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Abstract: Self-organizable dendronized helical polymers provide a suitable architecture for constructing
molecular nanomachines capable of expressing their motions at macroscopic length scales. Nanomechanical
function is demonstrated by a library of self-organized helical dendronized cis-transoidal polyphenylacety-
lenes (cis-PPAs) that possess a first-order phase transition from a hexagonal columnar lattice with internal
order (¢'°) to a hexagonal columnar liquid crystal phase (¢n). These polymers can function as
nanomechanical actuators. When extruded as fibers, the self-organizable dendronized helical cis-PPAs
form oriented bundles. Such fibers have been shown capable of work by displacing objects up to 250-
times their mass. The helical cis-PPA backbone undergoes reversible extension and contraction on a single
molecule length scale resulting from cisoid-to-transoid conformational isomerization of the cis-PPA.
Furthermore, we clarify supramolecular structural properties necessary for the observed nanomechanical

function.

Introduction

Molecular architectures capable of undergoing stimulated,
large amplitude directional motion between two or more
components (i.e., nanomechanical function) have begun to fill
a toolbox of molecular machines available to the nanosciences.'
Interest in nanomechanical functions is inspired by Nature,
wherein complex molecular machinery performs mechanical
operations.? Such biological nanomachines can be coerced into
artificial systems,” thus providing access to complexity currently
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unavailable in synthetic nanomachines. Wholly artificial mo-
lecular nanomachines have been shown to operate in solution,*
at interfaces,™® and in solid state.” Examples of such nanoma-
chines include pistons,** ratchets,*™* rotors,*® elevators,*
motors,*~¢ pedals,*¢ springs,” and nanocars.’® Reducing such
imaginative designs to practice and controlling their directional
motion represent two of the most fundamental challenges for
developing molecular nanomachines.' A third challenge emerges
as we recognize that Nature is able to translate work done by
biomolecular machines into macroscopic output.
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Two recent examples have illustrated strategies whereby the
work done by molecular nanomachines manifests as changes
at a dramatically larger length-scale. Stoddart, Ho, and co-
workers have shown that unoriented molecular muscles in a
self-assembled monolayer act in concert to deflect a Au-coated
cantilever by tens of nanometers.® The molecular muscles are
bistable [3]rotaxanes whose two macrocycles are mounted to
the Au surface. Feringa, Broer, and co-workers have shown that
rotation of a molecular nanomotor can be amplified in a
cholesteric liquid crystal matrix to effect rotary motion of a 27
um long glass rod sitting atop the liquid crystal film.® Rotation
of the molecular motor alters the helical pitch of the cholesteric
liquid crystal phase. These examples demonstrate that the
potential to harness molecular mechanical power depends, at
least in part, on the distance over which directional motions
can be obtained cooperatively.

Self-organizable dendronized polymers®™'' are expected to
provide a suitable architecture for constructing molecular
nanomachines capable of expressing their motions at even larger
length-scales. These polymers were suggested to adopt a helical
conformation."' They form oriented bundles, and their persis-
tence length can be adjusted by the proper selection of dendritic
side chain.'' Alternatively, short polymer chains have been
shown to self-assemble end-to-end forming very long single-
macromolecule-wide strands.'> Herein we demonstrate that the
thermoreversible cisoidal-to-transoidal conformational isomer-
ism'? of dendronized helical cis-polyphenylacetylenes (cis-
PPAs) creates a nanomechanical actuator in bulk and manifests
as macroscopic work. Furthermore, we clarify supramolecular
structural properties necessary for the observed nanomechanical
function.

