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Abstract: Nanoscale muscle-like materials have aroused great interest as they may 

provide controllable mechanical operations by artificial actuations. Molecular designs to 

achieve the desired motion at the macroscopic scale in experiments require atomic level 

understanding. By systematic quantum chemical and molecular dynamics calculations we 

reveal that the length change is not only due to the linear telescoping from the 

dibenzo[24]crown-8 recognition at two docking stations but also the folding/unfolding of 

two bulky stoppers. The extension and contraction processes of a [c2]daisy chain under 

acid vs. base conditions are exothermic but need to cross very different energy barriers, 

being at least double the height under acid compared to base conditions, hindering 

balanced cyclic motions at moderate excitation. Our result suggests that to realize the 

desired muscle-like motion one should adopt sufficiently high external excitation, using 

for example reasonably high temperature and further optimize the solution used.  
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Introduction  

Biomimetic research harnesses nature’s creations to guide us in developing new valuable 

products. Hence, muscle-like materials are envisaged to provide controllable mechanical 

operations in a variety of environments, from benign to hostile. In accordance with the 

bottom-up principle, design and synthesis at the molecular level are fundamentally 

conducive to creating precise molecular machines and then intentionally amplifying their 

action to the macro-scale. Chemists have synthesized several muscle-like molecular 

shuttles, where one functional group reciprocates between two fixed “stations” along the 

axis under external stimuli such as chemical environment,1-5 electrochemical redox 

reactions,1,6-13 or illumination.8,14-19 Notably, Sauvage et al.20 first synthesized a doubly 

threaded rotaxane capable of contraction and stretching under the action of a chemical 

stimulus due to exchanging the Cu+/Zn2+ in solution. This opens a research arena to 

synthesize complex molecular shuttles in functional analogy with natural muscles.  

Recently, the Giuseppone21 and Stoddart22 groups have successfully polymerized 

doubly threaded rotaxanes and in principle can thereby magnify the 

elongation/contraction of the individual units by a factor ~3000. As shown in Figure 1a, 

each half of the rotaxane polymer unit consists mainly of five components, (1) a rod-

shaped backbone, (2) a dibenzo[24]crown-8 (DB24C8) ring-like ether, (3) a docking 

station that can vary between a secondary dialkylammonium ion (NH2
+) in a low pH 

environment and a neutral amino group (NH) in high pH, (4) a triazolium cation docking 

station, and (5) a terpyridine end group. The length of each unit varies dynamically as the 

binding affinity of DB24C8 to the NH2
+/NH docking station changes with pH: with a 

solution of trifluoroacetic acid, the DB24C8 ring preferentially forms hydrogen bonds 

with NH2
+, cf. Figure 1b;23-27 in contrast, under basic solution of sodium hydroxide, the 

DB24C8 ring prefers to combine with the triazolium cation docking station, as the NH2
+ 

is neutralized to NH, cf. Figure 1c. Therefore, the pH of the environment determines 

which of these two docking stations is favored, allowing alternation between contracted 

and extended states by cycling between high and low pH, which also provides the needed 

energy. For polymerization,21 cf. Figure 1d, two terpyridine groups of two rotaxanes are 

6-fold coordinated to a single Fe2+ ion (originating from FeCl2 present in the solution), so 

as to connect units head to tail and form a snake-like linear polymer. As revealed by light 

scattering and small-angle neutron scattering measurements,21 the unit lengths in the 

extended and contracted forms are found to be ca. 5.4 and 3.2 nm, respectively. The 2.2 

nm length difference in each unit is amplified in a linear polymer of about 3000 units to 

cause a stretch from about 9400 to about 15900 nm, thus hopefully realizing the muscle-

like motion in a quasi-macroscopic regime.  

However, many challenging problems still exist in going from the laboratory setting 

to practical molecular machines. The study of the structural evolution presenting a 
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macroscopic muscle-like motion is very demanding. By means of mass spectrometry, 1H 

NMR, UV-Vis spectra, and scattering techniques, experimental studies have successfully 

identified the synthesized functional groups, tracked the configuration variations under 

the external stimuli, and extracted the polymer size and shape. With quantum mechanical 

calculations, performed for the first time for this system, we here add deeper insight into 

the mechanisms of such a muscle-like material at an atomic level which can help 

designing future molecular machines. Our calculations contribute useful insight by 

presenting the equilibrated end configurations as well intermediate configurations of the 

rotaxane unit of the polymer obtained by Giuseppone et al,21 and analyze detailed 

potential energy profiles as well as structural evolution during contraction and stretching, 

thus aiming to identify the functioning mechanisms and to provide important 

thermodynamic data. Solvent effects are taken into account to show the impact of the 

environment on the motion.  

