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PUBLICATIONS COVERED IN THIS THESIS

O. F. A. Larsen, P. Bodis, W. J. Buma, J. S. Hannam, D. A. Leigh and

S. Woutersen. Probing the structure of a rotaxane with two-dimensional

infrared spectroscopy. Proc. Natl. Acad. Sci. U.S.A. 102, 13378–13382

(2005)

P. Bodis, R. Timmer, S. Yeremenko and S. Woutersen. Heterovibrational in-

teractions, cooperative hydrogen bonding, and vibrational energy relaxation

pathways in a rotaxane. J. Phys. Chem. C 111, 6798–6804 (2007)

P. Bodis, M. R. Panman, B. H. Bakker, A. Mateo-Alonso, M. Prato, W. J.

Buma, A. M. Brouwer, E. R. Kay, D. A. Leigh and S. Woutersen. Two-

dimensional vibrational spectroscopy of rotaxane-based molecular machines.

Acc. Chem. Res. 42, 1462–1469 (2009)

P. Bodis, S. Yeremenko, W. J. Buma, J. Berná, D. A. Leigh and
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CHAPTER 1

Introduction

1.1 The hydrogen bond

A hydrogen bond is an attractive interaction between a hydrogen atom and a highly

electronegative atom like O, F or N. It has been first proposed by Moore and Win-

mill1 almost a century ago. They used an interaction between ammonium hydrox-

ide and water to explain the fact that tertiary ammonium hydroxide is a weaker

base than quaternary ammonium hydroxide. The profound implications of hy-

drogen bonding were recognized a few years later, when Latimer and Rodebush2

proposed “a transfer of a hydrogen nucleus from one molecule to another” and

thus suggested that the hydrogen atom may serve as a link that binds two water

molecules together. In their study, this association of molecules is used to explain

the unusually high dielectric constant and proton mobility in liquid water and am-

monia.

Since then, countless numbers of publications have shown the importance of

the hydrogen-bond interaction. Although the hydrogen bond is a relatively weak

bond, it has great implications for many molecular properties. Among others, hy-

drogen bonding is responsible for the high freezing and boiling points of water,

its abnormally high heat capacity, surface tension and charge mobility. There are

numerous consequences of hydrogen bonding in nature; in particular, the three-

dimensional structures adopted by proteins and nucleic acids (DNA) are largely

determined by hydrogen bonding. Intramolecular hydrogen bonding forces the

folding of these macromolecules into specific conformations that in fact determine

their functionality.

The binding energy of a hydrogen bond (varying from ∼0.08eV or 660 cm−1

for NH· · ·O, through∼0.2 eV or 1650 cm−1 in liquid water (OH· · ·O) up to∼1.6 eV
or 12900 cm−1 for FH· · ·F) lies somewhere between between that of Van der Waals

interactions (binding energy typically <0.025eV or 200 cm−1) and covalent bonds
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1. Introduction Nanotechnology and molecular machines

(binding energy typically >3eV or 24000 cm−1). This energy allows them to easily

form or break at room temperature, thus making them very important for physical,

chemical and biological processes.

The following sections will introduce two complex hydrogen-bonding systems

that are studied in this thesis. The first one is a novel group of molecules, consid-

ered promising components of molecular machines, that are capable of performing

mechanical movements on a nanometer scale. The second one is liquid water, the

most abundant substance on the surface of the Earth. In both systems, the hydrogen

bond is responsible for their complexity, and has profound consequences for their

macroscopic properties and functionality. In the first case, the mechanical func-

tionality of the studied supramolecular complex is determined by weak hydrogen-

bond interactions, whereas in the second case, the extraordinary properties of liquid

water are a direct consequence of the complex hydrogen-bond network that inter-

connects one of the smallest molecules there is.

1.2 Nanotechnology and molecular machines

In speculations about its future development, nanotechnology is often associated

with nanorobotics, where nanoscopic self-sustainable robots would be capable of

microsurgery on human tissue or assembling other larger machines. As yet, how-

ever, nanotechnology is mostly about simple nanomachines, with molecules as

their basic building blocks. The first step towards the science-fiction-like nano-

robots is the synthesis of a device in which interlocked components are capable

of performing mechanical movements with respect to one another. The synthetic

molecular machines made for this purpose often resemble macroscopic machines

both in appearance and function, and include molecular shuttles,3, 4 propellers,5

gears,6 ratchets,7 valves,8 turnstiles,9 motors,10, 11 brakes12 and elevators.13 The

elementary parts of these molecular devices are connected by means of covalent

bonds,11, 14 hydrogen bonds,15 Van der Waals interactions16 or only by simple me-

chanical constraints.17, 18 The second essential step requires the stimulation and

control of motion. The source of energy needed for the motion has to be sup-

plied externally by means of photons,3 chemical reaction,12, 18 or electrical poten-

tial (electrochemically induced redox reaction).19

The choice of the external stimulus is closely related to the strength of the

bond that forms the link between the components of the molecular device. In the

case of a covalent bond, the high energy required to break such bonds limits the

stimulus to far-UV photons and chemical reactions. The former stimulus usually

has destructive side effects on the structure of molecules, while the latter is gen-

erally very slow (ms), which limits its applicability. On the other hand, Van der

12



1. Introduction Liquid water

Waals interactions are very weak allowing molecular devices to operate at high

rates. However, the weakness of these templates is that the thermal fluctuations at

room temperature already influence their functionality. Molecular machines based

on hydrogen-bonding combine the advantages of both the Van der Waals and cova-

lently bonded molecular devices. This is due to the strength of the hydrogen bond,

which on the one hand allows for the largest flexibility in the choice of the external

stimulus and on the other hand for the best control over various co-conformations

of the molecular machine.∗

To be able to observe the motion within such a molecular machine one needs

a tool that is sensitive to structural fluctuations in the vicinity of specific hydrogen

bonds. This technique should also provide dynamical information on a time scale

typical for hydrogen-bond formation. The logical candidates for these studies are

steady-state and non-linear infrared spectroscopy.

1.3 Liquid water

The structure and dynamics of liquid water have been one of the central themes

of natural science research for decades. It is not just due to the importance of

water in biological and chemical processes, but also because of its exceptional

chemical and physical properties. In liquid water, hydrogen bonds do not just link

two molecules together, but create a complex network of interconnected individual

molecules, responsible for its unique properties. Although water is one of the most

actively studied compounds, many questions about the structure and dynamics of

this hydrogen-bond network have remained unanswered.

The hydrogen bonds in liquid water form between the lone electron pair of the

oxygen atom of one and the hydrogen atom of another water molecule. One water

molecule can create at most four hydrogen bonds with its neighbors in a tetrahedral

configuration. This is achieved only in ice, however. In the liquid state, there is

a constant process of formation and rupture of hydrogen bonds. The understand-

ing of hydrogen-bond dynamics is a crucial condition if we ever want to explain

the nature of the extraordinary properties observed in liquid water. To study the

dynamics of hydrogen bonds requires a probe that is sensitive to the structure of a

hydrogen-bonded system and reflects its complex structural dynamics. It has been

found that the frequencies of the fundamental stretching and bending modes in

hydrogen-bonded molecules are strongly influenced by the strength of the hydro-

gen bond that is linking them.21, 22 It is also well established that hydrogen bonds

influence vibrational relaxation. In particular, the vibrational lifetimes of both the

∗The term co-conformer refers to one of several specific positions of mechanically interlocked

components with respect to each other.20
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1. Introduction Vibrational normal modes and hydrogen bonding

stretching and bending modes of a monomeric water molecule23, 24 is two orders of

magnitude longer than in liquid water.25, 26 Therefore, by studying the dynamics

of the vibrational normal modes in water, we are indirectly probing the structural

dynamics of its hydrogen bonds.

1.4 Vibrational normal modes and hydrogen bonding

To study the structure and dynamics of hydrogen-bonding systems we focus on the

mid-infrared spectral region. Here, vibrational normal modes like the OH-stretch,

amide I (mainly CO-stretch), II (mainly NH-bend and CN-stretch) and amide A

(NH-stretch) are the best candidates for such studies due to their proximity and

direct link to the hydrogen bonds. The frequency ranges of the vibrational modes

discussed in this thesis are summarized in Fig. 1.1. The center frequencies of both

stretch and bend modes depend strongly on the presence of the hydrogen-bonding.

 !""  #""  $""  %"" &""" &'"" &!"" &$"" &(""

%)! %)' % $)( $)$ $)! $)' $ #)( &)& &)' &) &)" ')* ')( ')% ')$

 !"#$%&'(') "*+,$+-.'/012&$'334

' '

5,$67$%-8'/-1

"9

4

 !"*+,$+-.'/012&$'04

):"*+,$+-.'/012&$'34

!:!"#$%&

!:;"#$%&

:!"*+,$+-.

<=>$?$%@+.'/ 14

' '

Figure 1.1: Typical regions of absorptions for various stretching and bending modes.

Depending on the strength of the hydrogen bond, the frequencies of the amide

A and amide I shift to lower values typically by 200 and 10 cm−1, respectively.
The redshift of the stretch modes is caused by the anharmonic coupling between

the stretch mode (νstretch) and hydrogen-bond mode (νHB). We can assume the

Hamiltonian of the coupled system of νstretch and νHB modes to be27–30
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1. Introduction Infrared absorption spectroscopy

H =
p2

2m
+
mω2q2

2
+
P2

2M
+
MΩ2Q2

2
+Kq2Q, (1.1)

where the q,p,m,ω and Q,P,M,Ω are the normal coordinates, conjugate momenta,

reduced masses, and frequencies of the νstretch and νHB modes, respectively, and K
is an anharmonic coupling constant. We can rewrite this Hamiltonian as31

H =
p2

2m
+
mω2

eff(Q)q2

2
+
P2

2M
+
MΩ2Q2

2
(1.2)

where the effective frequency ωeff(Q) of the νstretch mode is given by

ωeff(Q) = ω

√

1+
2KQ

mω2
≈ ω + const.×Q. (1.3)

The frequency of the νstretch mode is thus approximately proportional to the

hydrogen-bond length Q: the frequency of the stretch mode redshifts approxi-

mately linearly with decreasing hydrogen-bond length.

1.5 Infrared absorption spectroscopy

The interaction of light and matter can have many forms, one of them being the ab-

sorption of photons. Absorption spectroscopy refers to an experimental technique

that measures the wavelength dependence of absorption in a sample. Absorption

is caused by the resonant excitation of electronic, vibrational or rotational states

of studied molecules or atoms. Infrared (IR) radiation does not have enough en-

ergy to induce electronic transitions in the molecular systems studied in this thesis,

and thus IR absorption spectroscopy is in this case restricted to vibrational and

rotational states.

Absorption spectroscopies are among the most common experimental tech-

niques used to study structure and dynamics of hydrogen-bonding systems. All

absorption spectroscopies are based on the same principle: the intensity of light

before (I0) and after (I) the interaction with a sample is measured and compared.

The transmittance T of a homogeneous sample is defined as

T (ν) =
I(ν)

I0(ν)
. (1.4)

However, experimental spectra are generally plotted as the dependence of the ab-

sorbance A on the frequency ν . The absorbance is directly related to the transmit-
tance by

A(ν) = − log(T (ν)) = − log

(

I(ν)

I0(ν)

)

. (1.5)
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1. Introduction Non-linear absorption spectroscopy

Absorbance is also used to quantitatively describe the absorption of light in a mate-

rial by means of the Lambert-Beer law which states that the absorbance of a sample

is directly proportional to its concentration c in a homogeneous solution.

A(ν) = ε(ν)cd, (1.6)

where ε(ν) and d are the molar extinction coefficient as a function of frequency

and the thickness of the sample, respectively.

1.6 Non-linear absorption spectroscopy

The interaction of intense light and matter can be described using non-linear re-

sponse theory which describes the induced polarization P(t) in a sample as a power
expansion of the applied electric field E(t):

P(t) = χ (1)E(t)+ χ (2)E2(t)+ χ (3)E3(t)+ . . . , (1.7)

where χ (1), χ (2) and χ (3) are the 1st, 2nd and 3rd order susceptibilities. While

steady-state absorption spectra are fully determined by the linear term χ (1), to de-

scribe pump-probe, 2D-IR and photon-echo spectroscopy one needs to take the

third term χ (3) into consideration. The processes determined by the second term of

the power expansion are restricted to anisotropic media, e.g. surfaces and birefrin-

gent materials, since χ (2) is zero for isotropic materials.

To extract the relaxation dynamics from steady-state absorption spectra, the

shape of the absorption band has to be determined with very high accuracy. How-

ever, this is often very difficult because of the strong congestion in the IR spectral

region. In many cases the studied absorption band overlaps with other fundamen-

tal, combination or overtone bands.

In vibrational pump-probe spectroscopy, one excites the sample with an intense

infrared pump pulse, and observes the subsequent change in the absorption α by

means of a delayed probe pulse. In this thesis, we generally measure the absorption

change ∆α both as a function of frequency ω and pump-probe delay τ . We res-

onantly excite specific vibrational modes in the electronic (S0) ground state from

the vibrational ground state (v= 0) to the first vibrationally excited stated (v= 1).

As a consequence, the population in the ground state (v = 0) is depleted, whereas

the population in the excited state v = 1 is increased. The resulting absorption

spectrum (Fig. 1.2b - solid line) shows a decrease in absorption at frequency ω
and an increase in absorption at frequency ω −∆ in which ∆ is the anharmonicity.

The difference absorption spectrum ∆α , shown in Fig. 1.2c, is recorded using a

second weaker laser pulse (probe) that passes through the sample and is detected

16



1. Introduction 2D-infrared spectroscopy

with and without the pump being present. Due to the anharmonic nature of the

vibrational potential (ω0→1 6= ω1→2, see Fig. 1.2a) ∆α generally contains negative

contributions (bleaching) coming from depletion of the ground state and stimulated

emission of the excited state, and positive (induced absorption) contributions from

the induced population of the excited state.

Figure 1.2: (a) Vibrational potential energy and schematic representation of the pump-probe

signal of a single vibrational mode. (b) Steady-state absorption spectra of a vibrational mode

where the solid and dashed lines represent the spectrum with and without pump pulse, respec-

tively. The center frequency and anharmonicity of the mode are represented by the symbols ω
and ∆, respectively. (c) Difference absorption spectrum of a single vibrational mode.

The dynamics of a molecular system can be investigated by varying the delay

(τ) between the pump and probe pulse and in this way sampling the difference-

absorption spectrum as a function of τ . It should be noted that there are other

processes like heating effects and energy transfer, that can also contribute to the

difference-absorption spectrum (see Chapters 4 and 8).

1.7 2D-infrared spectroscopy

2D-IR spectroscopy is often compared to the 2D-NMR technique. The great advan-

tage of both methods is their capability to disentangle congested one-dimensional

spectra by projecting them onto a second axis which in the case of 2D-IR spec-

troscopy is the frequency of the pump pulse. The main difference between the
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two techniques is that while 2D-NMR spectroscopy uses the couplings between

nuclear spins to determine the structure, 2D-IR spectroscopy studies the couplings

between vibrational modes. Both techniques allow to determine the geometry and

conformation of systems under study, but the fundamental advantage of 2D-IR

spectroscopy over 2D-NMR is its superior time resolution, which is determined by

the duration of the optical pulses and is usually less than 1 ps.

There are two different methods to perform 2D-IR experiments: a Fourier

transform and a double-resonance approach, which are based on vibrational photon-

echo and pump-probe spectroscopy, respectively. Although they differ in the way

the response function is read out, the obtained structural and dynamical informa-

tion is identical.32–34 The Fourier-transform method allows more precise control

of the experiment since all three pulses may have different polarizations, which

can be used to eliminate particular contributions in the 2D-IR spectrum.35 Another

advantage of this technique is the spectral resolution which is limited only by the

scanning range at which the signal measured, while in case of the double-resonance

method, the spectral resolution is determined by the bandwidth of the pump pulse.

The spectrally narrow pump pulse is also limiting time resolution, which makes the

Fourier-transform method superior when studying systems with sub-ps structural

dynamics. However, experimentally the double-resonance technique is simpler and

faster to perform and it does not require any complex data analysis. Moreover, it

allows greater flexibility, because one does not need to scan the whole pump region

to determine the coupling between one particular mode and the other modes in the

molecule. This feature can be used to obtain a better signal-to-noise ratio by longer

averaging times at specific pump frequencies.32, 36 In this thesis, all 2D-IR spectra

are obtained using the double-resonance method.

Double-resonance 2D-IR spectroscopy differs from one-color pump-probe

spectroscopy in that the spectral bandwidth of the pump pulse, typically chosen

to be about 10 cm−1, is narrower than that of the probe pulse. The 2D-IR mea-

surement consists of a series of pump-probe experiments in which the frequency

of the pump pulse is varied across the probe range to selectively excite each of the

normal modes of the molecule. The absorption spectrum of the studied molecule

is probed at all frequencies with a spectrally-broad probe pulse, and the result is

plotted as a contour plot of the absorption-difference spectrum, see Fig. 1.3c. In

other words, the 2D-IR spectrum is a series of pump-probe spectra where the pump

pulse is relatively narrow to achieve better spectral resolution. By pumping one vi-

brational mode at a time and observing the entire spectral range we can determine

if the vibrational modes are coupled and/or if energy transfer occurs.

The 2D-IR spectrum of two coupled vibrational modes A and B consists of four

separate features (see Fig. 1.3b) each consisting of a negative (blue) and positive

(red) part. Two features are located on the diagonal of the spectrum (peaks 2, 2’, 3
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Figure 1.3: (a) Schematic diagram of energy levels in a system with two coupled vibrational

modes and (b) an example of 2D-IR spectrum.

and 3’) and represent traditional pump-probe signals. As depicted in Fig. 1.3a, each

vibrational state can be written as |nAnB〉 where nA and nB represent the number
of vibrational quanta in modes A and B. When mode A is pumped, the population

from the ground state |00〉 is transfered to the excited state |10〉. The corresponding
peaks for bleaching 3 and induced absorption 3’ are shown at the bottom part of

the 2D-IR spectrum.

The off-diagonal features (peaks 1, 1’, 4 and 4’) arise from the coupling be-

tween modes A and B and can be understood as follows. If two modes are cou-

pled, they can be considered to “share” a common ground state which results in

the spectral feature 4 coming from the transition |00〉 → |01〉. In other words, the
bleaching of the ground state of mode A also causes the bleaching of the 0→1

transition of mode B. After excitation of mode A, the probe pulse can induce not

only an excitation to the overtone |10〉 → |20〉 but also induces the |10〉 → |11〉
transition leading to peak 4’.

Although the diagonal and off-diagonal peaks look similar, they have in fact

entirely different origins. As already explained the diagonal peaks arise from the
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different population of the ground and vibrationally excited state. On the other

hand, the off-diagonal peak can be understood as a shift of the frequency of mode

B due to excitation of mode A by the so-called cross-anharmonicity δAB. If δAB is
smaller than the bandwidth of the absorption band, the signal in the 2D-IR spec-

trum can be approximated by the derivative of the absorption band.

To describe the 2D-IR spectra quantitatively we use an excitonic model.37–39

Here, we discuss the simplest case, a system consisting of two coupled oscillators.

To describe such a system, the eigenstates of the non-interacting oscillators are

chosen as a basis set. In this case the Hamiltonian consist of one zero-exciton, two

one-exciton and three two-exciton manifolds. We will use the same formalism for

describing the number of excitons in state A and B as in the previous paragraphs

(nA and nB). So if the basis set is ordered as

{|0,0〉; |1,0〉; |0,1〉; |2,0〉; |0,2〉; |1,1〉}, (1.8)

the Hamiltonian H will be

H =
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, (1.9)

where ∆ and β are the anharmonicity and coupling strength between the oscil-

lators, respectively, and ε1 and ε2 the vibrational frequencies of the non-coupled
oscillators. In this matrix, the zero-, one- and two-exciton manifold are separated

by lines.

We now discuss harmonic and anharmonic systems both with and without the

presence of a coupling term. The simplest case is the system of two harmonic

oscillators (∆ = 0) with β = 0, where the Hamiltonian is already diagonalized.

Clearly, for two independent harmonic oscillators the eigenvalues associated with

the two-excitonic states will be 2εi and ε1 + ε2. After excitation from the zero- to

one-excitonic state, three transitions contribute to the difference absorption signal:

bleaching (0→1) of the ground state, stimulated emission (1→0) and induced ab-

sorption (1→2) of the excited state. The first two processes contribute to the signal

negatively and the last one positively. Since for a harmonic oscillator the ampli-

tude of the induced absorption is equal to the sum of the bleaching and stimulated

emission,40 the signals will cancel each other for a harmonic system (∆ = 0). The

resulting pump-probe signal would be zero.

