO)3PPh3.89¢ The
crystalline phases of these molecules contain enan-
tiomeric pairs based on the chiral conformations of
the triphenylphosphine ligand (helical chirality, P/M)
and the ester fragment (re/si). Each enantiomer has
one conformation of the ester group, interconversion
is very fast, and the selectivity is high. Using
semiempirical methods and molecular mechanics, the
authors found®* correlated rotation of the coaxial
rotors and bevel gearlike rotation for the intercon-
version. Interestingly, they also predicted a coupled
conrotation in this system, which provide the mol-
ecule with a path to stereochemical inversion. The
ester group and the carbonyl groups on the cobalt are
so tightly meshed that they must rotate in the same
direction. The carbonyl groups then engage the PPhg
groups, which rotate in a disrotatory fashion. The
gearing here is inefficient because the three-toothed
Co(CO)3 gear is coupled to the two-toothed Ph groups
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on the phosphine and the ester fragment likewise
behaves as a two-toothed gear. To invert the helicity,
the PPh; group and the ester fragment must change
conformations, and it was found that this stereo-
chemical transmission of information from one end
of the molecule to the other occurs readily, implying
that communication through this geared system
offers an interesting mechanism for “gear trains”
discussed in section 5.1.5. Therefore, although the
gearing is inefficient, it nonetheless works to some
degree. The authors of this study dub the system a
“clockwork analogue unimolecular machine” and
suggest its use in molecular memory.

6.3. Solid-State Inclusion Complexes

In section 5.6, we discussed rotations in inclusion
complexes that were prepared and measured in
solution. Here, we discuss a related area of chemistry
concerning inclusion compounds in the solid state,
including the preparation of such compounds without
solvent. Although diffusion through solids is gener-
ally much slower than diffusion through a solution,
it nonetheless can be exploited for solvent-free syn-
thesis,?? which has important environmental and
cost advantages.?% Although these systems have
gained interest recently, solid-state reactions have
been known for over a century. Mixing quinone and
hydroquinone to give quinhydrone was discovered by
Ling and Baker in 1893.%897 The use of crystalline
guests to control reaction outcomes in the solid state
is also a growing field. Enantioselective reactions in
a crystal can be compared to those in biological
systems in that the solid holds the substrate in a
required conformation to obtain an enantiopure
product upon reaction, much like enzymes do in
biological transformations. In many cases, the bound
substrate is held in a certain conformation which
yields an optically active product upon reaction. Here,
we consider the case where the bound conformation
is a rotamer.

Toda et al.8?® discovered that when mixing solid
1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol (241) with
1 equiv of benzophenone, the same inclusion complex
forms as when they are crystallized from solution and
its formation could be monitored by IR spectroscopy
(Figure 108). They have also shown that gaseous

Br- ! ! Br
I
Br I I Br
242

Figure 108. Host structures for solid-state inclusion
compounds.

241

guests in achiral crystalline hosts show chiral switch-
ing of the host molecules.?%° Crystalline hosts and
gaseous guests form inclusion complexes in which the
guests can be removed by heating.’®® For chiral
switching of a host molecule in the presence of an
included guest, tetra(p-bromophenyl)ethene (242) has
been shown to form a chiral state upon contact with
THF, dioxane, benzene, p-xylene, and f-picoline
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Figure 109. Tetraazaannulene nickel complex.

vapors.®? The chirality results from the phenyl rings
adopting a propeller structure (see section 5.1.5 and
Figure 19), imparting a helicity on the host mol-
ecules. The mechanism that leads to the dynamical
behavior of the molecules in the solid state is
unknown. To probe this mechanism, Toda and co-
workers®® investigated the phenomenon in chiral
derivatives of tartaric acid and binaphthyl. For the
tartaric acid derivative, an inclusion complex was
formed with acetone while the binaphthyl derivative
formed a complex with DMF. Both compounds showed
fast intramolecular rotation in the crystal to accom-
modate the guest molecules and resulted in the
formation of chiral crystals.

Ward and co-workers®! found that supramolecular
host frameworks consisting of guanidinium (G) and
4,4'-biphenyldisulfonate (BPDS) ions, with included
aryl guests, [(G)«(BPDS)(guest)], formed geared sys-
tems wherein the BPDS moieties relay guest orienta-
tions from one pore to the next. The information
transfer occurs by rotation of the S—Ca, bond or
conformational twisting of the biphenyl Ca,—Ca,
bond.

Ripmeester, Ratcliffe, and co-workers have studied
the dynamics of guests in clathrate hydrates (hosts
made of water)°?~%%7 and have reviewed the fluxion-
ality of guest molecules in solid-state inclusion
complexes with cyclodextrins and other clathrate
structures.?%* Guest dynamics in clathrate hydrates
have been studied since the 1960s, mostly with
dielectric spectroscopy.?®® Recent advances in NMR
spectroscopy have allowed for further study of these
inclusion complexes.?09:910

Soldatov et al.®!! investigated Cgy molecules in-
cluded into crystals of the tetrazaannulene nickel-
(II) complex shown in Figure 109. Macrocyclic diben-
zotetraazaannulenate metal complexes had previously
been shown to form inclusion complexes with
fullerenes and other species in the solid state as well
as in solution.?127917 In the crystal state, the concave
surfaces of the tetraazaannulene form a cavity which
can incorporate the Cg molecule. By investigating
the solid with 13C CPMAS NMR, the authors®!! found
rapid pseudoisotropic rotation of the Cgy molecule in
the cavities. At —100 °C, the fullerene is disordered
over two orientations, related by a 30° rotation about
the sixfold axis of Cg. A related discussion of
rotational processes in solid Cgp can be found in
section 6.5.2.

A number of groups have turned the tables and
looked at molecules included inside open-cage
fullerenes 187921 Levitt and colleagues®?? investigated
molecular hydrogen trapped inside such a cage, as
shown in Figure 110, by solid-state 'H MAS NMR
spectroscopy. They observed a small anisotropy
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Figure 110. Molecular hydrogen included in an open-cage
fullerene. Reprinted with permission from ref 922. Copy-
right 2004 American Chemical Society.

(~2.3%) of the Hy rotation in the cage and estimated
the correlation time for Hy rotation to be 2.3 ps at
295 K and 15.3 ps at 119 K (with a linear dependence
between these two values). Computationally, Cross®23
investigated the hydrogen molecule completely en-
closed in a Cgo molecule at the Hartree—Fock level.
In this study, it was found that Hy; was free to rotate
and translate within the cage, with the bonds of rings
of the cage causing a small torque on the included
molecule. As in the experimental work above,’?? a
very small anisotropy of the hydrogen rotation was
also found in the calculated structure.