 

Models and computational details  

Generally, a rotaxane is a dumbbell-like molecule that is threaded through a 

macrocycle ring which can move along the molecule’s shaft without being able to escape 

due to bulky end groups. In this work, each half of the doubly threaded rotaxane provides 

the other one with a crown ether ring, allowing mutual threading which affords the 

freedom of linear contraction and stretching while preventing dethreading. Such a type of 

rotaxane possesses a reciprocal symmetry and is often called a [c2]daisy chain, where “c” 

stands for cyclic and “2” stands for a two-membered chain (as opposed to, for example, 

an [a3]daisy chain for an acyclic three-membered chain).28  

The initial model is built manually from the structure shown in Figure 1 of Ref. 22, in 

agreement with the molecular formula reported in the supporting information of Ref. 21. 

The acidic environment of the [c2]daisy chain is simulated in the present study by adding 

two protons near the nitrogen of its amino groups, leading to an extended structure in acid. 

For the basic environment of the [c2]daisy chain the two protons of NH2
+ are assumed to 

be neutralized by OH- ions and, thus, are left out of the simulation which results in the 

contracted structure in base. Hereafter, the extended and contracted forms are 

respectively designated as ext4+ and cont2+. The configuration ext4+ (C116H134O16N14) 

carries four positive charges localized at two NH2
+ and two triazolium cations, while the 

two positive charges of cont2+ (C116H132O16N14) localize at two triazolium cations.  

The [c2]daisy chains are self-assembled groups of molecules held together by weak 

bonds, mainly hydrogen bonds, Van der Waals (VdW) interactions, electrostatic 

interactions, and/or coupling by π-π stacking. At present, many theoretical approaches 

include long-range dispersion forces to model such weak interactions.29-32 In this work, 
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we chose the self-consistent-charge density-functional tight-binding (SCC-DFTB) 

method33-34 to carry out most calculations where dispersion contributions are included via 

Lennard-Jones potentials to describe the universal force field parameters. The SCC-

DFTB method uses linear combinations of frozen atomic orbitals to represent electrons 

that are delocalized over the entire system. Corresponding interaction integrals for pairs 

of atomic orbitals are calculated separately and used when evaluating self-consistent 

molecular orbitals of a given system. The SCC-DFTB method has proven to be both 

computationally efficient for very large systems and accurate when compared with 

standard DFT results for electronic and geometric configurations as well as energies. 

Therefore, it is extensively employed to deal with large clusters containing hundreds of 

atoms, and particularly suitable for those consisting mainly of C, H, O, and N atoms.35-39  

To investigate the solvent effect on the [c2]daisy chain, we perform SCC-DFTB-D-

based molecular dynamics (SCC-DFTB-D/MD) simulations for a period of 1ps. The 

canonical ensemble is adopted with an Anderson thermostat in an NVT model for the 

temperature 300 K. The time step is set at 1 fs for the integration of the equations of 

motion by a Verlet velocity algorithm. Periodic boundary conditions are used with a unit 

cell defined by a = 6.6 nm, b = 3.3 nm, c = 2.7 nm, and α = β = γ = 90ᵒ. After the 

[c2]daisy chain was placed in the center of the box the remaining space is filled with 413 

acetonitrile (CH3CN) molecules, which are randomly distributed and automatically 

generated with the help of the Gromacs package40 by checking overlaps of Coulomb and 

VdW radii.  

In order to obtain more accurate binding energies, energy profiles, dipole moments 

and electrostatic potential (ESP) distributions, single-point calculations on the [c2]daisy 

chain supramolecules are carried out by using the ωB97XD/6-31G** level of theory, 

which also considers the dispersion correction and is included in the G09 package.41 The 

SMD solvation model42 is adopted as we describe the energy profiles in solution. In the 

experiment, the cationic [c2]daisy chain was synthesized in an ionic liquid, where 

stoichiometric PF6
- counterions accompany the supramolecules to neutralize the charge in 

the environment of organic solvents. Thus, the role of the solvation is considered for 

binding with PF6
- counterions. Optimization and frequency calculations on smaller 

species such as PF6
-, CH3CN, chloroform (CHCl3), and PF6

-(CH3CN)n (n=1-8), PF6
-

(CHCl3)n (n=1-8) complexes are performed at the same calculation level. 

 

Results and discussion 

1. Equilibria and intermediates  
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We here analyze in detail the contraction/extension cycle of the [c2]daisy chain. 

When the equilibrated ext4+ is exposed to an alkaline solution (cf. the schematic diagram 

in Figure 2), two protons (one from each of the two NH2
+ groups) rapidly leave, leading 

to an intermediate which we call deproton-ext2+. This intermediate then gradually evolves 

to the final equilibrated form of cont2+ in basic solution. When cont2+ encounters an 

acidic environment, two protons attach to two neutral NH groups, generating the proton-

cont4+ intermediate, which then evolves back into the equilibrated form of ext4+ in acid. 

This cycle repeats as the solution is switched back and forth between basic and acidic. 

