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The concepts of molecular springs and gyroscopes have existed for some time, and there have been
numerous reports published about these fascinating topics. Here we describe our interest in this topic,
reviewing our initial progress. This is not a complete story, rather an offering of synthetic strategies,
interesting molecular structures, observations, and possibilities. In many cases, the “properties”
component of the structure—property relationship for a given compound is the result of a computational
prediction. Given the present state of theoretical chemistry, a computer’s predictive power can far
exceed that which can be presently accomplished by existing experimental analytical means. The
theoretical results reported here allude to intriguing possibilities. Hopefully, this intrigue will help
catalyze the development of definitive, albeit rather esoteric, single-molecule analytical experiments.
The intentionally speculative nature of this review is intended to stimulate new challenges for and
perspectives from those in related fields of interest; hopefully presenting a preview of what is to come.
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an equilibrium state when a force is applied, thus accessing a
higher-energy state. A spring’s restoring force is the return to the
equilibrium state of atomic structure and bonding. This is true of
both coiled and non-coiled springs, such as leaf springs and spiral
springs.

Given the above description, one could define almost any
conformationally flexible molecule as a spring. For example,
consider a force applied to a molecule such that bond lengths, bond
angles, and/or dihedral angles are perturbed from equilibrium,
thus raising the energy of the molecule. Once the force is released,
the molecule will return to its equilibrium conformation (that is,
assuming a transition state between conformers is not reached
in the process). Although most molecules can fit this definition
to some extent, fewer satisfy the requirements of maximizing
extension (or compression) within a deep-well global minimum.
For example, conversion of a hydrocarbon from an all s-trans
to all s-cis conformation would be analogous to compression.
However, the energy barriers that lead to other conformers are
easily overcome, thereby negating the concept of a restoring force.
In other terms, the path between s-trans and s-cis does not exist in
a sufficiently deep energy well on the potential energy surface to
avoid diversion to other conformations. Fig. 1 reports the analogy
between spring function and bond rotation, using bithiophene as
the example molecule. Oligothiophenes will serve as the basis of
our molecular spring.
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Fig. 1 Showing the reversible behavior of macroscopic springs and
molecules (bithiophene), as they are physically displaced from equilibrium
geometry. As long as the displacement corresponds to energy less than the
transition state boundaries, the perturbation will be reversible.

Helicenes™ are one class of molecules capable of functioning
as molecular springs. Their rigid helical backbone does not
allow for multiple conformations, and the equilibrium conformer
lies in a sufficiently deep energy well to allow restoration after
compression and extension. The dynamic behavior of helicenes,
specifically for application as actuator materials,’**? is currently
being investigated by the King group at the University of Nevada,
Reno.”® By definition, helicenes are conjugated, and it is no
coincidence that they are highlighted here as an example. For
reasons that will be introduced later in this article, compositional
requirements for our molecular spring include both a helical and
conjugated backbone, and our preference is a motif other than a
traditional helicene.

Our building block of choice is the aromatic heterocycle,
thiophene (Fig. 2). Poly- and oligothiophenes have served as
major workhorses in organic materials applications, serving
the spectrum of electronic properties from semiconductors to
“synthetic” metals.""7 In addition to the “tunable” electronic
properties of oligomers and polymers, the thiophene ring itself
has two synthetic attributes that are highly desirable for our
purposes. First, the thiophene ring has two pairs of reactive sites
for carbon—carbon bond formation, with each pair having unique
chemical reactivity. In general, the 2- and 5-positions (a-positions)
are more reactive than the 3- and 4-positions (B-positions) with
respect to electrophilic aromatic substitution, Grignard formation
of the corresponding halothiophenes, thienyl lithium formation,
and cross-coupling reactivity. Second, thiophyne is rarely observed
under conditions that would otherwise convert o-substituted
benzene to benzyne. The selective bromination at a-positions, and
lithium-halogen exchange occurring exclusively at the 2-position
of 2,3-dibromothiophene (without thiophyne formation™) are key
transformations in many of our synthetic strategies.'®***
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Fig. 2 Showing (a) a prototypical helicene composed of seven fused
[6]lannulenes; (b) the aromatic heterocycle, thiophene; (¢) repeat unit
of s-trans-a-polythiophene; (d) a helical o,B-oligothiophene composed
of seven rings; and (e) illustrating the selectivity and reactivity of
2,3-dibromothiophene: treatment with BuLi results exclusively in the
2-lithio species. Thiophyne and the 3-lithio species are not observed.