6.4. Rotations in Other Macromolecular Species

Vorderwisch et al.?24 have studied the influence of
guest molecules on the rotations of NHjs groups in
Hofmann clathrates via inelastic neutron scattering
(INS). Hofmann clathrates are molecules of the type
M(NHj3)eM'(CN)4mG (abbreviated M—M'—G) where
M and M' are metals, G are guest molecules, and m
is the number of guest molecules G per unit host.??
The clathrates form stacked sheets containing the
metals M and M' and the cyano groups, which
usually form a collinear arrangement with the two
metals (M—CN—-M'). Two NHj3 groups are bound to
M and protrude from both sides of the sheets, with
the guest molecules trapped between the sheet and
the NH; groups. When G is a nonpolar guest (benzene
or biphenyl), nearly uniaxial rotation of the NHjs
groups was observed, but when G was a polar guest
(water, aniline, phenol, dioxane), dipolar interactions
between the guest and the NHj groups led to hin-
dered rotations. In INS, this is evidenced by the
presence of tunneling lines in the spectra, instead of
transitions between rotational wells. The first ex-
ample of INS on Ni—Ni—C¢Dg was by Wegener et
al.,??6 who found uniaxial quantum rotation of the
NH; groups at 1.8 K. Kearly et al.®?” examined the
effects of changing the central metal ion in M—Ni—
CeDg clathrates (M = Cu, Fe, Mn, Ni, Zn) and found
only small changes in the rotational energy measured
by INS.

Wiirger'®” has developed an analytical method for
explaining the temperature dependence on the line
width in the EPR spectra of Hofmann clathrates. In
this formulation, based on rotor—rotor coupling, the
widths are dependent on the rotor level occupation
and the three-proton spin degeneracies in the initial
and final states and provides a good fit to the
experimental spectra. Rogalsky et al.?? have similarly
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investigated the neutron scattering line widths from
a theoretical standpoint. In a joint theoretical and
experimental investigation, they investigated Ni—
Ni—(biphenyl); via INS and developed a theoretical
model for calculating the INS line widths at finite
temperatures using a stochastic perturbation poten-
tial analogous to the classical Langevin equation (see
section 3). The behavior for the studied molecule is
deemed classical for the coupling of the phonons to
the rotor, with a g = gpﬁg\/ T temperature depen-
dence. The finding that the system displays a clas-
sical relationship is surprising given the quantum
nature of the rotor transitions discovered previously.
The authors state that a better understanding of the
coupling strength will be required to validate this
conclusion.

Enders and Mintz%?® have investigated the rota-
tions in dimyristoylphosphatidylcholine bilayers us-
ing dielectric spectroscopy as a function of temper-
ature in the frequency range from 4 to 12 GHz. They
find a steplike dielectric response as a function of
temperature at the chain melting phase transition
and conclude that it is due to a phase transition of
the acyl chains. At low temperatures, the chains are
all-trans. As the temperature is raised, rigidity is lost
and the chains begin rotating between different
gauche conformations. The gauche conformation has
a small dipole moment (<0.1 D), which allows obser-
vation of the transition via dielectric spectroscopy.
The amplitude of the observed dielectric signal is
interpreted as due to gearlike cooperative rotational
motions of chains within large chain clusters.

Asthaler et al.%? investigated the dynamics of
octamethylethynylferrocene (OMFA) with quasielas-
tic nuclear forward scattering (QNF'S) from 61 to 257
K at photon energy 14.413 keV along with variable
energy X-ray powder diffraction. Previous studies?°933
have shown that this molecule displays a sharp
decrease of the Lamb—Mossbauer factor at 248 K,
well below its melting point (436 K). Herber and co-
workers®3%931 have suggested librational coupling of
the molecule to the rotations of the cyclopentadienyl
rings. Using the QNFS technique with synchrotron
radiation, the authors found that the rotation of the
OMFA molecules above 246 K “occurs on a timescale
faster than the nuclear lifetime of 5"Fe, i.e. their
libration or rotation frequency is well above 7 x 108
Hz".

6.5. Carbon Nanotubes and Fullerenes
6.5.1. Carbon Nanotube Gears

Since their discovery, carbon nanotubes inspired
thoughts about their use in rotational nanodevices.
They are classified as single-wall carbon nanotubes
(SWNTSs) or multiwall carbon nanotubes (MWNT's).
SWNTs consist of finite sheets of graphite, folded in
one direction to build a cylinder; MWNTs are built
when two or more SWNTs of different size are
inserted inside each other.

Two SWNTs with o-phenylene substituents on
their outer side were studied computationally in a
molecular gear arrangement.?3* Both nanotubes were
restricted to be parallel and close enough to make
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the substituents on both tubes geared. Constant
angular velocity was added to the atoms at the end
of one nanotube, and the transfer of rotational energy
from one tube to the other was studied by constant
energy molecular dynamics simulations. At temper-
atures below 1000 K, the gear functioned at a
frequency of 5 THz. Above these temperatures,
angular momentum transfer was impaired by sub-
stituent slippage. At higher frequencies, centrifugal
effects stabilized the substituents, and slippage did
not occur below 2000 K.

The response of such a molecular gear to a linearly
polarized laser field was also computed.®®® Artificial
charges were placed on atoms at the end of one
nanotube. Laser frequencies between 100 and 140
GHz were used, and the electric field strength was
6.14 x 107 V/m. After an initial period of ~50 ps, both
the charged as well as the uncharged nanotubes were
predicted to exhibit steady unidirectional rotation.
While a single dipolar nanotube changed its direc-
tionality several times within 500 ps, the presence
of the second, nonpolar nanotube stabilized the
unidirectional rotation in the gear arrangement.

In multiwall carbon nanotubes (MWNTSs), two or
more SWNTs of different diameter are mechanically
interlocked with a common principal axis. MWNTs
are comparably rigid, and their relative rotational
coordinate is unambiguously defined. Because of
symmetry considerations (see section 3), the rota-
tional potential is expected to be low. For low tem-
peratures, it was argued that classical MD is not
adequate for the simulations of nanotubes, because
they pool energy in low energy vibrational modes.?3¢
Semiclassical rigid body mechanics methods were
then applied to demonstrate that MWNT bearings
behave in a superrotatory (in analogy to superfluidic)
fashion under certain conditions at low temperatures.

MWNTs were studied using a simple model poten-
tial without atomistic resolution, with neglect of
rotational barriers.?®” A MWNT with an dipolar inner
tube was studied under application of a linearly
polarized laser field by molecular dynamics,?® with
an intensity between 0.249 GW/cm? and 6.24 TW/
cm?. Rotation was observed upon the application of
the laser field, but a beat pattern between rotation
and pendulum-like motion was also observed. The
beats grew with increasing intensity of the laser field.
The induction of rotational motion was more suc-
cessful when a second laser field was applied with
the same polarization, but at the frequency of a
higher harmonic. Chiral MWNTs with asymmetric
rotational potentials were also proposed to act as
Brownian motors driven by temperature modula-
tions.%3?