The two equilibration processes of this cycle are:  

Contraction in base: deproton-ext2+ → cont2+  

Stretching in acid: proton-cont4+
 → ext4+          

An extensive conformation search for the favorable intermediates and equilibria was 

carried out by SCC-DFTB-D optimizations in vacuum without any position constraints. It 

resulted in the two equilibrated forms and two intermediates that are shown in Figure 2 to 

illustrate their cyclic transformations. Figure S1 (cf. Supporting Information) shows the 

geometric details of the two equilibrium structures more clearly, identifying those atoms 

that are essential for the formation of equilibrium geometries. The configuration ext4+ has 

a long thin shape after complete relaxation. Its central part is dominated by a four-level π-

π stacking of four phenol rings with separations of 1.047 nm between the most distant 

rings and 0.324 nm between the two central parallel-displaced rings; it also exhibits four 

hydrogen bonds between NH2
+ and DB24C8 of type [N-H - O] with H - O distances of 

0.209 and 0.207 nm, and of type [N+-H - O] with H - O distances of 0.181 and 0.181 nm. 

To validate the SCC-DFTB-D results, we have also optimized the DB24C8 and NH2
+ 

interacting part of ext4+ by ωB97XD/6-31G** (with the triazolium parts and two stoppers 

removed to reduce the computational cost). It turns out that the central interlayer spacing 

is about 0.316 nm, close to the 0.324 nm found by SCC-DFTB-D. Additionally, as 

compared with the interlayer distance (0.35 to 0.40 nm) of π-π stacking between two 

benzenes in previous DFT studies,29-32 this shows that four hydrogen bonds between 

NH2
+ and DB24C8 and more layered benzene rings will help strengthen the group in the 

central part of ext4+. The configuration cont2+ presents a short thick shape with the 

triazolium cations staying outside of two DB24C8 rings and perpendicular to the dibenzo 

planes. Five [C-H - O] hydrogen bonds are found on one side with H - O distances from 

0.217 to 0.245 nm, due to the hydrogen atoms from triazolium and hydrocarbons near the 

crown ether oxygen.  

To evaluate the amount of telescoping which takes place between the two forms, we 

first consider the distance between two oxygen atoms (O1 and O2, labeled in Figure S1 a 

and f) of the respective crown ether rings: the O1 - O2 distances are 0.91 nm for ext4+ and 

1.70 nm for cont2+. The difference of 0.79 nm is much smaller than the experimental 
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value 2.2 nm, which suggests that the telescoping between two threads only accounts for 

a part of the length change of the full [c2]daisy chain. Thus, other contributions affecting 

its length change must exist.  

If we examine the individual left and right halves of one unit in Figure S1 c, d and h, i, 

we clearly observe the planar rigidity of the bulky stoppers, each composed of a 

terpyridine group together with its adjacent ethinyl and phenyl species. In ext4+, these 

bulky stoppers are slightly folded away from the long axis of the [c2]daisy chain, while in 

cont2+, they are strongly folded back around the crown ether rings. As shown in Figure 

S1 e and j, the dihedral angles for the chain of atoms C1-C2-C3-N4, which are 

highlighted by enlarged balls, are 139.6ᵒ and 85.0ᵒ for ext4+ and cont2+, respectively. This 

folding greatly decreases the total length of the contracted form: we measure the 

distances between two N atoms of the central pyridines at the two ends (which are used 

for polymerization) as 3.23 nm for cont2+ but 4.82 nm for ext4+. We thus see that the 

folding of the rigid end groups actually contributes substantially to the 

expansion/contraction, in addition to the mutual telescoping of the two linear chains. 

As shown in Figure 2, the structure of the intermediate deproton-ext2+ is similar to 

that of ext4+, while the other intermediate proton-cont4+
 has a relatively large distortion as 

compared with cont2+. To confirm the stability of the [c2]daisy chain in these four 

supramolecules, we have calculated the frozen binding energy (∆Eb) between the two 

halves. Here “frozen” means that the optimized geometries of the paired halves are kept 

unchanged when they are separated. The frozen binding energy is calculated as: ∆Eb = 

Etot([c2]daisy chain) - [Etot(left half) + Etot(right half)]. The single point total energy of 

the [c2]daisy chain is calculated with the basis set superposition error (BSSE) correction 

at the level of ωB97XD/6-31G**. As listed in Table 1, the two more negative ∆Eb values 

(-67.33 and -110.97 kcal/mol) reflect the thermodynamic stability of the equilibrated 

structures ext4+ and cont2+. The two less negative ∆Eb values (-13.83 and -40.70 kcal/mol) 

reasonably imply the relative instability of the intermediates proton-cont4+
 and deproton- 

ext2+ as starting points towards the equilibrium states during the muscle-like motion. 

