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Introduction 

During the past 15 years, our group has developed a unique type of 
biomimicry whereby wholly artificial machines1 can be constructed by using 
mechanically interlocked components, obtained from template-directed 
syntheses that exploit molecular recognition2 and self-assembly3 processes, 
analogous to those employed by nature to construct functioning nanosystems. 
Rotaxanes and catenanes4 – containing mechanical bonds – can be activated 
such that their components move with respect to each other in either a linear 
fashion or a rotary manner. In the context of molecular electronics, a 
nanoscale molecular Random Access Memory5 (RAM) has been successfully 
constructed by utilizing the voltage-driven mechanical movement of such 
molecular-level machines in a crossbar architecture. 

 

 
Figure 1.  Contraction of the muscle is caused by the sliding of actin along 
myosin filaments.  
 

In living systems, the sliding protein molecules,6 namely, myosin and 
actin (Figure 1), are responsible for the contraction/elongation behavior of 
muscle tissue. A number of reports have appeared in the past 10 years that 
utilize the redox-swelling behavior of polymeric compounds7 to act as an 
actuating material. However, all of these examples are based on the 
penetration of solvent and counterions into the bulk material instead of the 
intrinsic mechanical actuation of the molecules. In this paper, we report our 
attempt to explore mechanically interlocked components in the design and 
synthesis of biomimetic linear motor-molecules (Figure 2) that mimic the 
contraction/elongation behaviors of biological muscle when subjected to an 
external stimulus. Our intention is to harness the redox-controllable 
mechanical properties of these linear motor-molecules for the application in 
nanoelectromechanical systems (NEMSs). 

 

 
Figure 2. The structures and cartoon representations of molecular muscles 
which are in the forms of a hermaphroditic [2]daisy-chain and a palindromic 
[3]rotaxane. 

Experimental 
Synthesis of [2]Rotaxane 1•4PF6. A solution of compound 2 (588 mg, 

0.31 mmol), 3•2PF6 (648 mg, 0.92 mmol) and 4 (242 mg, 0.92 mmol) was 
stirred in anhydrous DMF (30 mL) for 10 d at room temperature.  The reaction 
mixture was subjected directly to column chromatography (SiO2) and the 
recovered compound 2 was eluted with Me2CO, whereupon the eluent was 
changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and a green 
band containing 1•4PF6 was collected.  Most of the solvent was removed 
under vacuum.   After adding H2O (50 mL) to the residue, the precipitate was 
collected by filtration, washed with Et2O (30 mL), and dried in vacuo to afford 
the 1•4PF6 (357 mg, 39%) as a green powder.  M.p. 228 oC (decomp); UV/Vis 
(MeCN): λmax = 846 nm; 1H-NMR (CD3CN, 500 MHz): � = 1.20 (two triplets, 
6 H, J = 7.5 Hz), 1.26–1.30 (m, 36 H), 2.61 (q, J = 7.5 Hz, 4 H), 3.82–4.42 (m, 
36 H), 5.53–5.70 (m, 8 H), 6.03, 6.11, 6.22, 6.28 (4 x s, 2 H), 6.55 (d, J = 8.6 
Hz, 1 H), 6.59 (d, J = 8.6 Hz, 1 H), 6.65 (d, J = 8.6 Hz, 1 H), 6.72 (d, J = 8.6 
Hz, 1 H), 6.79 (d, J = 8.7 Hz, 2 H), 6.94 (d, J = 8.7 Hz, 2 H), 7.02–7.19 (m, 24 
H), 7.18–7.45 (m, 10 H), 7.50–7.70 (m, 16 H), 7.72–7.92 (m, 8 H), 8.84–9.01 
(m, 8 H); MS(ESI): m/z (%) = 1365 [M-2PF6]2+; calcd (%) for 
C158H166F24N4O12P4S4: C 62.81, H 5.54, N 1.85, found C 62.55, H 5.57, N 
1.81. 
 
