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Abstract: A precise structural determination of
supramolecular architectures is a non-trivial challenge. This
daunting task can be made even more difficult when
interlocked species are to be analysed having macrocycles
covalently equipped with a thread as repeating units, such as
molecular lassos and daisy chains. When such functionalized
macrocycles are included as scaffolds, different products
having analogous NMR spectra as well as dynamic libraries
can be obtained. Furthermore, if control over the motion of

the parts relative to each other is to be achieved, a full
understanding of the machinery’s operation mechanism
requires detailed insight into the structures involved. This
understanding also helps designing improved synthetic
molecular machines. Diffusion-ordered NMR spectroscopy
and ion-mobility MS techniques are ideal tools to study such
compounds in depth. This review covers recent examples on
the use of the above-mentioned techniques to characterize
these interlocked architectures.
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1. Introduction

Mechanically interlocked molecules (MIMs) are compounds
with at least two parts linked through non-covalent forces in a
so-called mechanical bond.[1] This molecular architecture has
been a hot topic within the research field of supramolecular
chemistry in the last decades as a consequence of its
application in molecular machinery.[2] New forms of catalysis[3]
and chirality,[4] as well as the construction of interlocked
materials,[5] among other applications, have been reported.

Rotaxanes,[6] molecules having at least one cyclic compo-
nent, the wheel, threading a linear one, the axle, have been
widely employed in the development of molecular machines
due to the switchability and dynamic behaviour of their
counterparts.[7,8] The operation of these intertwined molecules
as nanomachines requires a rational design that is often
inspired by biological systems.[9] Synthetic chemists have
found inspiration in lassopeptides[10] and in the motion of
sarcomeres[11] designing rotaxane-based molecular lassos[12]
and [c2]daisy chains,[13] among higher order arrangements.[14]
These interlocked compounds are usually synthesized starting
from a cyclic molecule or cyclic precursor having a covalently
attached thread, also known as the arm. The binding between
the arm and the cavity of the cyclic part can lead to a library
of different possibilities (Figure 1), including [1]rotaxanes, as
well as different acyclic and cyclic daisy chains in which
identical macrocycles mutually interlocked with each other
through their arms.

The structural characterization of the possible interlocked
products has an inherent difficulty, since many of them show

very similar Nuclear Magnetic Resonance (NMR) spectra. A
further complication exists in the case of pseudorotaxanes,
when dynamic libraries are obtained or when changes in the
position of the counterparts as a consequence of the intrinsic
dynamics occur. As the different assemblies shown in Fig-
ure 1, however, differ in size, diffusion-ordered NMR spectro-
scopy (DOSY) and ion mobility mass spectrometry (IMMS)
are ideal experiments to study these molecules. While DOSY-
NMR experiments can also probe the dynamics of rearrange-
ments between the different structures, when these rearrange-
ment occur on a suitable time scale, IMMS experiments use
gaseous ions, which have a relatively inert environment and
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thus do not undergo dynamic exchanges anymore. Both
methods are thus nicely complementary to each other.

This short review focusses on the use of these techniques
in the characterization of homomeric rotaxane-based molecular
lassos and daisy chains. The manuscript is divided into two
main sections, one section on the use of DOSY for that
purpose and the other one on the use of IMMS. Both sections
include a brief introduction to the technique and selected
recent examples. In a final part, a critical perspective is
provided.

Although examples combining both techniques exist in the
literature, the use of mobility data from both techniques to
structurally characterize this type of compounds is not
common. The focus of this review could encourage a more
frequent use of these analytical techniques for this purpose.

2. Diffusion ordered NMR Spectroscopy

The self-diffusion coefficient (D) is a quantitative measure-
ment of the mobility of a molecule in solution and is
dependent on the viscosity of the medium, as well as on the
size and shape of the molecule. Intermolecular interactions
affect this coefficient by varying the mobility of the molecule.
These values can be determined by using pulsed-field gradient
spin-echo (PGSE) NMR experiments. The DOSY technique
shows the PGSE measurements as a two-dimensional spectrum
in which the D values are displayed in one dimension and the
chemical shifts in the other one. Thus, different species can be
differentiated based on their molecular sizes.[14]

The Stokes-Einstein equation [Eq. (1)][15] is used to
determine the molecular size information from diffusion
coefficients measured in NMR. In this equation, kB is the
Boltzmann constant, T the absolute temperature, h the
viscosity of the solvent and rH the hydrodynamic radius of the
molecule. This equation is valid for spherical particles and
thus is only an approximation when molecules that deviate
much from a sphere shape are studied.

