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We have investigated the dynamics of the hydrogen bonds that connect the components of a [2]rotaxane in solution. In this rotaxane, the amide groups in the benzylic-amide macrocycle and the succinamide thread are connected by four equivalent N−H· · ·O=C hydrogen bonds. The fluctuations
of these hydrogen bonds are mirrored by the frequency fluctuations of the NH-stretch modes, which
are probed by means of three-pulse photon-echo peak shift spectroscopy. The hydrogen-bond fluctuations occur on three different time scales, with time constants of 0.1, 0.6, and ≥200 ps. Comparing
these three time scales to the ones found in liquid formamide, which contains the same hydrogenbonded amide motif but without mechanical constraints, we find that the faster two components,
which are associated with small-amplitude fluctuations in the strength of the N−H· · ·O=C hydrogen
bonds, are very similar in the liquid and the rotaxane. However, the third component, which is associated with the breaking and subsequent reformation of hydrogen bonds, is found to be much slower
in the rotaxane than in the liquid. It can be concluded that the mechanical bonding in a rotaxane
does not influence the amplitude and time scale of the small-amplitude fluctuations of the hydrogen
bonds, but strongly slows down the complete dissociation of these hydrogen bonds. This is probably
because in a rotaxane breaking of the macrocycle–axle contacts is severely hindered by the mechanical constraints. The hydrogen-bond dynamics in rotaxane-based molecular machines can therefore
be regarded as liquidlike on a time scale 1 ps and less, but structurally frozen on longer (up to at least
200 ps) time scales. © 2011 American Institute of Physics. [doi:10.1063/1.3569761]
I. INTRODUCTION

Rotaxanes and catenanes (molecules in which the
components are mechanically linked but not connected
by covalent bonds) are proving useful structural prototypes for helping realize the concept of artificial molecular
machinery.1–10 Whilst it is tempting to regard such multicomponent assemblies as “molecular meccano,”11 many aspects
of classical mechanics become meaningless at this level of
miniaturization.12 For example, in the macroscopic world the
equations of motion are governed by inertial terms (dependent
on mass), but under the conditions that molecular machines
operate viscous forces (governed by particle dimensions) and
Brownian motion dominate mechanical behavior.13, 14 Such
random (thermal) motions of the components are often an
essential part of the functioning of many molecular devices,
as is illustrated by rotaxane-based molecular machines in
which translation of the macrocycle from one binding site
on the thread to another requires rare equilibrium fluctuations to simultaneously break several hydrogen bonds that
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bind the macrocycle to its initial binding site.4, 15–19 Although
the dynamics of catenane- and rotaxane-based systems have
been extensively studied on the second and millisecond time
scales,16, 20 the fundamental motions within their components,
and the thermal fluctuations in the surrounding medium take
place in the picosecond or subpicosecond time domain. In order to understand how such elementary motions of individual functional groups determine the global behavior of relatively massive (>500 D) mechanically linked fragments, it is
necessary to have a “quantum tool” that provides detailed insight into both structure and dynamics on such time scales. Infrared ultrafast spectroscopy is ideally suited for this purpose
since it allows localized molecular vibrations to be probed
with femtosecond temporal resolution.21, 22 Here we employ
this technique to investigate the ultrafast intercomponent fluctuations in a [2]rotaxane consisting of a succinamide-based
thread and a benzylic-amide-based macrocycle.4, 15, 17, 23 The
experiments reveal that mechanical bonding in a rotaxane
has little effect on the amplitude or rate of (sub)picosecond
fluctuations of the intercomponent hydrogen bonds, but that
it decreases the rate of spontaneous breaking and remaking of these hydrogen bonds by more than an order of
magnitude.
The [2]rotaxane we investigate has a geometry reminiscent of a cartwheel (see Fig. 1), with the macrocycle
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FIG. 1. Chemical structure of the investigated [2]rotaxane, and a schematic
representation with color coding of the rim (gray), spokes (blue), and axle
(red).
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fluctuations in the length of the intercomponent NH· · ·OC
hydrogen bonds.
The rotaxane we investigate contains four NH groups in
relatively close proximity. For this reason it is essential to
know whether, and to what extent the NH-stretch excitation
is delocalized over the NH groups. This investigation forms
the first half of the article. It turns out that the NH-stretch
excitation remains essentially localized on a single NH-bond
during the first few picoseconds after excitation. Hence, the
fast NH-stretch frequency fluctuations which are probed using the photon-echo peak shift method in the second half of
the article, directly reflect the fluctuations of individual hydrogen bonds in the [2]rotaxane.
II. MATERIALS AND METHODS