The potentials between different pairs of finite
length nanotubes were studied in two dimensions
(the relative translation along the principal axis x,
and the relative rotational angle o), using a pairwise
6—12 Lennard-Jones potential.?*? Different types of
potentials were found: (i) isolated minima with high
energy barriers in both directions, (ii) minima con-
nected by low barriers along a, (iii) minima connected
by low barriers along x, (iv) minima connected by low
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barriers along a linear combination of x and a, and
(v) isolated maxima.

In case iv, a net translation is obtained following
the minimum energy path for rotation. Applications
as nanodrills and electromechanic nanodevices were
discussed for this type of MWNT.%41:942 Rotation and
translation are correlated if the magnitude of the
externally applied forces is small compared to the
energy barriers which separate the individual helical
minima. The operational mode was classified to be
accelerated if the applied external force exceeds kT,
in which case stochastic fluctuations are insignifi-
cant. For £T larger than the applied force, a Fokker—
Plank mode was defined, where the applied force
merely adds a drift to dominating thermal fluctua-
tions. This classification is similar to a scheme used
by Michl and co-workers,?>°! but it does not consider
frequency-dependent friction.

The use of carbon nanotubes in computational
studies of molecular rotors is attractive but carries
some ambivalence. Their near perfect cylindrical
shape grants them some very promising properties.
However, some of the computational studies seem a
little detached from the current state of art in
experimental capabilities. For example, there are no
general methods to substitute nanotubes in defined
positions. Furthermore, their incorporation into su-
permolecular designs has not been addressed and
poses a big challenge, although it was already
achieved on a larger scale.?*® Future progress in this
field, which is still in its early childhood, will be
anticipated with excitement.

6.5.2. Fullerene Clusters

The rotational dynamics of Cgy molecules in con-
densed phases have been probed by NMR,%44.945
QENS,?#6 and INS,%*" each of which indicates fast
rotation of the individual units. The phase transition
between unhindered rotation and a situation in
which Cg reorients by jumps to symmetry-equivalent
orientations is thought to occur at ~250 K %4891 with
the former occurring above this temperature. The
crystal structure changes from a simple cubic (sc)
structure at low temperature to a face-centered cubic
(fee) structure above the transition temperature.®8
Johnson and co-workers®*? used solid-state NMR (T
relaxation) to study the two phases as a function of
the molecular reorientation time, 7. The high-tem-
perature phase, called the rotator phase, has an
activation energy (E,) of 1.4 kcal mol ™!, while the low-
temperature phase, the ratchet phase, has an activa-
tion energy (E,) of 4.2 kcal mol™. This behavior is
similar to that found in solid adamantane.%2953

Deleuze and Zerbetto®* have used unimolecular
reaction rate theory and molecular mechanics simu-
lations to determine the temperature-dependent rate
constants for the spinning of buckminsterfullerene
clusters [(Cegp)n; n = 3—13]. Previously, the nearly
spherical Cgy molecules were found to rotate (“spin”)
in the solid state at 10° s7! at 233 K and immeasur-
ably slowly at 123 K.%%5 A value of 1.8 x 101° s~ ! was
reported at 283 K.?*° Deleuze and Zerbetto?* found
rates which seem to converge toward those measured
in the solid phase as the cluster size increases. The
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largest rate constants were obtained in the smallest
clusters, and the barriers increase as more Cgo
molecules are added, approaching a “magic” number
of 13 (full encapsulation of the central Cgp), with a
barrier (E.,.) of 2 keal mol~!. The room-temperature
rate constants fall in the nanosecond regime (E,
between 0.2 and 2.0 kcal mol™'), which can be
extrapolated to twelve cages surrounding one Cg (full
coverage) of 2.2—3.0 kcal mol™!. A number of other
groups have used theory to study solid-state rotations
in Cigp.956-959

The rotation of Cgy crystals is controllable by
external magnetic fields. Above the transition tem-
perature, Lebedev and co-workers®#” found the rota-
tions of the fullerenes to decrease when the magnetic
field increased. Such a system could have potential
uses in magnetic storage devices. Cgy clusters have
also been shown to act as molecular bearings when
placed between two graphite sheets.??

7. Rotors on Surfaces

Along with rotors in solids, surface-mounted rotors
appear to have the best potential in nanoscience, and
we cover them in considerable detail. This is made
easier by the relative paucity of published results.

Rotors attached to macroscopic surfaces always
rotate relative to the macroscopic object that they are
attached to. The orientation of the surface is known
although not always in atomistic detail, the rotational
motion of the rotator takes place in a space fixed
frame, and there is no doubt which part of the
molecule is the rotator and which, if any, the stator.
Some of the techniques that are very important in
studies of rotors in solution and the solid phase, such
as NMR, cannot be used, and additional experimental
methods become applicable, such as scanning mis-
croscopy. To further delimit the scope of our review,
we recall the size of molecular rotors and more or
less arbitrarily rule that objects such as rotational
actuators based on multiwalled carbon nanotubes?6,92
are not molecular.

Similarly as molecular rotors inside solids, those
on surfaces can occur naturally and have been
studied for some time. However, they, too, can be
designed, synthesized, and tailored for rotoelectronic
applications. Indeed, the development of artificial
surface-mounted rotors characterized by one or two
mounts carrying a relatively rigid axle with a co-
valently attached rotator has been the emphasis of
the Boulder group of chemists and physicists whose
work is described in section 7.2.

7.1. Physisorbed Rotors

Although this review does not generally deal with
the rotation of a whole molecule, we need to discuss
it at least briefly when it comes to certain molecules
on a surface, but we make no claim of comprehensive
coverage of the rotation of simple molecules phys-
isorbed on surfaces. These have been studied by a
variety of techniques. While their applicability for
nanomachinery is limited, they represent the sim-
plest structure that can act as an R-type rotor or
rotational switch. Rotation of Hy adsorbed to Cu(510)
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was studied by electron energy loss spectroscopy
(EELS).%63.964 Scanning tunneling microscopy (STM)
and atomic force miscroscopy (AFM) methods were
also used in the study of simple physisorbed mol-
ecules. A STM tip can be used to apply torque on
individual molecules at low coverage, where the
molecules do not interact with each other, and the
rotational potential reflects the surface symmetry.
This was first observed by Mo in a study of antimony
dimers on Si(001)%%% and was later interpreted by
means of resonant inelastic electron tunneling.?6¢ At
room temperature, the STM tip was used to push
individual Sbs molecules from one rotational mini-
mum into the next one. The minimum orientations
were found to be 90° apart, consistent with the 001
symmetry of the surface. The energy barrier was
estimated to be approximately 2.3 kcal mol™1 (0.1 eV).