cont2+ and deproton-ext2+ are more stable than ext4+ and proton-cont4+, respectively. We 

ascribe this difference to the crowding into a smaller space of the two NH2
+ groups of 

ext4+ and proton-cont4+: their two extra positive charges generate more Coulomb 

repulsion and higher interior strain energy. Additionally, the ten [C-H - O] hydrogen 

bonds in cont2+ further improve its stability, even though the [C-H - O] hydrogen bond is 

usually weaker than the [N-H - O] hydrogen bond.43-45   

 

2. Energy profiles and structural evolutions in vacuum 

In this section, we analyze the detailed potential energy profiles during two muscle-
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like movements and track the structural evolution during the back-and-forth sliding of the 

DB24C8 rings between the docking stations provided by the NH2
+/NH and triazolium 

cations. We first study the situation in vacuum by SCC-DFTB-D constrained geometry 

optimizations. We progressively slide one half of an isolated [c2]daisy chain relative to 

the other by imposing and freezing a sequence of distances between two pairs of O atoms 

in the two DB24C8 rings: O1 and O2, as well as O3 and O4 (which are in principle 

equivalent by symmetry to O1 and O2, respectively, see Figure S1 b). At each O1- O2 

distance, which is varied in steps of about 0.05 nm, we optimize the positions of all other 

atoms and obtain the total energy by SCC-DFTB-D calculations. This allows us to track 

the total energy and structural change as a function of the O1 - O2 distance, which 

represents the ring-ring distance, as shown in Figure 3. Note that increasing the O1 - O2 

distance corresponds to contracting the [c2]daisy chain, and vice versa. It should be 

mentioned that the present constrained search is approximate and cannot completely 

exclude the existence of alternative equilibration paths. However, it can provide a 

reasonable qualitative thermodynamic description of the muscle-like motion. 

On the basis of the constrained geometries, we also perform single point energy 

calculations at the level of ωB97XD/6-31G** to obtain an energy profile comparison 

between the supramolecule in acid and in base, and between two methods. The energy 

data are shown in Table S1 and S2. Figure 3a displays energy profiles for the stretching 

in acid (red dashed curve, right to left) and contraction in base (blue dashed curve, left to 

right) in vacuum, starting from the intermediates discussed earlier. We find by ωB97XD 

that, in vacuum, the contraction must surmount a barrier of 7.0 kcal/mol before 

descending to a net total energy of -62.2 kcal/mol, while the stretching experiences a 

barrier of 14.6 kcal/mol and a net total energy decrease of -52.8 kcal/mol. We note that 

both barriers are comparable to the thermal energy at room temperature (0.6 kcal/mol) 

and can thus be overcome by thermal fluctuations. The barrier for stretching is about 

twice that for contraction. Such an asymmetry implies different kinetic constants and 

different response velocities under external acid vs. base stimuli: stretching should be 

significantly slower than contraction. Merely from the viewpoint of conformational 

changes without temperature and solvent effects, the large total energy decrease (-62.2 

and -52.8 kcal/mol) from the intermediates to the equilibrated structures, following 

relatively small barriers, is very suitable for muscle-like motion: while thermal energy 

can overcome those barriers and trigger the equilibration after a pH change, the motion 

can then not easily be reversed before the pH itself is reversed. Moreover, we find that 

the stretching barrier (10.3 kcal/mol) by SCC-DFTB-D is also two times that for 

contraction (5.3 kcal/mol), which supports the validity of total energies predicted by this 

semi-empirical method.  

An animation (Movie S1) showing our detailed model of the full contraction and 

elongation cycle of the [c2]daisy chain is available in the Supporting Information. The 
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relative total energies and dihedral angles are listed in Tables S1 and S2 of the 

Supporting Information. Selected frames are shown in Figure S2. Before the contraction 

process, the O1 - O2 distance of deproton-ext2+ is about 0.91 nm. As the O1 - O2 distance 

increases, the total energy of the conformation rises until reaching the barrier at 1.03 nm 

where the transition state is reached (see Frame 5b in Figure S2). The barrier is due to 

breaking the four-layered π-π stacking in the central part of the [c2]daisy chain. The 

geometry changes little from deproton-ext2+ to the barrier. In contrast, the initial 

stretching process from cont2+ (see Figure S1 f) already shows large structural changes in 

going to the intermediate (see Frame 1a). The backbones of the two chains (rods in Figure 

1) arch away from each other due to the Coulomb repulsion between two NH2
+ ions. As a 

result, the transition state (see Frame 7a) appears at a relatively larger O1 - O2 distance of 

1.43 nm. The geometry at the barrier is quite different from the starting structure proton-

cont4+ and already close to that of ext4+. The energy barrier caused by structural 

deformation is now mainly due to the DB24C8 rings breaking loose from the triazolium 

cations. Hence, the stretching in acid should be more difficult and slower than the 

contraction in base.  