The second case is a system of two independent (β = 0) anharmonic oscilla-

tors (∆ 6= 0). The Hamiltonian is already diagonalized in the chosen basis set, so
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the eigenvalues for the one- and two-exciton states are known. In contrast to the

previous case, the eigenvalues for the two-exciton states |2,0〉 and |0,2〉 are shifted
by the anharmonicity. The pump-probe signal will consist of two separate features

since the frequency of the induced absorption is now different from the frequency

of the bleaching and stimulated emission. This leads to a pump-probe signal as

shown in Fig. 1.2.

The next possibility is a system consisting of two coupled (β 6= 0) harmonic

oscillators (∆ = 0). Even without diagonalization of the Hamiltonian, we can say

that all necessary physical information is already in the one-exciton manifold. One

can argue that for ∆ = 0 the energy difference between the |0,0〉 and |1,0〉 states,
and |1,0〉 and |2,0〉 states are the same and thus once we determine the one-exciton
eigenstates, we also know them for the two-exciton states. Although the eigenstates

for the coupled system are different from the ones in the original “uncoupled” basis

set, the same arguments lead to the conclusion that there will be a zero pump-probe

signal here as well. Description of a system with ∆ = 0 and β 6= 0 using a more

traditional nuclear potential energy surface V leads to

V (q1,q2) =
1

2
ε1q

2
1+

1

2
ε2q

2
2+ βq1q2, (1.10)

where the qA and qB represent the nuclear coordinates and the term βq1q2 is the
bilinear coupling term.

The last possible scenario is when both the anharmonicity ∆ and coupling β
are non-zero. In this case, neither of the previous simplifications holds and to find

the new eigenstates and eigenvalues one must diagonalize the complete Hamil-

tonian in Eq. 1.9. Clearly, the eigenstates |2,0〉 and |0,2〉 will be shifted by the

anharmonicity ∆A and ∆B, respectively. Additionally, all eigenstates will be shifted
by the so-called cross-peak anharmonicity δAB, that can be determined to a good

approximation using second-order perturbation theory and is found to be equal to

δAB = 4∆
β 2

(ε2− ε1)2
. (1.11)

To determine all parameters in the 2D-IR spectrum including the cross-peak an-

harmonicity more accurately, we need to diagonalize the complete Hamiltonian in

Eq. 1.9.

As with the previous system, this one can be described using the nuclear po-

tential energy surface, but with the addition of the third order terms 1
6

χ111q31 and
1
6
χ222q32:

V (q1,q2) =
1

2
ε1q

2
1+

1

2
ε2q

2
2 + βq1q2+

1

6
χ111q

3
1+

1

6
χ222q

3
2+ · · · . (1.12)
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In this formalism, the third order terms lead to the diagonal anharmonicity ∆. The
cubic terms qiq

2
j with i= j describe the anharmonicity as being localized on only

one mode. Since the remaining cubic terms (i 6= j) are significantly smaller than

the bilinear coupling term (χi j j � β ) we can safely neglect them. The diago-

nalization of the associated Hamiltonian leads to diagonal ∆i and off-diagonal δi j
anharmonicities. For the previous system we explained that the complete physical

representation of the coupling is already given by the Hamiltonian of the harmonic

potential energy. However, to be able to experimentally determine the value of

coulings, the potentials of the measured system must be anharmonic.

Another important aspect in 2D-IR spectra are the lineshapes of the peaks. It

has been demonstrated that these lineshapes can give an insight into the structural

dynamics and fluctuations, and into the interactions of the vibrational modes with

the surrounding bath. In Fig. 1.3b, we have used Lorentzian lineshapes to simulate

the features in the 2D-IR spectrum, which would be a representation of a 2D-

IR spectrum of homogeneously broadened vibrational modes measured using the

Fourier-transform technique. The choice of the double-resonance method results

in the larger elongation of the peaks in the direction of the pump axis due to the

finite bandwidth of the pump pulse, or in other words, the resolution of the 2D-

IR spectrum in the vertical direction is determined by the bandwidth of the pump

pulse. For the ideal experimental parameters one needs to match the bandwidth of

the pump pulse with the homogeneous bandwidth of the transition and in this way

maximize spectral and temporal resolution.

The peaks in 2D-IR spectra of transitions that are inhomogeneously broadened,

like hydrogen-bonded stretch modes, are generally stretched along the diagonal

axis of the 2D-IR spectrum (see for example Fig. 3.2b, c). To understand this,

we consider the scheme in Fig. 1.4 which depicts how a 2D-IR spectrum is con-

structed in the case of an inhomogeneously broadened absorption band. The top

row shows the steady-state spectrum of such a normal mode after bleaching with a

spectrally narrow pump pulse (solid line) and the original unperturbed absorption

band (dashed line). The population at a specific frequency is bleached and thus

a so-called population hole is “burned”. The corresponding difference absorption

spectrum is shown below each steady-state absorption spectrum. However, this is

only true for relatively short delays between the pump and probe pulse compared

to the spectral diffusion.† As the pump-probe delay approaches the rate of spec-

tral diffusion the diagonal elongation gradually vanishes. In this way, we can use

2D-IR spectroscopy to determine both the equilibrium structure and structural fluc-

tuations of the studied systems.41–43 Dynamics of the structural fluctuations can be

†Spectral diffusion is a process in which structural fluctuations in a system cause random modu-

lations in the absorption frequency of a transition.
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Figure 1.4: Top row: the steady-state absorption spectra of a normal mode where the dashed

and solid lines represent the spectrum without and with the pump pulse. Middle row: the

corresponding difference absorption spectra, while the bottom scheme shows these spectra with

the probe and pump frequencies projected on the x and y axis, respectively.

also determined using three-pulse photon-echo experiments in which the quantity

directly resembling the structural fluctuations is the population dependent photon

echo peak shift (see Chapter 6).

1.8 Outline of this thesis

This thesis consists of two major parts in which the common theme is the structure

and dynamics of two hydrogen-bonding systems: rotaxanes and liquid water. In

the next Chapter, we begin with an introduction of the experimental setups that are

used to study these systems.

The first group of complex molecular systems we have investigated are rotax-
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anes. In Chapters 3, 4 and 5 we determine their equilibrium structure using 2D-IR

and hetero-vibrational IR spectroscopy. To better understand the dynamics of ro-

taxanes we investigate in Chapter 6 the structural fluctuations in their equilibrium

structure using three-pulse photon-echo spectroscopy. In the final and most in-

triguing Chapter 7 about rotaxanes, we investigate their shuttling mechanism using

UV-pump IR-probe spectroscopy.

The second major topic of this thesis concerns liquid water and specifically its

vibrational relaxation. In Chapter 8 we study the relaxation dynamics of the HDO

bending mode in isotopically diluted solution of HDO in D2O. The last Chapter of

this thesis focuses on the mechanism of vibrational relaxation of the H2O bending

mode by investigating the concentration and temperature dependence of its life-

time.
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CHAPTER 2

Experimental methods

2.1 Introduction

To study the molecular dynamics in liquids and molecular devices one needs a

tool which allows to influence and monitor the relaxation processes and structural

changes at the relevant time scales. Femtosecond lasers based on Ti:Sapphire tech-

nology are generally used to perform these experiments because of the high peak

power and stability of the laser light which enables the saturation of vibrational

transitions and at the same time provides fast monitoring of structural and dynam-

ical changes.

Femtosecond lasers typically generate a train of pulses at 800 nm with a repeti-

tion rate on the order of a kHz. To study the vibrations of a molecule, a laser source

in the mid-IR spectral range is needed. Therefore we need to convert 800 nm laser

pulses down to wavelengths ranges from 3 to 7 µm. Using the high peak powers
we employ a non-linear optical generation scheme based on an optical parametric

amplification (OPA) which allows us to down-convert the 800 nm laser pulses to

signal and idler with wavelengths of approximately 1 and 2 µm, respectively. Var-
ious non-linear crystals and generation schemes can subsequently be used to mix

signal, idler and/or 800 nm laser beams to obtain the desired mid-IR laser pulses.

2.2 Light generation

2.2.1 Frequency mixing processes

Wavelength conversion in time-resolved experiments like the ones described in this

thesis is generally achieved using frequency-mixing in non-linear optical crystals.

Any frequency-mixing process can be described using non-linear response theory

in which the induced polarization is usually expressed as a power series in the
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electrical field (see also Section 1.6);

P(t) = χ (1)E(t)+ χ (2)E2(t)+ χ (3)E3(t)+ . . . (2.1)

The terms in the equation represent the linear, second order and third order pro-

cesses, assuming χ (i) is constant. The first process describes the absorption and

refraction of light, the second is responsible for various non-linear effects on sur-

faces, e.g., second-harmonic generation (SHG) and sum-frequency generation

(SFG), while the third is essential for the four-wave mixing response. To describe

the generation of light in non-linear optical crystals, the second term

P(2)(t) = χ (2)E2(t) needs to be considered. Assuming the electric field of the light
source to be given by

E(t) = E1e
iω1t +E2e

iω2t + c.c., (2.2)

the second-order polarization is, assuming a frequency independent χ (2), given by

P(2)(t) = χ (2)(E21 (t)e
−2iω1t +E22(t)e

−2iω2t (2.3)

+2E1(t)E2(t)e
−i(ω1+ω2)t +2E1(t)E

∗
2 (t)e

−i(ω1−ω2)t + c.c.)

+2χ (2)(E1(t)E
∗
1 (t)+E2(t)E

∗
2 (t)).

This expression has frequency components different from ω1 and ω2 that are asso-

ciated with SHG, SFG and difference frequency generation (DFG).

SHG ⇒ 2ω1 and 2ω2 (2.4)

SFG ⇒ ω1+ ω2

DFG ⇒ ω1−ω2.

The last term in Eq. 2.3 describes the process of optical rectification which leads to

generation of a constant electric polarization and a subsequent DC voltage in the

medium.

The efficient generation of these new frequencies also depends on the spatial

variation of the interacting fields. Thus, the light that is generated in different parts

of the non-linear crystal can interact destructively, thus decreasing the intensity of

the generated light. To ensure that the interference is constructive, the wave vectors

of the fields (see Fig. 2.1) must obey the so-called phase-matching condition.

∆~k=~k1 +~k2−~k3 = 0 (2.5)
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Since efficient amplification of radiation can occur only when the wave vectors

of the non-linear polarization and the generated light match, the phase-matching

condition can for difference-frequency processes be written as

k3 = k1− k2 (2.6)

which since k = ω/c can also be written as

n3ω3 = n1ω1−n2ω2. (2.7)

The interacting fields are customary called from the most to the least intense pump

(ωp), signal (ωs) and idler (ωi), which allows us to rewrite Eq. 2.7 as

npωp = nsωs +niωi (2.8)

It can be shown that since ωp = ωs + ωi, for materials with “normal” dispersion

(the refractive index (n) increases with rising frequency) it is not possible to fulfill

the phase-matching condition.

Figure 2.1: Unless special measures are taken as explained in the text, the phase-matching

condition (∆k=0) cannot be fulfilled in materials with normal refractive indices.

In principle, it is possible to achieve the phase-matching condition using mate-

rials with an anomalous dispersion. However, the phase-matching condition is typ-

ically fulfilled using birefringent materials in which the refractive index depends

on the polarization direction, so that the refractive indices for parallel and perpen-

dicular polarizations are independently adjustable. This method is usually called

angle-tuning phase-matching. Uniaxial birefringent crystals have two different in-

dices of refraction. These so-called ordinary and extraordinary indices of refraction

are usually denoted as no and ne, respectively, see Fig. 2.2. Equation 2.9 describes

the dependence of the effective refractive index (neff) on the incident angle (θ ).

1

n2eff(θ)
=
cos2θ

n2o
+
sin2θ

n2e
(2.9)
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Figure 2.2: Process of phase-matching of the waves generated in different parts of the non-

linear crystal.

By changing the incident angle of light at the birefringent crystal, we can tune

the effective refractive index experienced by the interacting fields and thus fulfill

the phase-matching condition. This so-called angle tuning technique allows us to

efficiently generate various frequencies in the mid-IR spectral range.

2.2.2 Optical parametric amplification and mid-IR light generation

As mentioned before, presently there is no femtosecond laser capable of generat-

ing light with wavelengths in the mid-IR. The second order polarization can, apart

from the processes described in the previous section, also lead to an optical para-

metric amplification. In this process an intense pump beam propagates through a

non-linear crystal together with a seed beam with a lower frequency. Non-linear

interaction of the seed and pump beams in the crystal lead to a stronger output of

the light at the seed wavelength. In this process, the photons of the pump beam

are split into lower-energy signal and idler photons (Fig. 2.3). Simultaneously, the

intense pump beam is proportionally depleted. The frequency of the signal and

idler generated using the optical parametric amplification process is determined by

the phase-matching and the frequency of pump photons.
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Figure 2.3: In the optical parametric amplification scheme the pump beam is overlapped with

the seed beam in a non-linear crystal, generating the signal and the idler while depleting the

intensity of the pump. The frequency of the pump is the sum of signal and idler frequencies.

2.3 Experimental setups

2.3.1 Femtosecond laser system

We use a commercially available Ti:Sapphire based laser system as a source of fem-

tosecond laser pulses. The oscillator (MaiTai - Spectra Physics) generates 100 fs

pulses at 800 nm at an 80 MHz repetition rate. The output of the oscillator is used

to seed a regenerative amplifier (Hurricane - Spectra Physics), which is pumped

by a 10 W solid state Nd:YLF laser (Evolution - Spectra Physics) with a repetition

rate of 1 kHz. The seeded pulses are stretched to a few hundreds of ps on a grating

to avoid any damage in the amplifier’s cavity. The Evolution output is then coupled

into the amplifier cavity by a Pockels cell which picks a pulse from the oscillator

pulse-train. After amplification and recompression on the same grating, pulses of

100 fs duration with 1 mJ energy at 800 nm and with a 1 kHz repetition rate are

obtained.

However, there is a significant weakness in the design of the Hurricane laser

system. The 80 MHz oscillator output and the 1 kHz Evolution pump are not

synchronized. Therefore, the electronics in the Pockels cell controller picks the

oscillator pulse that happens to be closest to its internal 1 kHz clock. This results

in a jitter of 25 ns (± 12.5 ns from the origin) between the Evolution trigger and

the actual output of the Hurricane. Although this is not causing any problems or

restrictions for the standard pump-probe or 2D-IR experiments, the jitter is greatly

decreasing time resolution for the experiments where two independent and syn-

chronized lasers are needed (Chapter 7). As shown in Subsection 2.3.7, we have

overcome this problem by using the oscillator pulses as the external trigger for both

the Evolution and UV nanosecond laser.
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2.3.2 Optical parametric amplifier and mid-IR light generation

The output of the Hurricane laser system is coupled into a commercial optical para-

metric amplifier (OPA) from Spectra Physics, see Fig. 2.4. Approximately 1% of

the beam is split off and focused into a sapphire plate where a broad spectrum of

“white light” continuum is generated. The white light or continuum is predom-

inantly caused by self-phase modulation.44 Another 10% is split off by a beam

splitter (BS) to pump the optical parametric generation process in a 1 mm thick

type II β -Barium Borate (BBO) crystal. In this case, the seed is the previously

generated white-light continuum, which provides photons with all energies down

to IR. This is the first amplification pass, which as explained in the previous chap-

ter, generates the signal and idler. Using a dichroic mirror (DM) only the idler is

transmitted and used as a seed for the second main parametric amplification stage,

where it is overlapped in time and space with the leftover (∼90%) of the 800 nm

beam. Typically, an energy of approximately 80 µJ of combined signal and idler
at 1 kHz repetition rate and with 100 fs pulse duration is generated.

Unfortunately, due to the strong absorption of BBO at mid-IR wavelengths it

is not possible to generate light with these wavelengths directly. We have used two

different ways to generate mid-IR frequencies. In the first scheme (see Fig. 2.4) we

use as a pump beam approximately 20% of the output of the Hurricane laser system

that is split off just before the OPA. The idler tuned to approximately 2000 nm is

doubled in a second BBO crystal and overlapped in time and space with the pump

light in a 1 mm thick Potassium Titanium oxide Phosphate crystal (KTP) with a

cut angle of 42◦. Type II DFG takes place and the difference frequency (800 nm -

1000 nm) in the mid-IR is generated. The disadvantage of this scheme is that the

KTP crystal starts to absorb at about 4000 nm so the generation of light in the mid-

IR range is limited. The output energy is typically 10 µJ per pulse and by focusing
the 800 nm beam ( f = 25 cm) we can generally achieve pulses with a duration of

120 fs and a with a full width at half maximum (FWHM) of about 200 cm−1.
The second scheme is to mix the signal and idler directly and again make use

of DFG to create mid-IR light. In this case we use a silver gallium sulphate crystal

(AgGaS2) which allows for the generation of the mid-IR down to 10000 nm. The

disadvantage is a lower output energy (about 1 µJ per pulse with a duration of

about 150 fs). To optimize temporal and spatial overlap of the signal and idler we

separate them using a dichroic mirror. Due to the dispersion in the OPA the signal

arrives at a different time than the idler which we compensate for by a manual delay

stage. The signal and idler are focused onto the AgGaS2 crystal (2 mm thick) using

mirrors with a 50 cm focal length. The generated mid-IR beam is collimated using

a similar mirror and coupled into the pump-probe setup.
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Figure 2.4: The experimental setup of the Optical Parametric Amplifier (OPA) and mid-IR

light generation setups are shown. The solid, dashed and dotted lines represent 800 nm, near-

IR (signal and idler) and white light continuum, respectively. The generated mid-IR light is

depicted using the gray solid lines.

2.3.3 One-color mid-IR pump-probe setup

The pump-probe setup is based on a design reported by Hamm et al.,45 see Fig. 2.5.
Approximately 5% of the mid-infrared light is split off with a wedged BaF2 win-

dow to obtain probe and reference pulses. The angle of reflection should not be

larger than 20◦ due to the angle dependent reflectivity of linearly polarized light

which could cause significantly different intensities for the probe and reference

beams. The transmitted light is used as the pump pulse which passes through a

half-wave plate that allows for various relative polarizations of the pump with re-

spect to the probe. The pump and probe pulses are focused and overlapped in the

sample by means of a f = 100 mm off-axis parabolic mirror (focal diameters of

∼400 and ∼250 µm for pump and probe, respectively). The transmission of probe

and reference is measured by frequency-dispersed detection using a commercially

available monochromator (Oriel - Newport) and a 2 × 32 HgCdTe (MCT) array
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detector (IR Associates) with (T (ω)) and without (T0(ω)) pump present. This is

achieved by means of a chopper (Arstec) that is set to allow every second pump

pulse to come through. In this way the sample experiences pump pulses with a

repetition rate of 500 Hz. The response of the MCT detector decays with a time

constant of about 1 µs and therefore we use a sample-and-hold amplifier (designed
by Hamm Elektronik, GmbH) that gives enough time for the A/D cards (Mea-

surement Computing) to read-out all 64 MCT channels. All components of the

pump-probe setup are controlled using a custom-made measurement program.

Figure 2.5: The experimental pump-probe setup.

Typically, during pump-probe experiments the normalized absorption change

is determined as a function of the delay τ between the pump and the probe. This

delay is induced using a mechanical delay stage (Newport). To increase the signal-

to-noise ratio we divide both the probe with and without pump by the intensity of

the reference:

∆α(ω ,τ) = log

(

Ipr(ω ,τ)

Iref(ω)

/ Ipr,0(ω)

Iref,0(ω)

)

, (2.10)

The indices pr and ref represent the transmission spectrum of the probe and the ref-

erence beams, respectively. A typical measurement with an error bar of 0.01 mOD

requires averaging approximately over 4 minutes (120 thousand pump pulses). In
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order to determine the rotational-free decay (RF) and anisotropy (A) signals we

control the polarization of the pump with respect to the probe pulse using a zero-

order half-wave plate. To completely determine both these signals one needs to

measure only the absorption change as a function of delay for the parallel (∆α‖)
and perpendicular (∆α⊥) respective polarizations of the pump and probe. Using

the formulas

∆αRF =
1

3
(∆α‖ +2∆α⊥) (2.11)

A=
∆α‖−∆α⊥

∆α‖ +2∆α⊥
(2.12)

it is possible to calculate the rotational-free and anisotropy signals. It is also

possible to measure the rotational-free signal directly by setting up the angle be-

tween the polarizations of the pump and the probe to the so-called magic angle

(arctan
√
2= 54.7◦).