How does one make a helical oligothiophene? First, let us
consider the more traditional, linear polythiophenes. Seminal
work by McCullough and co-workers has taught that head-to-
tail regiochemically pure polythiophenes that are all-a-fused, all
s-trans, and co-planar offer the highest conductivities of all -
alkyl-substituted o-polythiophenes.”** Key terms were bolded for
emphasis. While it is conceivable to envision the same a-fused
polymer to exist in a helical conformation (i.e., all s-cis), Merck
Molecular Force Field (MMFF) calculations report an energetic
penalty for each bithiophene unit converted from s-trans to
s-cis. Specifically, a conformer search of a 13-mer oligothiophene
establishes the planar (all s-trans) conformer as the global
minimum, with the helical (all s-cis) conformer lying ca. 13 kcal
mol~" higher in energy (Fig. 3). Between these extremes exist
other possible combinations of s-cis and s-trans conformers. Thus,
a-oligothiophenes are significant for their preference to be co-
planar; a scenario optimal for high conductivity, but not helicity.
As both the physical length and effective conjugation length of
an unsubstituted, s-trans a-oligthiophene increases, both the band
gap (E, = Eyymo — Enomo) and solubility decrease. Thus, electronic
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Fig. 3 One helical turn of a 13-mer a-oligothiophene (s-cis) is predicted
by MMFF to be 13 kcal mol™" higher in energy than the linear conformer
of the same system (s-trans).

conductivity can be conveniently tuned by length and degree of
co-planarity, but solubility issues must also be addressed, typically
by addition of alkyl side-chains.

In contrast to all-o-fused oligothiophenes, our efforts have
focused on a,B-oligothiophenes (ortho-oligothiophenes).”** The
sterics associated with this regioisomer preclude the co-planarity
of adjacent thiophene rings. Subjecting o,p-tetrathiophene regioi-
somers to the same MMFF conformer search process described
above yields opposite results: the global minimum of each
regioisomer is a compact helix. Higher in energy (ca. 0.8—
2.2 kcal mol ") exists an extended helical conformer. These results
are summarized in Fig. 4. Another report from our laboratory
claimed o,B-oligothiophenes to be “reliable helical scaffolds.”*
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Fig. 4 Showing three o,B-tetrathiophene oligomers, and reporting di-
hedral angles for both the global minimum structure (compact helix;
also shown as ball-and-stick structure), and higher energy extended helix
conformer. The energy difference between compact and extended helix is
also given. All values were determined from MMFF conformer searches.

The synthesis of a,B-oligothiophenes is facilitated by unique
reactivity of the a- and B-thienyl positions (as described above).
Scheme 1 reports three different synthetic routes that we have
used to prepare helical oligomers. Note that the synthesis
accommodates either thiophenes or phenyl rings at each terminus
(thus, the term “oligoaryl” should technically be used). In general,
biaryls and teraryls are prepared by nickel catalyzed cross-
coupling chemistry,” and halogenation is used to direct lithiation
(via lithium-halogen exchange). The resultant organolithium
species can be converted to an organostannane for tandem
cross-coupling (Scheme 1a), used as the nucleophile for a
double addition—elimination with  octafluorocyclopentene
(Scheme 1b),%-32 or oxidatively coupled using Fe(111) (Scheme 1¢).%