representing the rim, and the thread the axle. Four hydrogen
bonds act as spokes which maintain the position of the rim
with respect to the axle. To probe the conformational fluctuations of the rotaxane, we selected the NH-stretch vibrational mode, which has a frequency of 3370 cm−1 (see the
absorption spectrum in Fig. 2). This mode involves stretching of the N−H bonds participating in the N−H· · ·O=C
hydrogen bonds that connect the rim and the axle of the
“cartwheel.” The instantaneous length of an N−H· · ·O=C
hydrogen bond determines the instantaneous frequency of the
NH-stretch mode, and there exists an approximately linear relation between these quantities.24–26 Hence, the fluctuations
of the NH-stretch frequency directly reflect fluctuations in the
intercomponent distances in the rotaxane. These frequency
fluctuations can be probed using the vibrational photonecho peak shift technique (PEPS).27–29 It can be shown30
that the photon-echo peak shift mirrors the frequency correlation function M(t) = δω N H (t)δω N H (0), where δω N H (t)
= ω N H (t) − ω N H  is the time dependent deviation of NHstretch frequency from its average value ω N H . This correlation function characterizes the time scales and amplitudes
of the NH-stretch frequency fluctuations, and hence of the

FIG. 2. FTIR absorption spectrum of a 10 mM solution of the rotaxane in
CDCl3 (solid line). The dotted line is a simulated spectrum (using the parameters of Table I). The dashed line represents the spectrum of the IR pulses
used for the PEPS and pump–probe experiments.

For the pump–probe and PEPS experiments we use an
infrared generation setup described previously.31 Briefly,
infrared laser pulses with a duration of ∼90 fs, an energy
of ∼10 μJ and a spectrum centered at 3400 cm−1 (FWHM
∼120 cm−1 ) are generated with a home-built BBO/KTP
based white-light seeded optical parametric amplifier (OPA).
The OPA is pumped by a Ti:Sapphire laser/amplifier system
(Spectra Physics Hurricane). In the PEPS experiment the
mid-IR output of the OPA is split into four parts to obtain
three excitation beams of approximately equal intensity
with wave vectors k1 , k2 , and k3 , and a fourth beam (5% of
the total power) which is used to continuously monitor the
excitation spectrum using a spectrograph and HgCdTe array
detector. The three excitation beams are focused into the
sample using a boxcars geometry and recollimated after it
by means of two off-axis parabolic mirrors. The photon-echo
signals are generated in conjugated phase-matched directions
ks = k3 + k2 − k1 and ks = k3 + k1 − k2 , and are detected
simultaneously with two HgCdTe detectors, while scanning
both the coherence time τ between k1 and k2 and the waiting
time T between k2 and k3 . To suppress background scattering,
we chop the k1 beam at half the laser repetition rate and
use lock-in amplification to detect the photon-echo signals.
Photon-echo peak shift measurements are performed by
measuring at which value of τ the time-integrated echosignal reaches its maximum for a series of waiting times
T .32 Transient-grating experiments are carried out by setting
τ = 0 and recording the time-integrated intensity in the
phase-matched directions as a function of T .33
In the pump–probe experiments, we resonantly excite the
NH-stretch mode, and monitor the subsequent vibrational relaxation process by measuring the frequency-dependent absorption change as a function of delay time. We use the
same setup for the mid-infrared generation. Small fractions
(5%) of the light reflected from the front and back surfaces
of a wedged CaF2 window are used as probe and reference
pulses, the remainder is used as the pump pulse. The pump
and probe pulses are focused and overlapped in the sample
by means of a 100 mm off-axis parabolic mirror. Transient
absorption changes are measured by frequency-dispersed detection of probe and reference pulses using a 32-element
HgCdTe array detector. The transient-grating and PEPS experiments are carried out with parallel polarizations of the
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pump and probe pulses; the pump–probe experiments are carried out with both parallel and perpendicular polarizations of
the pump and probe pulses. From the absorption changes for
parallel (α|| ) and perpendicular (α⊥ ) polarizations, we obtain the rotation-free signal as αRF = α|| + 2α⊥ , and the
anisotropy as R = (α|| − α⊥ )/αRF .
The synthesis and characterization of the thread and
the benzylic amide [2]rotaxane are described in the supplementary material.34 The axle of the investigated [2]rotaxane
contains four cyclohexyl residues (C6 H11 ) which prevent the
dethreading of the macrocycle. In addition, the incorporation
of these aliphatic stoppers improves the solubility of the interlocked molecule in halogenated solvents in comparison to
previously investigated rotaxanes with aromatic stoppers.23, 31
All experiments are performed at room temperature on
10 mM solution of the [2]rotaxane in CDCl3 kept between
two CaF2 windows using a 1 mm thick spacer.
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FIG. 3. Rotation-free absorption change αRF = α|| + 2α⊥ upon resonant excitation of the NH-stretch mode vs probe frequency for several values
of the delay between the pump and probe pulses. The curves are a guide to
the eye.