2.3.4 2D-mid-IR pump-probe setup

We measure 2D-mid-IR pump-probe spectra using a modified one-color pump-

probe setup, which is extended with a tunable Fabry-Perot etalon positioned in

the pump beam. It allows us to excite the sample with a spectrally narrow pump

while the probe is left with the original broadband spectrum. In this way we can

selectively excite an individual vibrational mode, but still have the possibility to de-

tect the sample response at all wavelengths. The Fabry-Perot etalon consists of two

mirrors with∼90% reflectivity that are kept in piezoelectric-controlled mounts and

positioned parallel with respect to each other. When a light beam passes through

the etalon, multiple-beam interference takes place and the etalon acts as narrow-

band filter with a series of transmission maxima that are uniformly spaced when

expressed in wavelength units. The complete spectrum of the transmitted beam

(AT ) is calculated by summing all transmitted waves and can be expressed using

the reflectivity (R) and the interference order (m) as

AT = (1−R)
∞

∑
m=0

Rmeimφ . (2.13)

The phase shift φ that is experienced between the transmitted and the reflected

beam after one roundtrip through the cavity with the length l and refractive index

(n) is equal to:

φ =
4πnL

λ
. (2.14)
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This geometrical series in the Eq. 2.13 can be expressed analytically so the sum

becomes

AT =
(1−R)

1−Reiφ . (2.15)

The intensity of the transmitted beams is given by ATA
∗
T , which, using Euler’s

formula, gives the transmission function

Te = ATA
∗
T =

(1−R)2

1+R2−2Rcos(φ)
. (2.16)

Substituting φ using Eq. 2.14, assuming that at the maximum transmission L =
mλ0/2, refractive index n= 1 and for λ = λ0+ δλ we can write Te(λ ) as

Te(λ ) =
(1−R)2

1+R2−2Rcos
(

2πm
(

1− δλ
λ0

)

) . (2.17)

The cos(δλ/λ0) function can be approximated by a Taylor series expansion and
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Figure 2.6: Calculated time profile of the Fabry-Perot etalon output for 7th interference order.

as a result we can describe the transmission spectrum close to the maximum of

transmission by a Lorentzian function

Te(λ ) ∝
1

Γ2+(λ −λ0)2
. (2.18)

By applying a Fourier transformation on the total transmission spectrum (see

Eq. 2.17) we get an output time profile of the Fabry-Perot etalon (see Fig. 2.6) as

an exponential decay function. It is also possible to explain the time dependence of

the Fabry-Perot output in more intuitive way taking the output as a sum of individ-

ual transmission peaks delayed by τ = 2Lcn. As the distance between the mirrors
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decreases the transmission peaks move further apart. To be able to use the Fabry-

Perot etalon for 2D-IR experiments we usually need a transmission peak for the

pump beam with a FWHM of ∼10 cm−1. This is achievable using the 7th interfer-
ence order at 1600 cm−1 as shown in Fig. 2.7. To estimate the interference order m
from the neighboring transmission maxima one needs to express λm+1−λm using
Eq. 2.14 where λm = 2L/m. The interference order can then be simply verified

using the following equations for λ and ν :

m=
λm+1

λm−λm+1

=
νm

νm+1−νm
. (2.19)

The piezoelectric-controlled mounts allow us to change the distance between the
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Figure 2.7: Calculated transmission spectrum of the pump beam for 7th and 10th order.

mirrors with great accuracy and thus tune the transmission of the etalon to the

desired wavelength and with the required FWHM. We can control the position of

the mounts using a computer-controlled voltage supply. By means of a feedback-

loop algorithm we can automatically scan the pump frequency during acquisition

of data.

2.3.5 Two-color mid-IR pump-probe setup

In order to perform two-color mid-IR pump-probe experiments we have used a

commercially available Ti:Sapphire regenerative amplifier system (Titan - Quant-

ronix) which delivers 100 fs pulses centered at 800 nm with three times the in-

tensity of the Hurricane system. The output of the Titan is split into three beams;

the first pumps an OPA, the second is used for difference frequency generation of

mid-IR using a KTP crystal, and the last is pumping the commercial 5-pass Trav-

eling wave Optical Parametric Amplifier of Super-fluorescence (TOPAS - Light

Conversion). The TOPAS is also an OPA but with the difference that the opti-

cal parametric amplification is not seeded with white light but uses the process
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of super-fluorescence. The output of the TOPAS is overlapped in a KTP crystal

with 800 nm pulses from the Titan, generating using DFG mid-IR light with an

energy of ∼10µJ and pulses with 80 cm−1 FWHM at 3300 cm−1. The outputs of
the TOPAS and the OPA are used as pump and probe pulses, respectively, in the

pump-probe setup described in the previous chapter.

2.3.6 Three-pulse photon-echo setup

The three-pulse photon-echo technique is a method to study ultrafast processes like

vibrational relaxation and spectral diffusion. Our three-pulse photon-echo setup

(Fig. 2.8) uses the mid-IR light generated by DFG of 800 nm and the doubled idler

in a KTP crystal as described in the previous chapter.

Figure 2.8: The experimental three-pulse photon-echo setup.

The mid-IR laser pulses are split into three separate beams of equal intensity

by means of 66% and 50% beamsplitters, where each of them is delayed in time

with respect to the others using two mechanical delay stages. All three pulses are

focused and overlapped in the sample, and recollimated using two 100 mm off-axis

parabolic mirrors. They interact with the sample in a certain order creating a system

response shown in Fig. 2.9. The first two pulses interfering in the sample imprint

a spatial grating of the complex refractive index. The third pulse is diffracted by

this grating, producing a signal that is generated in the conjugated phase-matched

directions ~ks = ~k3+~k2−~k1 and ~k′s = ~k3+~k1−~k2.
46 By changing the delay between
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the first two pulses t12 we can probe the dephasing dynamics, while the signal

measured when the delay t23 is varied reflects mostly the dynamics of population

relaxation and reorientation. The generated photon-echo-peak shift (PEPS) signals

are detected simultaneously using single pixel MCT detectors. To minimize the

scattering effects of any of the original pulses into the ks and k
′
s directions, we chop

one beam and detect the zero-background signal at a 500 kHz repetition rate. In

addition we use a beam blocker (mask) for all original beams with two holes that

are positioned in the directions of the echo signals.

Figure 2.9: Geometry of the beams in the three pulse photon-echo experiments.

2.3.7 Nanosecond UV pump mid-IR probe setup

For the nanosecond UV-pump mid-IR probe experiments we have used a pump-

probe setup in which the output of a commercial pulsed

Nd:YAG laser system (IB Laser DiNY pQ) was used as a pump beam. The typical

output energy of the Nd:YAG laser is ∼2 mJ per pulse at 355 nm (tripled 1064 nm

fundamental) with a typical pulse duration of 10 ns. To be able to use two inde-

pendent lasers for time-resolved pump-probe studies one needs to synchronize and

control their relative time delay. We have achieved this using the external triggering

of both laser systems by means of pulse/delay generators, see Fig. 2.10.

A fast silicon photodiode detects the residual output of the Ti:sapphire oscilla-

tor with a repetition rate 80 MHz (1 pulse every 12.5 ns). This signal is amplified

and a home-built frequency divider picks up every 80000th pulse which effectively

decreases the frequency of the pulse train to 1 kHz (1 pulse every 1 ms). The 1kHz

pulses are used to trigger BNC (Berkley Nucleonics Corporation, Model 575) and
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Figure 2.10: Triggering scheme of the Hurricane and Nd:YAG lasers.

Stanford (Stanford Research Systems, DG 535) pulse generators. The Stanford

and BNC pulse generators trigger and Q-switch the Evolution (the pump laser of

the Hurricane) and the Nd:YAG nanosecond laser, respectively. The Evolution

laser is pumped and Q-switched at a 1 kHz repetition rate, while the pump and

Q-switch of the Nd:YAG laser are triggered at 500 Hz and 20 Hz, respectively, to

avoid heating effects in the sample cell windows. The chopper and the A/D cards

are triggered using the BNC pulse generator at 20 Hz in such a way that they are

synchronous and in-phase with the Q-switch of the Nd:YAG laser. It should be

mentioned that the build up in the Evolution laser takes a shorter time than in the

Nd:YAG laser. Thus we have to use the previous pulse from the kilohertz train that

is used as Evolution trigger to trigger the build up process (pump) in the Nd:YAG

laser. The synchronization sequence of the Hurricane and Nd:YAG lasers is shown

on Fig. 2.11. To be able to control and change the delay between the mid-IR and

UV pulses one cannot use a mechanical delay stage because to achieve a delay of

1 µs would require a pathlength of ∼300 m. To generate the time delays we use a
computer controlled BNC pulse generator which controls and changes the delay of

the pump and the Q-switch for the Nd:YAG laser.

The resulting 355 nm pulse train of the Nd:YAG laser is coupled into the pump-

probe setup and focused using a CaF2 lens ( f = 20 cm focal length) with the focus

at a position ∼5 cm behind the sample, which is between the off-axes parabolic

mirrors. The probe and reference are then coupled into the the monochromator and

detected using a 2 × 32 HgCdTe (MCT) array detector. The resulting pump-probe

signals are calculated in the same way as described for the one-color pump-probe

experiments.
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Figure 2.11: Pulse sequence for the triggering of the Hurricane and Nd:YAG lasers.

2.3.8 General information about used materials and sample cells.

In the experiments on mixtures of H2O and D2O the sample was kept in a stan-

dard IR circular sample cell with 1 mm thick CaF2 windows that where separated

by a 50 µm thick Teflon spacer. The temperature is controlled with an accuracy

of ∼5 C◦ using a home-built water-cooled temperature sample cell with Peltier

elements to induce or extract heat from the sample.

In the experiments on rotaxanes we have used a sealed rectangular FT-IR sam-

ple sell (Apollo-Scientific) with a 1 mm thick spacer. All non-deuterated and

deuterated solvents used in this thesis were acquired from Sigma-Aldrich and

Euriso-top, respectively. During the UV-IR nanosecond pump-probe experiments

we have used a demountable rectangular sample cell with 2 mm thick CaF2 win-

dows and a 1.1 cm thick Teflon spacer. The sample was circulated and bubbled

with argon continuously. All FT-IR spectra were measured using a commercially

available spectrometer (Vertex 70 Bruker) with a resolution of 1 cm−1. To acquire
the FT-IR spectra in the spectral region down to 500 cm−1 ZnSe windows were
used.
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CHAPTER 3

Probing the structure of a

rotaxane with 2D-IR

spectroscopy

3.1 Introduction

Man-made molecular machines can be considered as nanoscale versions of their

macroscopic analogues. However, many well-known macroscopic concepts no

longer apply at a molecular level. For instance, the concept of viscous friction be-

comes meaningless as the size of moving object approaches that of the molecules

of the surrounding medium, and as the time scale of the motion approaches that of

the molecules of this medium.47 This is a new regime of device operation, where

the elementary component motions (rotations around covalent bonds, the making

and breaking of hydrogen bonds) and the fluctuations of the surroundings both take

place on the picosecond or subpicosecond time scale. Hence, for a detailed under-

standing of the physics and chemistry of molecular devices, experiments that probe

their structure and dynamics on an ultrafast time scale are essential, the insights ob-

tained from such experiments being crucial for potential applications.

One class of synthetic mechanical molecular devices that has attracted consid-

erable attention is based on mechanically interlocked architectures (rotaxanes and

catenanes) to reduce the relative degrees of freedom of the components. We have

therefore investigated whether the co-conformation of a rotaxane48, 49 can be de-

termined using the 2D-IR spectroscopy. We have chosen the [2]rotaxane shown

in Fig. 3.1, which is composed of a benzylic amide macrocycle mechanically in-

terlocked onto a succinamide-based thread and held in position by a network of

hydrogen bonds.4 This rotaxane is representative for a large class of rotaxane- and

catenane-based devices which includes molecular shuttles3 and motors.15, 50
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θ
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5

3

2

1

r

Figure 3.1: X-ray crystal structure of the rotaxane investigated in this chapter.4 For clarity, the

carbon atoms in the thread are colored yellow, and only hydrogen atoms involved in hydrogen

bonds are shown. The carbonyl groups are numbered, and the distance r and angle θ that have

been determined from the 2D-IR spectrum are indicated.

3.2 Materials and methods

Mid-IR femtosecond pulses obtained using techniques described in Section 2.3.2

are coupled into the 2D-IR pump-probe setup (see Section 2.3.4) that is used to

resonantly excite and probe the C=O-stretching modes of the studied rotaxane. The

synthesis and purification of the rotaxane have been described in detail elsewhere.4

The experiments are carried out at room temperature on a 2.5 mM solution of the

rotaxane in water-free CHCl3. The sample is kept in a sealed 1 mm thick IR sample

cell.

42



Can we take a picture of a rotaxane with ps time-resolution? Results and discussion

3.3 Results and discussion

3.3.1 One- and two-dimensional vibrational spectrum

Figure 3.2a shows the steady-state infrared absorption spectrum of the rotaxane in

CHCl3. The peaks at 1610 cm−1 and 1660 cm−1 are due to the C=O-stretching

modes of the thread (labeled 1 and 2 in Fig. 3.1) and the macrocycle (labeled 3–

6), respectively, where the assignment of the peaks follows from comparing the

spectrum of the rotaxane with that of the thread alone. Due to the symmetry of

the rotaxane, the four C=O groups in the macrocycle are equivalent, and the same

holds for the two C=O groups in the thread.
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Figure 3.2: (a) C=O-Stretching re-

gion of the absorption spectrum of the

rotaxane shown in Fig. 3.1, dissolved

in CHCl3 (solvent background sub-

tracted). Dashed line: typical power

spectrum of a pump pulse. (b) Two-

dimensional spectrum of the rotax-

ane, at a pump-probe delay of 1 ps,

for parallel polarizations of the pump

and probe pulses, showing the tran-

sient absorption change ∆α as a func-

tion of the pump and probe frequen-

cies. Red colors indicate positive ∆α ,
blue colors negative ∆α . The con-

tour level spacing is 0.51 mOD. Five

additional contours above and below

∆α = 0 are drawn with a level spac-

ing of 0.085 mOD. (c) The same,

for perpendicular polarizations of the

pump and probe pulses. The con-

tour level spacing is 0.19 mOD. Five

additional contours above and below

∆α = 0 are drawn with a level spac-

ing of 0.032 mOD. The arrows indi-

cate the most prominent cross peaks.

Figures 3.2b and c show the two-dimensional vibrational spectra of the ro-

taxane for parallel and perpendicular polarizations of the pump and probe pulses,

respectively. At the diagonal of the graph, two intense positive-negative doublets

arise from resonant excitation of the C=O-stretching modes of the macrocycle and

the thread. As explained in section 1.7, transfer of population from the v = 0 to
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the v = 1 state upon resonant excitation leads to a negative absorption change at

the v= 0→ 1 transition frequency (caused by bleaching and v= 1→ 0 stimulated

emission), and a positive absorption change at the v = 1→ 2 transition frequency.

Since the anharmonic shift ∆ (the redshift of the v = 1 → 2 frequency with re-

spect to the v = 0→ 1 frequency) is comparable to the homogeneous line widths

of the C=O-stretching modes (see Table 3.1), the positive and negative absorption

changes overlap. The negative extrema along the probe axis therefore occur at

frequencies slightly higher than the v= 0→ 1 transition frequencies.

3.3.2 Macrocycle-thread coupling

In the off-diagonal (lower right and upper left) regions of the 2D spectrum cross

peaks are observed, the most prominent of which have been indicated by arrows in

Fig. 3.2. The presence of these cross-peaks shows that the C=O-stretching modes

of the macrocycle and the thread are coupled. Like the diagonal peaks, each cross

peak consists of a positive-negative doublet. However, these peaks are not a di-

rect consequence of the population in the excited state and their nature can be

understood as follows. When there is a coupling between two modes a and b, the

frequency of the state in which both modes are in the v = 1 state is lower than

νa+ νb by the cross-anharmonicity xab.51 As a consequence, exciting one of the

modes effectively gives rise to a change of −xab in the frequency of the other. This
frequency change is in general smaller than the line width, so the difference in

absorption between the original and the shifted peak looks approximately like the

derivative of the absorption band, and the height of the cross-peak is proportional

to the coupling between the modes.51 For the cross peak at the bottom right in

Fig. 3.2c, the positive-negative feature is clearly observed. The cross peak in the

left-top part of the 2D plot overlaps with the much stronger v = 1 → 2 excited-

state absorption of the macrocycle C=O stretching mode on the diagonal, and the

negative part of the cross peak around (νprobe,νpump) = (1620,1660) cm−1 is su-
perimposed on the much bigger positive contribution from the diagonal peak.

Fig. 3.3 shows horizontal cross sections at νpump = 1610 cm−1 through the

2D-IR spectra for parallel and perpendicular polarizations of the pump and probe

pulses. The polarization dependence of the cross peaks is clearly different from

that of the peaks on the diagonal, which shows that the cross peaks do not arise

from excitation by the wing of the power spectrum of the pump. From the ratio of

the parallel and perpendicular signals, we find that the anisotropy of the diagonal

peak is 0.37, close to the theoretically expected value of 0.4.52 The anisotropy of

the cross peak can be determined in the same way from the cross-peak amplitudes

for parallel and perpendicular polarizations of pump and probe. In order to elimi-

nate the small background contribution of the diagonal peak at the position of the
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cross peak, we use the difference between the positive maximum and the negative

minimum values as the amplitude, and we find the value of cross-peak anisotropy

to be−0.05. Due to the localized nature of the eigenstates, the angle θ between the

macrocycle and the thread carbonyl groups (see Fig. 3.1) can be directly derived

from the cross-peak anisotropy, see section 3.4.3.

-6

-4

-2

0

2

4

1580 1600 1620 1640 1660 1680

∆
α

 (
m

O
D

)

probe frequency (cm
-1

)

νpump = 1610 cm
-1

||
2.75 × ⊥

Figure 3.3: Cross sections through the two-dimensional spectra at νpump = 1610 cm−1. The
spectrum for perpendicular pump and probe polarizations has been scaled to make the peaks at

the diagonal equally large.

3.3.3 Structural inhomogeneity

From the shape of the diagonal peaks, it is clearly seen that the spectral response

of the thread and macrocycle C=O-stretching bands depends on the pump fre-

quency: for low pump frequency, the positive and negative extrema occur at lower

probing frequencies than for high pump frequency. This implies that the C=O-

stretching bands are inhomogeneously broadened: there exists a distribution of

C=O-stretching frequencies which is static on the time scale of the experiment.

From the shape of the diagonal peaks, the homogeneous line width and the width

of the spectral distribution can be determined,53–56 and we find that both for the

macrocycle and the thread the width of this distribution is larger than the couplings

between the C=O-stretching modes (see section 3.4). The stretching frequency of

a C=O group involved in a hydrogen bond depends on the length of this hydrogen

bond,56, 57 and the spectral inhomogeneity of the C=O bands therefore most likely

arises from a distribution of C=O· · ·H hydrogen-bond lengths. Such distributions

of C=O· · ·H hydrogen-bond lengths have been observed previously in other molec-
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ular systems.58–61

3.4 Quantitative analysis

3.4.1 Model

To obtain estimates for the macrocycle–thread coupling and the widths of the in-

homogeneous distributions of the macrocycle and thread frequencies, we have per-

formed a least-squares fit of a calculated 2D spectrum to the experimental data.

The cross-peak intensity is determined mainly by the magnitude of the coupling

between neighboring C=O groups (the pairs 1–3, 1–4, 2–5, and 2–6 in Fig. 3.1).

Since the coupling strength decreases rapidly with the distance between the cou-

pled oscillators,62 the other macrocycle–thread couplings (e.g., between pair 1–6)

are much smaller, and contribute negligibly to the macrocycle–thread cross-peak

intensity. The couplings between C=O groups within the macrocycle (e.g., pair

3–4), and between the C=O groups modes within the thread (pair 1–2) might in

principle lead to splittings of the macrocycle and thread absorption bands. How-

ever, since these couplings are small compared to the homogeneous line widths and

the widths of the inhomogeneous distributions (see below), their magnitudes have

a small influence on the 2D spectrum, and hence cannot be determined from our

experimental results. For this reason, we treat only the macrocycle–thread cou-

pling β as a free parameter in the least-squares fit, and keep all other couplings

(macrocycle–macrocycle, thread–thread, and couplings between macrocycle and

thread groups on opposing sides of the rotaxane) fixed at values which we obtain

from density-functional calculations at the B3LYP/6-31G∗ level on the harmonic
force-fields of the isolated macrocycle and thread. From these calculations, we

obtain the frequencies of the normal modes of the macrocycle and of the thread.