In addition to an overview of our synthetic methods and oligomer
composition, Scheme 1 also reports the structures determined
using single crystal X-ray analysis. In all cases, the compact helical
conformation observed in the single crystal X-ray structural
analysis was predicted by MMFF calculation of the equilibrium
conformer. The inset in Scheme la shows an overlay of three
structures: the experimentally determined single crystal X-ray
analysis structure, and two calculated global minimum conformers
(MMFF and BLYP/6-31G(d)). The similarity found between
experimentally determined and predicted structure is excellent.
The MMFF calculated energy well associated with each S-
C-C-S dihedral angle between adjacent thiophene rings was
found to be the most dominant force biasing the compact helical
conformation.? The barriers to this energy well can be visualized
by molecular dynamics calculations. Fig. 5 shows the superimposi-
tion of four frames of a molecular dynamics simulation of a helical
pentaaryl (individual frames colored as blue, green, yellow, black).
The selected frames illustrate that motion about the torsional angle
associated with the two thiophene rings labeled as A and B in
Fig. 5. The “unspectacular” range of motion portrayed in Fig. 5
is what is most significant, as it illustrates that adjacent rings
approach, but reverse direction prior to eclipsing or passing one
another (this dynamics calculation is available as a movie file in the
ESIT). Not surprisingly, the motion is reminiscent of a vibrating

spring.

Fig. 5 Showing four frames of a dynamics calculation on a helical
pentaaryl. Rings labeled A and B approach, but do not eclipse or pass
one another, thus maintaining the helical conformation. Animation of this
dynamics calculation is available as a movie in the ESI.

Molecular muscles

Our interest in helical oligomers originated from possible appli-
cation in the emerging field of bio-inspired nanotechnology. Using
more traditional terms, we are interested in integrating physical
organic and polymer chemistry to prepare macromolecules with
dynamic properties that may be attenuated by external forces.
Namely, we are interested in preparing “molecular muscles” that
are capable of expansion and contraction under an electrical
bias, 1222253454 Qur first effort in this area focused on a polymer of
thiophene-fused [8]annulene repeat units. Each unit of the polymer
is defined as an “actuator synthon,” capable of lengthening and
contracting as a function of redox state. The polymer can be
envisioned as mechanically mimicking a bellows, whereby each
[8]annulene monomer is one convolution of the bellows, and the
pitch of each convolution changes as a function of oxidation state
(see Fig. 6). This earlier work is reviewed elsewhere, and will not
be further discussed here (an animation of the pitch range of a
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Fig. 6 The thiophene-fused [8]annulene (tetra[2,3-thienylene]) is envi-
sioned as one convolution of a bellows. For the corresponding polymer, a
change in pitch for each convolution is induced by a change in redox state,
yielding an additive expansion or contraction process (i.e., bellows-like
expansion and contraction). An animation of the pitch change for a single
convolution is provided as a movie file in the ESI.{

single thiophene-fused [8]annulene is provided as a movie file in
the ESIY).

To compliment our bellows-concept, an actuator based on a
spring seemed to us a valid proposal.’® Ideally, there would be a
conjugated helix (our molecular spring, above), with the possibility
for p-orbital interactions not only in a side-on sense between
adjacent rings, but also in a head-on sense between adjacent
turns of the helix. Calculations predicted that upon oxidation
or reduction, such a helix would contract from its equilibrium

neutral conformer length. We propose that the contraction process
is driven by increased orbital interaction, thus best delocalizing the
charge. Fig. 7 illustrates this concept, showing (a) neutral redox
state: non-ideal overlap of adjacent orbitals (red; representing
orbital interaction between adjacent rings) and minimal head-
to-head orbital interactions (red-blue), and (b) charged redox

side-on

(a) E&

o §§
head-on % {

redox
——
—

Fig. 7 Showing (a) equilibrium conformer of a conjugated helix, and
(b) contracted form of the same helix, as a result of oxidation or
reduction. The red-red orbital interaction represents side-on overlap,
and the red-blue orbital interaction represents head-to-head overlap.
Contraction (form b) is believed to increase both types of overlap.
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state: improved side-on and head-to-head orbital interactions
(both red-red and red-blue, respectively). Here, note that the
length of the helix is a function of the dihedral angles between
adjacent rings. Thus, side-on orbital interactions increase as
dihedral angles decrease. Commensurately, a decrease in dihedral
angles shortens the helix, thereby increasing head-on orbital
interactions.

To test this theory, we geometry optimized both compounds
Hex-1 and Hex-1** (HF 6-31G(d)). Fig. 8 shows the three unique
bonds (labeled a, b, and ¢) associated with the three unique
dihedral angles for the given helical hexamer. In the neutral form,
the calculated bond lengths range from (a) 1.475 A, (b) 1.48 A,
and (¢) 1.476 A. The corresponding dihedral angles are (a) 63.6°
and (b = ¢) ca. 46°.