One key reason for different barriers in contraction vs. extension is the folding of two 

bulky stoppers occurring in the last phase of contraction, which contrasts with the 

unfolding in the first phase of stretching. This change can be described by the dihedral 

angle between the backbone and the rigid flap within each half, as sketched in Figure S1 

e and j. We measure this dihedral angle for the chain of atoms C1-C2-C3-N4, to track the 

folding and unfolding of the rigid flaps as a function of the O1 - O2 distance. As shown 

in Figure 3b, for the contraction in base, when the O1 - O2 distance grows toward 1.50 

nm, the dihedral angle gradually increases from ~120ᵒ to ~150ᵒ. The configuration 

change in this process originates mainly from the [c2]daisy chain linear contracting. 

When the O1 - O2 distance exceeds 1.50 nm, the dihedral angle rapidly decreases to ~80ᵒ, 

reflecting the folding of the two rigid flaps until the final cont2+ is produced. For the 

stretching in acid, the dihedral angle at first rapidly increases from ~80ᵒ to ~130ᵒ as the 

O1 - O2 distance is reduced from 1.67 nm to 1.61 nm, indicating that the two rigid flaps 

are quickly unfolding. Afterwards, the dihedral angle steps up and down, until by 1.05 

nm its value stabilizes at ~140ᵒ. In particular, in the range 1.61-1.46 nm, we find that the 

molecule is trying to encapsulate the NH2
+ into the DB24C8 ring (see Frame 6a). 

Accordingly, due to the DB24C8 covering NH2
+, the large deformation generates a 

higher barrier for stretching than contraction. After 1.43 nm, the process corresponds to 

the smooth stretching of the [c2]daisy chain until ext4+ is formed. In this phase, the 

hydrogen bonds of [N-H - O]/[N+-H - O] and π-π stacking among phenol rings are 

forming, which also impacts the dihedral angle between backbone and bulky stopper.  

 

3. Solvent effects 
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Experimentally, the muscle-like polymer was synthesized in a solution of CH3CN and 

CHCl3 with a mixing ratio 1:1.21 Therefore, we have also evaluated the [c2]daisy chain 

thermal energy data in an SMD solvation model by ωB97XD/6-31G**. The results are 

included in Figure 3a (full lines). Clearly, the stretching barriers in both solutions (33.1 

and 24.1 kcal/mol in CH3CN and CHCl3) are much higher than in vacuum (14.6 kcal/mol) 

and at the same time the reaction heats in solution (-6.0 and -18.6 kcal/mol in CH3CN and 

CHCl3) become much smaller than in vacuum (-52.8 kcal/mol). This clearly means that 

the solvents will significantly hinder the stretching movement in acid. In contrast, the 

solvent effect on the contraction in base is rather small with energy profiles similar to 

vacuum in the initial part of the path but becoming somewhat different in the final stage. 

Altogether, in solvents the contraction barriers for a single [c2]daisy chain are found to 

be much lower than those for stretching, analogous to the results in vacuum which 

confirms that stretching will be slower than contraction. The acid-promoted elongation of 

the polymer may thus also be during the cyclic muscle-like motion.  

To further clarify the solvent effect on the contraction and stretching processes, we 

first perform the SCC-DFTB-D/MD simulations by two equilibrium configurations and 

two intermediate states in an environment of 413 molecules of CH3CN. Here we only 

discuss CH3CN as a typical model of the solution environment. After 1ps, the four 

configurations remain almost the same as in vacuum, as compared visually in Figure 4. 

This means that the [c2]daisy chain in these four states is well stabilized in the organic 

solvents. As shown in Table S3, in the final 100 fs, the root mean square deviation 

(RMSD) around room temperature is 3.9 to 5.5 K and the RMSD of the potential energy 

is 25 to 31 kcal/mol. We assume that the system has reached equilibrium at this stage. 

According to the average potential energies calculated in the last 100 fs, the two reaction 

heats in solution are -32.0 kcal/mol for the contraction and -12.1 kcal/mol for the 

stretching, as listed in Table 2. Compared with results in vacuum via full atom relaxations 

and constrained geometry optimization by SCC-DFTB-D, it is found that the energy 

differences in the solution are significantly reduced, especially for the stretching process.  

