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CHAPTER 6

Conformational fluctuations in a

molecular wheel studied using

vibrational photon echoes

6.1 Introduction

In Chapters 3, 4 and 5, we have introduced rotaxanes as prototypic molecular ma-

chines. Whilst it is tempting to regard such compounds as “molecular meccano”90

for the construction of multi-component nanoscale devices analogous to those used

in macroscopic machinery (wheels, gears, etc.), one must bear in mind that many

aspects of classical mechanics become meaningless at this level of miniaturiza-

tion.91 For example, in the macroscopic world the equations of motion are gov-

erned mainly 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.92 It is not yet clear whether func-

tional systems intended to operate via controlled relative molecular-level motions

are best designed from components that are stiff, flexible or some combination of

the two.93 Although the dynamics of catenanes and rotaxanes have been studied

extensively on the second and millisecond timescales,94 the fundamental motions

within their components and the thermal fluctuations in the surrounding medium

take place in the picosecond or subpicosecond range.

A first step towards designing the ultimate molecular engine is to investigate

their structural rigidity. In order to address this question we need a tool that pro-

vides us with insight into both structure and dynamics on the picosecond

timescale.95, 96 Infrared time-resolved spectroscopy is ideally suited for this pur-

pose since it allows localized molecular vibrations to be probed with subpicosec-

ond temporal resolution. In this Chapter, we employ this technique to study the
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Is a molecular wheel stiff or flexible? Introduction

structural fluctuations of a [2]rotaxane.

Figure 6.1: Left: chemical structure of the rotaxane studied in this chapter. Right: schematic

representation with color coding of the rim (grey), spokes (blue) and axle (red).

The [2]rotaxane we have investigated can be regarded as a nanoscopic wheel

(see Fig. 6.1),97 with the macrocycle being the “rim” (shown in black/gray) and

the thread the “axle” (shown in red). The hydrogen bonds are transiently formed

and broken “spokes” (shown in blue) which maintain the position of the rim with

respect to the axle. To probe the conformational fluctuations of the rotaxane wheel,

we selected the NH-stretch vibrational mode having a frequency of 3370 cm−1 (see
absorption spectrum in Fig. 6.2). This mode is localized on the N-H bond that

forms part of the NH· · ·OC hydrogen bond connecting the rim and the axle. The in-

stantaneous length of the NH· · ·OC hydrogen bond determines the frequency of the

NH-stretch mode (see Section 1.4).22, 98 As the fluctuations of this hydrogen bond

are governed by the structural dynamics of the rim and the axle, the dynamics of

the NH-stretch mode directly reflect the structural fluctuations of the nano-wheel.

To investigate the NH-stretch dynamics, we employ the photon echo-peak shift

technique.52, 99, 100 It can be shown101 that the photon echo-peak shift mirrors

the frequency correlation function M(t) = 〈δωNH(t)δωNH (0)〉 where δωNH(t) =
ωNH(t)−〈ωNH〉 is the time dependent shift of NH-stretch frequency from its av-

erage value. This correlation function characterizes the dynamical behavior of the

NH-stretch frequency,52 and hence that of the NH· · ·O hydrogen bond.
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Is a molecular wheel stiff or flexible? Materials and methods

6.2 Materials and methods

For the pump-probe and photon echo-peak shift (PEPS) experiments we use the

setup described in Sections 2.3.3 and 2.3.6, respectively. In the pump-probe ex-

periments, 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. The transient-grating and PEPS experiments

are carried out with parallel polarizations of the pump and probe pulses; the pump-

probe experiments are carried out with both parallel and perpendicular polariza-

tions. 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.

6.3 Results and discussion

6.3.1 General considerations

The steady-state absorption spectrum of 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. 6.2. The [2]rotaxane contains four NH groups,
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Figure 6.2: Steady-state absorption spectrum of 10 mM solution of [2]rotaxane in CDCl3
(solid line). The dashed line represents the spectrum of the laser pulses used for PEPS and

pump-probe experiments.

but there is only single peak in the steady-state absorption spectrum (at
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3370 cm−1). This suggests that the coupling between the NH-stretch 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:

β =
1

4πε0

[

~µa ·~µb
R3

−3
(~r ·~µa)(~r ·~µb)

R5

]

, (6.1)

where~µa,b are vectors of the dipole moments of the neighboring NH-stretch modes,
~r the distance vector between the two transition dipoles and R the absolute distance
between the transition dipoles. We find that for the distance between the clos-

est NH-stretch groups (∼4 Å) the coupling strength β is 1.15 cm−1. We have

also determined the coupling using a DFT 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 inhomoge-

neous width of∼150 cm−1 (see Fig. 6.2), so the NH-stretch excitation is essentially
localized on a single NH group.

