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Abstract The shuttling motion of a macrocycle in rotax-
ane-based molecular switching devices has been studied by
computational density functional methods. In the test case,
energy profiles corresponding to the dethreading process of
different types of guest molecules in a cyclobis(paraquat-
p-phenylene) host verified the experimental preference of
the tetrathiafulvalene recognition site over the dioxynaph-
thalene site in a Stoddart-Heath type molecular device.
Furthermore, modification of the redox state of either the
macrocycle or the guest molecule resulted in considerable
changes in the computational energy profiles, which can be
utilized in explaining the behavior of the host-guest system.
In order to study the effect of chemical oxidation/reduction
in the guest molecule, we have investigated a prototypical
shaft including two octahedral ruthenium complexes linked
by a conjugated C14 carbon chain, where the shuttling
motion can be triggered by changing the electronic
environment of the active complexes with ligand exchange
reactions. The computational results also indicated effective
communication between the macrocycle and the conjugated
carbon chain, therefore showing the importance of non-
covalent host-guest interactions in the control of the
motion.

Keywords Density functional calculations . Host-guest
systems .Molecular switch . Nanostructures

Introduction

The possibility of manufacturing controllable nanoscale
devices has opened up an active area of research. It has
been suggested that catenanes, rotaxanes, pseudorotax-
anes and other similar inclusion complexes can be used
to mimic macroscopic devices such as molecular
switches on a molecular scale. The non-covalent nature
of the complexes permits a piston-like movement of a
guest molecule between two or more station positions.
One of the best known systems is based on inclusion
complexes of cyclobis(paraquat-p-phenylene), CBPQT4 + ,
with different kinds of organic shafts. [1–6] Most detailed
experimental [6, 7] and computational [8–15] information
can be found on the Stoddart-Heath type rotaxane. In its
catenane form, the ring-shaped host molecule CBPQT4+ is
shuttling along bis-p-phenylene-34-crown-10 guest, mod-
ified to include two redox active stations, a tetrathiafulva-
lene (TTF) and a dioxynaphthalene (DNP) site. The
structure and energetics of CBPQT4+ have also been
computationally studied for other types of guests including
small organic binding sites, such as benzidine and 4,4’-
biphenol [16–19]. Additionally, CBPQT4+ macrocycle
modified with pentacycloundecane unit has been studied
by semiempirical PM3 calculations in order to describe the
effect of cavity size in the formation of inclusion
complexes [20, 21]. Semiempirical calculations have been
utilized to investigate host-guest interactions in an α-
cyclodextrin host and benzaldehyde and acetophenone
guests [22]. Furthermore, neutral [2] rotaxanes have been
introduced in order to avoid the complications caused by
the highly charged species in CBPQT4+ rotaxanes [23].
The Stoddart-Heath type bistable [2] rotaxane has also
been utilized as a principal building block for more
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advanced structures forming artificial muscles [24] or
nanovalves on mesoporous silica [25].

There are several means of triggering the function of the
switch, by external electric field, by magnetically or
mechanically applied forces, and by chemical, photochem-
ical or electrochemical reactions [26–28]. The shuttling
motion of the CBPQT4+ macrocycle can be obtained by
changing the electrochemical environment of the system by
oxidizing the TTF recognition site of the shaft molecule [6,
7], or by reducing the macrocycle [1, 26]. There are also
examples of electrochemically or photochemically induced
conformational or structural changes in the host-guest
system, where for example cis-trans isomerization or
hydrogen bond formation can cause the shuttling motion
in the rotaxane [29–32]. An example of chemical control in
the shuttling movement includes a switch consisting of a
cyclodextrin ring and a shuttle containing dodecamethylene
and 4,4’-bipyridinium units [33]. The control can be
achieved by temperature and solvent changes. In another
type of a chemically switchable system the shuttling of the
dibenzo [24] crown-8 ether along a dumbbell component
containing a secondary ammonium center and a 4,4’-
bipyridinium unit can be obtained by deprotonation/
reprotonation of the ammonium station in acid/base
reactions [34]. Furthermore, Bonnet et al. have introduced
catenanes including ruthenium complexes with polydentate
nitrogen-containing ligands in one of the macrocycles.
Visible-light irradiation has been shown to lead to ligand
exchange reactions at the ruthenium center and subsequent
coordination/decoordination of the shuttling macrocycle
[35]. The hybrid catenanes based on transition metal-
containing macrocycles [36] could provide additional
control in modification of, for example, the redox proper-
ties of the switch.