Results and Discussion

Controlled, Directional Motion Fueled by Thermal
Energy. We have recently reported the synthesis, structural, and
retrostructural analysis of 27 dendronized helical poly-
arylacetylenes.'*'* These polymers have demonstrated that the
helical conformation of polymers jacketed with self-assembling
dendrons'' can be selected by chiral information from the
dendritic side chains.'® From this library, we have found seven
examples of dendronized cis-PPAs that undergo thermorevers-
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ible cisoid-to-transoid conformational isomerism (Scheme 1).?
Models for the cisoid and transoid conformations of a repre-
sentative dendronized PPA (poly[(3,4-3,5)12G2-4EBn]) are
presented in Figure 1a,b. This process corresponds to a stretching
of the helical backbone upon heating and contraction upon
cooling as observed by circular dichroism (CD) spectroscopy
and X-ray diffraction (XRD) experiments.'> We envision this
reversible motion to be that of a molecular actuator. Thermal
energy is the fuel, unwinding of the helix serves as the motor,
and the supramolecular columnar dendritic coat serves as a
casing to ensure the directionality of the cis-PPA backbone
movement.

The first-order transition between an internally ordered
hexagonal columnar phase (¢ni®) and a hexagonal columnar (¢n)
liquid crystal phase is diagnostic for conformational isomerism.
This phase transition is usually observed by differential scanning
calorimetry (DSC)."* XRD experiments confirm the larger
column diameter (D)) and helical features of the cis-cisoidal
dendronized PPA in the ¢,'° phase. Figure 1c shows a plot of
the experimental column diameter from XRD experiments of
dendronized PPAs poly[(3,4-3,5)mG2-4EBn] of varied alkyl
chain lengths on the periphery of the dendron (m = 8§, 10, 12,
14, and 16). Figure 1 presents wide-angle XRD patterns for
oriented fiber samples. Long-range helical features correspond-
ing to correlations within the column are highlighted in the ¢,
phase (Figure 1a). They are absent in the ¢y diffraction pattern
(Figure 1b). Models consistent with these experimental results
indicate that the reversible first-order transition corresponds to
an extension along the column axis upon heating wherein the
helical backbone unwinds.'* Upon cooling from the ¢y, phase,
the column diameter increases and the helical features charac-
teristic of the ¢hi° are observed. This demonstrates the revers-
ibility of the unwinding—winding process of the helical
structure.

Contraction of the column diameter and stretching along
the column axis of a dendronized polymethacrylate exhibiting
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Figure 1. Schematic of the self-organizable dendronized helical cis-PPA in the (a) cisoid and (b) transoid conformations. (c) Temperature dependence of
D¢l (a, b) poly[(3,4-3,5)]16G2-4EBn oriented fiber microscopy images and wide-angle XRD patterns depict the changes observed at macroscopic and

microscopic scale between the two phases indicated.

a three-dimensionally ordered low temperature phase and ¢y
phase at higher temperatures has be reported previously.''
While the process was found to be reversible, recovery of
the three-dimensionally ordered phase was much slower than
for the dendronized cis-PPAs. Furthermore, details of the
backbone conformation remain uncertain for the previously
reported dendronized polymethacrylate. A general model
describing this process for two different types of polymer
backbones has yet to be demonstrated.

Notably, the (un)winding process is temperature controlled.
Each of the D, values reported in Figure 1c are samples
equilibrated at the specified temperature. Thermal energy,
therefore, serves as the fuel for this nanomechanical actuator
and determines the extent of displacement achieved. A distin-
guishing feature of these dendonized cis-PPAs from other
dynamic helical polymers is that the supramolecular columnar
dendritic coat prohibits the polymer backbone from collapsing
into a globular conformation. Therefore, the backbone is
restricted to conformational changes that only occur along the
column axis.