Molecular oxygen was studied on a Pt(111) sur-
face.”” The adsorbed oxygen molecules appeared
pear-shaped in the STM image, centered on hollow
sites of the fcc lattice. To induce rotation, the STM
tip was placed over the brighter of the two oxygen
atoms, and the voltage was increased until a drop in
the tunneling current was observed. A rescan of the
area showed that the molecule had undergone a 120°
rotation, consistent with the 111 symmetry of the
surface. The energy barrier to rotation was found to
be in a range from 3.5 to 4.0 kcal mol™!. The same
method was used to study acetylene on Cu(001),%8
Cu(100),%? and Pd(111).97°

Veerman et al.”®! studied dendritic molecules physi-
sorbed on glass by near-field scanning optical mi-
croscopy (NSOM). The molecules have an architec-
ture based on palladium coordination chemistry and
a single rhodamine B chromophore. A solution of the
molecules was spin coated on glass to yield a sample
with several tens of molecules per square micrometer.
The polarization of absorption and emission was
monitored during NSOM scans. Observing the same
molecule over a period of time, it was found that there
is rotational motion of the fluorescent cores on a time
scale of milliseconds to seconds.

Rotational switching of copper tetra-3,5-di-tert-
butylphenylporphyrin (243; Figure 111) was studied

243

Figure 111. Copper tetra-3,5-di-tert-butylphenylporphyrin
(243) can act as rotational switch when adsorbed on a Cu
surface.

by AFM/STM methods on Cu(100)°"°72 and Cu-
(211).°" Compound 2438 is a disk-shaped molecule
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with four rotatable di-tert-butylphenyl legs, similar
to the molecules we discussed in section 5.2. It is an
altitudinal RS rotor, where the central porphyrin
system is the stator. Each leg is a rotator and can
adopt two orientations, one roughly parallel with the
central disk and the other one roughly perpendicular.
The orientation of one leg was controlled using an
AFM tip under ultrahigh vacuum (UHV) conditions
at room temperature. During this process, the force
versus tip sample distance was derived. In this curve,
one peak was assigned to the ~90° rotation of the
leg. By integration of this peak, the work required
to switch the leg was calculated to be 6.76 kcal mol 1.
The rotation of one of the legs was utilized to
implement a single-molecule switch. When all four
legs are in plane with the disk, the electronic coupling
of the porphyrin’s 7-systems to the surface is stronger
than that in a state where one leg is rotated, and the
porphyrin—surface distance is thus increased. Thus,
the STM junction resistance was switched from 670
MQ to 2.1 GQ. This established a single-molecule
electric ON/OFF switch. It was discussed in the
context of power consumption and heat dissipation
within electronic devices. The very low switching
energy of the rotational switch is promising to reduce
the heat removal requirements, but many other
problem have to be solved before such switches could
find application in electronics. Compound 243 also
behaved as an azimuthal rotational switch, where the
rotator was switched by an AFM tip between two
stable states. Measurements done on the rotor in
either state did not rely on free or quasi-free rotation,
and dynamical rotational motion was not the subject
of interest.

Thermal switching of a surface-adsorbed molecule
between an unhindered and a rotationally hindered
state was observed by STM imaging.”®°™* The mol-
ecule studied was hexa-tert-butyldecacyclene (HB-
DC) (Figure 112), an approximately disk-shaped
molecule, adsorbed on a Cu(100) surface. There are
no chemical bonds to the surface, and the rotational
potential is dictated by the intermolecular interac-
tions with the surface and with neighboring adsorbed
molecules.

In densely packed monolayers, the rotation of
individual HB-DC molecules was suppressed. At a
coverage far below a monolayer, individual molecules
could not be observed by STM, because of the high
surface mobility. At a coverage just below the mono-
layer, the authors studied molecules adsorbed next
to a defect of the 2D lattice. These molecules can
occupy two distinct states. In one state, they build a
perfect lattice with four of their five neighbors (the
fifth one is not placed on a lattice point due to the
defect). In the other state, the molecule is displaced
to the next minimum of the metal surface toward the
defect. By STM it was observed that molecules
occupying the first state do not rotate (Figure 113A,
C), while the molecules in the second state showed
azimuthal rotation (Figure 113B, D). It was con-
cluded that the interactions between the adsorbed
molecules suppress the rotation. Molecular mechan-
ics calculations of a model system support these
observation. For the first state, a rotational barrier
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Figure 112. Space-filling model of hexa-tert-butyl deca-
cyclene (HB-DC) from the top (A) and side (B). Reprinted
with permission from Science (http:/www.aaas.org), ref
974. Copyright 1998 AAAS.
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of 27.9 kcal mol~! was found, and for the second one,
a barrier of only 6.9 kcal mol~! was found. A barrier
of 10.0 kecal mol~! was obtained for sliding along the
surface from one state to the other, and this agrees
with the observation of infrequent thermal transi-
tions between the two states.

Hersam and co-workers studied planar, square-
shaped copper phthalocyanine (CuPc) on a H-passi-
vated Si(100) surface by STM under ultrahigh
vacuum.’” Individual dangling bonds were created
by feedback controlled lithography,?”® which provided
templates for rapid absorption of the molecules from
the gas phase. Two attachment types with different
characteristics were identified. In the first one, CuPc
appeared square-shaped in the STM image. The size
of 16 A x 16 A matched the expected size of the
molecule. In the second one, a circular image with a
diameter of 35 A was observed in the STM. The
authors concluded that one of the o-phenylene rings
was attached to a Si dangling bond and the CuPc was
able to rotate around this attachment. Thus, the
diameter of the feature in the STM was doubled in
size compared to the one of the first molecule. When
copper atoms of CuPc were complexed by NHj3 prior
to absorption, the rotational attachment type pre-
dominated.