The main goal of our work was to study in detail the
shuttling motion and corresponding host-guest interactions
in a chemically controlled molecular switch by computa-
tional DFT methods. A new type of a rotaxane-based model
guest was investigated and the relative energies involved in
the dethreading process were calculated. We have also
studied the energetics of the Stoddart-Heath type rotaxane
in order to test the performance of current DFT methods in
the optimization procedure of such a large system.

Models

To test the computational methods, the Stoddart-Heath type
redox-controlled molecular switch was selected, since it has
been extensively studied both experimentally and compu-
tationally. The experimental structure of its catenane form is
shown in Fig. 1 [7]. Because the computational require-
ments in DFT optimization for the whole system were too

large for testing purposes, we chose to examine separately
the effect of the two recognition sites (DNP and TTF in
Fig. 1b).

Several previous studies have shown drastic conforma-
tional changes in the inclusion complexes upon the
shuttling process, which frequently leads to folding of
the guest [11–13, 17, 32]. The inevitable complexity of the
conformational space complicates both experimental and
computational studies. To avoid this kind of folding and to
constrain the conformational freedom, we based our model
guest molecule on a rigid alkyne chain containing conju-
gated triple bonds. A similar approach has been adopted in
a [2] rotaxane based on CBPQT4 + host, where the problem
of different guest conformations was removed by introduc-
ing rigid arylethynyl or butadiynyl spacers between the two
active stations [37]. Another reason for selecting the
conjugated system was the need to enhance the charge
transfer from one binding site to another. A “through
molecule” electron transfer has been found in a prototypical

Fig. 1 a) Experimental X-ray structure of the [2]catenane of cyclobis
(paraquat-p-phenylene) host and a modified bis-p-phenylene-34-
crown-10 guest, modified to include two redox active stations, a
tetrathiafulvalene (TTF) and a dioxynaphthalene (DNP) site[7]. b)
models for the redox active recognition sites in the computational
tests, DNP (left) and TTF (right)
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conjugated molecular wire consisting of 1,4-bis(phenyl-
ethynyl)benzene units [38]. However, free rotation of the
benzene rings very easily leads to an out-of-plane structure
with hindered charge transfer. Therefore, we selected to
study a guest with a –C≡C-C≡C- linker between two redox
active ruthenium complexes, similarly to a experimentally
obtained [{Ru(dppe)Cp*}2(μ-C14)] [39].

As active end groups, we used octahedral ruthenium
carbonyl complexes, which can undergo simple ligand
exchange reactions. In the basic configuration, two Ru(II)
(CO)3H- groups were linked together by the conjugated
alkyne chain (NE, Fig. 2a). The Ru1 end of the guest was
then chemically modified by exchanging the formally
anionic hydride ligand with a neutral carbonyl ligand,
leading to a cationic guest (CAT, Fig. 2b). In an opposite
chemical reaction, one of the carbonyl ligands was
exchanged to a hydride ligand (AN, Fig. 2c). It should be
noted, that the pyridine ligand in the active complexes was
merely added as a potential chromophoric component, to
increase the possibilities for introducing energy in the
system by photochemical means.

Computational methods

All calculations were done by the Gaussian 03 program
package [40]. The energy profiles were obtained by
constraining the distance (d) of the center of the guest
molecule from the center of the cavity of the shuttling
macrocycle host. All other geometrical parameters were fully
optimized with SCF convergence criteria of 10–8 Hartrees. A
nonlocal hybrid functional MPW1K [41] was selected for
the computations, because this functional has been found to
perform well especially in describing different kinds of non-

bonded interactions [42]. The basis set was the standard 6–
31G(d) for other atoms than ruthenium, for which a
Stuttgart-Dresden small core ECP [43] with an extra p-
polarization function [44] was selected.