We believe that the dominant effect resulting in energy differences in acid as 

compared to base solution is due to unequal electrostatic interactions of the cationic 

[c2]daisy chain with polar solvents. An opposite example indirectly justifies this 

speculation. As reported in a recent study,46 the free-energy landscape of a similar but 

neutral [c2]daisy chain rotaxane shows nearly equal energy barriers for both contraction 

and extension processes, with values of 13.65±0.04 kcal/mol derived from 1H NMR at 

228 K in a solution of CDCl3. Therefore, we have calculated and compared 

corresponding dipole moments, µ, of four [c2]daisy chains. As shown in Table 1, the µ 

values are in the order cont2+ < deproton-ext2+ < ext4+ < proton-cont4+. The µ of proton-

cont4+ is rather high. Thus, we may expect that the potential energy of proton-cont4+ will 

be dramatically decreased in solution so as to reduce the reaction heat and simultaneously 
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increase the energy barrier during the stretching process. Figure 5a-d displays the ESP 

distributions of the four supramolecules on the VdW surface, defined at the electron 

density 0.001e/Bohr3. In the range from -125.5 to +125.5 kcal/mol, a stronger ESP 

distribution (dark blue) is found from proton-cont4+ to ext4+ and a milder spread (mostly 

light blue) is observed from deproton-ext2+ to cont2+. This implies again that the solvent 

effects during the stretching process will be stronger than during contraction. 

Additionally, the two bulky stoppers of these supramolecules are found to have smaller 

ESP values than the central sections. Although the ESP in the center is strongly impacted 

by solvents, the two ends still have greater opportunities to undergo a polymerization 

reaction with Fe2+ cations.  

Last, we have to consider the effect of solvation on the PF6
- counterions that are 

present experimentally in the solvent to neutralize the charges of the [c2]daisy chains. In 

fact, we find that flexible combinations between small ions like PF6
- and solvent 

molecules can easily occur, i.e., solvents could reduce the direct contact between PF6
- and 

[c2]daisy chain cations. At the level of ωB97XD/6-31G**, stable configurations of PF6
-

(CH3CN)n or PF6
-(CHCl3)n (n=1-8) complexes are found, see Figure S3, which are 

confirmed to have no imaginary frequencies. They belong to weak [C-H - F] hydrogen 

bonding complexes, where two or three H - F distances within 0.30 nm are formed 

between each solvent molecule and PF6
-. As listed in Table 1, the BSSE-∆Eb values in 

these complexes can reach up to -62 kcal/mol, which indicates favorable aggregations 

between PF6
- and solvents. More importantly, the ESP of PF6

- can be significantly 

reduced after binding with CH3CN or CHCl3 molecules, judging from the changes 

illustrated in Figure 5e-h. Without solvents, a direct contact of PF6
- will strongly distort 

the cationic [c2]daisy chain, especially for the extended form, and likely result in losing 

the muscle-like function, according to our tests of the direct interaction between the 

[c2]daisy chain and PF6
- by PM6 semi-empirical optimizations. Our cations in the 

[c2]daisy chain are not expected to have a strong Coulomb interaction with PF6
-. The 

solvents provide a soft negative ESP environment for supramolecules to avoid strong 

electrostatic interactions between the [c2]daisy chain and surrounding PF6
- and keep the 

[c2]daisy chain in a working state during the muscle-like motion.  

 

4. Polymer forms 

Finally, we consider briefly the polymerized version of the [c2]daisy chain (see 

Figure 6) where the terpyridine end groups of individual [c2]daisy chains are mutually 

linked via Fe2+ ions in a periodic fashion. The rotaxanes in the polymers are repeated in a 

zigzag chain allowing contraction and elongation of the individual units to be multiplied 

by the number of units in the polymer. With optimization by SCC-DFTB-D of geometry 

and repeat cell, the optimum unit lengths for the extended and contracted polymers are 
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found to be 5.38 and 3.70 nm, respectively. The calculated extended unit length fits the 

experimental one (5.4 nm) well, while the contracted unit length is somewhat larger than 

in the experiment (3.2 nm).  

In our case, the dihedral angles of C1-C2-C3-N4 in the two polymerized forms are 

148.4ᵒ and 71.2ᵒ, respectively. Compared with the single [c2]daisy chains (having 

dihedral angles of 139.6ᵒ and 85.0ᵒ, respectively), Fe2+ unfolds the two bulky stoppers 

somewhat in the extended form and folds them more in the contracted form due to the 6-

fold coordination reaction. Although the muscle-like motion of the polymer will be 

impacted by the folding/unfolding of the bulky stoppers to different extents, which 

flexibly determines the unit length, the pathway of the contraction and stretching in the 

polymer is expected to be in principle consistent with the monomer, as the geometry of 

the [c2]daisy chain in the polymer is basically the same as in a single unit. Thus, we 

believe that our muscle-like motion simulated by a single [c2]daisy chain gives a realistic 

and informative understanding of the detailed motion.  

A final remark on the energetics of this muscle-like system is in order: it is not a 

perpetual motion machine since we need to repeatedly inject acid or base with the 

concomitant accumulation of waste products and consumption of new energy. In a 

natural muscle, it is also chemical energy that is converted into mechanical energy which 

is not accounted for by the present simulation.  