Collective rotation of chiral molecular rotors was
observed by Tabe and Yokohama,””” who studied
Langmuir monolayers of OPOB on glycerol (Figure
114). It builds a liquid crystal monolayer with a
coherent tilt angle constrained to ~20° and a domain
size of ~1 mm. The intensity observed in reflected

Figure 113. HB-DC on Cu(100) in rotating (B, D) and frozen (A, B) states. Reprinted with permission from Science (http:/

www.aaas.org), ref 974. Copyright 1998 AAAS.
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Figure 114. Structure of (R)-OPOB and its rotation in a
monolayer on glycerol, as seen by polarizing microscopy.
Reprinted with permission from ref 977. Copyright 2004
Nature Publishing Group.

light polarizing microscopy correlates with the azi-
muthal precession angle of the molecular axes within
the monolayer. After monolayer formation, concentric
rings developed within the monolayer, where the
molecules in each ring were oriented in the same
direction. The rings differed from their neighbors
through the polarization direction. On a time scale
of seconds, collective rotation was observed as the
polarization direction of the rings changed (Figure
114). For the R enantiomer the precession occurred
clockwise, and for the S enantiomer it occurred
counterclockwise. The experiment was repeated with
14 chiral and 9 achiral liquid crystal compounds. All
chiral monolayers showed similar rotation; the achiral
ones did not. The rotation was studied as a function
of air humidity and the water content of the glycerol
phase. The frequency of rotation depended linearly
on the difference in vapor pressure between the gas
and liquid phases. Thus, it was determined that the
driving force of the rotation is transfer of water
through the monolayer. It was estimated that the
average torque per molecule is on the order of 10~ 12T
to 107 1°%£T. This emphasizes that this approach to
rotation cannot be observed for single molecules,
where random thermal motion is dominant, but
becomes detectable in the study of two-dimensional
arrays.

Molecular mechanics MM3 calculations were per-
formed for benzylic amide [2]catenane 244 and the
corresponding thiophenyl catenane 245 (Figure 115)
on a graphite surface?”® by methods described previ-
ously 843979 A finite two-layer model of graphite was
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Figure 115. Benzyhc amide [2]catenane (244) and thio-
phenylic amide [2]catenane (245). Reprinted with permis-
sion from ref 978. Copyright 2000 American Chemical
Society.

used, and a large number of catenane conformations
was created by applying rigid rotations to both rings.
After optimization of the structure on top of the
graphite surface, two types of physisorbed structures
were identified for each catenane. In one, both rings
lie flat on the surface, whereas, in the other one, one
ring lies flat and the other one is perpendicular to
the surface. In the former, circumrotation cannot be
easily achieved, and in the latter, partial circumro-
tation rates are comparable to rates in solution (due
to the complexity of the system, full circumrotation
was not studied). The azimuthal rotation of the whole
catenane on the surface was calculated to have a
barrier in the range from 1 to 8 kcal mol ™.

7.2. Chemisorbed Rotors

It is our belief that rotors firmly attached to a
surface are the best choice for molecular devices and
that much of the solution work can be viewed as
preparatory. So far, only relatively few attempts have
been made to attach artificial rotors chemically to a
surface, to characterize their orientation, and then
to study their rotational behavior.

Hydroxyl groups on silica surfaces are very simple,
naturally occurring examples of chemisorbed surface-
mounted rotors. Ryason and Russel®® determined
their rotational barriers from the temperature de-
pendence of the half width of their IR absorption
bands, and they found values of ~0.9 kcal mol 1.

The distribution of energy barriers of azimuthal
chloromethyl rotors, (—0)3Si—CHyCl, and dichloro-
methyl rotors, (—0)3Si—CHC]l,, embedded in a mono-
layer of (—0)3Si—Me groups on fused silica was
determined by dielectric relaxation and compared
with molecular modeling results.?®! The samples were
made by vapor deposition of methyltrichlorosilane/
chloromethyltrichlorosilane mixtures onto fused silica
substrates patterned with interdigitated gold elec-
trodes with gaps of 10 um. The surfaces were
characterized by Auger spectroscopy to determine the
chloromethyl/methyl ratio, and the thickness of the
monolayer was determined to be 3—5 A by ellipsom-
etry. The capacitance and the dissipation factor were
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Figure 116. Structure of an azimuthal rotor designed to attach to gold surfaces as shown. Reprinted with permission

from ref 983. Copyright 2003 American Chemical Society.

measured at 1 and 10 kHz in a temperature range
from 4 to 300 K for samples containing dipolar rotors,
for a sample made with pure methyltrichlorosilane,
and for a sample of bare fused silica. At lower
temperatures, there are peaks that appear in the
chloromethyl samples exclusively. In the temperature
range studied, dipole relaxation occurs predomi-
nantly through thermally activated hopping. There-
fore, rotational barriers can be deduced from eq 33
(section 3.2.3.2). The barriers were widely distrib-
uted, with 75% of the signal observed between 1.5
and 3.0 kcal mol™!, and the wide distribution was
attributed to the proximity of the amorphous silica
surface. The barriers were compared to molecular
modeling results, where a chloromethyl rotor was
attached at nine different sites to a 5.5 x 5.5 nm?
model of a fused silica surface. The attachment was
modeled by replacing three surface hydroxyl groups
by one rotor, and torsional potentials for the rotation
of the chloromethyl group were calculated by the
universal force field (UFF)%2 method. The torsional
barriers of a chloromethyl rotor attached to a crystal-
line quartz (100) surface were also calculated. Com-
paring both barrier distributions to the dielectric
data, it was concluded that the fused silica samples
have a rather disordered surface.

Thus, the challenge is to design rotors which
provide narrow barrier distributions, which is es-
sential for any use in nanotechnology, even if they
are attached to amorphous surfaces. RS rotors, where
the first-order environment of a rotator is part of the
molecule, and thus clearly defined, are a promising
approach toward narrower barrier distributions. This
type of rotor has been synthesized, for example, by
Jian and Tour (Figure 116).98 It is designed to be
attached to a gold surface, but no measurements have
been reported to date.

Another approach to rotors with homogeneous
barriers is to incorporate only a spacer such as a

—C=C- group into the axle. The rotating dipole is
then elevated higher above the surface, where the
main cause of inhomogeneities, nonbonding surface—
rotor interactions, are weaker. An example is the
(—=0)3S1i—C=C—CH;Cl1 rotor discussed below.

Vacek and Michl'?3 used molecular dynamics with
the UFF potential to investigate the response of grid-
mounted, chiral, propeller-shaped azimuthal molec-
ular rotors to a flow of a supersonic rare gas beam
directed parallel to the rotor axle. The rotor struc-
tures were based on a octahedral Re complex in
which the Re atom carries three bidentate ligands
(Figure 117). It is attached to the two oxygens of a
3-cyanobicyclo[1.1.1]pent-1-ylmalonic dialdehyde,
whose nitrile group provides a link to the carrier grid.
Its other two chirally disposed ligands are derivatives
of o-phenanthroline and represent the two blades of
the rotor. On the outside edge, one phenanthroline
carries a BFy~ group and the other a NMes™ group,
forming a strongly dipolar zwitterionic structure. The
size of these blades was considered minimal in view
of the requirement that they not be hidden by the
carrier grid from the applied stream of gas, and a
larger set of blades was also examined. Attachment
to the carrier grid, composed of nine dirhodium
tetracarboxylate connectors linked into nine squares
with twelve [2]staffanedicarboxylates, is provided by
the nitrile substituent on the malonic dialdehyde
ligand. This is located axially on one of the Rh atoms
in the central connector.