Translating Molecular Movement to Macroscopic Loads.
Orienting the nanomechanical actuators provides a means by
which to harness their individual motions and accomplish work
at significantly larger length scales. Stoddart, Ho, and co-workers
acknowledge that their artificial molecular muscles operate with
suboptimal efficiency since the molecular axes are not all
collinear.® Despite having room to improve the efficiency of
their artificial molecular muscles, the groups have demonstrated
significant ability to utilized billions of molecular actuators to
deflect a cantilever several tens of nanometers from its resting
position.® Self-organizable dendronized polymers are prepro-
grammed to generate oriented domains of hexagonally packed
cylindrical macromolecules in bulk and on surfaces.'' We have
previously shown by atomic force microscopy (AFM) that
unoriented monolayers of short self-organizable dendronized
polymers self-assemble into long molecular fibers and self-
organize into large columnar monodomains.'? Fibers extruded
in the liquid crystalline melt generate macroscopic samples of
the dendronized polymers (optical micrographs are shown as
insets in Figure 1a,b), wherein the fiber axis and cylinder axis
are the same. Furthermore, the inset micrographs show that the
fiber expands along its axis when heated above the first-order
phase transition temperature.

Extruded fibers of the dendronized PPAs orient the cylindrical
polymers along the fiber axis. Fibers such as these are typically

used for structural and retrostructural analysis by XRD. Figure
la,b shows wide-angle XRD patterns of oriented fiber samples.
The fiber axis is noted in the figure. Reflections corresponding
to the helix pitch and dendron tilt angle are highlighted. These
features are internal correlations within a single column, whereas
reflections perpendicular to the fiber axis relate to intercolumnar
features. Similar diffraction patterns have been obtained for each
of the dendronized polymers designated in Scheme 1, as well
as for oriented fiber samples of a dendronized polymeth-
acrylate.''® Thus, extrusion is a simple means by which we can
generate nanomechanical components from self-organizable
dendronized helical cis-PPAs for integration into larger devices.

It is important to note that D, reported in Figure 1c and
elsewhere is calculated based on the small-angle powder XRD
experiments that provide D, = a, where a is the ¢y lattice
dimension calculated using a = 2(do+ J3dy + 2d>0)/3, and
dpnk are the (hk) reflection d-spacings. To study the effect of
orientation on the column diameter for the poly[(3,4-3,5)mG2-
4EBn] series both powder and fiber small-angle XRD temper-
ature scans were performed. Within the experimental error there
was no difference between the column diameters calculated from
powder or oriented fiber XRD experiments. This comparison
confirms that the observed thermal decrease of the lattice
dimension with the increase of temperature (or the reverse trend
upon cooling) is not an effect dependent on the macroscopic
orientation of the sample. In other words, this study demonstrates
that the oriented fibers preserve the structure of the dendronized
cis-PPA from the powder state.

Extruded fibers of self-organizable dendronized helical cis-
PPAs exhibiting a ¢y °-to-¢, phase transition undergo anisotropic
thermal expansion along the length of the fiber, while the
diameter contracts. Figure 2 illustrates a complete heating cycle
for a fiber of poly[(4Pr-3,4,5Pr)12G1-EO*-PA]. Similar figures
for each of the other six dendronized cis-PPAs are included in
the Supporting Information. Figure 3 illustrates four examples
of macroscopic extension of nanomechanical dendronized cis-
PPAs with the corresponding analysis for the change in length
corresponding to temperatures above and below the ¢y °-to-¢y,
phase transition. Similar anisotropic fiber expansion has been
demonstrated for a dendronized polymethacrylate exhibiting a
three-dimensionally ordered low temperature phase and ¢y, phase
at higher temperatures.''® Measurement of the fibers in the
optical micrographs reveals a 29—45% increase in length (Lowm)
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Figure 2. Transmission optical microscographs of the poly[(4Pr-
3,4,5Pr)12G1-EO*-PA] oriented fiber collected upon heating at the indicated
temperatures. The dotted-line box in each image denotes the region of the
fiber used to measure the change in length.
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Figure 3. Transmission optical microscopy images collected on oriented
fibers upon heating at the indicated temperatures. Percentage increases of
fiber length (L) are marked. On cooling the exact reverse process (i.e.,
contraction) was observed.

as the sample temperature increases. Cooling the fiber samples
resulted in a contraction to their original length. The nanome-
chanical actuators act in concert when extruded as fibers. This
translates into macroscopic mechanical action.