6.3.2 Relaxation dynamics and anisotropy decay

Figure 6.3 shows the absorption change upon resonant excitation at 3370 cm−1

as a function of delay between the pump and probe pulse at probe frequencies of

3380 cm−1 (ν = 0 → 1 for bleaching) and 3218 cm−1 (ν = 1 → 2 for induced

absorption). The signal decays at all frequencies due to population relaxation, and

for some frequencies shows a small residual offset for long delays. This residual

offset is due to heating (less than 1 K) of the sample upon vibrational relaxation of

the NH-stretch mode. For the delays investigated in the photon-echo experiments

below (≤3 ps), the residual signal is sufficiently small compared to the nonlin-

ear pump-probe signal due to the v = 1 population that it can be neglected in the

analysis of the data.102 To avoid contributions from coherent coupling and cross-

phase modulation, we have only used data points for delays longer than 0.3 ps.

The power spectrum of the infrared pulses used to excite and probe the sample

is broader than the steady-state absorption spectrum, so no hole burning occurs,

and spectral diffusion does not influence the acquired data. The relaxation of the

∗The width of the distribution of NH-stretch frequencies due to hydrogen-bond and solvent inter-
action.
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Figure 6.3: Decay of the pump-probe signal 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).

isotropic pump-probe signal can be well fitted with a single-exponential decay with

lifetime T1 = 1.66±0.02 ps.
Figure 6.4 shows the decay of anisotropy calculated from the pump-probe sig-

nals for the parallel and perpendicular polarizations of the pump and probe pulse

using Eq. 2.12. The anisotropy starts at 0.4, and its decay can be quantitatively

described by a single-exponential decay with a time constant of 4.5±0.6 ps.
As discussed above, the NH-stretch excitation is localized on a single NH

group. Therefore, the decay of the anisotropy cannot be due to delocalization of

the NH-stretch excitation on the four NH bonds, but must be associated with either

rotation of the whole molecule, or with energy transfer of the NH-stretch excita-

tion between the NH groups. To estimate the time scale expected for the former

process, we use the Stokes-Einstein model.103 In this model, the anisotropy decays

as a single exponential for orientational diffusion of a spherical molecule with a

time constant that is a direct measure of its diffusion coefficient D:

r(t) = r(0)e−6Dt (6.2)

D=
kBT

8πB3η
, (6.3)
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Figure 6.4: Experimentally determined NH-stretch anisotropy decay (◦) with a double expo-
nential fit (line).

where r(0) is the initial value of anisotropy, B the Stokes radius of a sphere, η the

viscosity, kB the Boltzmann constant, and T the temperature. The size of a [2]ro-

taxane molecule was estimated using X-ray crystallography to be approximately

2 nm. Assuming a spherical shape with the Stokes radius of 1 nm, we can esti-

mate the anisotropy decay time using Eqs. 6.2 and 6.3 as approximately 400 ps.

Therefore, rotational diffusion of the entire molecule cannot explain the observed

anisotropy decay.

The second explanation could be Förster energy transfer of the NH-stretch ex-

citation between NH groups. The rate of this energy transfer is given by:104, 105

kFörster =
|~µa|2|~µb|2κ2

4n4ε20h
2cR6

∫ +∞

−∞
σa(ν̃)σb(ν̃)dν̃ , (6.4)

where n is the refractive index, R the distance between dipoles, and σa,b(ν̃) the
normalized absorption lineshapes with the frequency (ν̃) units expressed in m−1.
In the rotaxane, the transition dipole moment ~µNH = ~µa = ~µb has a magnitude of
|~µNH| = 0.11 D for an individual NH-stretch mode, obtained using

|~µNH| =
3ε0hcσNH

2π2νNA
, (6.5)

where σNH is the integrated absorption cross-section of the NH-stretch mode and

ν is the maximum frequency of the NH-stretch mode. The relative orientation of
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dipoles is expressed by the factor κ :