 

Summary and remarks 

In summary, at the atomic level, we have given a detailed description of how a highly 

promising rotaxane executes muscle-like mechanical motion under acidic vs. basic 

conditions. We determine its equilibrated and intermediate forms and find that the change 

in length comes from two main mechanisms: the back-and-forth telescoping of the 

DB24C8 rings between NH2
+ and triazolium ionic docking sites, as proposed in the 

literature, but also, to a significant extent, the folding vs. unfolding of two bulky stoppers; 

π-π stacking and multiple hydrogen bonds contribute as well to stabilize the energetics of 

the process. We present activated exothermic processes for both the expansion and the 

contraction by evaluating corresponding energy barriers.  

The stretching is found to be more difficult and slower than the contraction as 

determined by the highly unequal energy barriers and reaction heats in vacuum and in 

solution, electrostatic potential distributions, and dipole moment comparison. The 

difference occurs in the particular protonated contraction intermediate, which undergoes 

a large conformation distortion and has a strong interaction with solvents due to its large 

dipole moment. In addition, by studying weak hydrogen bonding complexes between 

PF6
- and CH3CN/CHCl3, we conclude that solvation plays an important role in effectively 
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reducing the strong electrostatic interactions between [c2]daisy chain cations and PF6
- 

counterions and provides a soft polar environment for the muscle-like motion of the 

[c2]daisy chain polymer. Our understanding can be helpful to enable the desired muscle-

like motion at a larger length scale in experiments with sufficiently high external 

excitation using for example reasonably high temperature and further optimized solution. 
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Figure and Table Captions 

Figure 1 Schematic representations of the muscle-like [c2]daisy chain polymer. (a) each 

half of the doubly threaded rotaxane polymer unit consists of a hydrocarbon rod with two 

docking stations, a crown ether ring DB24C8, and a terpyridine end group; (b) two 

identical halves are mutually threaded into a [c2]daisy chain, docked at the NH2
+ station 

(in low pH) in the extended state and (c) at the triazolium+ station (in high pH) in the 

contracted state; (d) polymerized [c2]daisy chains are linked by Fe2+ (yellow balls), held 

by terpyridine groups, and docked in the contracted state.   

Figure 2 The cyclic process of acid-induced extension and base-promoted contraction 

through equilibrium and intermediate structures, from SCC-DFTB-D optimizations in 

vacuum. The central schematic shows the cycle in a simplified energy diagram, with 

equilibrated forms detailed below and intermediates above. Gray, white, red, and blue 

atom colors represent C, H, O, and N, respectively.  

Figure 3 (a) Relative total energy profiles in vacuum by SCC-DFTB-D constrained 

geometry optimizations and by ωB97XD/6-31G** single point calculations and in 

solutions by ωB97XD/6-31G** single point calculations with the consideration of SMD 

solvent model of CH3CN/CHCl3, as labeled in the graph (numbers are barrier energies, 

italicized in vacuum, otherwise in solution), and (b) evolution of the dihedral angle 

between the backbone (rod) and rigid bulky stopper by SCC-DFTB-D constrained 

geometry optimizations in vacuum as a function of the O1 - O2 distance (note that the 

overall length of the [c2]daisy chain decreases when the O1 - O2 distance increases, and 

vice versa). Contraction of the [c2]daisy chain is shown in blue, while expansion is 

shown in red, following the arrows’ directions. 

Figure 4 SCC-DFTB-D/MD frames of two equilibria and two intermediates at 1ps in an 

environment of 413 CH3CN molecules. 

Figure 5 Color-coded electrostatic potential (ESP) distributions on VdW surfaces defined 

at the electron density 0.001e/Bohr3 (isovalue=0.001) in the range from -125.5 to +125.5 

kcal/mol of four supramolecules, PF6
-, PF6

-(CH3CN)6, PF6
-(CH3CN)8 and PF6

-(CHCl3)8, 
calculated by ωB97XD/6-31G**. The color bar at the top refers to a linear scale. 

Figure 6 The extended vs. contracted polymer (i.e. Fe2+-linked [c2]daisy chains) 

confirmed by SCC-DFTB-D geometry and cell optimizations. The repeat length of the 

polymer unit L and dihedral angle C1-C2-C3-N4 are labeled in red and blue, resp.  

Table 1 Dipole moments and BSSE-corrected binding energies calculated by ωB97XD/6-

31G** 
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Table 2 Reaction heat comparisons from SCC-DFTB-D calculations, by full optimization 

in vacuum, constrained optimization in vacuum (with four fixed O atoms) and molecular 

dynamics by NVT in solution (unit: kcal/mol) 

 

 

Figure 1   

 

  

  

      

      

  

  

  

  

 

  

 

 
 

 

 
 

   

 

 

 

 

(a) 

(b) 

(c) 

(d) 

DB24C8 

terpyridine 

hydrocarbon rod          

triazolium
+ NH2

+
/NH 

Low pH: ext
4+ 

High pH: cont
2+ 

Page 17 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

18 

 

 

 