Helium, neon, argon, and xenon were used to drive
the rotor, and the density and velocity of the gas
beam were varied. In all simulations, the density of
the gas was relatively high for the sake of computa-
tional efficiency. It was observed that the excitation
of rotational motion through momentum transfer
from the gas atoms competes with the induction of
pendulum-like motion, where the axle of the rotor is
bent. This effect became more pronounced for the
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Figure 117. Structure of a rhenium complex used for a molecular dynamics simulation of a molecular rotor. Reproduced
with permission from ref 123. Copyright 1997 The Royal Society of Chemistry.

heavier gases. For argon and xenon, continuous
rotation was never obtained. If induction of rotational
motion was successful, the rotor assumed a steady
state with approximately constant angular velocity,
after an initial period of hesitation. Rotational fre-
quencies of up to 37 GHz for the bigger rotor and 21
GHz for the smaller rotor were observed. The ef-
ficiency of energy transfer from the gas into rota-
tional motion was judged by the average rotational
period, the average angular momentum, and the
temperature equivalent (T) of the rotational motion.
The best induction of rotation was found for a high-
density beam of light rare gas atoms with a high
velocity at low temperatures. The performance was
also judged by the ratio of the average energy stored
in the steady-state rotational motion of the rotator
and the loss of translational energy of the gas stream,
integrated over the time it took to reach steady-
state rotation. The temperature equivalent Ty of
the kinetic energy stored in the induced rotation
mode in the steady state was more than 2000 K,
high above the room temperature of the rest of the
system.

The smaller of the rotors (Figure 117) was also
studied by molecular dynamics when driven by a
rotating electric field of frequency in a range between
3.2 and 400 GHz and field strengths between 10 and
700 MV/m.?! The dipole moment of the rotor, ~42 D,
is perpendicular to the axle of rotation, and the
rotational barrier is negligible. In most simulations
there was no significant heating of the grid polymer
or the rotator. However, the temperature equivalent
of the rotational mode was significantly higher when
rotational motion was successfully induced, reflecting
the mechanical nature of this mode. A phase diagram
for the rotor response was derived from the simula-
tions. Five regimes of rotor motion were characterized
by the value of the average lag: synchronous, asyn-
chronous, and three random regimes of motion. These
regimes are discussed in section 3.2.1.

Below ~40 GHz, the average lag per turn a was
frequency independent. The breakoff field Ey,,, below
which the rotor fails to respond to the rotating field,
was approximately equal to 27/u and the critical field
E., above which the rotor becomes synchronous, 2.3
kT/u. At these frequencies, the driving field needs to
overcome opposition from random thermal motion
(section 3.2.1). At frequencies above 40 GHz, friction
was identified as the dominant opponent of the
driving force. At these frequncies, Ey, and E. in-
creased linearly in the log—log phase diagram, and
the slope suggested that the friction constant of the
system is a linear function of the frequency v (v =
w/27).

A “tilted washboard” model for the response of the
rotor was developed, and it allowed a definition of a
phenomenological friction constant » and its evalu-
ation from a fit to the values of a(E,v) obtained from
the molecular dynamics runs, as discussed in section
3.2.1.2. The fitting of a at frequencies above 40 GHz
yielded n/v = 1.14 eVps/THz. Below 20 GHz, such
fitting of # is not possible, since the rotor behavior is
dictated by thermal fluctuations.

A further development of the phenomenological
model was reported by Horinek and Michl®? in a
molecular modeling study of chloropropynyl rotors,
(—0)3Si—C=C—CH,Cl, on fused silica.?®* The rotor
was attached to a model fused silica surface, which
contained ~3500 atoms. Two types of surface attach-
ment were studied: In surface 1, the rotors were
attached by replacing surface hydroxyl groups. For
surface 2, a full methylsilyl monolayer was con-
structed on the surface, and the rotor was incorpo-
rated into the monolayer at different places. The
rotational potentials of both rotor ensembles were
calculated with the UFF potential. The barriers of
rotation ranged from 0.65 to 3.1 kcal mol~!. While
generally lower than the barriers of the shorter
(—=0)3Si—CH,CI rotors, these barriers were much
higher than that of the rotors shown in Figure 117.981
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The barriers on the rotors on surface 2 were some-
what higher than those for the rotors on surface 1.
The barrier distribution was still rather broad. The
shape of the rotational potential was related to the
polar angle of the rotor axle. Rotors that were nearly
perpendicular to the surface had a potential with one
minimum and one maximum, dictated by the van der
Waals attraction of the chlorine substituent to the
surface. Rotors that were more tilted toward the
surface had potentials with two or three minima and
maxima, since now the methylene hydrogens inter-
acted with the surface as well, and their barriers
were higher.

One of the rotors, which had a barrier of 0.75 kcal/
mol, was studied by molecular dynamics. It was
shown that these dipolar rotors act as energy absorb-
ing antennas when they are exposed to rotating
electric field in the GHz range: a system with a
dipolar rotor absorbed 10 times more energy than a
system with a nonpolar propynyl rotor. When the
torsional barriers were artificially suppressed and a
rotating electric field was applied, the rotors showed
synchronous response. Fourier transform of the angle
versus time curves showed two distinct peaks, one
at the frequency of the applied electric field and a
second one at a frequency that scales as +E, which
was assigned to librational motion in the electric field
potential uE cos wt (see section 3.2.1.1). When a
rotating electric field potential was applied with the
barriers switched on, Fourier transform of the angle
versus time curves generally showed a broad fre-
quency response. Phase diagrams of rotational mo-
tion were obtained at several temperatures. These
diagrams show in which ranges of electric field
frequency and amplitude the rotor responds by
synchronous rotation (see section 3.2.1). Rather dif-
ferent behavior was found for driving frequencies
above and below 500 Ghz. Below this frequency,
friction effects are small relative to thermal energy
and cogging effects of the intrinsic potential. The
driving force has to overcome the random thermal
motion term £T or the intrinsic barrier W, whichever
of the two is larger (this depends on temperature),
before the rotor turns synchronously, and neither one
depends on field frequency, such that the average lag
a is independent of the driving frequency v. This
result is very similar to the one observed®! in work
with the smaller of the rotors of Figure 117. The
friction effects again grow with increasing driving
frequency, and above 500 GHz, they become the
major opponent of the driving force. A frequency-
dependent phenomenological friction constant was
derived using the tilted work board model (section
3.2.1.2). Between 500 and 1000 GHz, a linear relation
n/(v — 0.5) = 0.26 eV ps/THz was obtained. Because
of the non-negligible rotational barrier height, the
phenomenological model had to be elaborated con-
siderably.