III. RESULTS AND DISCUSSION

The steady-state absorption spectrum of a 10 mM solution of the [2]rotaxane in CDCl3 and the power spectrum of
the pulses used for the pump–probe and photon-echo experiments are shown in Fig. 2.
The rotaxane contains four NH groups, but there is only
a single peak in the steady-state absorption spectrum (at
3370 cm−1 ). This suggests that the coupling between the NHstretch modes is smaller than the inhomogeneous broadening.
If the coupling were larger, there would be a significant splitting between the symmetric and antisymmetric NH-stretch
modes resulting in a double peak in the steady-state absorption spectrum.
To estimate the value of the coupling between the two
neighboring NH-stretch modes, we can use the dipole–dipole
approximation for the coupling strength β between vibrational modes a and b,


b
r ·μ
 b)
(
r ·μ
 a )(
μ
a · μ
1
−3
,
(1)
β=
4π ε0
|
r |3
|
r |5
where μ
 a,b are the transition-dipole moments of the neighboring NH-stretch modes, and r is the distance vector between
the two transition dipoles. We find that for the closest NH
groups (∼4 Å) the coupling strength β is 1.15 cm−1 . We have
also determined the coupling using a density-functional theory calculation at the B3LYP/6-31G* level, and find it to be
0.85 cm−1 , in good agreement with the value obtained using the dipole–dipole approximation. This coupling is much
smaller than the width of the absorption band (∼150 cm−1 ),
so the NH-stretch excitation is essentially localized on a single NH group.
B. Population relaxation and resonant vibrational
energy transfer

Figure 3 shows the absorption change upon resonant excitation of the NH-stretch mode as a function of the probe
frequency for several delays between the pump and probe

pulse. The negative absorption change at the ν = 0 → 1 frequency is due to v = 0 → 1 bleaching and v = 1 → 0 stimulated emission, and the positive absorption change at lower
frequency is due to v = 1 → 2 excited-state absorption. The
signal decays with increasing delay time due to population
relaxation (see Fig. 4), and shows a small offset for long delays. This residual signal is due to heating (less than 1 K,
as determined from the focal size, pulse energy, and specific heat of the solvent) of the sample upon vibrational relaxation of the NH-stretch mode. For the delays investigated
in the photon-echo experiments (≤3 ps), the residual signal
is sufficiently small compared to the nonlinear signal caused
by the v = 1 population that it can be neglected in the analysis of the data.35 To avoid contributions from the instantaneous solvent response (cross-phase modulation), only data
points for delays longer than 0.3 ps are used in the data analysis. The power spectrum of the infrared pulses used to excite
and probe the sample is broader than the absorption spectrum.
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FIG. 4. Decay of the rotation-free pump–probe signal αRF = α||
+ 2α⊥ as a function of delay between the pump and probe pulse for both
bleaching (at 3380 cm−1 ) and induced absorption (at 3218 cm−1 ). The curves
are a least-squares fit to an exponential decay with T1 = 1.77 ± 0.02 ps.
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FIG. 5. NH-stretch anisotropy decay at a probe frequency of 3365 cm−1 .
The curve is the result of a least-squares fit to an exponential decay, with
τ = 4.1 ± 0.6 ps.