In order to demonstrate that the individual cylindrical
dendronized polymer actuators can perform in concert, we have
shown that extruded fibers can lift macroscopic objects. Figure
4 shows an extruded fiber of poly[(3,4-3,5)16G2-4EBn] lifting
a dime up an 8° incline. The fiber lifts 250-times its weight
(Figure 4). Per repeat unit this constitutes a miniscule amount
of work. We have developed a strategy whereby self-organizable
dendronized cis-PPAs are able to create molecular actuators
whose work is amplified to move macroscopic objects. This
approach addresses the challenge of orienting nanomechanical
actuators® and adds to the repertoire of nanomachines amenable
to integration with larger-scale components.®®

Tuning Molecular Motion through Dendron Structure. To
further demonstrate that the nanomechanical behavior observed
for individual dendronized polymers and macroscopic work we
observe are in fact related, we have compared the change in
length of an individual macromolecule in bulk determined from
XRD experiments (Lxrp) to the change in length determined
by optical microscopy (Lom). We refer to Lxrp as the micro-
scopic change in length and to Loy as the macroscopic change
in length. We can rearrange the geometric formula for the

7506 J. AM. CHEM. SOC. = VOL. 130, NO. 23, 2008
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Figure 4. Experimental setup that demonstrates the macroscopic scale
expansion and contraction of the oriented fiber by the lifting of a dime on
the inclined plane of a Mettler hot stage (top). Expanded images collected
by a digital camera at 25 °C (bottom left side) and at 80 °C (bottom right
side) of the oriented fiber generated from poly[(3,4-3,5)16G2-4EBn] during
lifting of 250-times its weight, via thermally fueled unwinding of its helix
at the ¢p'°-to-¢y, transition.

volume of a cylinder (Vo) such that Lxgp = 4Vw]/(nDCO12).
Assuming the density (p) remains constant (i.e., Voot = p/MW
is constant for a given sample) over the temperature range
investigated, we can see that Lxgrp [ 1/Deof. Using this
relationship we compare the percentage change in Lxgrp to that
of Lom (Figure 5). It is evident that the two phenomena are
concurrent and that the extension profile depends on the structure
of the dendronized helical cis-PPA.

The observed differences between Lxrp and Loy at high
temperatures in Figure 5 cannot be assigned definitively. The
assumption that p is constant throughout the experiment is one
possible explanation. The observed difference would imply that
the density of the material increases slightly at higher temper-
atures, which is uncommon. Since the thi" lattice is composed
of porous columns and ¢y, phase is not,'* we might envision an
increase in density at higher temperature during ¢,'°-to-¢, phase
transition. Experimentally determined density values for self-
organizable dendronized cis-PPAs do not discriminate between
those possessing a ¢y, °-to-¢;, phase transition and those that do
not.'*'* More likely there is also a discrepancy between the
temperature of the heating element and the sample in both
the XRD and optical microscopy experiments. The precision
of the dendronized PPA temperature is important and any slight
increase gradient in the temperature between the sample and
the heating element can easily explain the difference without
the need of assuming a change in the fiber density. It is also
important to remark that such a gradient difference would
increase as the temperature increases. The accuracy of the two
experiments does not permit at this time any definitive assess-
ment regarding the variation of the fiber density as a function
of temperature.

It was observed that there is a direct relationship between
the thermal changes of D, in the hexagonal'*'# or rectangular '3 !4
phases observed at microscopic scale in the XRD experiments
and the macroscopic scale thermal expansion/contraction of the
dendronized PPA oriented fibers at the macroscopic scale. The
three families of dendronized cis-PPAs reported here (Scheme
1) were the only ones that exhibited a variation of the column
diameter as a function of temperature due to the presence of
both ¢,'® and ¢y, phases. All the other previously reported self-
organizable dendronized PPAs'*'* did not exhibit any change
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Figure 5. Scaled plots of the change in fiber length from optical microscopy (blue squares) and powder XRD experiments (red circles) as a function of
temperature for the indicated dendronized cis-PPAs (a—c). The vertical dotted line indicates the ¢y'°-to-¢y, transition temperature. Comparison of the fiber
length change from optical microscopy and column diameter from powder XRD for the library of poly[(3,4-3,5)mG2-4EBn] from Scheme 1 (d). The arrows
in d denote the direction of increasing peripheral alkyl chain length (m) for each of the two data sets.