(1)

The diffusion measurements also provide information of
the molecular weight of the different aggregates in solution
employing the equation stablished by Reinhoudt, Cohen and
coworkers [Eq. (2)].[16] This equation assumes that the ratio of
the diffusion coefficients of two different molecules (Dj/Di) is
inversely proportional to the cubic or square root of the ratio
of their molecular weights (Mi/Mj), for spherical and rod-like
species, respectively.

(2)

The DOSY technique, which has been widely used in
supramolecular coordination chemistry,[14c] has turned out to be
a valuable tool for the investigation of mechanically inter-
locked molecules as well, allowing to distinguish between
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Figure 1. Synthesis of a library of rotaxane-based molecules starting
from a precursor covalently equipped with a thread (template is
shown in green).
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species of different size and even analyze their machine-like
motion on the basis of their shape.

2.1 Diffusion Coefficient as a Measurement of the Size

As mentioned above, the molecular size of a compound can be
calculated from the D value using the Stokes Einstein
equation.[15] This calculation is usually complemented by
comparing with other molecules whose structures are well
known or with computational models. Thus, the distinction
between the different products which can be obtained through
the reaction of a molecule covalently equipped with a thread is
simplified, since their molecular formulas are n times that of
the repeating unit, leading to a drastic size increase.

The DOSY technique was effectively used to analyze a
series of daisy chain-type rotaxanes showing a muscle-like
motion reported by Chiu and coworkers.[17] Compounds 1a–e
having pyridine-based macrocycles functionalized with bipyr-
idine-based threads (Figure 2a) were reacted with Zn(ClO4)2 in
a 1 :1 ratio using CD3CN as the solvent. The subsequent

stoppering with 1-isocyanato-3,5-bis(trifluoromethyl)benzene
afforded the corresponding daisy chain rotaxanes having urea
as well as bipyridine stations. The reaction of 1a and the zinc
salt formed the quasi-tetrahedral [c4]daisy chain complex 2 as
confirmed by X-ray crystallography (Figure 2b). When 1b–d
were employed, [c3]daisy chains emerged as the main
products in accordance with the obtained larger D values in
CD3CN compared to that of 2. This observation was confirmed
after stoppering by the solid-state structure of [c3]daisy chain
3 obtained from 1b (Figure 2c). Interestingly, when an
equimolar solution of 1e and Zn salt in CD3CN was heated at
393 K for 96 hours, two species were obtained: a minor
product which corresponds to the [c3]daisy chain as deter-
mined by the assistance of DOSY, and a major product
showing a larger D value that can thus be assigned to the
somewhat smaller [c2]daisy chain, whose structure was also
confirmed by the X-ray crystallography after stoppering of
crystals of the intertwined product 4 (Figure 2d). This example
clearly illustrates the DOSY technique to be able to accurately
identify the nature of the different daisy chains based on their
size in nice agreement with the single-crystal structures.

The measurement of the D values was also used by Berna
and coworkers in the characterization of a series of benzylic
amide molecular lassos obtained from an acyclic U-shaped
diamine precursor having a thread with two stations (fumar-
amide and succinamide-ester) through a clipping reaction.
Only one type of interlocked compound was obtained, whose
hydrodynamic radii as determined from the D values measured
in CDCl3 were in accordance with the sizes calculated from
computational molecular models. Furthermore, the structure of
one of the products, [1]rotaxane 5, was confirmed by X-ray
diffraction analysis (Figure 3a).[18] The same research group
also made use of a strategy involving competitive self-
templating clipping reactions which led to [c2]daisy chain 6
and the corresponding molecular lasso 7 (Figure 3b).[19] In this
synthetic protocol, an unusual double clipping reaction of the
diamine 8 and 5-(tert-butyl)isophthaloyl dichloride (9) com-
peting with the molecular lasso formation was accomplished.
The optimized conditions afforded a 1 :1.4 ratio of 6 :7. The
1H NMR spectra of 6 and 7 featuring similar pattern of signals
and the deviation of the relative peak intensities in the high-
resolution mass spectrometry (HRMS) complicated the struc-
ture assignment. Thus, the DOSY technique was crucial to
unambiguously determine the structure of these intertwined
polyamides. The D value of 7 is 5.04×10� 10 m2 s� 1, really
close to the value of 5, suggesting a lasso-like structure of this
interlocked compound. The diffusion coefficient decreases to
3.74×10� 10 m2 s� 1 in compound 6, indicating a larger size. The
ratio between the D values of 7 and 6 is 1.35 which matches to
an approximate 1 :2 mass ratio, thus supporting the formation
of a [c2]daisy chain. The hydrodynamic radius of 7 (7.8 Å)
was in agreement with that calculated from the solid-state
structure of [1]rotaxane 5. The higher value for 6 (10.5 Å) was
in agreement with that calculated from a modeled structure
(9.1 Å). The small differences of these two values can be