There are four normal modes involving the C=O stretching motions in the macro-

cycle, and from the differences between their frequencies the couplings can be

obtained. The same holds for the two C=O-stretching modes of the thread. Using

the uncoupled C=O-stretching modes as the basis set and numbered as in Fig. 3.1,

we obtain the following one-exciton Hamiltonian:

H(1) =

















ε1 2.7 β β
2.7 ε2 β β

β ε3 2.7 0.2 0.1
β 2.7 ε4 0.1 0.2

β 0.2 0.1 ε5 2.7
β 0.1 0.2 2.7 ε6

















, (3.1)
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where the thread- and macrocycle-parts of the Hamiltonian have been separated

by lines, and the couplings have been expressed in cm−1. The two-exciton Hamil-
tonian can be constructed from the one-exciton Hamiltonian in a straightforward

way,38, 63 the only additional parameters needed being the anharmonic shifts ∆T and

∆M (difference between the 0→1 and 1→2 frequencies) of the thread and macro-

cycle C=O stretching modes.

The eigenstates are obtained by diagonalizing the one- and two-exciton Hamil-

tonians, and the transition-dipole moments can be constructed from the local-

ized transition dipoles using the eigenvector coefficients. The directions of the

transition-dipole vectors are obtained from the X-ray structure. We keep the direc-

tion of the transition dipoles in the macrocycle and in the thread fixed with respect

to the macrocycle and thread respectively, but treat the angle θ between proxi-

mate macrocycle and thread dipoles (and hence effectively, the orientation of the

macrocycle relative to the thread) as a free parameter. In case of a distribution of

angles, θ would represent an average of this distribution. From the eigenstates and

transition dipoles, the 2D pump-probe response can be calculated.38, 52

The line broadening is taken into account using the Bloch model.52, 64 For

a particular molecular conformer, each transition has a homogeneous line width

2ΓM or 2ΓT, which can be different for the macrocycle and thread C=O stretch-

ing modes.∗ The spectral inhomogeneity is modeled by independent Gaussian

probability distributions for the site frequencies of the macrocycle and thread C=O

groups:64

P(ε1, . . . ,ε6) = ∏
i=1,2

e−(εi−εT)2/2σ2
T

√
2πσT

∏
j=3...6

e−(ε j−εM)2/2σ2
M

√
2πσM

. (3.2)

A homogeneous 2D spectrum can be calculated for each realization

{ε1,ε2, . . . ,ε6}, and by integration over all realizations, weighting with the above

probability distribution, the ensemble-averaged 2D spectrum is obtained. This

multi-dimensional integration is carried out numerically using a Monte-Carlo

method.66 The parameters obtained from the least-squares fit are listed in Table 3.1,

and the result of the fit is shown in Fig. 3.4.

3.4.2 Structural parameters

From the fit, the angle θ (see Fig. 3.1) is found to be 48◦±10◦, which is compara-
ble to the angle in the crystal structure. In the X-ray structure, the angles between

∗The homogeneous dephasing rates of the 1→ 2 transitions are larger than those of the 0→ 1

transitions because the T1 values of the 2→ 1 transitions are shorter than those of the 1→ 0 transition.

We use the harmonic approximation65 in which T1(2→ 1) = 1
2T1(1→ 0).
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Figure 3.4: Calculated 1D and 2D

spectra, obtained using the couplings

given in Eq. 3.1 and the best-fit values

given in Table 3.1

(a) Calculated steady-state absorp-

tion spectrum. (b) Calculated two-

dimensional spectrum of the rotax-

ane at a pump-probe delay of 1 ps,

for parallel polarizations of the pump

and probe pulses. Red colors indicate

positive ∆α , blue colors negative ∆α .
The contour level spacing is the same

as in Fig. 3.2b. (c) The same, for per-

pendicular polarizations of the pump

and probe pulses. The contour level

spacing is the same as in Fig. 3.2c.

Table 3.1: Values of spectral parameters of the thread and macrocycle C=O-stretching modes,

obtained from the least-squares fit shown in Fig. 3.4.

Parameter Thread Thread-macrocycle Macrocycle

∆, cm−1 12±3 9±3
2Γ, cm−1 10±1 10±1
σ , cm−1 6.3±0.5 7.9±0.7
θ 48◦±10◦
β , cm−1 −3.3±0.7

the thread transition dipole and the transition dipoles of the two hydrogen-bonded

macrocycle C=O groups are slightly different (50◦ and 68◦), the average value
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being 59◦. The small difference between the latter value and the θ found here

suggests that the co-conformations in solution and in the crystalline phase differ

slightly, which may be due to packing effects. The distance r between the macro-

cycle and thread carbonyl groups can be obtained from the macrocycle–thread cou-

pling β . The magnitude of this coupling is determined by both the angle and the
distance between the coupled C=O groups in the macrocycle and thread.51 Since

the angle is known from the cross-peak anisotropy, it is possible to obtain an es-

timate for the distance from the magnitude of the coupling. This can be done

using the dipole-dipole approximation for the coupling strength. In this approxi-

mation, which has been found to give a fairly accurate quantitative description of

several different molecular systems,38, 62, 64, 67, 68 the coupling between two vibra-

tional modes a and b is given by62

β =
1

4πε0

[

~µa · ~µb
r3

−3
(~r · ~µa)(~r · ~µb)

r5

]

, (3.3)

where ~µi are the transition dipoles, and ~r is the distance vector between the two

transition dipoles. By applying this equation to the coupling β between proximate

macrocycle and thread C=O-stretching modes, we can determine the distance r be-

tween these groups (see Fig. 3.1). The magnitudes of the transition dipoles can be

obtained from the integrated absorption cross sections,69 and from the steady-state

absorption spectrum we obtain |~µT|= 0.42 D and |~µM|= 0.28 D, where the indices
refer to the thread and the macrocycle, respectively. Using a dipole–dipole angle

of 48◦, we find r = 6.9±0.9 Å, which agrees reasonably well with the distance of
5.1 Å between the centers of the macrocycle and thread C=O groups in the crystal

structure. The difference may be due to small differences between the crystalline

and solution-phase co-conformations. It could also be due to the dipole-dipole ap-

proximation, which overestimates the coupling at short distances (note that Eq. 3.3

diverges as r approaches zero). As a consequence, when using the dipole-dipole

approximation, the estimate for the distance obtained from the coupling is slightly

larger than the real value. A more accurate estimate of the distance can be obtained

using more sophisticated models for the vibrational coupling,70–72 and we hope the

results presented here will stimulate work in this direction.

3.4.3 Semi-quantitative analysis

Interestingly, the macrocycle–thread angle θ can also be read off directly from the

2D-IR spectrum. If a cross peak involves the coupling of two localized vibrations

i and j, its anisotropy Ri j is directly related to the angle θi j between the transition-
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dipole moments of the two coupled modes:51

Ri j =
3cos2θi j−1

5
. (3.4)

In the present case, the macrocycle and thread absorption bands are caused by

more than one C=O group, and the situation is slightly more complicated. How-

ever, due to the large inhomogeneities σ of the macrocycle and thread bands, a

simplifying assumption can be made. The differences between the localized fre-

quencies ε3,ε4,ε5,ε6 of a rotaxane molecule are on the order of σM, which is much

larger than the couplings between the C=O groups in the macrocycle (see Eq. 3.1).

As a consequence, the eigenstates of the macrocycle are localized on single C=O

groups.51 The same argumentation holds for the thread. The cross peaks can

therefore be regarded to a good approximation as arising from the coupling be-

tween localized macrocycle and thread C=O-stretching modes, and the cross-peak

anisotropy is related to the angle between the transition dipole moments of these

localized modes. Equation 3.4 can then still be used to obtain a estimate of the

angle θ between neighboring macrocycle and thread C=O groups, and from from

the observed anisotropy of −0.05, we obtain a value of ∼60◦ for θ , which agrees
with the value obtained from the more detailed analysis of section 3.4. This shows

that a simple analysis of the cross-peak anisotropy can be used to obtain structural

information from the 2D-IR spectrum if the eigenstates are localized, as is often

the case.

3.5 Conclusions

We have shown that 2D-IR spectroscopy can be used to determine the co-confor-

mation of a rotaxane with picosecond time resolution. In particular, the angle and

distance between the carbonyl groups in the macrocycle and thread have been de-

termined from the 2D-IR spectrum of the [2]rotaxane. It should be noted that the

application of 2D-IR spectroscopy to molecular devices is by no means limited to

devices containing carbonyl groups: in principle, the coupling between any pair of

infrared-active normal modes can be measured and used to determine the molecular

structure (see Chapter 4 and 5).
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CHAPTER 4

Hetero-vibrational interactions,

cooperative hydrogen bonding,

and vibrational energy relaxation

pathways in a rotaxane

4.1 Introduction

In the previous Chapter we have shown how 2D-IR spectroscopy allows us to de-

termine structural information of a [2]rotaxane with sub-picosecond temporal res-

olution. We have focused on the interactions between the CO-stretch modes in

the thread and macrocycle. However, we can also use the NH-stretch modes in

the macrocycle as additional markers. Couplings between the vibrations of the

NH and CO bonds (see Fig. 4.1) that are involved in the inter-component hy-

drogen bonds should be very sensitive to the instantaneous structure of rotaxane

devices, and therefore ideally suited for studying their motions in time-resolved

2D-IR experiments. Such couplings between different types of vibrating chemical

bonds can be regarded as the vibrational analogue of hetero-nuclear couplings in

NMR.73 NH/CO Hetero-vibrational couplings have previously been measured in

dipeptides74, 75 and small organic molecules.76

In this chapter, we show how NH/CO hetero-vibrational couplings can be used

to probe the co-conformation77 of rotaxane-based devices. To this purpose, we use

two-color IR pump-probe spectroscopy to study the structural and dynamical char-

acteristics of a [2]rotaxane. In 2D-IR spectroscopy as used in the previous chapter,

the pump passes through a Fabry-Perot etalon where its spectral bandwidth is de-

creased in order to excite one vibrational mode at the time. However, to determine
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θ
CO(thread)NH

CO(m.cycle)NH
θ

Figure 4.1: X-ray structure4 of the [2]rotaxane investigated in this chapter. The insets show the

angles θCO(thread)-NH and θCO(m.cycle)-NH that have been determined from the NH/CO(thread)

and NH/CO(m.cycle) cross anisotropies, see section 4.3.4. In the amide group, there is an angle

of ∼20◦ between the CO-stretch transition dipole and the C=O bond.62

the coupling strength, and thus the structural information, between two modes that

are not within the bandwidth of the laser pulses, we have to employ two-color IR

pump-probe spectroscopy generating the pump independently from the probe with

a second OPA. In this way we can pump and probe any combination of modes and

gain not only additional structural information, but also investigate the relaxation

dynamics of the NH- and CO-stretch modes, and of the NH/CO cross peaks. Apart

from the importance of vibrational relaxation in determining the energy conversion

efficiency of molecular devices, knowledge of the relaxation rates and pathways is

essential for the interpretation of hetero-vibrational 2D-IR spectra, since different

T1 lifetimes of coupled modes may give rise to apparent delay dependences of the

observed couplings.

4.2 Materials and methods

Two types of experiments have been performed: one-color pump-probe experi-

ments in which the same vibrational mode (either NH- or CO-stretch) is pumped

and probed, and two-color pump-probe experiments in which the NH-stretch mode

is excited and the CO-stretch modes are probed. The setups employed in the one-

color and two-color experiments are described in Sections 2.3.3 and 2.3.5, respec-

tively.

All experiments were carried out at room temperature on 2.5 mM solution of
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the [2]rotaxane in CDCl3. To remove traces of water from the CDCl3, it is dis-

tilled at atmospheric pressure, and the rotaxane solution is prepared under Ar at-

mosphere. The sample is kept in a sealed cell consisting of two CaF2 windows

separated by a 1 mm spacer. We observe a non-resonant response (mainly from

the solvent) at delays where the pump and probe pulse are temporally overlapped.

To ensure that these non-resonant effects do not influence the quantitative inter-

pretation, all data analysis is done starting from delay values (400 fs for the NH-

pump/NH-probe, 700 fs for the other experiments) at which the non-resonant con-

tribution has become negligible compared to the resonant signal. In some of the

measurements, a small thermal contribution to the signal is observed at long pump-

probe delays. This thermal signal is due to a small increase in the temperature of

the sample after vibrational relaxation (at most 0.1 K, as estimated from the focal

diameter and pulse energy). In the least-squares fitting of the data, this thermal

contribution is assumed to grow in with the rate of the vibrational relaxation.

4.3 Results and discussion

4.3.1 General considerations

Figure 4.2 shows the steady-state absorption spectrum of the [2]rotaxane in CDCl3.

The peaks at 1610 cm−1 and 1660 cm−1 are due to the CO-stretch modes of

the thread and the amide I mode of the macrocycle, respectively.78 The peak at

3370 cm−1 is due to the amide A mode of the macrocycle (the thread does not

contain any NH groups). As the amide I mode involves mainly the stretching of

the CO bond, and the amide A mode mainly that of the NH bond, in the following

these modes will simply be referred to as CO-stretch and NH-stretch mode, respec-

tively. Because of the symmetry of the rotaxane, the two CO groups in the thread

are equivalent, and the same holds for the four CO groups and four NH groups

in the macrocycle. The amplitude of the peaks of the CO-stretch modes is much

larger than that of the NH-stretch modes, but the frequency-integrated absorption

cross sections are comparable, since the FWHM of the NH-stretch band is larger

by approximately the same factor. In all experiments, spectral diffusion is not ob-

servable because the power spectrum of the excitation pulse is broader than the

widths of the absorption bands that are resonantly excited.

4.3.2 NH-stretch mode

The linear and the transient absorption spectra for parallel and perpendicular po-

larizations of the pump and probe beams are shown in Figure 4.3a. From the ratio

of the parallel and perpendicular signals, we find an anisotropy of 0.36, close to
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Figure 4.2: Infrared absorption spectrum of a 2.5 mM solution of the investigated [2]rotax-

ane in CDCl3. The colors of the peaks match those of the highlighted bonds in the chemical

structure. The dotted curve represents the NH-stretch absorption multiplied by a factor of 10.

the theoretically expected value of 0.4. From the transient spectra, we can deter-

mine the diagonal anharmonicity (difference between the v= 0→ 1 and v= 1→ 2

transition frequencies) of the NH-stretch mode. Since the power spectrum of the

excitation pulse is much broader than the NH-stretch absorption band α0(ν), the
entire absorption band is excited simultaneously. As a consequence, spectral dif-

fusion is not observable, and the absorption change due to ground-state bleaching

and stimulated emission can be well described by a negative contribution with the

shape of the steady-state absorption spectrum α0(ν). We assume that the v= 1→ 2

line shape is similar to the v= 0→ 1 line shape, but allow for a difference in width

(to account for faster dephasing of the v = 1 → 2 transition as compared to the

v= 0→ 1 transition, for instance as a consequence of faster vibrational relaxation

of the v = 2 state), and an intensity scaling factor (to allow a deviation from the

harmonic approximation, in which this scaling factor would be unity52). Using a

Gaussian to describe α0(ν), this simple approach provides a good description of

the observed ∆α(ν) (see Fig. 4.3a). From a least-squares fit to the data at 1 ps

delay we obtain a value of 153±4 cm−1 for the NH-stretch anharmonicity, similar
to the values reported elsewhere for the diagonal anharmonicities of the NH-stretch

(amide A) mode of amide groups in peptides.74, 79

Figure 4.3b shows the transient absorption change as a function of delay be-

tween the pump and probe pulses for several probing frequencies. We find that the
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Figure 4.3: (a) Linear and transient absorption spectra for parallel and perpendicular polar-

ization of the probe with respect to the pump. The solid lines are least-squares fits using a

Gaussian function to describe the absorption band. (b) Transient absorption change of the NH-

stretch mode as a function of delay between pump and probe pulse for several representative

probing frequencies. The solid lines are least-squares fits to single-exponential decays.

delay dependence can be well described by a single-exponential decay, and from

a simultaneous least-square fit to the delay-dependent absorption changes at all

probing frequencies (using the same time constant for all frequencies) we find an

excited-state lifetime T1 of 2.24± 0.12 ps. The observed lifetime is significantly

longer than the 0.58 ps observed for the dipeptide acetyl-proline-OMe in chlo-

roform.74 In chloroform, acetyl-proline-OMe is in the C7 conformation, which

contains an internal NH· · ·OC hydrogen bond, leading to a redshifted NH-stretch

frequency of 3333 cm−1. This NH-stretch frequency is lower than that of the ro-
taxane (3370 cm−1), which implies that the hydrogen bonding in the dipeptide is

stronger than in the rotaxane. The stronger hydrogen bonding probably explains

the faster vibrational relaxation in the peptide as compared to the rotaxane.

4.3.3 CO-stretch modes

Figure 4.4 shows the transient absorption change upon exciting the CO-stretch re-

gion (the spectrum of the pump pulse covers both the thread and macrocycle CO-

stretch modes). The spectrum can be quantitatively analyzed in the same way

as the NH-stretch mode: the absorption bands of the thread and macrocycle CO-

stretching modes are each modeled by a Gaussian, and the transient-absorption

spectrum of each mode as the sum of a bleaching/stimulated-emission part identical

55



What is the geometry of NH· · ·OC hydrogen-bonds in a rotaxane? Results and discussion

to the absorption band and a redshifted induced absorption which is modeled as a

Gaussian. From a least-squares fit we find diagonal anharmonicities of 10±3 cm−1

and 5±3 cm−1 for the thread and macrocycle CO-stretch modes, respectively, in

agreement with the estimate from the 2D-IR spectrum (see Chapter 3). To in-

vestigate if energy transfer between the CO-stretch modes occurs,36 we have also

performed experiments in which either the thread or the macrocycle CO-stretch

mode is selectively pumped with a narrow-band pump pulse (FWHM 13 cm−1),
and both modes are probed. We then observe decays with the respective T1’s at the

tread or macrocycle mode, but no energy transfer between the modes.
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Figure 4.4: Linear (blue points) and transient-absorption spectrum at a delay of 1 ps

(red points) showing the frequency region containing the CO-stretch modes of the thread

(1610 cm−1) and the macrocycle (1655 cm−1). The solid lines are the result of least-squares
fits assuming Gaussians for the lineshapes.

The delay dependence of the absorption change is shown in Figures 4.5(a) and

4.5(b). From simultaneous least-squares fits of expontial decays for the CO-stretch

modes of the thread and of the macrocycle we find T1 values of 0.79±0.12 ps and
0.96±0.07 ps, respectively.
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Figure 4.5: (a) Transient absorption change of the thread CO-stretch mode as a function of

delay between pump and probe pulse for several representative probing frequencies. The solid

lines are simultaneous least-square fits of a single-exponential decay. (b) The same as (a), for

the CO-stretch mode of the macrocycle.

4.3.4 NH-CO interactions

Cross anharmonicities

The response of the CO-stretch modes upon excitation of the NH-stretch mode

is shown in Figure 4.6, together with the NH-stretch response. This graph can be

regarded as a cross section through a two-dimensional IR spectrum, where the NH-

response is the diagonal peak and the positive-negative doublets in the CO-stretch

region are cross-peaks. For both CO-stretch modes, the signal rises instantaneously

(within the system response of ∼250 fs). This implies that no energy transfer from
the NH-stretch to either of the CO-stretch modes takes place, since such energy

transfer would imply an ingrowth of the CO-stretch signal with a time constant

equal to the ∼2.2 ps lifetime of the NH-stretch mode. Hence, the NH-CO cross

peaks must be due to coupling between the NH- and CO-stretch modes. From the

shape and amplitude of each of the two CO-stretch cross peaks the corresponding

cross-anharmonicity (the difference between the frequency of the |vNH = 1,vCO =
0〉 → |vNH = 1,vCO = 1〉 and |vNH = 0,vCO = 0〉 → |vNH = 0,vCO = 1〉 transitions)
can be determined,51, 80 as well as the cross-peak anisotropy (dependence on the

relative polarization of pump and probe).51 The shape of each cross-peak can be

described as the sum of a negative part caused by the bleaching of the common

vibrational ground state upon excitation of the NH-stretch mode, and a positive part

due to the induced absorption from the |vNH = 1,vCO = 0〉 to the |vNH = 1,vCO = 1〉
state (which occurs at a frequency lower than the fundamental |vNH = 0,vCO =
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0〉 → |vNH = 0,vCO = 1〉 transition):

∆αcross(ν) = −α0(ν)+ α0(ν + ∆CO-NH), (4.1)

where it is assumed that the CO-stretch lineshape α0(ν) does not change upon ex-
citation of the NH-stretch mode. We model each of the two cross peaks (for the

macrocycle and thread CO-stretch modes) by the above expression, using Gaus-

sians for α0,thread(ν) and α0,m.cycle(ν), which we obtain from a least-squares fit to

the steady-state absorption spectrum. Fitting this model to the CO-stretch transient

spectrum, treating the two cross-anharmonicities ∆CO(thread)-NH and

∆CO(m.cycle)-NH and the cross-peak anisotropies as free parameters, we obtain the

fit shown as the solid curves in Fig. 4.6. From this fit, we obtain ∆CO(thread)-NH =
9.5±2.2 cm−1 and ∆CO(m.cycle)-NH = 5.1±2.4 cm−1 for the cross anharmonicities,
and RCO(thread)-NH = 0.15 and RCO(m.cycle)-NH = 0.22.
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Figure 4.6: Linear (blue points) and transient absorption change (red and black points) upon

exciting the NH-stretch mode. The solid black and red lines show the pump-probe spectrum at

1 ps delay for parallel and perpendicular polarization, respectively.