κ = cosθab−3cosθa cosθb, (6.6)

where θab is the angle between the two NH-dipole vectors, and θa,b are the angles
between the respective NH-dipole vectors and the interdipole vector. It should be

noted that although the vibrational lineshapes are normalized
(
∫

σ(ν̃)dν̃ = 1
)

, the

integral in Eq. 6.4 is equal to 1 only for a delta function. In our case, we find it

to be ∼0.04 which leads to a Förster transfer rate of 2.74 ns−1, corresponding to a
decay time of ∼350 ps.

It can be shown106 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 2
5
to 2

5
P2(cosθab), where P2 is the second-order Legendre polynomial

(

1
2

(

3cosθ2
ab − 1

)

)

and θab the angle between the two neighboring transition

dipoles. Using the crystallographic value θab = 77◦ between the NH groups in

the macrocycle, one would expect the anisotropy to decay to a value of ∼0.13.
When comparing the experimentally determined and theoretically predicted

anisotropy decays, we find that the rate of the anisotropy decay is greatly underes-

timated by the Förster model, but that the measured plateau at long delays is very

close to the predicted value of ∼0.13. These findings suggest that the observed

anisotropy decay is a result of the energy redistribution between the neighboring

NH groups due to non-dipolar interactions; one possibility might be through-bond

interaction.107

The pump-probe results are confirmed by the transient-grating experiments.

Figure 6.5 shows the intensity of the transient-grating signal as a function of delay

between the first two pulses that generate an interference pattern creating the pop-

ulation grating, and the third pulse which is diffracted from this grating. Like the

pump-probe signal, the overall transient-grating signal decays due to population

relaxation. It can be fitted with a single-exponential decay with a time constant

of 789±7 fs. This time constant is twice as short as of the population lifetime T1,
because the transient-grating signal depends on the intensity of the third pulse, the

amplitude of which is linearly proportional to the excited-state polarization.108 The

observed population lifetime of ∼1580 fs obtained from transient-grating experi-

ment is in good agreement with the value obtained using pump-probe spectroscopy.

The transient-grating decay was measured with parallel polarizations of all three

pulses so the decay of the signal is partly caused by the decay of the anisotropy.

However, since the anisotropy decay is very slow compared to T1 (4.5 ps vs. 1.6 ps),

it has negligible influence on the transient-grating signal.
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Figure 6.5: 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.

6.3.3 Echo-peak shift and hydrogen-bond fluctuations

To investigate the frequency fluctuations of the NH-stretch mode we employ

the three-pulse photon-echo technique.99, 100, 102 As we have already discussed in

Section 6.3.1, the NH-stretch excitation is localized on a single NH group. Hence,

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 three-pulse photon-echo technique can be explained using a simplified

scheme, in which we let the three pulses interact with a sample. The first pulse

excites oscillators in a sample, after which the system starts to dephase. The de-

phasing process consists of two separate contributions, namely the homogeneous

and inhomogeneous dephasing. The second pulse after the delay τ freezes the in-

homogeneous dephasing. After the waiting time T , the third pulse is applied and

the rephasing process takes place. The photon echo is then generated after a time

τ with respect to the third pulse. When plotted versus the time interval τ between

the first 2 pulses (see Fig. 6.6), the photon-echo signal peaks at τ > 0 (even in the

impulsive limit†). This shift of the echo maximum with respect to τ = 0 or the pho-

ton echo-peak shift (PEPS) is due to the fact that the echo signal is time-integrated.