Results and Discussion 

The ability to control precisely the mechanical motions of these artificial 
motor-molecules is a critical factor for their incorporation into NEMSs.  In an 
effort to produce a [2]rotaxane that will function as a prototypical linear 
molecular motor with high precision, we elected to employ a disubstituted 
tetrathiafulvalene (TTF) site in competition with the 1,5-dioxynaphthalene 
(DNP) site as the recognition units in the dumbbell components of the 
[2]rotaxane 1•4PF6. The template-directed synthesis of 1•4PF6 was achieved 
in 39% yield after performing counterion exchange (NH4PF6/H2O) on the 
product isolated, after using 2 as a template to form a CBPQT4+ ring from its 
dicationic precursor 4•2PF6 and 1,4-bis(bromomethyl)benzene (3). The 
[2]rotaxane 1•4PF6 was isolated as an analytically pure green solid after 
chromatography on silica gel using a 1% NH4PF6 solution in Me2CO as 
eluent. 
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peaks corresponding to the protons of the DNP site. The H-2/6, H-3/7 and H-
4/8 protons resonate at δ 6.28, 5.99 and 2.34~2.32, respectively. Addition of 
Zn powder to the sample and vigorous shaking led to reduction of the TTF2+ 
dication to its neutral form and the movement of the CBPQT4+ ring away from 
the DNP site and back to the much stronger π-electron-donating TTF unit. The 
original 1H NMR spectrum (Figure 3a) was restored. 
 

 
Figure 4. (a) 1H NMR spectrum of 1•4 PF6 in CD3CN, recorded at 500 MHz 
at room temperature. The solid box highlights the peaks for the H-c/t 
(cis/trans) protons in the neutral TTF unit. (b) 1H NMR spectrum of bis-
oxidized 1•4PF6 in CD3CN recorded at 500 MHz at 243 K. The solid box 
highlights the peaks for the TTF and TTF2+ residues and the dotted box 
indicates the peaks for H-2/6 and H-3/7 of the inside DNP unit. 
 

The rotaxane 54+ (Figure 5a) has been synthesized by incorporating the 
TTF/DNP recognition systems into its amphiphilic dumbbell-shaped 
component. The rotaxane 54+ was incorporated into an 8 x 8 crossbar device5b 
by Langmuir-Blodgett (LB) techniques and lithographic fabrication. The 64-
bit memory devices have been demonstrated, wherein eight letters can be 
stored into the device by using ASCII code. The lifetime of the switch-closed 
state of this device is about 10 minutes. The electromechanical mechanism of 
the device based on the amphiphilic, bistable [2]rotaxane 54+ (Figure 5b)  is  
proposed.  Oxidation  of  the  TTF unit  to  its radical  cation (TTF+•) occurs 
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Figure 5.  (a) The structure of the amphiphilic [2]catenane 54+. (b) Proposed 
electromechanical mechanism for the operation of the device based on the 
amphiphilic, bistable [2]rotaxane 54+. 

when a +2 V bias is applied across the bistable [2]rotaxane and the 
tetracationic cyclophane undergo a translational motion to encircle the DNP 
ring system.  When the bias is removed, however, and the TTF+• is restored to 
its neutral state (TTF), the tetracationic cyclophane continues to reside on the 
DNP ring system.  Return of the cyclophane to the TTF unit is subject to 
thermal activation or the reduction of the bipyridinium units during the 
switching cycle. This bias-driven mechanical switching will be the basis for 
our development of a molecular muscle. 

A bifunctional [2]rotaxane 64+ will be synthesized by a similar route 
shown in Figure 3 from modified precursors. It was designed in order to 
demonstrate the transduction of electrical energy into mechanical force as a 
result of applying electrical potential in a single–molecule experiment. 
Covalent attachments9 will be utilized to place a molecule inbetween the AFM 
tip and a Si-substrate (Figure 6). Compared to our original design of 
molecular muscles (Figure 2), [2]rotaxane 64+ can be considered as the 
simplified version. Bias-driven transduction of electrical energy into 
mechanical force will be demonstrated in the near future. These experiments 
would represent a logical extension of our investigations in molecular 
electronics.  
 

 
Figure 6. A bifunctional [2]rotaxane 6•4PF6 can be aligned between  a silicon 
substrate and Au-coated AFM tip for the demonstration of the transduction of 
electrical energy into mechanical force. 
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