Figure 2  

  

ext
4+ 

deproton-ext
2+ 

cont
2+ 

proton-cont
4+ 

D
ep

ro
to
n
a
ti
o
n
 

+
 B
a
se

 

P
ro

to
n
a
tio

n 

+
 A
cid 

Intermediates: 

Equilibrated Forms: 

Page 18 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

19 

 

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

 

 

O1 - O2 distance (nm)

R
el

a
ti
v
e 

to
ta

l 
en

er
g
ie

s 
in

 b
a
se

 (
k
ca

l/
m

o
l)

 in base in vac. by SCC-DFTB-D
 in base in vac. by ωB97XD
 in base in CH

3
CN by ωB97XD

 in base in CHCl
3
 by ωB97XD

 in acid in vac. by SCC-DFTB-D
 in acid in vac. by ωB97XD
 in acid in CH

3
CN by ωB97XD

 in acid in CHCl
3
 by ωB97XD

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

10.3

5.3, 7.0, 6.2, 6.7

 

R
ela

tiv
e to

ta
l en

erg
ies in

 a
cid

 (k
ca

l/m
o
l)

33.1

24.1

14.6

 

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

60

70

80

90

100

110

120

130

140

150

160

170

180

 

O1 - O2 distance (nm)

 in base in vac. by SCC-DFTB-D
 in acid in vac. by SCC-DFTB-DD
ih

ed
ra

l 
A

n
g
le

 o
f 
C

1
-C

2
-C

3
-N

4
 (
οο οο
)

60

70

80

90

100

110

120

130

140

150

160

170

180

D
ih

ed
ra

l A
n
g
le o

f C
1
-C

2
-C

3
-N

4
 (
οο οο)

Figure 3  

Linear contraction 

Linear stretching 

(b) 

(a) 

deproton-ext2+ 

proton-cont4+ 

cont2+ 

ext4+ 

Page 19 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

20 

 

 

 

 

Figure 4  

 

 

 

 

 

 

 

 

 

 

  

ext
4+ 

deproton-ext
2+ 

cont
2+ 

proton-cont
4+ 

Page 20 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

21 

 

 

 

-125.5 kcal/mol  +125.5 kcal/mol 

                       

                         (a) deproton-ext2+                                                       (b) proton-cont4+  

                     

                         (c) ext4+                                                                               (d) cont2+   

                                                                  

             (e) PF6                              (f) PF6
-(CH3CN)6               (g) PF6

-(CH3CN)8             (h) PF6
-(CHCl3)8   

 

 

Figure 5  

  

Page 21 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

22 

 

 

 

 

 

 

 

 

 

 

Figure 6 

 

 

 

 

 

 

 

 

 

 

  

Extended polymer in acid  

Fe2+ 

Contracted polymer in base 
 A

ci
d 

 B
ase 

148.4ᵒ 

71.2ᵒ 

L=3.70 nm 

L=5.38 nm 

Page 22 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

23 

 

 

Table 1 Dipole moments and BSSE-corrected binding energies calculated by ωB97XD/6-

31G** 

items µµµµ (Debye) BSSE-∆Eb (kcal/mol) 

ext4+ 2.50 -67.33 

proton-cont4+ 5.70 -13.83 

cont2+ 1.35 -110.97 

deproton-ext2+ 1.42 -40.70 

PF6
- 0 — 

CH3CN 3.90 (3.9247) — 

CHCl3 1.30 (1.0147) — 

PF6
-(CH3CN) 0.59 -10.44 

PF6
-(CH3CN)2 0.00 -19.81 

PF6
-(CH3CN)3 1.69 -27.13 

PF6
-(CH3CN)4 0.78 -33.80 

PF6
-(CH3CN)5 2.27 -38.67 

PF6
-(CH3CN)6 0.00 -44.05 

PF6
-(CH3CN)7 2.99 -51.89 

PF6
-(CH3CN)8 0.02 -57.96 

PF6
-(CHCl3) 5.71 -10.67 

PF6
-(CHCl3)2 0.063 -20.26 

PF6
-(CHCl3)3 3.59 -27.64 

PF6
-(CHCl3)4 1.14 -35.81 

PF6
-(CHCl3)5 1.75 -42.33 

PF6
-(CHCl3)6 0.81 -49.02 

PF6
-(CHCl3)7 0.33 -54.65 

PF6
-(CHCl3)8 0.86 -61.88 
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Table 2 Reaction heat comparisons from SCC-DFTB-D calculations,  by full 

optimization in vacuum, constrained optimization in vacuum (with four  fixed O atoms) 

and molecular dynamics by NVT in solution (unit: kcal/mol) 

muscle-like motion ∆∆∆∆E (full opt. in 

vac.) 

∆∆∆∆E (four O fixed 

opt. in vac.) 

∆∆∆∆E (NVT in sol.) 

contraction in base -46.8 -45.1 -32.0 

stretching in acid -49.9 -54.9 -12.1 
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