Results and discussion

Energy profiles for the dethreading of the DNP and TTF
guests

We calculated energy profiles of the dethreading process for
the DNP and TTF guests (Fig. 1) in different redox conditions,
to verify that the MPW1K functional is able to reproduce the
experimental observation that the relative strength of the
interaction between these two recognition sites can be
affected by either reducing the shuttling macrocycle, or by
oxidizing the TTF site. The energy profiles are shown in
Fig. 3, where we have referenced the interaction energies to
the corresponding free isolated species, to be able to compare
the relative stability of the complexes.

In its normal oxidation state +4, CBPQT macrocycle
interacts more strongly with the TTF binding site than with
the DNP site, in accordance to the experimental and
previous computational findings. Interestingly, the mini-
mum energy structure for TTF is not the one, where the
guest is symmetrically located at the center of the cavity.
Instead, larger stabilization can be found at the dethreading
distance of about 1.2–1.5 Å, where the sulfur atoms of the
outcoming guest can interact with the aromatic rings of the
macrocycle. Futhermore, the energy maximum for TTF
guest is obtained at longer dethreading distances than for
DNP, and it is also slightly higher, thus enhancing the
favorability of the inclusion complex.
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Fig. 2 The structure of the
computationally designed guest.
a) neutral (NE) guest, b) cat-
ionic [CAT] + guest, c) anionic
[AN]- guest
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When the CBPQT macrocycle was reduced +4=>+2=>
0, two observations were made according to the energy
profiles. First, the interaction between the macrocycle and
the guest reduced considerably. Consequently, both of the
guest molecules disfavored the formation of the inclusion
complex, and were drawn away from the center of the
cavity of the macrocycle. In fact, at lower oxidation states
of the macrocycle it was not possible to optimize the
structure of the TTF guest at the vicinity of the center.
Secondly, although a small preference of the TTF guest is
still seen at smaller dethreading distance, corresponding to
the similar interaction of the sulphur atoms with the
aromatic rings of the macrocycle than in the oxidation state
+ 4, at longer dethreading distances all selectivity is lost
and both guests show similar behavior with the same
relative energy. This suggests, that reduction of the macro-
cycle will not be effective enough to trigger consistent
change of the binding sites, and thus the shuttling motion of
the macrocycle. It should be noted, that with larger
distances (d>6 Å), especially in the case of oxidation state
+ 4, the CBPQT macrocycle experiences large changes in
the torsions of the aromatic rings, which leads to additional

stabilization of the system. Extra stabilization is caused also
by oxygen atoms in the guest ”tails”, which interact with
the protons of the aromatic rings. Similar C-O-H inter-
actions have been suggested to be an important contribution
to the stabilization of the catenane structure presented in
Fig. 1 [6]. However, our models are probably too short to
give reliable energies at the longer dethreading distances.

Experimental observations have shown, that the shuttling
motion can be obtained when instead of reducing the
macrocycle, the TTF0 binding site is oxidized to TTF+2 [6,
7, 15]. We compared the energy profiles of dethreading the
TTF guest with both oxidations states. The results are
shown in Fig. 4.

When the originally strongly interacting TTF0 guest is
oxidized to TTF2+, host-guest interactions decrease and the
guest is driven out from the center of the cavity of the
macrocycle, which is exactly what is experimentally
observed. Since the DNP binding site still remains neutral,
it will form the inclusion complex with the macrocycle, and
thus selective and reversible oxidation/reduction cycles of
the TTF guest will lead to shuttling motion of the macro-
cycle.

Encouraged by the consistent results from the energy
profiles of the existing rotaxane, we decided to further
expand our studies into a new type of shuttling rotaxane,
which could function as a molecular switch. Details of the
modifications can be found in the Models section.
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Energy profiles of the dethreading of the {Ru(CO)3H}(μ-
C14){Ru(CO)4-xHx} guest

In order to find out, if the CBPQT4 + macrocycle can be
moved along the {Ru(CO)3H}(μ-C14){Ru(CO)4-xHx}, x=
0–2, guest by modifying the electronic environment of one
of the ruthenium complexes by simple ligand exhange
reactions, we calculated the corresponding energy profiles.
Figure 5 represents the relative energy of the system at
different dethreading distances. The structures of freely
optimized systems for each guest having different end
groups are also shown with the energy curves.