The cross anharmonicity between the NH-stretch and COm.cycle-stretch mode

is essentially a property of the amide group, and should therefore be comparable

to the cross anharmonicity observed between the NH-stretch (amide A) and CO-

stretch (amide I) modes of the amide group in acetyl-proline-OMe in chloroform.

For the latter, a value of 3.5±0.3 cm−1 is observed,74 which agrees well with the
5.1±2.4 cm−1 observed here.
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Figure 4.7: (a) Delay dependence of the thread CO-stretch response at 1599 cm−1 (red points)
and 1613 cm−1 (blue points), and of the NH-stretch response at 3242 cm−1 (gray points). The
probing frequencies are indicated by arrows in the inset. (b) Delay dependence of the CO-

stretch response of the macrocycle at 1640 cm−1 (red points) and 1665 cm−1 (blue points),
and of the NH-stretch response at 3242 cm−1 (gray points). The green curve shows a single-
exponential fit to the CO-stretch data, the red and blue curves are double-exponential fits.

The ∆CO(thread)-NH cross anharmonicity arises from interaction between the

macrocycle-NH and thread-CO groups across the hydrogen-bond connecting them.

Although this interaction is very sensitive to the strength and direction of the

NH· · ·OC hydrogen bond, a quantitative interpretation of the observed cross anhar-

monicity in terms of specific conformational parameters requires detailed quantum-

chemical modeling of the influence of hydrogen bonding on the cross anharmonic-

ity. At present, such models are not yet available, although theoretical work in this

direction is actively being pursued.81, 82

It is interesting to compare the value of 9.5 ± 2.2 cm−1 observed for

the NH/COthread cross-anharmonicity to that between the hydrogen-bonded NH and

CO groups in the peptide acetyl-proline-OMe. In chloroform this peptide adapts

the C7 conformation, and contains an internal NH· · ·OC hydrogen bond.74 Both

in the peptide and in the rotaxane, the NH/CO cross-anharmonicity arises mainly

from through-hydrogen bond effects. In the peptide, the NH-stretch frequency is

lower than in the rotaxane (3333 cm−1 vs. 3370 cm−1), which implies that the

NH· · ·OC hydrogen bond is stronger in the peptide than in the rotaxane.83 One

would therefore expect a stronger NH/CO anharmonic interaction in the peptide,

and hence a higher NH/CO cross anharmonicity. Surprisingly, the exact opposite

is observed: the cross-anharmonicity of the CO and NH groups connected by the

hydrogen bond is much smaller in the peptide than in the rotaxane (1.4±0.4 cm−1

in the peptide,74 9.5± 2.2 cm−1 in the rotaxane). We believe that the stronger
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anharmonic interaction between the NH- and CO-stretch modes observed in the

rotaxane is due to a cooperativity effect83, 84 of the two NH· · · OC hydrogen bonds

coordinated to the same CO group (see Figure 4.1). Each NH· · ·OC hydrogen

bond polarizes the charges of the CO group in such a way as to enhance the an-

harmonic NH/CO interaction through the other NH· · ·OC hydrogen bond. Hence,

even though the individual hydrogen bonds are weaker in the rotaxane than in the

peptide, the cooperative effect of a double hydrogen bond to the same acceptor

leads to an amplification of the anharmonic NH/CO interaction, giving rise to the

larger NH/CO cross anharmonicity in the rotaxane.

Cross anisotropies and structural information

The cross-peak anisotropies Ri j are directly related to the angle θi j between the

transition-dipole moments of the coupled vibrations:51

Ri j = (3cos2 θi j−1)/5. (4.2)

Using this expression we obtain angles θCO(thread)-NH = 139◦ and

θCO(m.cycle)-NH = 33◦ (see Fig. 4.1 for the definition of the angles). The angle of

33◦ between the NH- and CO-stretch mode transition dipoles of the amide group

of the macrocycle is very similar to the value of 34.5± 3◦ found for this angle

in the amide group of acetyl-proline-OMe,74 a peptide in which the amide group

forms an internal NH· · ·OC hydrogen bond (in non-hydrogen-bonded peptides, a

smaller value of 23± 3◦ is found75). The similarity of the dipole-dipole angles in
the rotaxane and in the hydrogen-bond containing peptide suggests that the value

of this angle is determined mainly by the presence (and strength) of a hydrogen

bond, independent of whether the amide group is in a peptide or in a rotaxane. As-

suming an angle of 20◦ between the amide I transition dipole and the C=O bond,62

we obtain an angle 6 (N−H,C=Om.cycle) of ∼15◦, close to the value of 12◦ in the
X-ray structure.4, 85

The angle between the NH-stretch mode of the macrocycle and the CO-stretch

mode of the thread is directly related to the relative position and orientation of the

two rotaxane components. Assuming that the CO-stretch transition dipole is par-

allel to the C=O bond, and the NH-stretch transition dipole parallel to the N−H
bond,62 we predict an angle 6 (N−H,C=Othread) (indicated in Figure 4.1) of 139

◦

from the observed cross-peak anisotropy. This value again agrees well with the an-

gle in the X-ray structure,4 which is 6 (N−H,C=Othread)= 114◦.85 The discrepancy
may be due to a difference between the solution and X-ray structures, but could also

be due to a small angle between the thread C=O bond and the CO-stretch transition-

dipole moment. It may be noted that although both the cross anharmonicity and the

cross anisotropy are sensitive probes of the rotaxane co-conformation, unlike the

60



What is the geometry of NH· · ·OC hydrogen-bonds in a rotaxane? Results and discussion

cross-anharmonicity, the cross anisotropy can be used in a straightforward manner

to obtain quantitative information (notably the angles indicated in Figure 4.1) about

the relative orientation of the macrocycle and the thread.

NH-CO cross-peak dynamics

We have studied the cross-peak relaxation dynamics in the rotaxane by measuring

two-color pump-probe spectra as a function of delay. In these experiments, the

NH-stretch mode is excited and the dynamics of the CO-stretch modes is probed.

The result for the COthread-stretch mode of the thread is shown in Fig. 4.7(a). From

a least-squares fit (solid lines in Fig. 4.7(a)), we find that the decay of the COthread-

stretch response occurs with a time constant of 2.36±0.15 ps (and a very small

component with a time constant of 18±4 ps). This decay exactly matches that of
the v= 1 population of the NH-stretch mode (T1 = 2.24±0.12 ps), as can be seen
from the grey curve which represents the decay of the NH-stretch excited state

absorption. Together with the instantaneous ingrowth of the CO-stretch signal, this

implies that the NH-COthread cross peak is caused purely by a coupling between the

NH-stretch mode and the COthread-stretch mode, and involves no other modes: the

cross peak vanishes together with the v= 1 population of the NH-stretch mode.

Interestingly, in case of the macrocycle CO-stretch mode, the decay of the

cross-peak intensity is much slower than that of the NH-stretch excited-state pop-

ulation, see Figure 4.7(b). From a simultaneous bi-exponential least-squares fit we

find decay constants of 2.4±0.2 and 7.2±0.12 ps, respectively, with comparable

amplitudes for the two components. The data cannot be described by a single-

exponential decay (green curve in Fig. 4.7(b)). Apparently, the CO-stretch mode

of the macrocycle is coupled not only to the NH-stretch mode, but also to another

mode, which we will refer to as X. Since a coupling between the macrocycle CO-

stretch mode and mode X is observed after excitation of the NH-stretch mode, we

can conclude that mode X acts as an accepting mode in the energy relaxation of

the NH-stretch mode. A similar phenomenon has been reported and interpreted

previously by Rubtsov et al.,74 and we use their model (shown schematically in

Figure 4.8) to describe our data. The relaxation of the NH-stretch mode involves a

transfer of the vibrational energy to mode X, which acts as an intermediate state in

the vibrational relaxation process. The excited state of mode X is thus populated

with a time constant equal to the T1 of the NH-stretch mode, and it subsequently

relaxes with a time constant τ . The COm.cycle-stretch mode is coupled to both the

NH-stretch mode and to mode X, and hence the delay dependence of the cross-

peak intensity is governed by both time constants T1 and τ . In the kinetic model of
Rubtsov et al.,74 the excited-state populations of the NH-stretch mode and mode X
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Figure 4.8: Left: energy level diagram illustrating the effect of the vibrational relaxation of the

NH-stretch mode on the CO-stretch mode of the macrocycle ring. Right: delay dependence of

the NH-COm.cycle cross peak intensity (red points), and a least-squares fit of Eq. 4.5 to the data

(red curve). The excited-state populations of the NH-stretch mode and the accepting mode X

are shown are shown as the gray and green curves.

can be easily shown to be given by

n|10〉(t) = e−t/T1 (4.3)

n|00X〉(t) =
T−1
1

T−1
1 − τ−1 (e

−t/τ − e−t/T1), (4.4)

where the labeling of the states is as in Fig. 4.8. The NH-COm.cycle cross-peak is

due to two contributions: (i) a coupling between the COm.cycle-stretch and the NH-

stretch mode, and (ii) a coupling between the COm.cycle-stretch and the accepting

mode X. The delay-dependent cross-peak intensity is then given by

INH-CO(t) = ∆NH-CO ·n|10〉(t)+ ∆X-CO ·n|00X〉(t), (4.5)

where ∆NH-CO is the NH-CO cross-anharmonicity, and ∆X-CO the X-CO cross an-

harmonicity. Fitting this expression to the observed decay of the cross-peak inten-

sity (with the ratio ∆X-CO/∆NH-CO and an overall scaling factor as the free parame-

ters) we obtain ∆X-CO/∆NH-CO = 0.40± 0.01, which implies that the CO-stretch
mode interacts more strongly with the NH-stretch mode than with the accept-

ing mode X. The result of the fit, and the corresponding populations n|10〉(t) and
n|00X〉(t) are shown in Fig. 4.8. From this graph, it can be seen that at short pump-

probe delays, the cross-peak intensity represents mainly the coupling between the

CO and the NH modes, whereas at delays beyond ∼4 ps it represents mainly the
coupling between the CO and the X mode. This result clearly illustrates the im-

portance of detailed knowledge of the relaxation dynamics for the interpretation of

hetero-vibrational 2D-IR spectra.
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4.4 Conclusions

In this chapter, we have shown that hetero-vibrational pump-probe IR spectroscopy

is a suitable experimental technique to probe the co-conformation of a rotaxane.

By calculating the NH/CO cross-peak anisotropies it allows to directly calculate

the angles between the NH and CO groups in the macrocycle and thread, indicated

in Figure 4.1. The cross anharmonicities are found to exhibit a similar sensitivity to

the rotaxane co-conformation, and to reflect the cooperativity of the macrocycle–

thread hydrogen bonding. By monitoring the appearance and disappearance of

specific NH/CO cross peaks, the hydrogen-bond making and breaking at specific

hydrogen-bonding sites of a molecular device can be observed separately and with

sub-picosecond temporal resolution.
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CHAPTER 5

Two-dimensional vibrational

spectroscopy of a molecular

shuttle

5.1 Introduction

Investigation of the dynamical behavior of molecular machines requires time-

resolved methods with high structural sensitivity. Ideally, one would like to know

the relative positions and orientations of the components of a molecular machine

at various stages of the motion. Such information would provide a valuable in-

sight into the operation mechanism of molecular machines. As already shown,

this kind of structural sensitivity can be achieved using two-dimensional and two-

color infrared spectroscopy (see Chapter 3 and 4). 2D-IR Spectroscopy allows to

determine molecular conformations by measuring couplings between molecular vi-

brations. These couplings depend on the relative orientation and distance between

the vibrating chemical bonds. The 2D-IR spectrum can therefore give direct access

to the conformation of a molecule or its parts.35, 51, 68, 86–88

Here, we present a first step towards experiments with both structural sensi-

tivity at the molecular level and sufficient time resolution to observe molecular

motion of rotaxane-based devices. Investigation of the relative positions and ori-

entations of the mechanically interlocked components can be determined from

their 2D-IR spectra. We demonstrate how we can use 2D-IR spectra of sepa-

rate components and model compounds to disentangle the spectrally congested

2D-IR spectrum of the succinamide-naphthalimide rotaxane shown in Fig. 5.2A.

This rotaxane-based shuttling device, previously investigated by Brouwer et al.,3

consists of a benzylicamide-based macrocycle and a succinamide-naphthalimide-

based thread. In the electronic ground state, the macrocycle binds predominantly to
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the succinamide station (equilibrium constant for succinamide binding >100). In

the presence of an electron donor, UV excitation of the naphthalimide station leads

to its reduction. The CO groups of the naphthalimide radical anion thus created

are much stronger hydrogen-bond acceptors than those of the succinamide station

(equilibrium constant for binding of the naphthalimide radical anion >1500).3 As

a consequence, the macrocycle shuttles from the succinamide to the naphthalimide

station, a process that in solution can occur in less than a microsecond (for further

details, see the next chapter).

5.2 Materials and methods

We have used 2D-IR and 2-color pump-probe spectroscopy to probe the structure of

the naphthalimide rotaxane. These techniques are described in Sections 2.3.4 and

2.3.5. The synthesis and purification of the rotaxanes and the naphthalimide station

have been described in detail elsewhere.3, 19, 89 The experiments were carried out

at room temperature on a 3 mM solution of the rotaxane and a 5 mM solution of

the naphthalimide station in water-free CDCl3. The sample was kept in a sealed,

1 mm thick, IR sample cell.

5.3 Results and discussion

5.3.1 Decomposing the 2D-IR spectrum of a molecular shuttle

Figure 5.1 shows the steady-state absorption spectra of the naphthalimide and suc-

cinamide rotaxane in CDCl3, with the absorption peaks numbered according to the

notation in Fig. 5.2A. The spectrum of the succinamide rotaxane studied in Sec-

tion 4.3.4 is significantly less congested compared to the spectrum of this molecu-

lar shuttle. Peak 1 in the steady-state absorption spectrum of the molecular shuttle

(at 1641 cm−1) is assigned to the CO-stretch mode of the thread. The peak at

1658 cm−1 consists of two contributions coming from the CO-stretch mode of the

macrocycle (2) and the antisymmetric CO-stretch mode of the naphthalimide sta-

tion (4as). The other two peaks (3 and 4s) at 1631 cm−1 and 1698 cm−1 belong to
the antisymmetric CO-stretch and aromatic ring-stretch mode of the naphthalimide

station, respectively (see Section 7.2).19 Peak 1* found at 1610 cm−1 in the spec-
trum of the succinamide rotaxane arises from the CO-stretch mode of the thread.

The succinamide CO-stretch mode has a higher frequency in the molecular shuttle

than in the rotaxane of Fig. 3.1, because the CO groups are part of a secondary in-

stead of a tertiary amide group. The congested steady-state absorption spectrum of

the molecular shuttle suggests that the 2D-IR experiments on the molecular shut-
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Figure 5.1: Steady-state absorption spectrum of the succinamide rotaxane (dashed) and of the

succinamide-naphthalimide rotaxane (solid).

tle will be challenging compared to the relatively simple 2D spectrum of the short

rotaxane discussed in Chapter 3. This is because the molecular shuttle has more

CO-stretch modes than the succinamide rotaxane, and additional IR-active naph-

thalimide aromatic ring-stretching modes (3 and 5) in the same frequency region.

Our experimental results confirm that the CO/CO 2D-IR spectrum of

the molecular shuttle, shown in Fig. 5.2D, is too congested to allow for a straight-

forward interpretation of the cross peaks. This problem can be solved to some

extent by measuring 2D spectra of the separate components of the molecular shut-

tle. The device consists of two parts, the succinamide station with a macrocycle

and the naphthalimide station, indicated by gray boxes in Fig. 5.2A. Since these

parts do not interact, the 2D spectrum of the shuttle should be the sum of their 2D

spectra. This assumption is confirmed by the data shown in Fig. 5.2B–D. Due to

solubility problems we have used a succinamide rotaxane with a fullerene stopper

instead of a 2,2-diphenylethyl stopper.89 We can safely do this, since the main

object of our study, the succinamide station, is present in both these molecules.

The steady-state absorption spectrum of the fullerene-stoppered rotaxane, shown

in Fig. 5.2B, consists of the absorption peaks 1 and 2 of the succinamide and macro-

cycle CO-stretch modes, respectively. As a consequence, the absorption bands of

the CO-stretch modes of thread and macrocycle overlap, so that the ring and thread

diagonal peaks essentially merge into one feature, and ring/thread cross peaks can-

not be distinguished. The steady-state absorption spectrum of the naphthalimide
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Figure 5.2: (A) Rotaxane-based molecular shuttle. The numbering of the CO and NH groups

matches that of the absorption peaks in B–D and in Fig. 5.3. (B) 2D-IR spectrum of the left moi-

ety of the shuttle. (C) 2D-IR spectrum of the naphthalimide moiety of the shuttle. s=symmetric,

as=antisymmetric CO-stretch mode. (D) 2D-IR spectrum of the complete shuttle.

68



Can we determine the structure of a molecular shuttle? Results and discussion

station, shown in Fig. 5.2C, contains three well-separated peaks, which, as in case

of the complete molecular shuttle, arise from the symmetric (4s) and antisymmet-

ric (4as) CO-stretch modes, and from aromatic ring-stretch modes (3). Each pair

of modes gives rise to intense and well-separated cross peaks, leading to a total

of 6 cross peaks. These cross peaks and their anisotropies are related to the in-

tramolecular geometry of the naphthalimide stopper. By merging the 2D spectra

of Fig. 5.2B and C we obtain the 2D spectrum of the complete molecular shut-

tle. Using the assignments of B and C, the spectrum of D can now be interpreted

qualitatively. The overlap of some of the peaks (notably peaks 1 and 3) hinders

the observation of the individual cross-peaks, however. This makes it difficult to

obtain quantitative information from the CO-stretch 2D spectrum of the molecular

shuttle. In particular, the cross peak between modes 1 and 2, which arises from

the ring/thread coupling, overlaps completely with the strong cross peak between

modes 3 and 4.

5.3.2 Two-color 2D-IR spectrum of a molecular shuttle

Because of the spectral congestion in the CO-stretch region, we investigate NH/NH

and NH/CO couplings as alternative probes of the co-conformation of the molec-

ular shuttle. Figure 5.3 shows the 2D-IR spectrum of the naphthalimide rotaxane

with an extended frequency range covering both the NH- and CO-stretch modes.

This extended 2D-IR spectrum comprises the (CO)pump/(CO)probe (shown in

Fig. 5.2D and discussed in the previous section), (NH)pump/(NH)probe, and two

color (NH)pump/(CO)probe spectral regions.

The steady-state absorption spectrum of the naphthalimide rotaxane exhibits

two NH-stretch peaks in the 3 µm spectral region, see Fig 5.3B (the peaks are

numbered according to the notation in Fig. 5.2A). These peaks correspond to the

NH groups in the macrocycle (5) and in the succinamide station (6). Each of the

two NH-stretch peaks gives rise to a diagonal peak in the NH/NH 2D-IR spec-

trum (Fig. 5.3D). However, these diagonal peaks have very different shapes. The

peaks of the succinamide NH-stretch mode at (νprobe,νpump) =(3450, 3450 cm−1)
are vertical, whereas the features of the macrocycle NH stretch mode at (3300,

3300 cm−1) are tilted along the diagonal. As explained in the Chapter 1.7 this tilt
reflects the width of the distribution of hydrogen-bond strengths of the rotaxane

system.41 The succinamide NH groups are not or very weakly hydrogen-bonded.

As a result, their NH-stretch absorption band does not exhibit significant spectral

inhomogeneity. Because of the proximity of the succinamide and macrocycle NH

groups, one might expect cross peaks between the NH-stretch modes at (3300,

3450 cm−1) and (3450, 3300 cm−1), but these are so weak as to be obscured by

the diagonal peaks. We have estimated (see Eq. (3.3)) the coupling between the
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Figure 5.3: Two-color 2D-IR spectrum of the molecular shuttle. Absorption peaks are num-

bered according to the notation introduced in Fig. 5.2A. (A) and (B): absorption spectra in the

NH and CO-stretch regions. (C) NH/CO 2D spectrum. (D) NH/NH 2D spectrum. (E) CO/CO

2D spectrum. (F) Horizontal cross section through (C), as indicated by dashed black line.

succinamide and macrocycle NH modes to be −1.3 cm−1. Calculated NH/NH 2D-

IR spectra show that cross peaks will only be visible when the coupling is on the

order of 5 cm−1 or larger, and thus the NH/NH 2D-IR spectrum is not well suited

to obtain structural information on the macrocycle/thread co-conformation.