It has been shown that the PEPS is to a good approximation proportional to the

frequency correlation function M(t).46

†The limit in which the pulse duration is less than the free-induction decay of the excited transi-

tion.109
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The PEPS measurements were performed for the waiting times T 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. It should be men-

tioned that 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 experimentally determined echo-peak shifts at the waiting

times T of 600 fs and 2000 fs are shown in Fig. 6.6. We have used a least-squares
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Figure 6.6: Photon-echo signals in the phase-matched directions k3+k2−k1 and k3−k2+k1
as a function of τ for waiting times of 600 fs and 2000 fs.

fit of a Gaussian to the top of the echo signal to determine the position of the echo-

peak maximum. The bottom part of this figure shows the zoomed-in data and the

least-squares fits to illustrate the observed differences in the echo-peak maximum

as a function of waiting time T . The two sets of data for both 600 fs and 2000 fs

waiting times represent the echo signal detected in both phase-matched directions.
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In both echo peaks the signal is asymmetric with respect to τ = 0. This indicates

that the NH-stretch mode retains a certain part of the “memory” of its initial fre-

quency for at least 2000 fs. The crossing of the two echo peaks serves to determine

the exact value of τ = 0 which helps to calculate accurate values of the PEPS as

shown in Fig. 6.7 (◦).
In the numerical simulation of the PEPS signal, we have used the Brownian

oscillator model‡ to describe the frequency correlation function. Since the spec-

trum of the IR pulses (see Fig. 6.2) used in these experiments covers transitions

from the ground state and 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

non-rephasing, and two for two-photon processes.52, 110, 111

In our data analysis, we quantitatively reproduce both the steady-state absorp-

tion spectrum and the PEPS signal using the same frequency-correlation function.

We find that the data can be well described using a frequency-correlation function

involving three overdamped Brownian oscillators:

M(t) = 〈δωNH(t)δωNH(0)〉 = (6.7)

= ∆2
1exp(−Λ1(t))+∆2

2exp(−Λ2(t))+∆2
3exp(−Λ3(t)),

where 1/Λ1,2,3 represent the time constant of individual components of the fre-

quency correlation 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 6.7 shows the comparison of the measured and the simulated integrated

PEPS as a function of waiting time T . An overview of the fitted parameters de-

scribing the modeled frequency correlation function are listed in Table 6.1. 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/Λ2 and the third 1/Λ3 component. How-

ever, to be able to simulate both the steady-state absorption spectrum and the PEPS

at the same time, we need to include the first component 1/Λ1 as well. This com-

ponent of the frequency correlation function is essential for a proper simulation of

the wings and the bandwidth of the steady-state absorption spectrum.

The ultrafast first (∼100 fs) and second (∼580 fs) components are typical for
liquid solvation dynamics and can be attributed to interactions of the [2]rotaxane

‡The Brownian oscillator model52 provides a general way of describing the interactions between

the bath and the optical transition. In this model the optically excited mode is described as an os-

cillator with a frequency that is randomly modulated by the random fluctuations of its surrounding

environment.
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Table 6.1: Time constants and amplitudes of the frequency correlation function.

1/Λi (ps) ∆2
i (%)

homogeneous component 0.1 32

fast fluctuations 0.58 31

slow fluctuations 200 37

with the surrounding solvent molecules. These interactions lead to a random mod-

ulation of the NH· · ·OC hydrogen-bond length, and hence of the NH-stretch fre-

quency. The 100 fs component is due to inertial motion of the solvent molecules in-
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Figure 6.7: Photon echo-peak shift data of the [2]rotaxane (◦) and the modeled echo-peak shift
(curves) for 1/Λ3 = 30 ps, 200 ps, and 10 ns.

teracting with the [2]rotaxane, whereas the second component is due to the slower,

diffusive motions of these solvent molecules. The third process involves a very

slow decay, and to determine its dynamics we have tried to fit it by several decay

constants. As shown in Fig. 6.7, using a 30 ps decay time it is not possible to

model the experimental data quantitatively. Although we thus can conclude that

the dynamics involve a time scale slower than 30 ps, it is not possible to determine
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the higher limit for the slow decay of the correlation function. This is because the

T1 population relaxation decay causes the echo-peak intensity to become too small

to measure for waiting times T > 3 ps.

The observation of a multi-component decay of the integrated PEPS with an

offset has been observed previously for compounds containing similar hydrogen-

bonded moieties. In the study of isotropically diluted formamide,112 Park and co-

workers observed 0.24 ps and 0.8 ps components of the frequency correlation func-

tion plus an offset. In subsequent experiments on AcProNHMe in CHCl3,
79 they

again found the ultrafast component of the correlation function with a significant

offset. By comparing these data to the experimental and theoretical PEPS found

in the [2]rotaxane, we can conclude that both the timescales and relative ampli-

tudes of the components of the frequency correlation function are comparable to

those of similar hydrogen-bonded complexes that are notmechanically interlocked.