Clearly, chemical modification of the electronic environ-
ment of the ruthenium complex at one end of the guest has a
notable effect on the preferred location of the macrocycle
along the chain. With the neutral guest, the macrocycle
optimizes at the center of the alkyne chain, as can also be seen
from the freely optimized case. When the anionic hydride
ligand is exchanged by a neutral carbonyl ligand in the
ruthenium complex at one end, the macrocycle is pushed
away from this end and the minimum energy structure can be
found at about -6 Å distance from the center of the alkyne
chain. The opposite is true, when an extra anionic hydride
ligand is introduced in the ruthenium complex, since the
macrocycle is drawn toward the Ru1 end with optimum at the
distance of about + 6 Å from the center of the chain. It should
be noted, that especially in theAN case, modifying the ligand
structure of the ruthenium complex results in substantial
bending of the macrocycle and also the alkyne chain at
larger dethreading distances, probably due to overestimation
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of the H-H interactions between the ruthenium complex and
the aromatic rings of the macrocycle. With smaller hydride
ligands, the macrocycle is also able to move closer to the end
complex, and thus the energy does not rise as early as with
the other complexes.

Charge transfer properties

One advance in the conjugated triple bond linker system is
the “through molecule” charge transfer along the chain

from one end group to another. To study the charge transfer
properties in our {Ru(CO)3H}(μ-C14){Ru(CO)4-xHx}, x=
0–2, guest, we calculated the NPA charge distribution
within different guest configurations. Table 1 shows the
charges of the guest molecules along the axle in separately
optimized guests and in the host-guest systems.

When the separate guest is modified by changing the
electronic environment of Ru1, the charge is not modified
only at the Ru1 end, but it is distributed along the carbon
chain. However, the resulting change is not very effectively
seen at the Ru2 charge, which is only slightly modified.
Due to non-bonding interactions of the macrocycle and the

Table 1 Selected NPA charges of the {Ru(CO)3H}(μ-C14){Ru(CO)4-xHx}, x=0–2, guest

Guest Host + guest

NE CAT AN NE CAT AN

Ru1 -0.390 -0.354 -0.374 -0.383 -0.361 -0.340
C11 -0.057 -0.226 0.111 0.116 -0.066 0.063
C12 -0.257 -0.125 -0.367 -0.352 -0.218 -0.412
C13 0.048 -0.041 0.130 0.135 0.132 0.032
C14 -0.086 0.018 -0.198 -0.227 -0.089 -0.185
C15 0.004 -0.058 0.064 0.006 0.106 -0.062
C16 -0.045 0.036 -0.147 -0.154 -0.092 -0.088
C17 -0.020 -0.071 0.026 -0.074 0.073 -0.140
C27 -0.020 0.049 -0.105 -0.075 -0.115 0.007
C26 -0.045 -0.089 -0.011 -0.153 -0.023 -0.162
C25 0.004 0.056 -0.064 0.005 -0.101 0.107
C24 -0.086 -0.120 -0.058 -0.227 -0.118 -0.168
C23 0.048 0.105 -0.005 0.134 0.001 0.174
C22 -0.257 -0.281 -0.230 -0.351 -0.334 -0.312
C21 -0.057 -0.007 -0.107 0.115 -0.060 0.078
Ru2 -0.390 -0.392 -0.387 -0.383 -0.372 -0.393

Numbering scheme: Ru1 = chemically modified ruthenium atom, C11 = carbon next to Ru1, C21 = carbon next to Ru2, other numbering follows
the order in the conjugated C14 chain. Boxes indicate the position of the host along the carbon chain.