of the oriented fiber as a function of temperature, in agreement
with their XRD diffraction data.'*!'* This result demonstrates
the important role of the dendron architecture toward the design
of nanomechanical functions based on dendronized PPA.

Figure 5d shows the variation of the total extension as a
function of peripheral alkyl tail length (m) for a single dendron
substitution pattern. Larger m causes larger extensions of the
helical polymer. The helical backbone stretches and the dendrons
tilt more'>* to better separate adjacent dendrons along the chain.
The latter is evidenced by the decrease of the number of
dendrons per column stratum (u) in the ¢, phase compared to
the ¢,'° phase (Figure 1c)."** Figure lc reports u calculated for
the dendronized cis-PPAs poly[(3,4-3,5)mG2-4EBn]."**

The dendron architecture mediates formation of the thi" phase,
wherein the PPA backbone adopts a helical cis-cisoidal
conformation,'**'* whereas the dendrons play a less determinant
role in the polymer backbone conformation in the ¢, phase.
Cis-cisoidal PPA is crystalline and corresponds to the more
stable cis-PPA conformation.'> Comparison of the different alkyl
tail chain lengths (m) for poly[(3,4-3,5)mG2-4EBn] reveals that
in the ¢,'° phase u depends on the alkyl tail chain length. In
the ¢p, phase the values converge. Thus the dendron architecture
templates the conformation of the polymer backbone in the ¢y,
phase. Furthermore, the difference between D, for m = § and

(15) Simionescu, C. L.; Percec, V.; Dumitrescu, S. J. Polym. Sci., Polym.
Chem. Ed. 1977, 15, 2497-2509.

m =16 (from 11.5 A at 20 °C t0 9.0 A at 100 °C) in the two
phases further suggests that backbone conformation is more
similar among the polymers in the ¢y, phase regardless of m.
These two observations imply that there is a cooperative
mechanism between the dendron and the cis-PPA backbone.
At low temperature the dendron architecture dominates the self-
assembly process, whereas at high temperatures the cis-PPA
backbone dominates this process and induces almost the same
conformation, independent of the alkyl chain length.

The different expansion mediated by different m in the
poly[(3,4-3,5)mG2-4EBn] series (Scheme 1) revealed the com-
plex mechanism of the nanomechanical function. In the ¢,
phase the reduced dendron freedom dictates a more compact
packing and facilitate crystalline packing of the helical back-
bone. In the ¢, phase the dendrons frustrate the crystallization
of the helical backbone. Nonetheless, the increased degrees of
freedom of the dendritic part of the columns accommodate the
backbone relaxation into a new minimum free energy config-
uration (i.e., an extended cis-transoidal helix). Consequently,
the alkyl tail length study suggests allosteric regulation between
the dendron and the backbone conformations.

Conclusion

In conclus_ion, self-organized helical dendronized PPAs that
possess a ¢ °-to-¢, phase transition can function as nanome-
chanical actuators. The helical PPA backbone undergoes revers-
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ible extension and contraction on a single molecule length scale
resulting from cisoid-to-transoid conformational isomerization
of the cis-PPA. Oriented fiber samples manifest the behavior
of the cylindrical macromolecules as anisotropic thermal expan-
sion. Such fibers have been shown capable of work by displacing
an object up to 250-times their mass. Oriented fibers of
dendronized PPAs lacking a ¢,°-to-¢y, phase transition do not
exhibit macroscopic extension and contraction. Extension of this
concept to other classes of dendronized polymers is under
investigation.
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