On the other hand, the hetero-vibrational NH/CO 2D-IR spectrum (shown in

Fig. 5.3C) combines the relative lack of congestion of the NH/NH spectra with

the structural information of the CO/CO 2D-IR spectra. Although the NH/CO 2D-

IR spectrum of the molecular shuttle contains only one positive and two negative

peaks, there are actually two signals present. This is due to overlap—and conse-

quent partial canceling—of the two cross peaks. A horizontal cross section through

the 2D spectrum (shown in Fig. 5.3F) shows how the observed response arises from

combining both cross peaks. The left cross peak can be assigned to the coupling

between the macrocycle NH-stretch mode (NHm.cycle-stretch) and the CO-stretch

mode of the thread (COthread-stretch), and the right cross peak to the coupling be-
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tween the macrocycle NH-stretch and macrocycle CO-stretch modes (COm.cycle-

stretch). To understand the hetero-vibrational NH/CO 2D-IR spectrum one has to

realize that the only peaks that can be observed are a direct result of the coupling of

the CO-stretch modes with the excited NHm.cycle-stretch mode. For example, when

the macrocycle is bound to the succinamide station, exciting the NHm.cycle-stretch

mode will stimulate a response only from COthread-stretch and COm.cycle-stretch,

and no response from the CO-stretch modes in the naphthalimide station.

Since the magnitude of this coupling, and therefore the cross-peak intensity, is

determined by the macrocycle-NH/thread-CO distance and orientation, this cross

peak is ideally suited to probe the instantaneous position of the macrocycle on

the thread. The cross-anisotropy can be used in the same manner as is done for

the short rotaxane (see Chapter 4) to determine the ring-thread orientation. The

time resolution of the structural probe provided in this way is the duration of the

convolution of the pump and probe pulses, which is about 100 fs.

5.3.3 Mechanism of vibrational relaxation of the NH/CO cross peaks

To further investigate the possibilities of hetero-vibrational IR spectroscopy, we

have studied the dynamics of the COm.cycle-stretch and COthread-stretch modes upon

NHm.cycle-stretch excitation in the molecular shuttle (Fig. 5.2A). As explained in

previous sections, the response of the CO-stretch and aromatic ring-stretch modes

of the naphthalimide station upon NHm.cycle-stretch excitation can be neglected due

to the lack of coupling between the macrocycle and this station when the macrocy-

cle resides on the succinamide station. Figure 5.4 shows a decay of the transient ab-

sorption signal at various probe frequencies as a function of the delay between the

pump and probe pulse. The bleaching of the COm.cycle-stretch mode at 1669 cm
−1

and the induced absorption of the COthread mode at 1621 cm
−1 are shown in black

and blue, respectively. The up-and-down shape of the transient absorption decay

at 1639 cm−1 (shown in red) is a consequence of the overlapping COthread-stretch

bleaching and COm.cycle-stretch induced absorption.

The decay of the hetero-vibrational transient absorption signal can be described

with a bi-exponential decay function. Using a global least-square fit to the whole

data set, we determine the decay constants to be 2.4±0.1 ps and 10±1.6 ps. These
decay constants are comparable to the ones found in our previous study on the

short succinamide rotaxane (see Chapter 4). The lack of the up-and-down feature

in the dynamics of the short rotaxane (shown in Fig. 4.7) is a consequence of the

well separated absorption bands of the COthread and COm.cycle-stretch modes. From

the structural similarities and comparable relaxation dynamics we can conclude

that the relaxation mechanism in the naphthalimide and succinamide rotaxanes is

similar. Upon excitation of the NHm.cycle-stretch mode the vibrational energy is
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Figure 5.4: The 2-color pump-probe spectra of the naphthalimide rotaxane as a function of

delay. The symbols represent the data and the lines fitted bi-exponential model. The inset

shows the respective steady-state absorption spectrum at 3 µm (right) and 6 µm (left) with

arrows indicating the pump and probe frequencies. The color coding of the arrows matches the

colors in the delay scans.

transfered to an unknown intermediate mode X, that is strongly coupled to the

COm.cycle-stretch mode. Since the COm.cycle-stretch mode is coupled to both the

NHm.cycle-stretch and mode X, its relaxation dynamics are governed by the relax-

ation lifetimes of both these modes. The first 2.4 ps decay component represents

the lifetime of the NHm.cycle-stretch mode itself and is observed in the COthread-

stretch relaxation dynamics due to the coupling between them. The second 10 ps

component is assigned to the vibrational lifetime of the intermediate mode.

5.4 Conclusions

To summarize, our results demonstrate that 2D-IR spectroscopy can be used to ob-

tain quantitative information about the co-conformation of a rotaxane shuttle with

picosecond time resolution. In particular, we have shown that the angles and dis-

tances between specific chemical bonds in the macrocycle and thread of a rotaxane

can be determined directly from its 2D-IR spectrum. This can be done for two

CO-stretch modes, or for a NH-stretch and CO-stretch mode. In both cases, the

cross-peak intensity and anisotropy provide a sensitive and time-resolved probe

of the co-conformation of the rotaxane. The application of 2D-IR spectroscopy
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to rotaxane-based molecular machines can be complicated because of the larger

number of vibrational modes. Hetero-nuclear 2D-IR provides an efficient way to

circumvent this spectral congestion, and probe the co-conformation in these larger

rotaxanes as well.
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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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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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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

77



Is a molecular wheel stiff or flexible? Results and discussion

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.

81



Is a molecular wheel stiff or flexible? Results and discussion

 !"  !  !" #! #!" $! $!" %! 

 ! 

 !#

 !%

 !!

 !"

 ! 

#

$
%
&
'
(
)
*
+
,
-
.
%
&
,
)
'
.
#
(
)
.
'
&
/
#
0
&
!
1
!
2

 */&3#04(2

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.

86



Is a molecular wheel stiff or flexible? Appendix

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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CHAPTER 7

Elucidating the mechanism of a

rotaxane-based molecular

machine using time-resolved

UV-IR spectroscopy

We have shown in Chapters 3 and 6 that 2D-IR and photon-echo peak-shift spec-

troscopy are methods that allow us to study the molecular structure and dynamics of

man-made molecular devices. However, these chapters focused on the equilibrium

structure and fluctuations. Since our main goal is to study the mechanical motion

within molecular machines, we need a tool that gives us the capability to observe

the molecular structure in non-equilibrium states. This means that we need to be

able to trigger the molecular motion and detect structural changes on a nanosec-

ond time scale. Time-resolved UV-IR spectroscopy is a experimental method that

fulfills both these demands.33, 115

In this Chapter, we report the first results of time-resolved UV-IR pump-probe

experiments on a light-triggered molecular machine based on the rotaxane architec-

ture described in the previous chapter. The intramolecular motion of the rotaxane,

shown in Fig. 7.1, can be triggered by either electrochemical or photochemical re-

duction3 of the naphthalimide station (ni, shown in red) to its radical anion form

(ni·−). In the neutral molecule, the macrocycle (mc, blue in Fig. 7.1) resides pre-

dominantly on the succinamide station (succ, green in Fig. 7.1). The NH groups

of the mc are hydrogen-bonded to the CO groups of the thread. After excitation of

the ni station with 355 nm light, the rotaxane undergoes rapid intersystem cross-

ing (τISC = 1.6 ns)116 from the singlet to the triplet state. The triplet state rapidly

decays with a lifetime of ∼30 ns due to the electron transfer. During this pro-

cess, the ni station is reduced by the electron donor, 1,4-diazabicyclo[2.2.2]octane

91



How does a molecular shuttle work?

Figure 7.1: Chemical structure of the rotaxane system in the neutral and shuttled radical anion

state. The labeled CO groups correspond to the labeled peaks in Fig. 7.5.

(DABCO), to form a radical anion (ni·−). The ni·− station has a much larger affin-

ity for the mc117 than the succ station. Consequently, the macrocycle will travel

over the thread (black in Fig. 7.1) and form hydrogen bonds with the ni·− station.

Charge recombination between the radical anion of the rotaxane and the radical

cation of the electron donor occurs within ∼30 µs∗. The ni station returns to being
a poor hydrogen-bond acceptor in comparison to the succ station, the macrocycle

travels back over the thread, binds to the succ station, and the system is ready to

shuttle again. This process was previously observed using UV-VIS time-resolved

absorption spectroscopy.3 However, the absorption of the ni·− species used as a

probe in this study has only a limited sensitivity to structural changes. Steady-state

spectro-electrochemical experiments in the IR have been performed on the same ro-

∗This number depends on the experimental parameters, in particular the concentration of DABCO
and the excitation intensity.
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taxane system by Jagesar et al.19 The spectra of both co-conformers were observed

but the transition between the two cannot be followed with this technique. Here,

the experimental technique combines structural (IR) and temporal (ns) resolution.

By investigating the dependence of the dynamics on temperature and device length

with a probe that is sensitive to local structure, we have elucidated the elementary

steps of the shuttling mechanism.

7.1 Materials and methods

In our time-resolved UV-pump IR-probe experiments, we employ the UV-IR pump

probe setup described in Section 2.3.7. A nanosecond UV pulse excites the naph-

thalimide station and thus triggers the shuttling of a rotaxane. The mid-IR probe

pulse is used to observe the subsequent vibrational absorption changes. The syn-

thesis and purification of rotaxanes have been described in detail elsewhere.3, 118

All experiments are carried out on a mixture of 0.1 mM solution of the rotaxane

and 0.01M solution of DABCO in deuterated acetonitrile (MeCN-d3). The sam-

ple is kept in a 11 mm thick demountable IR sample cell with 2 mm thick CaF2
windows. To minimize the photobleaching caused by the UV pump, we flow the

solution using a pump with teflon tubing and fittings. We also need to avoid water

due to the absorption of the H2O bending mode at 1650 cm−1, and because wa-

ter might disrupt the hydrogen-bonding link between the macrocycle and thread.

Additionally, we bubble the sample with argon for approximately 15 minutes to

remove oxygen from solution. Oxygen contamination causes a rapid quenching of

the triplet state of the ni station that results in the absence of electron transfer. In

that case, no ni·− is formed and the shuttling process does not occur.

7.2 Results and discussion

7.2.1 Steady-state Spectra

In this Chapter, rotaxanes with a track length n will be referred to as Cn. The

solvent-subtracted steady-state absorption spectrum of the C12 rotaxane is shown

in Fig. 7.2. The steady-state absorption spectra of rotaxanes with different carbon-

chain lengths are very similar. This is to be expected, since the only structural

difference between the rotaxanes is the number of CH2 units between the stations.

The peaks observed in the steady-state absorption and difference absorption spectra

(Fig. 7.5B) have been assigned by Jagesar et al.19 using steady-state absorption

spectra and spectro-electrochemistry on the rotaxane and its separate components.

The peaks observed at 1701 cm−1 and 1662 cm−1 are assigned to the symmetric
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Figure 7.2: Normalized steady-state absorption spectrum of the C12 naphthalimide rotaxane in

MeCN-d3. The numbers are assigned to the peaks in Table 7.1

(1) and anti-symmetric (7) CO-stretch modes of the ni station, respectively. There

is also a small contribution of the mc CO-stretch vibration (8) at 1662 cm−1. The
peak at 1633 cm−1 consists of a major contribution from the CO-stretch vibration

(5) of the succ station and a minor one from the C=C-stretch mode of the aryl

(10) in the ni station. This station exhibits an additional C=C-stretch peak (9) at

1605 cm−1. All peaks in the steady-state absorption spectrum and in the spectra

of the triplet and excited states of the rotaxane are summarized in Table 7.1. There

are no absorption bands originating from the electron donor (DABCO) or MeCN-

d3 in the spectral region of interest. However, in case a sample contains traces of

water, the H2O bending mode can contribute to the transient absorption signal by

a heating effect similar to the one described in Chap. 9.

7.2.2 UV-IR transient spectra of the rotaxane and thread

Figure 7.3 shows the UV-pump IR-probe transient absorption spectrum of the C12

thread and rotaxane in absence of the electron donor (DABCO). After UV excita-

tion, we observe in both samples two bleaching signals (1 and 7) associated with

the symmetric and asymmetric stretch modes of the ni station, and induced ab-

sorptions of the corresponding triplet species (11 and 12). As the molecules return
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Table 7.1: Overview of the normal modes with their corresponding frequencies and description

of the molecular shuttle in the ground, excited and radical anion state.

Normal Frequency Hydrogen Type Electronic

mode ( cm−1 ) bonding state

1 nis 1701 no CO stretch ground

7 nias 1662 no CO stretch ground

5 succ 1633 yes CO stretch ground

8 mc 1662 no CO stretch ground

9/10 ni·− 1605/1633 no C=C stretch (Aryl) ground

11 nis 1632 no CO stretch triplet

12 nias 1591 no CO stretch triplet

2 ni·−s 1613 no CO stretch radical anion

3 ni·−s 1592 yes CO stretch radical anion

4 succ 1679 no CO stretch radical anion

6 mc 1652 no CO stretch radical anion

13 ni·− 1531 no C=C stretch (Aryl) radical anion

14 ni·−as 1564 no CO stretch radical anion

to the ground state, the signal decays hyperbolically † and vanishes after approxi-

mately 30 µs.
When performing the same experiment on the C12 thread in the presence of

DABCO (Fig. 7.4), the transient spectrum exhibits additional features. At very

short delays (<100 ns), we again observe ground-state bleaching of the symmetric

and asymmetric stretch modes in ni (1 and 7) and their corresponding triplet states

(11 and 12). At delays longer than 100 ns, DABCO has reduced the ni station,

and the triplet state evolves into the radical anion state. As a consequence, the

peaks (2 and 13) of the corresponding radical anion species appear at 1613 cm−1

and 1564 cm−1. In addition, the peaks at 1633 cm−1 (10) and 1531 cm−1 (14)
correspond to the bleaching and induced absorption of the aryl C=C-stretch mode

in the ni station due to the radical anion formation. For longer delays, we observe

an overall decay of the signal due to charge recombination.

†The charge recombination is a second-order process and hence we observe hyperbolic decay.
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Figure 7.3: Transient absorption spectra of the C12 thread (A) and rotaxane (B) in absence of

DABCO for several delays of the pump with respect to the probe. The labels refer to the normal

modes in the Table 7.1.
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Figure 7.4: Transient absorption spectra of the C12 thread for short (A) and long (B) delays

between the pump and probe pulses, in presence of DABCO. The labels refer to the normal

modes in Table 7.1.

7.2.3 Observing molecular devices in motion

The normalized UV-IR transient spectra of the C12 rotaxane at different delay times

are shown in Fig. 7.5. The intensity of peak (1) depends solely on charge recom-

bination of the radical anion. We have used this peak to normalize all transient
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absorption spectra, thus eliminating the contribution of the charge recombination.

As in the case of the thread, the transient spectra at early delays (from 0 to 120 ns in

Fig. 7.5B) show how the triplet state of the rotaxane evolves into the radical anion

state as a result of ni reduction by DABCO. After the system has been charged,

i.e., after the radical anion has been formed, we can observe spectral changes re-

flecting the shuttling of the macrocycle from the succ to the ni·− station. We can

confirm this by comparing the transient absorption spectra of the rotaxane with

and without DABCO (see Fig. 7.3B and 7.5C). In the latter case, we observe only

the triplet state generated by the UV pulse. Since no electron donor is present,

we do not observe the creation of the ni·− radical anion that leads to the shuttling

of the macrocycle. The peaks that change most prominently upon shuttling of the

macrocycle are the positive bands at 1613 cm−1 (2) and 1592 cm−1(3). These
bands are assigned to the symmetric CO-stretch mode of the ni·− station (ni·−s ),

where the latter is hydrogen-bonded to the macrocycle. The delay dependence of

the intensity of these peaks can be explained by the shuttling of the macrocycle

from the succ to ni·− station in the following way: the shuttling of the macrocycle

results in an increasing number of stronger hydrogen-bonded ni·− stations, which

is mirrored by the intensity of peak 3. Simultaneously, as the number of unbound

ni·− stations decreases, we observe the disappearance of peak 2. Complementary

to this, a positive band at 1679 cm−1 (4) and a negative band at 1633 cm−1 (5)
are observed. The former is the absorption of the non-hydrogen bonded succ CO-

stretch vibration, the latter a combination of the bleaching of the hydrogen-bonded

succ CO-stretch vibration and the aryl C=C-stretch vibration of the ni station. The

dynamics of both peaks shows that the majority of the macrocycles leaves the succ

station. The absorption observed at 1652 cm−1 (6) is caused by hydrogen-bonding
of ni·− to the NH groups of the macrocycle. The macrocycle CO-stretch mode is

affected by this interaction because the hydrogen-bonded NH groups are part of the

same amide group as the vibrating C=O groups.119 The intensity of the ∆α peak

is low because the hydrogen-bonding interaction is removed from the oscillator by

two chemical bonds. In addition, this band has some overlap with the negative

peak observed at 1663 cm−1 (7, 8). The remaining peaks at lower frequencies also
undergo changes as a result of shuttling. However, they are far less pronounced

than those displayed by the peaks already discussed.

To confirm our assignments, we have also compared the UV-IR spectra of the

C12 rotaxane at 120 ns and at 2000 ns with the steady-state absorption spectra

of the electrochemically reduced C12 thread and rotaxane measured by Jagesar et

al.19 (see Fig. 7.6). In both cases, the UV-IR spectra resemble the spectra of the

electrochemically reduced species very well. The fact that at short delays the UV-

IR spectra are similar to the electrochemically reduced thread suggests that most of

the rotaxane molecules are still at the succ station. At later delays, the macrocycle
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Figure 7.5: A: Solvent subtracted FTIR spectrum of 10−4 M C12 rotaxane and 10−2 M

DABCO in MeCN-d3, 11 mm path length. B: Transient UV-IR spectra of the C12 rotaxane

at delays ranging from 10 ns to 120 ns after UV excitation. C: Transient UV-IR spectra of the

C12 rotaxane at delays ranging from 120 ns to 2000 ns after UV excitation and molecular struc-

tures of the neutral and radical anion rotaxane. The labeled vibrations in the transient spectrum

correspond with the the labeled CO groups of Fig. 7.1.
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Figure 7.6: A: Comparison of the UV-IR spectrum of the C12 rotaxane at 120 ns and the

spectrum of electrochemically reduced C12 thread. B: Comparison of the UV-IR spectrum of

the C12 rotaxane at 2000 ns and the spectrum of electrochemically reduced C12 rotaxane.

has shuttled and has become hydrogen-bonded to the ni·− station, which mirrors

the situation of the electrochemically reduced rotaxane.

The peaks labeled DEPARTURE (4 and 5) and ARRIVAL (2, 3 and 6) in

Fig. 7.5 correspond to the macrocycle leaving the succ station and binding to

the ni·− station, respectively. Using time-resolved IR absorption spectroscopy

we can observe the departure and arrival of the macrocycle as separate processes.

The shuttling rate of the macrocycle can be obtained from the dynamics of these

bands, each corresponding to a specific moiety of the rotaxane. The time evolu-

tion of the intensity of peaks 2, 3, 4, 5, and 6 is shown in Fig. 7.7. We use a

least-squares double-exponential function to model the delay dependence of the

five normalized transient absorption bands (the normalization removes the overall

decay of the signal due to the charge recombination). The radical anion forma-

tion (kT , dominant at early delays labeled CHARGING in Fig. 7.7) and the shut-

tling rate (kC12
s , dominant at later delays, labeled ARRIVAL and DEPARTURE in

Fig. 7.7) were used as global parameters. We find kT to be 30±5 ns−1 and kC12
s

to be 1.30±0.03 × 10−3 ns−1 which corresponds to a shuttling lifetime (TC12
s ) of

770±20 ns.
The observation of single-exponential dynamics in the decay of the transient

absorption bands corresponding to the DEPARTURE and ARRIVAL of the macro-

cycle leads us to the conclusion that during the shuttling process, an individual

macrocycle spends only a short amount of time on the thread compared to the
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Figure 7.7: Fitted decay curves of the normalized peaks 2, 3, 4, 5, and 6.

average shuttling time of the ensemble. If a significant population of the macro-

cycles had resided on the carbon chain prior to creation of the ni·−, one would
have observed two time constants for the ARRIVAL peaks: an initial fast compo-

nent originating from the macrocycles already free from the hydrogen bonds of the

succ station, and a slower component for the macrocycles that still need to break

these bonds. This is only true if the motion of the macrocycle along the thread

is much faster than the rate at which the hydrogen bonds at the succ station are

broken. In any other case, one should observe single-exponential dynamics in all

bands.