Fig. 6 Selected frontier molecular orbitals of the {Ru(CO)3H}2(μ-
C14) guest, a) HOMO, b) LUMO, c) LUMO+2, d) LUMO+4

Fig. 7 Selected frontier molecular orbitals of the host-guest system with
CBPQT4 + host and {Ru(CO)3H}2(μ-C14) guest, a) HOMO, b) LUMO
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guest molecule, the host donates charge distribution to the
guest, and consequently, the charge of the carbon atoms in
the vicinity of the host is more negative than in the separate
guests. When the guest is chemically modified, changes at
the electron density are reflected to the host-guest inter-
actions, and thus the charge distribution of the system
changes when the macrocycle is moving along the chain.

We sought a detailed description of the electronic
properties of the host-guest systems by analyzing the effect
of host-guest interactions on the frontier molecular orbitals.
Examples of the orbitals in the {Ru(CO)3H}2(μ-C14) guest
are shown in Fig. 6, and in the host-guest system in Fig. 7.

The highest occupied molecular orbital (HOMO) is similar
in both the separate guest and in the host-guest system. It is
mainly formed from the π system of the conjugated carbon
linker, with a contribution from the metal d-orbitals of the
ruthenium complexes. However, there are large changes in the
structure of the lowest unoccupied molecular orbital. The
LUMO orbital and several following orbitals of the separate
guest consist of the ligand system of the ruthenium ends
(LUMO consists of pyridine orbitals, LUMO + 2 from C14

chain orbitals and LUMO + 4 of carbonyl ligand orbitals, for
example). When the host-guest complex is formed, there is a
substantial contribution of the macrocycle orbitals in the
LUMO and the following higher orbitals, indicating notable
interaction between the CBPQT4+ host and the {Ru
(CO)3H}2(μ-C14) guest.

Figure 8 shows the HOMO orbitals for the cationic and
anionic guest molecules. In the cationic guest, the highest
occupied molecular orbital looses its symmetric nature, and is
concentrated in the vicinity of Ru2. The opposite is true with
the anionic guest, and the HOMO concentrates in the vicinity of
Ru1. This difference in the HOMO orbitals can explain the
different optimized locations along the carbon chain, since it
enables the strongest host-guest interactions between the
HOMOof the guest and the LUMOof the host at different sites.

Conclusions

In the current study, we have modeled different host-guest
systems by computational density functional methods. The

energy profiles of the dethreading process of a guest
molecule in a cyclobis(paraquat-p-phenylene) macrocycle
show, that the shuttling motion resulting from the modifi-
cation of the redox properties of the organic or organome-
tallic guests can be modeled by the MPW1K functional.
Additional information on the energetic and geometrical
changes at larger distances from the equilibrium state can
also be obtained from the energy profiles. The information
from the test calculations has been utilized in the
investigation of a new model guest molecule, where
chemical oxidation/reduction can be achieved by ligand
exchange reactions. Naturally, it would be difficult to
experimentally perform selective chemical reactions only
at one end of the model guest without using different
complexes as end groups (for example, large organic
blocking ligands or different metal complexes). However,
the simplified model will give detailed information on the
charge transfer processes and therefore on the requirements
needed to induce the movement of the macrocycle. At the
next stage, the more subtle effects induced by varying the
end groups can be studied by comparing the corresponding
energy profiles.

Energy profiles for the dethreading process of the model
host-guest system including a CBPQT4+ host and a {Ru
(CO)3H}(μ-C14){Ru(CO)4-xHx}, x=0–2, guest show nota-
ble changes in the preferred location of the macrocycle
along the conjugated carbon chain, when simple ligand
exchange reactions are performed at the active ruthenium
centers. Therefore, modification of the electronic environ-
ment of the active sites in the guest molecule can be utilized
to trigger the shuttling motion of the macrocycle.

The changes in the charge distribution and the frontier
molecular orbitals in the {Ru(CO)3H}2(μ-C14)} guest upon
the formation of the inclusion complex show effective
communication through the conjugated triple bond system
of the C14 chain and a notable contribution of the macro-
cycle, therefore showing the importance of non-covalent
host-guest interactions in the control of the motion.
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