Fig.8 (a)Defining the bonds in Hex-1 (see corresponding text). (b) Space
filling models of Hex-1 (left) and Hex-1** (right, contracted form).

The equilibrium geometry of Hex-1** reports the desired
contraction. Bond a develops considerable double bond char-
acter, with its length decreasing from 1.775 A to 1.339 A. The
corresponding dihedral angle reduces from 63.6° to 5.3°. The
dihedral angles associated with bonds » and ¢ also decrease in
value from 46° to 37.5°. Summing the NBO** atomic charges
for each ring reveals that ca. 50% of the 2* charge is localized
onto the central bithiophene unit. The closest carbon—carbon
atomic contacts in Hex-1**, reflecting the head-to-head orbital
interaction discussed above, is 3.42 A. In the neutral form, this
same distance is 3.64 A. In accord with prediction, contraction
and oxidation are commensurate, and reinforce the applicability
of helical oligoarenes to function as molecular muscles. This
contraction can be viewed in Fig. 8b, which shows space-filling
models of Hex-1 and Hex-1**.

What else can be speculated from calculation? The follow-
ing concepts, entitled “Molecular Rheostats” and “Molecular
Precessing Gyroscopes,” have foundation in theory, and are
supported by initial calculations. However, any discussion of
these applications mandates assumptions to be made. Others have
established relevant experimental groundwork. However, for our
purposes, what exists are puzzle pieces yet to be connected. The

missing puzzle pieces are esoteric single-molecule experiments
likely to be commonplace in the near future, but not at present.
Regardless, design and synthesis can continue, with theory serving
(at least temporarily) as the surrogate experimental proof. We
thank the editors and reviewers for allowing not only the standard
review of our published work, but also a preview of potential
applications (muscles, rheostats, and rotors). Our speculation is
intentional, and is offered to further stimulate discussion about the
future of molecular machines, devices, and related phenomena.

Molecular rheostats

A rheostat can be defined as a variable resistor that is attenuated
by a mechanical process. In our design, the macroscopic process
of “turning a knob” to attenuate resistance (and hence current), is
mimicked at the molecular level by stretching a conjugated helix.
Specifically, we investigate the possibility of integrating scanning
tunneling microscopy (STM) experiments with helical oligomers,
as a route into force-attenuated conductivity (i.e., a molecular
rheostat).

The requisite experiment is based on STM experiments recently
reported to yield reproducible measurements of single-molecule con-
ductivity.*" In this remarkable work, Venkataraman and Nuckolls
showed that single molecule conductivity of terminal aliphatic and
aromatic diamines could be reproducibly measured via STM. By
adsorbing one amine terminus onto a gold surface and the other
onto the STM tip, conductance was measured as a function of
tip—surface distance until either end was desorbed. The choice
of amino functionality in the experiments was vital due to the
single coordination geometry that exists between amine nitrogens
and a gold surface. Amines only add to unsaturated gold sites,
the so-called “adatoms,” via donation of the nitrogen lone-
pair to a vacant Au orbital, in a well defined geometry. More
commonly employed functional groups, such as thiols, add in
multiple geometries. This, combined with the consideration that
amines are not subject to oxidative oligomerizations, leads to
consistent conductivity curves for a given substrate over many
cycles. It was found that clear conductance data could be obtained
for aliphatic substrates as large as 1,8-octanediamine, and that a
minimal steric bulk about the nitrogen led to the most well defined
conductance. For our purposes, we emphasize that accurate
measurements of single-molecule conductivity may be obtained
via STM, simultaneous with physical “pulling” on the molecule
of interest. The assumption is that the STM tip may serve both
as the mechanical element of the rheostat, as well as the probe to
accurately measure changes in conductance through the extending
helix.

Our design of a molecular rheostat requires the following four
ideal characteristics:

Helical oligomers (“molecular springs”) must demonstrate an
effective conjugation length that varies as a function of molecular
conformation.

(1) Any changes in conjugation must translate to changes in
molecular conductance.