These findings suggest that the hydrogen-bond fluctuations are not influenced by

the presence of large interlocked components in the rotaxane. The observation

of similar frequency fluctuations in various molecular systems containing amide

groups brings us to the conclusion that the structural dynamics and rigidity of the

rotaxane is very similar to other hydrogen-bonded systems like peptides. Surpris-

ingly, structural constraints within the rotaxane have only marginal influence on

the hydrogen-bond dynamics between its individual components, suggesting that

this “molecular wheel” is very floppy and should be rather viewed like a rubber

band than as a meccano construction.

6.4 Conclusions

To conclude, we have shown that time-resolved vibrational spectroscopy can be

used to study the flexibility of molecular machines on a nanoscopic level. Our

results indicate that the structural rigidity of the macrocycle locked onto the thread

has no significant influence on the macrocycle-thread hydrogen-bond dynamics.

When we therefore picture any kind of motion within rotaxane-based molecular

machines, we have to keep in mind that they should not be viewed as macroscopic

mechanical machines, as the constituent components are very flexible.
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Appendix

Impulsive excitation of the NH-stretch mode

In our initial experiments, we observed oscillations in the PEPS, which would im-

ply coherent oscillation between the hydrogen-bonded components of the rotaxane.

These results suggested that the molecular wheel would be structurally quite rigid.

However, further investigation showed that the same oscillations were observed

when the rotaxane sample was replaced with a sample containing only solvent

(CDCl3). Moreover, the oscillations were observed only when bandwidth of the

infrared pulses was much larger than the bandwidth of the NH-stretch absorption

band. The oscillations were also observed in pump-probe measurements performed
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Figure 6.8: Decay of the transient absorption change as a function of delay between pump and

probe pulse for [2]rotaxane (black) and CDCl3 (blue). The residual pump-probe signal after

subtractions of the mono-exponential decay component (red).

using broad-bandwidth (with a FWHM of ∼300 cm−1) infrared laser pulses with
a duration of ∼40 fs, an energy of ∼50 µJ and a spectrum centered at 3370 cm−1.
These pulses are generated using the OPA and difference frequency generation

unit OPERA (Light Conversion) that is pumped with a Legend Elite Ti:Sapphire

laser/amplifier system (Coherent).

The transient absorption change of the [2]rotaxane and the solvent as a function
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of pump-probe delay are shown in Fig. 6.8. For the [2]rotaxane, the observed

exponential decay with a lifetime of∼1650 fs is modulated by strong underdamped
beats. To analyze the oscillatory part of the decay, we have first subtracted the

mono-exponential decay from the rotaxane data. Using FFT analysis of both the

rotaxane and CDCl3 data, we have found identical frequencies at approximately

253 cm−1 and 355 cm−1 (see Fig. 6.9). These frequencies are in good agreement
with the antisymmetric (263 cm−1) and symmetric (364 cm−1) deformations of
the C-Cl bonds in a CCl3 moiety found by Paskover et al.113 using single-shot

two-dimensional time-resolved coherent anti-Stokes Raman scattering. We have
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Figure 6.9: Fourier power spectrum of the impulsive pump-probe signal of CDCl3 (black) and

of the oscillatory part of the [2]rotaxane pump-probe signal (red).

also performed pump-probe experiments with the [2]rotaxane dissolved in CDBr3
(data not shown). The oscillatory components of the solvent with and without the

[2]rotaxane were again identical.

To confirm that our setup was in fact capable of observing potential intramolec-

ular oscillations, we have performed pump-probe experiments on the dimer of

7-azaindole (7AI) (see Fig. 6.9) that had been shown to exhibit coherent oscil-

lations due to the anharmonic coupling of the NH-stretch to the low-frequency

intermolecular modes.114 We have reproduced these experiments and confirmed

both the hydrogen-bond and solvent oscillations. We can therefore conclude that

if there were any hydrogen-bonded oscillations in the [2]rotaxane, we could have
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observed them. However, we found only oscillations that originate from the sol-

vent response. To avoid this Raman mode contribution, all further experiments

were performed with the pump spectrum only slightly exceeding the IR absorption

linewidth (see Fig. 6.2).
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