Hence, no hole burning occurs and spectral diffusion does
not influence the pump–probe data, so that the decay of the
rotation-free pump–probe signal is determined by population
relaxation only. From a least-squares fit of an exponential decay to the decay of the rotation-free pump–probe signal (see
curves in Fig. 4) we obtain an NH-stretch excited-state population lifetime T1 of 1.77 ± 0.02 ps.
Figure 5 shows the decay of the NH-stretch anisotropy at
a probe frequency of 3365 cm−1 for delays >0.2 ps (the data
at shorter delays are influenced by contributions from the solvent response). The decay of the anisotropy can be well described by a single-exponential decay with a time constant of
4.1 ± 0.6 ps. The anisotropy decay can be caused by rotation of the whole molecule, and/or by energy transfer of the
NH-stretch excitation between the NH groups. To estimate
the time scale expected for the former process, we use the
Stokes–Einstein model.36 In this model, the anisotropy decays
as a single exponential for orientational diffusion of a spherical molecule with a time constant τ that is a direct measure
of its diffusion coefficient D,
τ=

4π R 3 η
,
3kB T

(2)

where R is the Stokes radius of the spherical molecule, η is the
viscosity, kB is the Boltzmann constant, and T is the temperature. From x-ray studies,23 we find the size of the [2]rotaxane
to be ∼2 nm. Assuming a spherical shape with the Stokes radius of 1 nm, we estimate the orientational relaxation time
to be ∼400 ps. Therefore, rotational diffusion of the entire
molecule cannot explain the observed anisotropy decay.
The second explanation could be resonant (Förster)
energy transfer of the NH-stretch excitation between NH
groups. The rate of this energy transfer is given by37, 38

 b |2 κ 2
|μ
 a |2 |μ
kFörster =
(3)
σa (ν̃)σb (ν̃)d ν̃,
16π 2 n 4 02 ¯2 c R 6
where n is the refractive index, R is the distance between
dipoles, and σa,b (ν̃) are the normalized absorption lineshapes

FIG. 6. Decay of the transient-grating signal as a function of delay between
the two pulses that create the population grating and the third pulse that is
diffracted from it. Data recorded with parallel polarizations of the three IR
pulses.

with the frequency ν̃ = 1/λ expressed in m−1 . The magnia = μ
 b can be
tude of the transition dipole moment μ
 NH = μ
obtained from the frequency-integrated absorption spectrum
using39

1 3hc 0 ln 10 (ν̃)d ν̃
2
|μ
 NH | =
,
(4)
4
2π 2 ν̃0 NA
where (ν̃) is the absorption coefficient of the NH-stretch
mode (with the frequency ν̃ = 1/λ expressed in m−1 ) and ν̃0
is the frequency at the absorption maximum. The factor 1/4 in
this equation accounts for the fact that there are 4 NH groups
per molecule. By numerically integrating the experimental
absorption spectrum we obtain |μ
 NH | = 0.135 D, and from
Eq. (3) we obtain a Förster transfer rate of 2.74 ns−1 , which
corresponds to an anisotropy decay time of ∼350 ps. This decay time is much slower than the experimentally observed decay of the anisotropy (Fig. 5), which suggests that the transfer
involves not only dipolar but also through-bond interaction40
or higher-order electrostatic interactions. The latter have been
shown to play a significant role in the resonant vibrational energy transfer between HF and water in the liquid phase.41
The residual anisotropy observed at long delay times confirms that the anisotropy decay is caused by vibrational energy
redistribution between the NH groups. It can be shown42 that
after energy redistribution from an initially excited mode a
to two neighboring modes a and b, the value of anisotropy
changes from a value of 25 to 15 (3 cos2 θab − 1), where θab
is the angle between the two neighboring transition dipoles.
Using the crystallography value θab ≈ 77◦ between the NH
groups in the macrocycle, one expects the anisotropy to decay
to a value of 0.13, in good agreement with the experimentally
observed plateau value of 0.15.
The T1 obtained from the pump–probe measurements
is confirmed by a transient-grating experiment.33 Figure 6
shows the intensity of the transient-grating signal as a function of delay T between the k1 , k2 pulse pair that generates a
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FIG. 8. Photon echo-peak shift data of the [2]rotaxane (◦) and the modeled
echo-peak shift (curves) for 30 ps, 200 ps, and 10 ns third time component.
FIG. 7. Upper panel: photon-echo signals in the phase-matched directions
k3 + k2 − k1 and k3 − k2 + k1 as a function of the coherence time τ , for waiting times T of 600 fs (black circles) and 2000 fs (red squares). Lower panel:
close up showing the decrease of the photon-echo peak shift with increasing
waiting time. The length of the horizontal arrows is twice the echo-peak shift.