(2) The termini of the helix must be functionalized to allow
adsorption between metal surface and STM tip adatoms.

(3) Using the STM tip to generate mechanical force, the helix
must stretch from a compact helical conformation (dihedral angles
<90°) to an extended helical conformation (>90°).

This journal is © The Royal Society of Chemistry 2007
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To simplify calculations of the molecular rheostat, we first
reduced the composition of the helical oligomer to a helical
s-cis-z-polyene (1,3,5,7,9-decapentene). The length of this helix
is a direct function of the dihedral angles between adjacent —
HC=CH- moieties of the backbone. In an ideal case, the fully
extended system, registering 180° dihedral angles throughout,
would experience complete overlap of the pi-system, establishing
a conjugation maximum.

With one end of the helix fixed in space, a unidirectional exter-
nal force could be applied such that the helix is pulled from its com-
pact coil conformation to its fully extended state. Commensurately,
conjugation would decrease to a minimum as dihedral angles
approach 90°. Further extension would again increase conjuga-
tion (dihedral angles >90°). Overall, orbital overlap (effective
conjugation length) should respond non-linearly as a function
of lengthening from a compact coil to a fully extended state.

We employed outer valence green function (OVGF) calculations
to gain ionization potentials (/,) and electron affinities (E,), and
used these differences in energy as a qualitative predictor of single
molecule conductivity. The assumption is that extent of orbital
overlap attenuates effective conjugation length, which in turn
affects electron/hole mobility, 4. Conductivity and mobility are
related by eqn (1).

o = neu M

where o = conductivity, z is the number, e the type of carrier, and
1 1s carrier mobility. This assumption served the basis for ionore-
sistive conjugated polymers of the type previously reported by
Swager and Marsella.*** In both cases, induced conformational
changes are anticipated to be the cause of changes in conductivity.
In this present work, we calculate the energies of 7, (i.e., HOMO)
and E, (i.e., LUMO), and use this difference as a probe of effective
conjugation; the smaller the difference, the greater the effective
conjugation, the greater is the potential for increased carrier
mobility, and the higher the molecular conductivity.

voltage

Au adatom

conjugated

helix current /

conductance

Relative Energy (eV)

Au adatom

A HF/6-31G(d) OVGF analysis of a C2-symmetric helical
decapentaene was performed, whereby C=C-C=C dihedral an-
gles were constrained to values of 30°, 60°, 90°, 120°, 150°, and
180° (corresponding to an extension from compact coil to linear
conformer; see Fig. 9). By definition, these values also report the
angle between atomic p-orbitals on adjacent ethylene moieties
of the polyene. A first-approximation mandates that there are no
long-range orbital interactions at the 90° conformer, as all ethylene
moieties are oriented such that adjacent p-orbitals are orthogonal
and non-interacting.

The I, and E, determined from OVGF calculations are plotted
in Fig. 1, as change in /, and E, relative to the 30° starting point.
Note the plot is relative to the 30° dihedral angle conformer, versus
dihedral angle, and should not be misinterpreted as a crossing of
I, and E, at ca. 150°. The values posted adjacent to data points
report the pole strength, which is a measure of probability of
each corresponding excitation (maximum value of pole strength is
1.0). Thus, there are four parameters for each dihedral: ionization
potential, electron affinity and the two corresponding values of
pole strength. The most striking trend in the OVGF data is
the non-linear change of both 7, and E,, with inflection points
occurring at the 90° dihedral conformation. This trend matches
the predictions made above. Given that m-orbital overlap, 7,
and E, should qualitatively reflect conductance, it follows that
a uniaxial force that extends the molecular helix should be capable
of attenuating single-molecule conductance, thus establishing a
molecular rheostat. More detailed computations are currently
underway, as are the syntheses of helical oligomers specifically
designed to meet the above criteria and goals.