Figure 2. a) Chemical structures of compounds 1a–e; and solid-state
structures of: b) [c4]daisy chain 2; c) [c3]daisy chain 3; and d)
[c2]daisy chain 4.[17]
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attributed to the hollow and elongated shape of the [c2]daisy
chain together with solvation effects.

Stoddart and colleagues reported the synthesis of the
[c3]daisy chains 10a,b employing radical and cationic
templates (Figure 4).[20] These intertwined architectures are
assembled from repeating monomers of a cyclobis(paraquat-p-
phenylene) (CBPQT) macrocycle bearing a thread decorated
with a bipyridinium unit and a triazole ring. The hydro-
dynamic diameters of these interlocked compounds (3.34 nm
and 4.17 nm) calculated using 1H DOSY NMR were in fairly
good agreement with the simulated molecular sizes using
DFT-optimized geometries (3.6 nm and 4.9 nm).

2.2 Diffusion Coefficient as a Measurement of the Shape

The mobility of a molecule in solution is also affected by the
molecular shape.[14] Thus, the motion of the counterparts of the
interlocked products which can be controlled by the applica-
tion of external stimuli leads to a variation in their diffusion
coefficients.

In the last decade, two research groups have reported the
synthesis of a double-lasso macrocycle starting from a
[c2]daisy chain rotaxane,[21,22] in which the conversion between

extended and contracted isomers was studied by DOSY
experiments. In the example of Qu and coworkers, the
shrinkable double-lasso macrocycle 11a was prepared from a
crown ether-based [c2]daisy chain rotaxane in which both
thread motifs are connected through a coumarin unit (Fig-
ure 5).[22] In the contracted form, the macrocycles reside on the
ammonium stations. Deprotonation using 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) afforded the extended
isomer 11b, in which the macrocycles encircle the imidazo-
lium stations. Protonation with trifluoroacetic acid (TFA)
restores the initial state of the system. This reversible motion
was studied by 1H NMR DOSY measurements using CD3CN
as solvent, determining a D value of 1.85×10� 9 m2 s� 1 for 11a,
and 1.01×10� 9 m2 s� 1 for 11b. These values confirmed the
smaller size of 11a having a faster mobility than that of 11b
due to the different compaction.

Evans and coworkers also employed the DOSY technique
to differentiate between two species which are only distin-
guishable from each other by the existence or absence of a
mechanical bond, [1]rotaxane 12 and macrocycle 13.[23] The D
values measured in DMSO-d6 were 1.28×10� 10 m2 s� 1 for 12
(Figure 6a) and 1.10×10� 10 m2 s� 1 for 13 (Figure 6b), which
are in fully good agreement with the DFT simulated structures
of the monomeric intertwined and non-intertwined forms. The
higher D value obtained for the interlocked product compared
to that of the non-interlocked one indicates a more compact
tridimensional structure in solution, being consistent with the
existence of a mechanical bond. Thus, the DOSY technique
can be employed in order to determine the presence of such a
bond when both interlocked and non-interlocked analogous are
available.

Figure 3. a) X-ray crystal structure of molecular lasso 5;[18] and b)
synthesis of [c2]daisy chain 6 and molecular lasso 7 through
competitive self-templating clipping reactions.[19]

Figure 4. Chemical structure of 10a,b.[20]
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3. Ion Mobility MS

Ion mobility mass spectrometry is a technique which provides
very precise information regarding size and shape of ions in
the gas phase as a consequence of their mobility in a drift tube
filled with a collision gas.[24] The ions are first separated
through a carrier gas depending on their mobility in the drift
tube and then detected in a conventional mass analyzer
according to their arrival times. As ions of different sizes
undergo a different number of collisions and are thus retarded
to different velocities and different arrival times, the distinc-
tion of ions with the same m/z ratio, but different sizes is
possible.