population grating, and the k3 pulse which is diffracted from
this grating.
Like the pump–probe signal, the transient-grating signal
decays due to population relaxation. It can be fitted with a
single-exponential decay with a time constant of 0.79 ± 0.01
ps. This time constant is half of the population lifetime T1 ,
because the transient-grating signal depends on the intensity
of the third pulse, whereas the pump–probe signal on the amplitude of the probe field.43 The observed population lifetime
of 1.6 ps obtained from the transient-grating experiment is in
good agreement with the value obtained using pump–probe
spectroscopy.
C. Hydrogen-bond fluctuations

In order to investigate the frequency fluctuations of
the NH-stretch mode we employ the three-pulse photonecho peak-shift technique, which gives direct access to the
frequency-correlation function of an optical transition.27–29, 35
In particular, the delay τ at which the integrated photon-echo
signal is maximal (the echo-peak shift) plotted versus the
waiting time T mirrors the correlation function of the frequency fluctuations.32 Since the NH-stretch excitation is localized on a single NH group, the NH-stretch frequency fluctuations directly reflect the hydrogen-bond dynamics and thus
the structural fluctuations of the macrocycle with respect to
the thread.
The PEPS measurements were performed for waiting
times T ranging from 500 fs to 3 ps, the accessible range
being limited at short waiting times by the solvent response
and at long waiting times by the population relaxation. The
relatively long T1 (1.6 ps) and marginal thermal residual observed in the pump–probe measurements allow us to observe
the PEPS at comparatively long waiting times. The experi-

mentally determined echo-peak shifts at the waiting times T
of 600 and 2000 fs are shown in Fig. 7.
We use a least-squares fit of a Gaussian to the top of the
echo signal to determine the position of the echo-peak maximum. The lower part of Fig. 7 shows a close-up of the maxima
to illustrate the observed differences in the echo-peak maxima
as a function of waiting time T . The two sets of data for both
600 and 2000 fs waiting times represent the echo signal detected in both phase-matched directions. In both echo peaks
the signal is asymmetric with respect to τ = 0, which indicates that the NH-stretch mode retains a certain part of the
memory of its initial frequency for at least 2000 fs.
The observed PEPS as a function of waiting time is
shown in Fig. 8. In the numerical analysis of the data,
we use the Brownian oscillator model to describe the
frequency-correlation function. Since the connection between the NH groups in the macrocycle is flexible, and
the coupling between their stretching modes is small (see
Sec. III A), we assume that their NH-stretch frequency fluctuations are uncorrelated.44 Since the spectrum of the IR pulses
(see Fig. 2) used in these experiments covers both transitions
from the ground state and from the first excited state (0→1
and 1→2), the numerical calculations have to be performed
in the framework of a three-level system for the NH-stretch
mode. The system–field interaction is then described by eight
double-sided Feynman diagrams, three of which are responsible for rephasing, three for nonrephasing, and two for twophoton processes.27, 45, 46 In our analysis, we quantitatively reproduce both the steady-state absorption spectrum and the
PEPS signal using the same frequency-correlation function.
We find that the data can be well described using a frequencycorrelation function involving three overdamped Brownian
oscillators,
M(t) = δω N H (t)δω N H (0)
= 21 exp(−1 t) + 22 exp(−2 t) + 23 exp(−3 t),
(5)
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TABLE I. Time constants and amplitudes of the three components in the
NH-stretch frequency correlation function in the rotaxane and in a dilute
liquid CDONDH/CDOND2 mixture (Ref. 47).
[2]Rotaxane

Homogeneous component
Fast fluctuations
Slow fluctuations
a

1/i (ps)
0.1
0.6
≥200

i2 (%)
32
31
37

Formamidea
1/i (ps)
0.24
0.8
11

i2 (%)
54
13
34

Values taken from Ref. 47.