Triptycene-based rotors (Figure 118) were studied
on Si(100)-2 x 1 with the semiempirical AM1
method.?®? A flat silicon cluster served as the model
system of the surface. Two methods of binding of the
triptycene to the silicon were studied: binding through
an oxygen atom, —O—, and binding through a car-
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Figure 118. Structure of a triptycene-based rotor in the
vicinity of Cgp on Si(100). Reprinted with permission from
ref 985. Copyright 2003 IOP Publishing Limited.

boxy group, —COy—. The remaining dangling bonds
on the Si cluster were saturated by hydrogen atoms.
The rotational potential was calculated for both
modes of attachment. The attachment through —COy—
yielded a rotational barrier of 1.4 kcal mol™!, and the
attachment through —O—, a barrier of 3.7 keal mol™.
The lower barrier of the carboxy attachment is a
result of the increased flexibility. This barrier in-
creases to approximately 20 kcal mol™! when a Cg
fullerene is attached next to the triptycene on the
surface, acting as a brake (Figure 118). In a molec-
ular gear arrangement, where two triptycenes are
mounted on the surface 7.68 D apart, the authors
studied whether the rotation of one triptycene drives
the rotation of the neighboring one. The barrier for
slippage was estimated to be on the order of 9 kcal
mol~!, high enough to allow angular momentum
transfer between neighboring triptycenes but too low
for synchronous transfer. The issue of how rotation
is to be initially induced in a surface mounted
triptycene was not addressed.
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Figure 119. A nonpolar (246) and a dipolar (247) altitu-
dinal rotor.

A surface-mounted nonpolar altitudinal rotor 246
and its dipolar analogue 247 have been synthesized
in the laboratory of Michl (Figure 119).1 In solution,
the rotational barriers were too low to be measured
by NMR (~3 kcal mol ! calculated). Both rotors were
adsorbed on the (111) surface of gold at monolayer
and submonolayer coverages (Figure 120), and the
process was monitored by ellipsometry, a quartz
microbalance, and X-ray photoelectron spectroscopy
(XPS). Even through some of the sulfur atoms were
oxidized within days when exposed to air as judged
by XPS, the rotors were immobilized over hours in
STM images. After further studies, it was concluded
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that the mercury atoms contribute significantly to the
binding,?¢ explaining why the rotor still attaches
after the sulfur atoms are oxidized. The surface area
per molecule was determined by STM to be about
2—3 x 4—5 nm?2. This compares well to the value of
9 nm? calculated for the expected conformation with
all 10 sulfur-containing chains spread over the
surface. It also compares well with the footprint size
of 8.5 nm? obtained from a compression isotherm on
a Hg/CH3CN interface in an electrochemical Lang-
muir trough. The average orientation of the rotator
was determined by grazing incidence IR spectroscopy.
To find out whether the rotators in these surface-
mounted rotors are actually capable of turning, an
STM tip was placed above the surface, and the local
work function was measured by barrier height imag-
ing (BHI).?" About two-thirds of the dipolar rotors
and none of the nonpolar rotors showed different
work functions depending on the direction of the STM
electric field, appearing as bright spots in BHI
(Figure 120). The difference in work function was
interpreted as due to the reorientation of the dipolar
rotor in the direction of the electric field imposed by
the STM tip. Repeated scans of the same surface area
revealed that the same molecule can switch back and
forth between bright and dark states (blink).

The dynamical response of the surface mounted
rotor was studied by molecular modeling using the
UFF potential including image charges inside the
gold substrate. Electronic friction within the metal
was handled by Langevin dynamics. All three pairs
of enantiomers which originate from the helical P/M
symmetry of both tetraarylcyclobutadienes and the
rotator in 247 were studied. Two conformations of
the tentacles which attach the rotor to the surface

Figure 120. Images of altitudinal rotors on Au (111): (A) STM, 246; (B) BHI, 246; (C) STM, 247; (D) BHI, 247. Reprinted
with permission from ref 114. Copyright 2004 American Chemical Society.
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Figure 121. Eclipsed (A) and staggered (B) conformations
of the one diastereomer of 247 on Au(111). Reprinted with
permission from ref 114. Copyright 2004 American Chemi-
cal Society.

which represent structures with maximal (A) and
minimal (B) rotator—tentacle interaction were ex-
amined (Figure 121). In conformation B the realign-
ment of the rotator through a typical electric field
imposed by a STM tip is energetically possible for
all pairs of enantiomers; in conformation A, it is not
and the rotator is blocked. Assuming some small
mobility of the tentacles on the surface, it was
concluded that the blinking is caused by changes of
tentacle conformation.

Molecular dynamics simulations of the gold mounted
rotor at low temperature showed that two of the
conformers respond to alternating electric fields with
unidirectional rotation, while the third one does not.
The symmetry of the calculated rotational potentials
was used to explain this observation. The computer
simulations predicted subharmonic resonances (sec-
tion 3.2.1.3) in the unidirectional response of the
rotor. At room temperature, the rotor’s proclivity
toward unidirectional rotation is expected to be
overshadowed by the random interconversion be-
tween the stereoisomers, which requires the average
directionality to be zero. It is however fairly clear how
to amend the rotor design to provide steady uni-
directionality in the driven rotation.

One approach toward molecular electronics®899 ig
the attachment of conducting molecules to a gold
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surface through thiol groups (“molecular alligator
clips”). Molecular rotors bridging a gap between two
gold surfaces could act as molecular rectifiers if their
conductivity depends on the angle of rotation, either
through changes in the electronic structure or through
connection or separation of two conducting elements
of the molecule. A computational study of 9-hydro-
10-carboxamide-acridine-2,7-dithiol (248, Figure 122)

HS”O L, HS”O L,
HoN

O

2483 248b

Figure 122. 9-Hydro-10-carboxamide-acridine-2,7-dithiol,
a switchable dipolar molecule for the theoretical study of
electrical conductance in applied electric field.

has been reported.®® The dipolar carboxamide has
two favored orientations at angles of ~30° and ~150°.
With a strong electric field along the gap, the dipole
can be oriented. Calculations based on transport
Green functions predicted that, upon application of
small potentials, electrical conductance through the
molecule will be higher in the case where the dipole
points in the direction of the current.

Troisi and Ratner studied the two rotors shown in
Figures 123 and 124 theoretically as examples of

a) stM

\V\/L“
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Figure 123. Schematic of a contact-modulated CMR, with
two conformations shown (a, b). Part ¢ shows the atoms
included in the conductance calculations. Reprinted with
permission from ref 143. Copyright 2004 American Chemi-
cal Society.