Precessing molecular gyroscopes

Herein we have made several allusions to macroscopic objects
being reproduced at the molecular level. This is illustrated in our
previous discussions of molecular springs and rheostats. A more

s-cis-z-1,3,5,7,9-decapentene

a1

T T T T T d

60 90 120 150 180 210
C=C-C=C Dihedral Angles [degrees)

Fig. 9 Conceptually illustrating the molecular rheostat: adatom adsorption of a conjugated helix serves as the variable resistor, which is attenuated by
unidirectional pulling by the STM tip (left). In turn, orbital overlap varies from 30° to 180°, reaching a minimum of overlap at the 90° angle (orthogonal
orbitals), and a maximum of overlap at 180°. The graph on the right reports energies of ionization potential (red; HOMO) and electron affinity (black;
LUMO), relative to the 30° dihedral angle starting point. Pole strengths are also reported adjacent to data points (see text). In theory, molecular
conductivity is measured by the STM, and correlates with the HOMO-LUMO gap determined from the data plot.
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general question regarding this concept is, can macroscopic and
molecular machines share intrinsic property characteristics? Or
does the interface of classical mechanics and quantum mechanics
complicate (or doom) the translation? Kelly has published a
spectacular paper on this topic, targeting the concept of a
molecular ratchet, illustrating clearly the disconnection that may
occur during the molecularization of a macroscopic device.**
In this final section, we hypothesize on the molecularization of a
precessing gyroscope.

By definition, and as shown in Fig. 10, a precessing gyroscope
contains two orthogonal axes of rotation. Precession about the y-
axis results from rotation about the x-axis. The Newtonian forces
that dictate rate of precession include the vector product of the
angular momentum of the rotor (L), which is a result of the rotor’s
moment of inertia (I = 0.5 mr?) and angular velocity (w), and the
torque (r = mgr’). The precession rate (€2) is estimated by eqn (2):

Q ~mgr'/lo 2)

Before further discussion of precessing molecular rotors, we
note that Michl has compiled an excellent review of molecular
rotors and motors,* summarizing the contributions of his own
group, and those of Moore,*® Garcia-Garibay,* Tour,* Gladysz,*!
and many others. Other critical work to be mentioned includes
Gimzewski’s visualization of a single-molecule rotor on a Cu(100)
surface®® and Feringa’s light-driven rotor anchored to a gold

 (angular velocity)

€ (precession) —1,

Fig. 10 Depicting a precessing gyroscope. Two orthogonal axes of
rotation are attached to a fixed base (black) and rotor (marble). Precession
about the y-axis results from rotation about the x-axis.

nanoparticle surface.® The collective precedent for our explo-
ration includes the properties of the molecular rotors described
in this review, as well as the potential to monitor rotary motion
on a surface.

Relating eqn (2) to a molecule adsorbed to a surface mandates
that the term, “g” be (re)defined by intramolecular and molecule—
surface attractive forces, since the universal constant of gravitation
(6.7 x 10" N m? kg™?) is not relevant. All other terms of the
equation will be presumed applicable. The questions we pursue
are, will rotation and precession be correlated at the molecular
level (as it is in the macroscopic world)? If yes, does it vary as
a function of intramolecular and surface attractive forces? The
first part of this two-part question is answered by the intrinsic
properties of certain molecules, as can be shown in the case of
2,5-heptadiyne.

The frequencies for 2,5-heptadiyne (HF/3-21G(d)) were calcu-
lated, and displacement vectors are shown in Fig. 11. If one methyl
group of 2,5-heptadiyne is presumed to be fixed in space, the
resulting system becomes analogous to the precessing gyroscope
motif, in the sense that one methyl group is the base, one is the
rotor, and they are connected by two (nearly) orthogonal axes of
rotation. Using this frame of reference, we may re-define the three
lowest energy vibrations as the following processes (from highest

X
Adg
g
X
X=H, Cl, Br, |

Adg

precessing gyroscope, PG-1

Fig. 12 Showing hypothetical precessing gyroscope, PG-1. The inset
illustrates the VDW cut-off volume (red sphere) used in the molecular
dynamics calculations. The green sphere locates the region of halogen
functionalization. Note halogens are outside of the VDW cut-off.
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Fig. 11 Showing the as-calculated frequency displacement vectors for 2,5-heptadiyne, and illustrating how, when fixed to a surface, they translate to be

analogous to the processes associated with precessing gyroscopes.
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Fig. 13 Evolution of precessing gyroscopic motion in PG-1 (Adg—Br;): (TOP) early in dynamics run where (a) describes waggle about methylene group
and is a minor periodic function, (b) represents nutation of gyroscope (indicated by yellow double-headed arrow), blue major wave is precession (blue
curved arrow), and red waves represent rotation (red curved arrow). (BOTTOM) after 4 nanoseconds, an equilibrium state is reached; nutation and waggle
have been almost completely translated into precession (blue) and rotation (red).