7.2.4 Escape from the free-energy minimum

We will now investigate the free-energy barrier (∆G‡) the macrocycle has to over-

come to escape from the succ station. Increasing the average thermal energy avail-

able to the macrocycle to overcome this energy barrier will result in an increase in

shuttling rate. To achieve this experimentally, we measure the shuttling rate of the

C9 rotaxane at different temperatures. By increasing the temperature we increase

the population of macrocycles that have enough energy to escape the succ hydro-

gen bonds. The shuttling rates measured for temperatures ranging from 294 K to

338 K are shown in Fig. 7.8. The data can be well described by the Eyring equa-
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Figure 7.8: k
C9
s Shuttling rate at different temperatures fitted with Eq. 7.1.

tion:

ks(T ) =
kBT

h
e−

∆G‡

RT (7.1)

where kB, R and T are the Boltzmann constant, the gas constant and the temper-

ature of the system, respectively. We find that the enthalpy of activation (∆H‡) is

26.03±0.8 kJ mol−1 (6.22±0.2 kcal mol−1) and the entropy of activation (∆S‡) is
-31.7±3×10−3 kJ mol−1K−1 (-7.58±0.7 ×10−3 kcal mol−1K−1). From these val-

ues we determine that ∆G‡
298 K is 35.51±1.7 kJ mol−1 (8.48±0.41 kcal mol−1).

This value is in reasonable agreement with the ∆G‡
298K obtained with transient

UV-VIS spectroscopy for the C12 rotaxane: 42.7±2.9 kJ mol−1(10.2±0.7 kcal

mol−1).3 The value obtained for ∆H‡ corresponds to 4 hydrogen bonds where the

enthalpy of formation of one hydrogen bond is -7.5±0.8 kJ mol−1K−1

(-1.8±0.2 kcal mol−1K−1) for N-methyl-acetamide in CDCl3.120

The temperature dependence of k
C9
s displays Arrhenius behavior. This indicates

that the shuttling process is effectively a single-barrier event, and that the energy

required by the macrocycle to cross the barrier is provided by thermal fluctuations.

The negative activation entropy ∆S‡ suggests that some ordering of the system is

required before the macrocycle can escape from the succ station.
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7.2.5 Rapid motion on the carbon-chain

The next step in the shuttling process is the motion of the macrocycle over the

carbon-chain in the direction of either the succ station or the ni·− station. We will

now explore how changing the carbon-chain length affects the probability of these

events. The shuttling rates of rotaxanes with thread lengths n = 5, 9, 12, 16 are

shown in Fig. 7.10A. We can model the data by assuming a biased random-walk

mechanism for the probability Ps(n) of the macrocycle ending up at the ni
·− station.

This probability should be proportional to the rate at which the macrocycle shut-

tles. The biased random-walk mechanism is equivalent to Huygens’ fifth problem,

generally referred to as the Gambler’s Ruin‡, that was first fully solved as long ago

as 1733 by de Moivre.121 Assuming the probability of a motion of the macrocycle

by a step of one CH2 unit towards the ni
·− station to be p, one can show that

ks(n) ∝ Ps(n) =
1−

[

1−p
p

]

1−
[

1−p
p

](n+1)
. (7.2)

By fitting this model to our data we find p = 0.44±0.01. This means that the

event of the macrocycle moving one step towards the ni·− station is slightly less

probable than the event of it moving towards the succ station (1− p = 0.56). In
other words, there is a small bias against the macrocycle going towards the ni·−

station. Nevertheless, we observe that majority of the macrocycles in the charged

rotaxanes eventually resides at this station which is a consequence of its stronger

hydrogen-bonding character.

We have also considered a situation in which the two consecutive steps of the

macrocycle on the thread are correlated. This picture corresponds to a physical rep-

resentation of a shuttling process which is depicted on Fig. 7.9. Here, we expect

that first the macrocycle moves from a position 1 to a position 2 towards the ni·−

station. We consider the probability of the movement of the macrocycle backwards

to a position 1 or forwards to a position 3. The thread at the original position (1)

is sterically more favorable for the macrocycle to reside on than at the position 3

because the thread at the this position is still close to the original geometrical con-

formation. We have tried to fit the data with this correlated random-walk model122

using the following equation:

ks(n) ∝ Ps(n) = 1− 1

2

(

1+
1− 2

n+1

1+ ρ
n+1

)

, with ρ =
2R

1−R . (7.3)

‡The Gambler’s Ruin is a coin-flipping game in which the odds of winning or loosing are deter-

mined by the probability p. In case, this probability is different from 0.5 when the game is played

with an unfair coin.
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Figure 7.9: The scheme depicts the representation of the steric barrier assumed in the correlated

random-walk model of the shuttling rotaxane.

In this model, we consider a correlation (R) between the probabilities of each two

consecutive steps of the macrocycle along the thread. In other words, the direction

of the previous step (CH2 unit) of the macrocycle on the thread influences the

direction of the following step. With the correlation coefficient R close to 1, two

successive forward movements are very probable while if R is close to -1 such

event is very unlikely. However, it is obvious from Fig. 7.10 that this model is not

able to describe the experimentally observed dependence of the shuttling rate on

the thread length even with R= −0.99. §
The shuttling process ends with the hydrogen-bonding of the macrocycle to

the ni·− station, a process that occurs very fast. Due to the strong hydrogen-bond

affinity of this station the probability of the macrocycle escaping from the ni·−

station is negligible. This is confirmed by the almost complete disappearance of

peak (2) representing the non-hydrogen-bonded ni·− station.

7.2.6 Shuttling mechanism

The above results show that the shuttling mechanism involves two distinct steps:

the rupture of the hydrogen bonds between the macrocycle and the succ station

which is driven by thermal fluctuations and described by Eq. 7.1, followed by a fast

§The correlation R= 0 corresponds to the steepest decay of the shuttling rate as a function length

of the thread.
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Figure 7.10: Thread-length (n) dependence on the shuttling rate ks fitted with Eq. 7.2 for biased

(p 6= 0.5) and unbiased (p = 0.5) random walk model, and with Eq. 7.3 for correlated random

walk model (R= −0.99).

random motion of the macrocycle over the carbon-chain that ends by hydrogen-

bonding to either the succ or ni·− station and described by Eq. 7.2 (see Fig. 7.10

for a pictorial representation of the mechanism). The rate of the complete shuttling

process is the product of the escape rate and the probability to arrive at the ni·−

station. We therefore obtain a formula for the shuttling rate ks that describes the

entire mechanism:

ks(T,n) ∝ ks(n)×Ps(n) =
kBT

h
e

−∆G‡

RT ×
1−

[

1−p
p

]

1−
[

1−p
p

](n+1)
. (7.4)

First, all hydrogen bonds between the mc and succ3 must be broken before the

macrocycle can travel over the thread. Once the macrocycle is on the thread, it

has two choices: binding to the succ station, or to the ni·− station. Since the

latter is thermodynamically favorable, the majority of the macrocycles will end up

hydrogen-bonded to the ni·− station.
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7.3 Conclusions

We have shown that UV-IR spectroscopy can be used to observe the motion of

molecular machines with nanosecond time resolution. By probing the dynamics of

the CO-stretch modes of each specific part of the molecular machine, we can in-

vestigate the elementary events of the shuttling mechanism in unprecedented detail.

In particular, the departure and arrival of the shuttling macrocycle can be observed

separately. Shuttling is found to occur in two steps: after escaping from the succ

station (with a rate determined by Arrhenius’ law), the macrocycle resides a short

time on the thread, binding almost immediately to either the ni·− or succ station.

We find that the motion of the macrocycle during the second step is effectively a

one-dimensional biased random walk. The functioning of such molecular devices

is therefore fundamentally different from macroscopic devices. Our results imply

that it is impossible to predict the exact moment when an individual rotaxane will

shuttle. This places a fundamental temporal limit on possible applications with

this type of molecular device. If possible, tuning the bias towards a more favorable

percentage would help to decrease this limit.

105





CHAPTER 8

Vibrational relaxation of the

bending mode of HDO in liquid

D2O

8.1 Introduction

Vibrational energy relaxation plays an important role in condensed-phase chem-

istry, and this holds in particular for liquid water. Many experimental102, 123–140 and

theoretical141–146 studies have therefore been devoted to the vibrational relaxation

of liquid water. For practical reasons, most of these studies were concerned with

the HDO molecule in dilute D2O or H2O solution. Compared to liquid H2O, such

dilute isotopic solutions have the important advantage that the HDO molecules are

sufficiently far apart for their interaction to be negligible. Experimental work has

focused mainly on the OH- and OD-stretching modes of HDO, which are relatively

easily accessible to time-resolved nonlinear spectroscopic investigations because

of their high absorption cross sections and frequencies. The first experimental es-

timates of the OH-stretch vibrational lifetime of HDO in D2O were obtained by

Vodopyanov123 and Graener et al.124 in 1991. In subsequent years these studies

were followed by experiments with improved temporal resolution126–130, 137 and

measurements of the OD-stretching mode relaxation of HDO in H2O.
131, 138–140

Whereas theory and experiment progressed more or less in parallel for the stretch-

ing modes of HDO in D2O, the situation is different for the bending mode. Several

theoretical predictions for the bending-mode lifetime HDO in D2O have been re-

ported,141–144 the most recent and accurate value being 380 fs,144 but as yet it has

not been determined experimentally. Here, we study the vibrational relaxation

of the bending mode of HDO in D2O using infrared pump-probe spectroscopy,

extending our previous work on the H2O bending mode.147 The HDO bending
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mode has a frequency of 1460 cm−1,148 by far the lowest of the three intramolecu-
lar vibrations of the HDO molecule, the OH and OD-stretching frequencies being

3395 and 2510 cm−1. Consequently, vibrational relaxation of the bending mode

cannot involve intramolecular energy transfer, like it does for the OH-stretching

mode,130, 137, 142–144 and must occur completely through energy transfer to modes

of the surrounding bath. This renders the bending-mode relaxation an interesting

probe of the intermolecular interactions in liquid water.

8.2 Materials and methods

In our experiments, we resonantly excite the HDO bending mode, and monitor the

subsequent vibrational relaxation process by measuring the frequency-dependent

absorption change as a function of delay time. Our optical setup is based on the

design reported by Hamm et al.45 that is described in section 2.3.3. The exper-

iments are carried out at room temperature, on samples kept between two 2 mm

thick CaF2 windows separated by a 50 µm teflon spacer. The contribution of the

solvent and the windows to the transient signals is determined by replacing the

HDO:D2O sample by pure D2O. We find that this contribution is negligible for all

delays outside the region where pump and probe have temporal overlap.

8.3 Results and discussion

Figure 8.1 shows the infrared absorption spectrum of a 6 M solution of HDO in

D2O. The bending frequencies of HDO and D2O have been indicated by arrows.

The shoulder at ∼1600 cm−1 is due to the bend+libration (ν2 + νL) combination
mode of D2O,

149 and the hardly visible peak at ∼1650 cm−1 to the bending mode
absorption of H2O (present in a concentration of 0.2 M). Figure 8.2 shows the tran-

sient absorption change observed for a 6 M solution of HDO in D2O, for several

delays with respect to the pump pulse. The dotted line represents the absorption

spectrum of the sample. At short delays, the transient absorption change is nega-

tive around the v = 0→ 1 transition frequency (from 1440 to 1490 cm−1) due to
bleaching of v = 0→ 1 transition and 1→ 0 stimulated emission, and positive at

lower frequencies (from 1405 to 1435 cm−1) due to 1 → 2 excited-state absorp-

tion. Within a few picoseconds, vibrational relaxation causes both the excited-state

absorption and the stimulated emission/bleaching features to vanish. It may be

pointed out that since the power spectrum of the pump pulse is much broader than

the absorption band of the bending mode, no hole burning occurs, and spectral

diffusion is not observable in our experiments. The residual signal remains essen-

tially constant for delay times after ∼5 ps, and can be explained by the increase
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in temperature that occurs after vibrational relaxation (the subsequent diffusion of

heat out of the focus takes place on a µs time scale).
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Figure 8.1: Infrared absorption spectrum of a 6 M solution of HDO in D 2O. The arrows

indicate the frequencies of the D2O and HDO bending modes, and of the bending+libration

combination mode of D 2O.

We have confirmed this by measuring the steady-state absorption spectrum

of the sample at 299 K and 310 K. Figure 8.3 shows the difference spectrum

α310 K − α299 K. This difference spectrum agrees well with previous measure-

ments of the steady-state infrared spectrum of HDO:D2O, which have shown that

with increasing temperature, the absorption band of the bending mode shifts to

lower frequency.150 The lowering of the center frequency of the bending mode

with increasing temperature is due to the decrease of the average hydrogen-bond

strength with temperature: in contrast to the stretching modes, the bending-mode

frequency increases with hydrogen-bond strength, since hydrogen bonding steep-

ens the potential-energy curve of the bending mode.83

Comparison of the temperature-difference spectrum with the transient absorp-

tion change at 8 ps (shown as the points in Fig. 8.3) confirms that the long-term

absorption change is caused by the temperature increase following the vibrational

relaxation. Comparing the transient spectrum at 8 ps with the difference spectrum

α310 K−α299 K, we find that a scaling factor of 0.0095 is needed (see Fig. 8.3).

From steady-state absorption spectra recorded at several temperatures, we find that

only the amplitude (and not the shape) of the temperature-difference spectrum
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Figure 8.2: Connected points: transient absorption change after excitation of the HDO bending

mode of a 6 M solution of HDO in D2O, for several values of the pump-probe delay. Dashed

curve: absorption spectrum of the sample (scaled).

changes with the magnitude of the temperature increase. Hence, we can derive

a temperature increase of (310− 299)× 0.0095 = 0.1 K from the transient spec-

trum. From the experimental parameters (focal diameter ∼400 µm, energy ∼1 µJ,
sample thickness 50 µm), one can obtain an order-of-magnitude estimate for the

temperature increase by assuming that the energy is homogeneously distributed

over a cylinder with a thickness equal to that of the sample, and a diameter equal to

that of the pump focus. This results in an estimate of 0.03 K, which is of the same

order of magnitude as the temperature increase of 0.1 K observed in the transient

spectrum at long delays. Taking into account the Gaussian beam shapes of the

pump pulse (and hence of the temperature distribution) and of the probing pulse,

one obtains a more accurate estimate of 0.05 K. The discrepancy between this es-

timate and the observed value can well be accounted for by the uncertainties in the

experimental parameters.

The pump-probe delay dependence of the absorption change is shown in Fig-

ure 8.4 for several probing frequencies. The decay of the v = 1→ 2 induced ab-

sorption can be described by a single-exponential decay, see Figure 8.5. We find

that in the data at frequencies in the v = 0 → 1 region, in addition to a rapidly

decaying component a small, more slowly decaying component is present. We as-

sign the fast initial decay of the positive and negative transient absorption changes
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Figure 8.3: Points: transient absorption change 8 ps after excitation of the HDO bending

mode of a 6 M solution of HDO in D2O. Curve: difference between the steady-state absorption

spectra at 310 K and 299 K, multiplied by 0.0095.

to the vibrational relaxation of the v = 1 state of the HDO bending mode. The

presence of a small-amplitude, slower component in the decay suggests that after

the vibrational relaxation of the bending mode, the system is not yet in thermal

equilibrium, and that a second relaxation process takes place. Since the amplitude

of the slow component is small, its time constant cannot be determined very accu-

rately from our data. If the equilibration process subsequent to the T1 relaxation

is described by an exponential decay (with a time constant τeq), then the delay-

and frequency dependent absorption change can be calculated using a simple rate-

equation model.151 If we denote the equilibrium absorption spectrum by α0(ν),
the v = 1→ 2 spectrum by α1(ν), the spectrum of the system in the nonequilib-

rium state directly after vibrational relaxation by α∗(ν), and the spectrum in the

final thermal equilibrium (at a higher temperature) by αT (ν), then the absorption
change is given by

∆α(ν ,τ) = δα1(ν)e−k1τ + δα∗(ν)
k1

k1− keq
(e−keqτ − e−k1τ)

+ δαT (ν)
k1(1− e−keqτ)− keq(1− e−k1τ)

k1− keq
, (8.1)

where k1 = 1/T1 and keq = 1/τeq, and the amplitudes are

δα1(ν) = α1(ν)−α0(ν),

δα∗(ν) = α∗(ν)−α0(ν),

δαT (ν) = αT (ν)−α0(ν).
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How long does a water molecule vibrate? Results and discussion

Eq. 8.1 shows that the decay of the absorption change is given by a bi-exponential

function, with the amplitudes of the two exponentials depending on the probing

frequency ν . We performed a simultaneous least-squares fit of Eq. (8.1) to the

transients at all 32 probing frequencies, using the same values for the two time

constants T1 and τeq at every frequency. From the fit, we find time constants of

T1 = 390±50 fs and τeq = 1.2± 0.4 ps. The result of the fit is shown for several

probing frequencies as the solid lines in Fig. 8.4. Only data points for delay values

larger than 0.4 ps were used in the fit, to ensure that artifacts around zero delay

(coherent coupling152 and/or Kerr effect153) do not influence the result. To confirm

this we also performed a fit using only delay values larger than 0.5 ps, and found

no significant differences in the values for the two time constants. The amplitudes

δα1(ν), δα∗(ν) and δαT (ν) obtained from the fit are shown in Figure 8.6.
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Figure 8.4: Transient absorption change as a function of pump-probe delay, for several probing

frequencies. The solid curves are the result of a simultaneous least-squares fit of Eq. 8.1 to the

decays at all probing frequencies. The inset shows the same data at the same x-scale and full

y-scale.

The second relaxation process cannot involve an intramolecular mode, since

the bending mode has the lowest frequency of the three intramolecular modes of

the HDO molecule. Interestingly, the 1.2 ps value found here is similar to the time

scale of the hydrogen-bond equilibration process observed in MD simulations140

and in time-resolved measurements of the OH-stretching111, 128 and OD-stretching

modes138–140 of HDO in D2O. In these studies, time constants of∼1.5 ps and∼1 ps
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Figure 8.6: Amplitudes δα1(ν), δα∗(ν) and δαT (ν) (see Eq. 8.1) obtained from the least-

squares fit procedure described in the text.

were found for the equilibration of the hydrogen-bond network after vibrational re-

laxation of the OD- and OH-stretching modes, respectively.128, 139 The similarity of

these time scales to the 1.2 ps found here suggests the possibility that the bending-
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How long does a water molecule vibrate? Conclusions

mode relaxation leads to a disturbance of the hydrogen-bond network (involving

stretching, rather than dissociation of hydrogen bonds, as the HDO bending-mode

energy is well below the hydrogen-bond dissociation energy) which equilibrates in

the same way as the disturbance created after relaxation of the OD-stretching and

OH-stretching modes.

In a recent experiment on the vibrational relaxation of the bending mode of

liquid H2O, a vibrational lifetime of 170 fs was found for this mode.
154 This fast

vibrational relaxation was explained by a strong coupling to the librations of H2O,

which have a significant spectral density at the H2O bending frequency.155 The

fact that the vibrational relaxation of the bending mode of HDO in liquid D2O is

slower is probably due to the fact that the spectral density of the D2O librations

at the HDO bending frequency is very small.156 This small spectral density at the

HDO bending frequency also explains why, in contrast to liquid H2O,
154 no direct

excitation of D2O librations is observed in our experiment.

The T1 value of 390 fs for HDO in D2O found here agrees surprisingly well

with the most recent theoretical prediction of 380 fs by Lawrence and Skinner.144

In view of the substantially bigger discrepancy between their theoretical value for

OH-stretching T1 and the experimental value (2.3 and ∼1 ps, respectively), the

extremely good agreement between theory and experiment for the bending mode

could to some extent be coincidental. In this respect, it is also interesting to point

out that the bending-mode T1 of H2O in an isotopic H2O:HDO:D2O mixture147

is the same (within experimental error) as that of HDO:D2O, whereas the calcu-

lated spectral density of the fluctuating coupling causing the vibrational relaxation

decreases by a factor of roughly 2 going from the HDO to the H2O bending fre-

quency.144

8.4 Conclusions

In summary, we have determined the lifetime of the HDO bending mode in liquid

D2O using mid-infrared pump-probe spectroscopy. We found a T1 value of 390 fs,

which agrees well with recent theoretical predictions. We also found evidence for a

thermalization process subsequent to the vibrational relaxation, which takes place

with a time constant of approximately 1.2 ps.