“conformational molecular rectifiers” (CMR).143 Both
molecules attach to gold surfaces through their thiol
groups. They have a dipolar rotating part whose
orientation can be controlled by a strong electric field
when placed in a tunneling junction. The I/V curves
of both molecules were calculated by a Green’s
function approach. In both cases, they show signifi-
cant rectification, where the latter molecule seems
to be the most promising, albeit synthetically most
demanding.

7.3. Wheels on Surfaces

Wheels, one of the most revolutionizing inventions
in history, are characterized by rolling motion on
surfaces. This is a special combination of altitudinal
rotation and translation along the surface. Similar
to the macroscopic world, where wheels replace
sliding high friction motion by smooth rolling, mo-



1364 Chemical Reviews, 2005, Vol. 105, No. 4

3
/

+ + + + + +

Au

Figure 124. Conformational molecular rectifiers based on
rotational motion. Reprinted with permission from ref 143.
Copyright 2004 American Chemical Society.

lecular wheels were studied under the aspect of low
friction surface mobility.

The tribological effects of a layer of fullerene acting
as ball bearings intercalated between two layers of
graphite were studied experimentally, and ultra-
lubricant behavior was found.*®! Kang and Hwang
reported a molecular dynamics study of Cgy and
K@Cgy as molecular ball bearings and found K@Cgy
to be the better lubricant due to its higher bulk
modulus.?9?

Molecular versions of rolling wheels were de-
signed®3994 in theoretical studies by attaching flux-
ional molecules to a surface with a high density of
dangling bonds. Cyclopentadienyl was studied®? on
the (111) surface of Si and Ge by DFT calculations
(B3LYP, 3-21G, and 6-31G** basis sets) of small
model systems for a full surface. The transition
barriers were calculated for bond fluctuations which
result in a net translation of the cyclopentadienyl on
the surface. The predicted corresponding rates at
room temperature are in the range from ~10% to ~1
Hz.

Hypostrophene rolling on Al(100) through degener-
ate Cope rearrangements (Figure 125) was studied
by quantum chemical calculations (HF and B3LYP)
with a 3-21G basis for Al atoms and 6-31G** other-
wise.?* The barrier found was 16.9 kcal mol ™! for a
rolling motion, whereas for a sliding motion on the
surface the barrier was approximately five times
higher.

The advantage of molecular wheels is that they
stick to the surface better than physisorbed mol-
ecules, which have an equal or better mobility on the
surface. The large scale comparison, where wheels
increase the efficiency of sliding motion, does not
hold.
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Figure 125. Rolling mechanism for hypostrophene on Al-
(100). Reprinted with permission from: Das, B.; Sebastian,
K. L. Adsorbed hypostrophene: can it roll on a surface by
rearrangement of bonds? Chem. Phys. Lett. 2000, 330, 433—

439. Copyright 2000 Elsevier.
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Figure 126. Some molecular barrows.

Another route toward molecular rolling was pur-
sued by the design of molecular barrows. The molec-
ular barrow 249 shown in Figure 126 contains
“handles” on one side which can be pushed by an
STM tip. On the other side, two triptycene “wheels”
are attached through ethynyl spacers. Theoretically,
it was shown that the tunneling current between the
tip placed above the central board of the barrow and
the surface should change as a function of wheel
rotation. The simpler molecule 250 was synthesized,
and two bright lobes corresponding to the two wheels
were observed by STM on Cu(100) at 12 K.9%
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However, there was no evidence that the wheels roll,
and molecular mechanics calculations indicated that
the central polycence is not stiff enough to transmit
the pressure applied by the tip. Furthermore, there
is only little resistance to sliding motion on the Cu-
(100) surface without rotation of the wheels. To
overcome the first problem, the more rigid molecular
barrow 251 was designed and synthesized,® but no
STM studies have been reported at this time.

Here, the classical comparison to large scale wheels
is more appropriate. The idea of the barrow’s wheels
compares to the wheels mentioned earlier as macro-
scopic wheels compare to logs used in ancient Egypt
to haul bricks. Nevertheless, their advantage over
sliding motion needs to be demonstrated. As men-
tioned by the authors, molecular machines can only
endure UHV conditions for an extended time if they
are connected by chemical bonds. The barrows attach
to surfaces through van der Waals forces and are
therefore prone to surface desorption. In our opinion,
physisorbed molecular rotors are not likely to find
much application.

Chemisorbed rotors are attached to a surface by
one or more chemical bonds. Their stronger attach-
ment energies make them less vulnerable to destruc-
tion by surface desorption than physisorbed rotors,
which are only loosely attached to their substrate.
On the other hand, the bonding to the surface
restricts their motion and may give rise to higher
rotational barriers. It was found so far that surface
inhomogeneities significantly broaden the energy
barrier distribution. For most applications in nano-
machinery, low barriers and narrow energy distribu-
tions would be ideal. RS rotors are more complicated
structures and require a more sophisticated synthe-
sis, but their rotational potential can be controlled
to a higher degree.

8. Conclusions and Outlook

We have attempted to provide a comprehensive
overview of the current state of artificial molecular
rotors. The breadth of the subject is fascinating. It
ranges from preparative chemistry to theoretical
physics, and rapid progress is occurring on all
fronts.?7 It also ranges from fundamental to applica-
tion-oriented studies. We expect a gradual shift of
emphasis from studies of rotor molecules floating
freely in solution to systems in which they are
mounted on surfaces or inside solids. Some of the
current challenges are a demonstration of coherent
motion in regular arrays of dipolar rotors, demon-
stration of advanced methods for driving unidirec-
tional rotation, realization of structures that mini-
mize rotational energy dissipation by friction, and
demonstration of fluid flow—rotor interactions, ini-
tially with flow-driven rotors and ultimately perhaps
with rotor-driven flow.

Actual molecular machinery still remains a distant
goal. Near-term applications are more likely to come
in electronics, optoelectronics, and possibly nano-
fluidics. For instance, it does not take much imagina-
tion to envisage a delay line in which a pulse of
rotational excitation propagates through a ferroelec-
tric array of dipolar rotors at a speed much slower
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than the speed of sound in solids, permitting a
miniaturization of this important constituent of
analogue electronics. The dielectric response of di-
polar rotors is inherently nonlinear, and this suggests
their possible use in varactors (variable capacitors)
and elsewhere. Modulation of optical signals at
microwave or THz frequencies is another attractive
possibility.

Achieving nanoscience goals using molecular rotors
will take a collaborative effort among chemists,
physicists, engineers, biochemists, and others. Amal-
gamating these disciplines is quite difficult, but
knowledge of each is key to understanding the
intricacies of this new field. The first truly functional
device will most likely come out of such a collabora-
tion.
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