Collision cross section (CCS) values can be determined
from the arrival times as a molecular property independent of
the instrument used and provide information of the shape and
size of the ions in the gas phase. Compact or spherical
molecules have small values of CCS, while extended mole-

cules show higher values.[25] Collision cross sections can also
be calculated from structural models by different methods. The
comparison of theoretical and experimental cross sections is a
good way to rule out certain isomers and to confirm a structure
assignment.

The Mason-Schamp equation [Eq. (3)][26] is used to
calculate CCS values. In this equation, Ω is the integrated
CCS, e the elementary charge, z the ion charge state, td the
drift time, E the magnitude of the electric field, μ the reduced
mass of the drift gas and the ion, kB the constant of Boltzmann,
T the temperature of the gas, L the length of the drift tube and
N the number density of the buffer gas.

(3)

Ion mobility MS has become a highly valuable tool in
order to analyze supramolecular complexes,[27] and has also
been successfully employed to determine the topology of
different interlocked and knotted compounds.[28,29]

Although less frequently used than DOSY, this spectro-
metric technique should be included in the analytical toolbox
to characterize lasso- and daisy chain-like rotaxanated
architectures.

The study of the light driven exchange between [c2]daisy
chain- and lasso-like isomers of a crown ether-based pseudo-

Figure 5. Exchange of the extended and contracted forms of double-
lasso macrocycle 11.[22]

Figure 6. Chemical structure of: a) [1]rotaxane 12; and b) macrocycle
13.[23]
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[1]rotaxane by IMMS was recently reported.30 For this
purpose, the heteroditopic monomer E-14, in which a crown
ether is connected to a secondary ammonium station through
an arylazopyrazole (AAP) spacer with E configuration (Fig-
ure 7), is dissolved in CD3CN, leading to an equilibrium
between this monomer and the [c2]daisy chain E,E-15. Upon
light irradiation at 365 nm, the photoisomerization of the AAP
motif was carried out, affording Z-14 which was in equili-
brium with the molecular lasso Z-16. Interestingly, the
formation of intertwined species was favoured in both
equilibria. Irradiation at 530 nm restored the initial conditions
of the system. IMMS was employed to determine the switch-
ing mechanism in the gas phase. A peak having a drift time of
8.6 ms is observed in the mobilogram before irradiation. The
m/z value of 654 having a peak spacing of 0.5 suggests the
formation of E,E-15. When irradiating at 365 nm for 5
minutes, a decreasing in intensity for this dimer is observed
and two new main peaks appear at 8.4 ms and 10.9 ms. The
drift time of 8.4 ms corresponds to a doubly charged ion while
the one at 10.9 ms is singly charged and can thus be attributed
to Z-16. Increasing irradiation time finally makes the ions at
10.9 ms arrival time the main product, along with only traces
of the doubly charged species. The peak at 8.4 ms suggests the

formation of an intermediate [c2]daisy chain having an E,Z
configuration (E,Z-15) whose subsequent isomerization and
disassembly led to the pseudo[1]rotaxane product Z-16. The
reverse isomerization process was also studied, observing the
reassembly of the dimeric species E,E-15. Theoretical CCS
values (467 Å2, 462 Å2 and 278 Å2 for E,E-15, E,Z-15 and Z-
16, respectively) and PM6 level calculations supported the
proposed switching mechanism.

Although the example discussed below was reported prior
to the above-mentioned work, it has been selected as the last
example, as it may serve as an interesting example for the
complementary application of both IMMS and DOSY to
obtain complementary structural data.

The reversible dethreading of the lasso-like
pseudo[1]rotaxane 17, a crown ether macrocycle carrying a
naphthalene and a tetrathiafulvalene (TTF) unit and connected
to an alkyl benzyl ammonium side chain, was recently studied
using this spectrometric technique (Figure 8).31 The two 1e�
oxidations experienced by the TTF scaffold led to three
different charge states that were identified in the mass spectra
(neutral TTF: +1; TTF+*: +2 and TTF2+: +3). The oxidation
of the TTF unit led to the dethreading of the pseudorotaxane
while the reduction reestablished the pseudorotaxane structure.
The researchers employed travelling wave ion mobility MS32
in order to study the redox-switchable behavior of 17 using
different trap voltages. Two peaks showing drift times of
9.45 ms and 10.25 ms were detected for the different isomers
for the lower charge state (neutral TTF: +1). Both threaded
and non-threaded isomers were observed for the different
charge states, since two peaks were always detected, observing
an increase in the intensity of the peak having the lower drift
time at higher oxidation states. Interestingly, as the dethread-
ing process is most favoured in the most oxidized state as a
consequence of the repulsion of the benzyl alkyl ammonium
arm induced by the dicationic TTF aromatic-aromatic inter-
actions with the naphthalene motif, the smaller drift time was
thus attributed to the non-threaded species, which is rather
unusual. This conclusion was confirmed by collision-induced
dissociation (CID) experiments, observing a predominance of
the non-threaded species (lower drift time) by increasing the