to lowest energy): (i) nutation (77.33 cm™"), (ii) rotation/anti-
precession (11.37 cm™"), and (iii) rotation/precession (10.44 cm™',
see Fig. 11). Thus, the lowest frequency mode corresponds to that
motion analogous to a macroscopic precessing gyroscope (i.e.,
eqn (1)). Under ideal conditions, 2,5-heptadiyne may function
as a precessing gyroscope. Throughout the remainder of this
discussion, “ideal” implies that rotor-solvent effects are ignored.

Our second study subjected the bisadamantyl precessing gyro-
scope (hypothetical) compound PG-1, to a dynamics calculation.
To mimic a surface, we defined one adamantyl unit as stationary
(Ads), and the other as a rotor (Adg). To Adr was attached three
halogens (Adg—Cl;, Adg—Br;, and Ady-1;), resulting in three new
compounds, each differing in rotor mass. By limiting van der
Waals (VDW) interactions in the dynamics simulations to 7 A,
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these halogens do not interact with Ads. Fig. 12 illustrates that
the allowed VDW interactions are roughly limited to the atoms
enclosed within the red balloon. The green balloon represents sites
for halogen substitution.

To emphasize, the halogen substitution will perturb the rotor
mass term, and thus the moment of inertia, but not the attractive
force term, g. For each of the three unique molecular dynamics
reactions, the correlated rates of rotation and precession varied
according to mass, but the term “g” was found to be nearly
constant (1.98 + 0.06 x 10* m/s? mol).

Lastly, and perhaps most visually impacting, is the obvious
evolution of correlated precession and rotation, as determined
by molecular dynamics. This is reported in Fig. 13; showing
molecular dynamics data related to compound PG-1 (Adz—Br;).
As described in the caption of Fig. 13, early molecular dynamics
events of compound PG-1 include waggle, nutation, rotation,
and precession. Upon equilibrium, waggle and nutation (higher
energy vibrational modes; see Fig. 12) convert to pure rotation
and precession, and eqn (2) is obeyed. A movie file showing the
early stages of conversion to rotation and precession is provided
in the ESL.¥

In practice, achieving a system that obeys the properties of a
classical precessing gyroscope should be possible by thermally
biasing high populations of the lowest vibrational mode. Given
that rotor mass, rotation, and precession are related, it is feasible to
engineer a macromolecule with a rotor massive enough to promote
precession in the Hertz frequency range (and, ideally, without
interference from surface phonons).

It is worth noting that although coupled rotation—precession is
governed by eqn (2), the phenomenon of molecular gearing™ is
not as rigorously quantified, in the sense that slippage can take
place at random intervals. In other terms, the pure rotation—
precession mechanism is not prone to slippage (i.e., mistakes),
as is the process of gearing. Furthermore, the relative rates of
rotation within a precessing gyroscope and a geared system are
not governed by the same laws of physics (i.e.,, eqn (2) versus
gearing ratios), thus creating unique rotational profiles for each
class of rotor. We emphasize that the ethynyl “axles” employed
ensure that all rotating bodies are beyond intramolecular VDW
radii, ensuring that gearing is not taking place.

In summary, to the field of molecular devices we have sup-
plemented the concepts of molecular springs, molecular rheostats,
and gyroscopes. Beyond the concrete discussion of synthesis, com-
putational chemistry has provided predictions of physical prop-
erties. In the ideal “silicon world” of computational chemistry,
the concepts are sound and the possibilities are intriguing. Now,
this exercise in the sublime must bear the burden of experimental
proof. The speculative nature of this review (preview?) was entirely
intentional (i.e., aspiring to works similar to Hopfield’s proposal
of a “shift register memory,”**), and hopefully adding productively
to the list of challenges on queue for future studies.
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