where 1/i and i (with i = 1, 2, 3) are the time constants
and amplitudes of the three components of the frequencycorrelation function. The simulation of the experimental data
(both the absorption spectrum and the PEPS signal) was performed as an iterative process, in which the parameters of the
response function were varied until the best fit of the calculation to the complete set of experimental data was achieved.
Figure 8 shows the comparison of the measured and the
simulated integrated PEPS as a function of waiting time T .
The simulated absorption spectrum is compared to the experimental one in Fig. 2. An overview of the fitted parameters describing the modeled frequency correlation function
are listed in Table I. Since the experimental data of the PEPS
start at 500 fs, it is evident that for a quantitative description
we need only the second 1/2 and the third 1/3 component. However, in order to simulate both the steady-state absorption spectrum and the PEPS at the same time, we need
to include the first component 1/1 as well. We find that this
component of the frequency-correlation function is essential
for a proper simulation of the steady-state absorption spectrum. The third component involves a very slow decay, and to
determine its dynamics we have tried several decay constants.
As shown in Fig. 8, even a decay constant of 30 ps is not
long enough to describe the experimental data quantitatively,
so we can conclude that the dynamics involve a time scale
significantly slower than 30 ps. We obtain a good quantitative description of the PEPS data using time constants greater
than or equal to 200 ps for the slowest decay of the correlation
function (see Fig. 8). A time constant of 10 ns for the slowest component (which is in practice equivalent to a constant
offset in the correlation function, and leads to the same values
for the time constants of the two faster components) also results in good agreement with the experimental data. Although
it is thus possible to determine a lower limit for the time constant of the slowest component of the correlation function, it
is not possible to determine an upper limit, because the T1
population relaxation decay causes the echo-peak intensity to
become too small to measure the PEPS accurately for waiting
times T > 3 ps.
A multicomponent decay of the frequency correlation
function has been observed previously for compounds
containing similar hydrogen-bonded moieties. In particular,
Park et al.47 carried out 2D-IR and photon-echo measurements on the NH-stretch mode of a dilute mixture of
CDONDH (formamide) in CDOND2 . Liquid formamide
forms the same N−H· · ·O=C hydrogen bonds as occur in
the rotaxane, except for the mechanical bonding in the latter.

Three components are observed in the NH-stretch frequency
correlation function of liquid formamide, with time constants
of 0.24, 0.8, and 11 ps (see Table I). Based on the observed
decay of the NH-stretch anisotropy, Park et al. could assign
the 11 ps time scale to the breaking (dissociation) and
subsequent reformation of N−H· · ·O=C hydrogen bonds,
whereas the 0.8 and 0.24 ps components correspond to
small-amplitude random variations in the hydrogen-bond
length and angle. In the latter, small-amplitude H-bond
fluctuations no dissociation of the hydrogen bond occurs. Comparing the NH-stretch correlation function of
liquid formamide to that of the [2]rotaxane, we find that
the time scales and relative amplitudes of the two fast
components of the hydrogen-bond fluctuations are very
similar in the two systems. However, the third component
is much slower in the rotaxane. This implies that the fast
(<1 ps) fluctuations of the N−H· · ·O=C hydrogen bonds are
independent of whether or not the two hydrogen-bonded moieties are mechanically interlocked, but that complete breaking
(and subsequent reformation) of hydrogen bond occurs on
a much slower time scale in the rotaxane than in the unconstrained hydrogen-bonded system. This can be explained as
follows: in the rotaxane, the macrocycle is locked onto the
thread by four hydrogen bonds in such a way that breaking
only one of the hydrogen bonds will result in considerable
straining of the structure. The only way to break hydrogen
bonds whilst retaining the energetically most favorable
conformation of the macrocycle is to break all four hydrogen
bonds simultaneously. As this process will occur very rarely,
the third, ∼10 ps component observed in the hydrogen-bond
dynamics of liquid formamide will be much slower in the
rotaxane.
IV. CONCLUSION

To conclude, we have used time-resolved vibrational
spectroscopy to study picosecond hydrogen-bond fluctuations
in a molecular wheel–axle system. Our results show that the
mechanical constraint of the macrocycle/thread system has no
significant influence on the subpicosecond fluctuations of the
hydrogen bonds. However, the rate of spontaneous breaking
and remaking of hydrogen bonds is slowed down by more
than an order of magnitude by the mechanical rigidity of
the rotaxane. Thus, on a time scale of less than a picosecond the hydrogen bonds that connect the rim and axle of a
rotaxane-based “molecular wheel” behave in the same way
as N−H· · ·O=C hydrogen bonds in a liquid. However, the
hydrogen-bond breaking and remaking dynamics, which occurs on a 10 ps time scale in the liquid phase, turns out to
be much slower for the hydrogen bonds in a mechanically
bonded system.
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