Figure 7. Photoswitchable exchange between [c2]-daisy chain E,E-15
and molecular lasso Z-16.[30]

Figure 8. Redox-controlled switching of 17 showing the lowest and
the highest oxidation states.[31]
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collision energy, thus concluding that the crown ether must
fold in the empty state. These results are complemented with
those observed in cyclic voltammetry, confirming the switch-
ing process both in solution and in the gas phase. In this work,
the DOSY technique was also employed, observing only a set
of signals for 17 in CD2Cl2 in the DOSY spectrum, with a
diffusion coefficient value of 7.43 m2s� 1, which corresponds
to a hydrodynamic radius of 0.70 nm. This value is in
accordance with the structure of the pseudo[1]rotaxane, thus
excluding the formation of other oligomeric species, such as
linear or cyclic daisy chains. Here, both techniques address
different structural aspects: DOSY confirms the threaded
nature of the initial, non-oxidized lasso pseudorotaxane, while
IMMS is capable of characterizing the different switching
states upon oxidation of the TTF.

4. Summary and Outlook

The measurement of the mobility of interlocked molecules in
solution or in ionized form in the gas phase has been shown to
be a structural identifier, providing information related to size,
shape and topology. Thus, DOSY and IMMS have facilitated
the unambiguous structural characterization of complex mo-
lecular architecture, such as homomeric molecular lassos and
daisy chains. In addition to structural information, these
instrumental techniques have been employed to monitor the
operation of these rotaxanated systems as molecular machines.

Although the DOSY NMR technique has been used more
frequently than IMMS, both provide complementary informa-
tion and should be included to the instrumental toolbox for
studying lasso- and daisy chain-like rotaxanes. These techni-
ques provide useful information that leads to the distinction of
different interlocked products having a macrocycle covalently
equipped with a thread as repeating unit. Furthermore, the
subtlety of the provided data allows the discrimination
between species having the same molecular weight, such as
conformational isomers, threaded and non-threaded species or
cyclic and acyclic daisy chains. Complementary analyses are
required in order to extract this information, including other
NMR and MS experiments, as well as computational calcu-
lations.

In particular for IMMS experiments, very small amounts
of sample are needed, which is especially relevant because of
the synthetic difficulty of many of these interlocked systems
along with the low yields obtained for some of the synthesized
products. Additionally, in the case of DOSY experiments, the
sample can be recovered after the measurement.

Both techniques of course also have their limitations. The
mobility of molecules in solution is influenced by other
factors, such as solvation and concentration, affecting the
diffusion coefficient values. Regarding ion mobility MS, the
structural changes which can occur during ionization and
desolvation should be taken into account. The comparison of
the data obtained from both techniques is necessary in order to
increase their reliability.

DOSY and IMMS are related to each other, since both
determine mobility data. The drift of the ions in the gas phase
through the collision gas is an analogue of the medium where
diffusion occurs in solution. Despite these similarities, both
analytical techniques have differences. When fast exchanges
occur on the DOSY time scale, the data interpretation is more
difficult, but at the same time, the possibility to study such
dynamic processes on the right time scale is a useful tool. In
the case of IMMS, all exchanges except intramolecular ones
are suppressed since the mobility of gaseous ions, which are
separated particles, is measured. Thus, IMMS allows to freeze
situations in which fast exchanges in solution complicate the
bigger picture. Therefore, complementary information on the
system under study is obtained when both techniques are
employed.

These techniques nevertheless significantly facilitate the
determination of the molecular structure when single crystal
X-ray diffraction data are not available. Furthermore, the study
of the switching mechanism of these molecular architectures is
simplified considering the mobility of the different species.
For this reason, the combination of both measurements is
expected to become routine in the analysis of rotaxane-based
molecular lassos and daisy chains.
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