We believe the experiments reported here open the way to new spectroscopic

experiments investigating the dynamics of liquid water. A particular advantage of

the bending mode as compared to the stretching modes of the water molecule is

that the bending absorption bands of H2O, HDO, and D2O are cleanly separated.

As a consequence, each of these molecular species can be separately excited and

probed in isotopic H2O:HDO:D2O mixtures.
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CHAPTER 9

Concentration and temperature

dependence of the bending-mode

lifetime of H2O in liquid D2O

9.1 Introduction

As discussed in previous Chapter, ultrafast nonlinear vibrational spectroscopy has

contributed significantly to a better understanding of both structural and dynam-

ical aspects of water. However, only recently the relaxation pathway of the OH-

stretching mode has been established,26 in terms of a relaxation mechanism via

the H2O-bending mode. Subsequent studies on the H2O bending-mode dynam-

ics suggest that the libration mode plays an important role in the bending-mode

relaxation.26, 154, 157 However, the direct observation of the energy transfer from

the bending to the libration mode is not possible due to the sub-100 fs lifetime

of the libration mode.158 Here, we use alternative experiments to investigate the

bending-mode lifetime as a different way to confirm whether the libration acts as

an accepting mode in the bending-mode vibrational relaxation.

Temperature dependence of the lifetime is one of methods that has helped in

the past to elucidate the relaxation mechanism of the vibrational transitions.159

In the present work, we have measured the lifetime of the H2O-bending mode in

H2O:HDO:D2O isotopic mixtures as a function of temperature. We find that the

relaxation rate decreases with increasing temperature. We will show that this con-

firms that the libration mode is involved in the bending-mode relaxation dynamics.

115



How do bending-mode vibrations of water decay? Materials and methods

9.2 Materials and methods

In our experiment, we resonantly excite the H2O-bending mode, and monitor the

subsequent vibrational relaxation process by measuring the frequency-dependent

absorption change as a function of delay time. Our optical setup is based on the de-

sign reported by Hamm et al45 and has been described in 2.3.3. Isotopic H2O:D2O

solutions are prepared by mixing appropriate amounts of H2O and D2O. All exper-

iments were carried out at temperatures between 278 K and 363 K.

9.3 Results and discussion

Figure 9.1 shows the linear absorption spectrum of 6 M solution of H2O in D2O at

298 K and 363 K, with the H2O, HDO and D2O-bending modes indicated by ar-

rows. All three bands are well separated, so specific excitation of the H2O-bending

mode is possible. The frequency of the H2O-bending mode shifts slightly from

1645 cm−1 to 1642.5 cm−1 for 298 K and 363 K respectively, in agreement with

values published before.148, 150, 159 The change of about 2.5 cm−1 is very small

compared to the shift of about 50 cm−1observed for the OH-stretching mode,160

which suggests that coupling between the bending mode and the hydrogen-bond is

not significantly influenced by temperature.
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Figure 9.1: Linear absorption spectrum of 6 M H2O in HDO/D2O for 298 K and 363 K. The

arrows indicate the position of H2O, HDO and D2O-bending modes.
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Figure 9.2: Transient absorption spectrum of a 6 M solution of H2O in D2O at 298 K for

several delays of the pump with respect to the probe. The points are the experiment and the

curves for the delays of 0.4 ps and 20 ps are the fits based on Eq. 9.1 and scaled thermal

difference spectrum, respectively.

Transient absorption spectra upon resonantly exciting the bending mode of 6 M

solution of H2O in D2O at 298 K for several time delays are shown in Fig. 9.2.

Since the power spectrum of the pump pulse is much broader than the absorption

band of the H2O-bending mode, no hole burning occurs. At short delays, the tran-

sient absorption spectrum is negative for the v= 0→ 1 frequency due to bleaching

of the vibrational ground state and v = 1 → 0 stimulated emission, and positive

for lower frequencies due to v = 1 → 2 excited-state absorption. After a few ps

the excited molecules return to the vibrational ground state and the corresponding

bleaching and excited-state absorption diminish. The features of the transient ab-

sorption spectrum gradually change due to population relaxation and subsequent

thermal equilibration. The signal that remains for delays longer than 5 ps can be

assigned to the temperature increase that occurs after vibrational relaxation.147, 161

This can be shown by comparing the pump-probe spectrum at 20 ps delay and the

linear difference spectrum (Fig. 9.3), which also allows us to estimate the tem-

perature change induced by the pump pulse. To fit the transient spectrum at 20 ps

delay we use the thermal difference spectrum described by α0(363 K)−α0(298 K),
where α0(T ) represent the linear absorption spectrum for 363 K and 298 K, respec-
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tively. To a good approximation, the linear absorption spectrum changes linearly

with increasing temperature. Thus by proportionally scaling the thermal difference

spectrum we estimate that the temperature increase caused by the pump pulse in

the time-resolved experiments is about 0.1 K, see Fig. 9.2.
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Figure 9.3: Comparison of the transient spectrum of 6 M H2O in D2O at 20 ps delay (◦) and
the scaled difference spectrum of the steady-state spectra at 363 and 298 K (—).

We have also determined the anharmonic shifts of the H2O-bending mode by

fitting the experimental data at short delays using the simple model used in the

previous chapter. The shapes of both bleaching and excited-state absorption are

described by the linear absorption spectrum α0(ν) with opposite signs, where the
spectrum of the excited-state absorption is red-shifted by the anharmonicity δ (see

eq. 9.1).

∆α(ν) = α0(ν + δ )−α0(ν) (9.1)

We find the anharmonic shift to be 54±5 cm−1 for 363 K.
In a previous study, Huse and coworkers154 have determined the lifetime of the

H2O-bending mode for pure water to be 170 fs. In the case of a 6 M H2O in D2O

solution, the lifetime is approximately twice as long.147 Possibly, the population

relaxation decay via the H2O libration is determined by the concentration of H2O,

which would limit this relaxation channel in isotopically diluted H2O. Addition-

ally, the D2O libration does not serve as an efficient relaxation pathway due to its

red-shifted frequency compared to the H2O libration which subsequently causes a
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longer lifetime for a more diluted H2O solution. To confirm the isotopic dilition

is sufficient to ensure that the relaxation dynamics of the H2O-bending mode is

not governed by the concentration of the H2O we have measured the lifetime of

the H2O-bending mode as a function of H2O concentration. Figure 9.4 shows the

normalized absorption changes as a function of delay between the pump and the

probe pulse for the high and low concentration of H2O in D2O, where the sym-

bols and lines represent the data points and fits, respectively. We plot data for

bleaching frequencies with a small contribution of the thermalization effect for

better comparison. To determine the rate constants of the relaxation dynamics we

have performed a least-squares fit of the whole data set using the convolution of

a Gaussian and a double exponential function plus another Gaussian to model the

non-linear effects that occur at zero time delay. The rate constants represent the

lifetime of the H2O-bending mode and the thermalization effect, respectively. In

the case of the most dilute solution (6M H2O in D2O), the fit converged to a single

exponential decay due to the very small amplitude of the thermalization effect. A

least-squares fit of the data using a simple single exponential decay function for

the delays longer than 0.4 ps shows the same relaxation rate. Figure 9.4 shows

that the population decay is a double and a single exponential for the high and low

concentration, respectively. This is due to the absence of the thermalization effect

at low concentrations.

The decay rates as a function of H2O concentration are shown in Fig. 9.5. The

symbols represent the data points, where the square for pure H2O is taken from

Huse et al.154 The data shows an initial sharp decrease of the relaxation rate from

5.8 ps−1 for pure water down to 3 ps−1 for 25 M solution of H2O in D2O. The

rate levels off at 2.8 ps−1 for 6 M solution of H2O in D2O. This behavior suggests

that the interaction between neighboring H2O molecules is at this concentration

negligible for H2O relaxation dynamics. Hence, in a sample with a concentration

smaller then 6 M, the observed temperature dependence of the H2O bending-mode

relaxation will be representative of that at infinite dilution.

Figure 9.6 shows the absorption change of the H2O-bending mode as a function

of delay between the pump and the probe pulse at 298 K and 363 K. To improve

the signal-to-noise the data was averaged over 6 frequencies in the bleaching part

of the spectrum (1660 − 1680 cm−1). For better comparison we have subtracted

the thermalization effect and scaled the data (the inset shows the unmodified data).

The decay of the pump-probe signal can be described by a single exponential decay.

Using a least-squares fit, we determined the lifetime to be 340±15 fs and 422±8 fs
for 298 K and 363 K, respectively. In order to avoid contributions from coherent

coupling152 and cross-phase modulation,153 only data points with a delay longer

than 0.4 ps were used. Compared to our previous study147 the lifetime of 6 M H2O

in D2O at 298 K was determined more accurately due a better signal-to-noise ratio.
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Figure 9.4: The pump-probe transient absorption signal as a function of delay for 40 M and

6 M solution of H2O in D2O. The symbols represent the data and the lines the fitted model.

The experimentally determined and calculated relaxation rates of the H2O-

bending mode are depicted in Fig. 9.7. The relaxation rate decreases as a function

of temperature from 3.6 ± 0.18 ps−1 to 2.35 ± 0.05 ps−1 for 278 K and 363 K,

respectively.

In the vibrational relaxation of the H2O-bending mode the accepting modes

cannot be intra-molecular modes because the bending mode itself is energetically

the lowest intra-molecular mode. The vibrational relaxation must therefore occur

via inter-molecular modes. Energetically the highest of these modes are the libra-

tion mode at ∼680 cm−1 and the hydrogen-bond stretching and bending modes

at ∼185 cm−1 and ∼50 cm−1, respectively.162 The study of vibrational predis-

sociatition of an OH· · ·O complex describes a model which was used to describe

the temperature dependence of the relaxation lifetime in water. The authors sug-

gest that direct relaxation of the bending mode to translational motion would be

two orders of magnitude slower than the relaxation of the OH-stretching mode.163

However, the lifetime of the H2O-bending mode is actually found to be twice as

short as the lifetime of the OH-stretching mode. We can therefore conclude that

the complete energy transfer from the bending mode to the hydrogen-bond stretch

is very unlikely. In addition, the bending-mode vibrations are more likely to be
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Figure 9.5: The relaxation rate of the H2O-bending mode as a function of H2O concentration.

The square at [H2O]=55 M is an experiment from work published by Huse and coworkers.154

The line is a guide to the eye.

coupled to rotational rather than to translational motion.

It has been previously suggested that librations and/or the hydrogen bond

stretch and bend can act as the accepting modes. To explore the possible involve-

ment of the libration modes in the relaxation dynamics of the H2O-bending mode

we have measured the linear absorption spectrum of pure H2O at several tempera-

tures (see Fig. 9.8). The maximum of the H2O libration band shifts from 685 cm−1

to 650 cm−1 and broadens from 180 cm−1 to 195 cm−1 when going from 288 K to

348 K. In contrast, the H2O bending-mode frequency blueshifts from 1642.5 cm−1

to 1645 cm−1. Both the redshift of the libration and blueshift of the bending mode
are direct consequences of the weakened hydrogen-bond network. It should be

noticed that the shape of the bending-mode absorption spectrum is asymmetric

with a large baseline at the low-frequency side. This absorption has been previ-

ously assigned to the overtone of the libration164 and to the combination band.155

However, later studies show that the origin of this absorption are fundamental high

energy libration modes. Upon excitation of the H2O-bending mode the relatively

large energy of the libration modes does not allow for accepting more than two

energy quanta. The energy mismatch and the overlap integral between the excited

and accepting mode will influence the relaxation dynamics. The libration spectrum

121



How do bending-mode vibrations of water decay? Results and discussion

 !" #! #!" $! $!"

%#! 

% !&

% !'

% !(

% !$

 ! 

)

)

)
*
+
!
,
!
-

./0+1)*23-

)$4&)5

)6'6)5

)

)

)

)

Figure 9.6: Transient absorption change as a function of pump-probe delay averaged for prob-

ing frequencies from 1660 cm−1 to 1680 cm−1 at 298 K (•) and 363 K (◦). The solid and

dashed curves are single exponential decays with a time constants of 340 fs and 422 fs, respec-

tively. The inset shows the same data without subtraction of the thermalization effect.

of H2O redshifts with increasing temperature, so the energy mismatch and overlap

integral will decrease. Consequently the rate of the vibrational relaxation should

decrease at higher temperatures. Based on far-IR165–167 and low-frequency Raman

spectra,168 we can say that the hydrogen bond vibrations are not influenced by

temperature as much as the libration band and so the libration modes are the best

candidates for the accepting modes in the H2O-bending mode relaxation mecha-

nism. There is also the possibility of energy relaxation via the bending mode of

HDO and/or D2O. However, we believe that the energy relaxation via the libra-

tion mode is more probable because the energy is more likely transfered via the

vibrational mode in which the excited molecule is directly involved.

We have used a semi-quantitative approach to estimate the relaxation rate from

the bending to the libration mode by applying Fermi’s golden rule as described by

Nitzan et al.159, 169 The relaxation rate 1/T1 is then given by:

1/T1 ∝ 2π/h
∫

eEν /kT−1
Π[eEδ /kT−1] |〈1ν0δ |RνR

2
δ |0ν2δ 〉|2

×ρ(Eν)dE, (9.2)
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Figure 9.7: Rate of the vibrational relaxation 1/T1 of H2O-bending mode as a function of

temperature. Points are the measured data and lines are the scaled calculations according to the

Fermi’s golden rule, see Eq. 9.2. The solid, dashed and dotted lines represent the calculations

where the accepting mode is purely the overtone of the libration, the overtone of the libration

and the hydrogen-bond stretch - HB1 (∼185 cm−1) and the overtone of the libration and the
hydrogen-bond bend - HB2 (∼50 cm−1) , respectively.

where Rν and Rδ are the bending and libration coordinates, |0ν〉, 〈1ν |, |2δ 〉 and |0δ 〉
are the wave functions of the ground and excited states of the H2O bending ν and

libration δ modes. The anharmonic coupling matrix element |〈1ν0δ |RνR
2
δ |0ν2δ 〉|2

can be split into |〈1ν |Rν |0ν〉|2 and |〈0δ |R2δ |2δ 〉|2, where the frequency dependence
of the first term can be approximated by the linear spectrum of the H2O-bending

mode. By inserting the unity operator |i〉〈i| into the term |〈0δ |R2δ |2δ 〉|2 and using
harmonic oscillator selection rules we obtain |〈0δ |Rδ |1δ 〉〈1δ |Rδ |2δ 〉|2, which is

the square of the absorption spectrum of the libration mode if we assume the same

spectral shape for the fundamental and 1 → 2 transitions. The term preceding

the anharmonic coupling matrix element is determined by the thermal population

of excited and accepting modes. Eν and Eδ represent the energies of the excited

and accepting modes, respectively. The density of states ρ(Eν) is assumed to be
independent of temperature and constant over the range where the integrand is

nonzero.

To calculate the overlap integral we use the square of the linear spectrum of

pure H2O for the librations between 500 cm−1and 1200 cm−1(Fig. 9.7) and the
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Figure 9.8: Linear absorption spectrum of pure H2O for temperatures from 288 K to 348 K.

The libration band shifts from 685 cm−1 to 650 cm−1 going from 288 K to 348 K, while the

bending mode shifts to the blue by 2.5 cm−1 (from 1645 cm−1 to 1642.5 cm−1).

linear spectrum of 6 M H2O in D2O for the bending spectral region (Fig. 9.1).

The results of the pump probe experiments are influenced by the presence of H2O,

HDO and D2O libration bands. However, to use the absorption spectrum of the

6 M H2O solution in D2Owould not be correct because it consists of three different

contributions coming from all present species (H2O, HDO and D2O). The actual

libration spectrum of a H2O molecule in the mixture of HDO and D2O is only

slightly red-shifted with respect to the libration band in pure H2O. Because of the

similar shifts of H2O and D2O libration bands as a function of temperature we can

assume that the H2O libration in pure water is a good approximation of the libration

spectrum of a H2O molecule in the HDO/D2O mixture.

As shown in Fig. 9.7, the predicted relaxation rate decreases with temper-

ature. We have also estimated the relaxation rate in case the energy is partly

transfered to the other intermolecular modes, in particular the hydrogen-bond

stretching and bending modes. The solid, dashed and dotted lines represent the

calculations where the accepting mode is the overtone of the libration,170 the over-

tone of the libration and one quantum of the hydrogen-bond stretch (HB1), and

the overtone of the libration and one quantum of the hydrogen-bond bend (HB2),

respectively. With increasing number of phonon states involved in the relaxation

mechanism the relaxation rate decreases less steeply with increasing temperature.
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All calculated relaxation pathways show reasonable quantitative agreement with

the experimental data.

Our model is largely oversimplified and does not allow us to fully describe

the relaxation mechanism of the H2O-bending mode. We hope that our study will

stimulate more theoretical work to better understand relaxation processes for the

H2O-bending mode, as it already has done for the OH-stretching mode.
144, 146, 171

We believe, though, that the strong correlation between the relaxation rate and the

overlap integral between the bending mode and libration overtone agrees with a

mechanism in which the libration mode acts as an accepting mode.

9.4 Conclusions

To summarize, we have performed femtosecond pump-probe experiments of the

H2O-bending mode in H2O:HDO:D2O isotopic mixtures as a function of temper-

ature and have shown that the relaxation rate decreases with rising temperature.

Our results confirm previous suggestions that the librations are as important to the

H2O bending-mode relaxation as the bending mode is to the OH-stretch vibrational

dynamics.26, 154, 158, 171
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Summary

The hydrogen bond is an essential structural feature that determines the physi-

cal and chemical properties of many substances. Hydrogen bonding keeps water

in the liquid phase, and is one of the key elements that defines the structure of

DNA. In this thesis, we investigate the structural dynamics of two types of complex

hydrogen-bonded systems: rotaxanes and liquid water. Rotaxanes are a novel class

of molecules that have become model compounds for molecular devices. They

consist of a macrocyclic ring trapped onto a linear thread by two bulky stoppers.

The thread may contain locations where the macrocycle preferably resides, so-

called binding stations. The individual components of rotaxane-based devices are

capable of performing mechanical motion with respect to each other when exter-

nally triggered by for example light. In the rotaxanes studied in this thesis, the

thread and macrocycle are linked by means of hydrogen bonds. This allows for

a large flexibility in the choice of the external stimulus, and accurate control over

various co-conformations at ambient temperature. The second hydrogen-bonded

system studied in this thesis, liquid water, has been the subject of many studies

due to its exceptional role in biological and chemical processes. However, many

questions regarding its structural dynamics and vibrational relaxation still remain

unanswered.

To be able to follow the structural dynamics in these complex systems we need

a tool that has both sufficient time resolution as well as sensitivity to structural

changes in the proximity of hydrogen bonds. We find that 2D-IR and three-pulse

photon echo spectroscopy are suitable techniques to observe the equilibrium struc-

ture and structural fluctuations of hydrogen-bonded rotaxanes. The mid-infrared

spectral region provides us with the required structural sensitivity since the vi-

brations of hydrogen-bonded groups are sensitive probes of the hydrogen bonds.

Initially, we focus on the equilibrium structure of a [2]rotaxane in solution using

2D-IR and 2-color vibrational spectroscopy. These techniques are applied to the

CO-and NH-stretch modes of the system, both of which are sensitive to hydrogen-

bonding. By plotting the pump-probe data as a 2D-graph with the frequencies of

the probe and pump beam along the axes, one can observe so-called diagonal and
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off-diagonal peaks. The diagonal peaks can be explained as a regular pump-probe

signal, while the intensity of the cross-peak peaks is proportional to the coupling

between different vibrational modes. Performing these experiments at parallel and

perpendicular polarizations of the pump and probe beams with respect to each

other, we can determine distances and angles between specific bonds in the two

components of the rotaxane. While in the 2D-IR experiment we excite one CO-

stretch and probe another CO-stretch mode, the two-color experiment zooms in on

the coupling between the NH-stretch and CO-stretch modes. We show that 2D-IR

spectroscopy can be used to determine the structure of rotaxanes with subpicosec-

ond time resolution.

As a next step we focus on the structural fluctuations of rotaxanes. Using

photon echo-peak shift spectroscopy we can study the flexibility of molecular ma-

chines on a nanoscopic level. Our findings suggest that structural flexibility or

stiffness of the mechanically interlocked rotaxane is very similar to that of other

hydrogen-bonded systems. Thus, when discussing molecular machines based on

rotaxanes, we should consider them as constructed from pieces of rubber band

rather than as molecular meccano.

Finally, we use UV-pump IR-probe spectroscopy to control and observe the

shuttling of a molecular machine. This intermolecular motion can be triggered

with UV photons, and mid-IR light is used subsequently to follow the structural

changes within the device. We can thus investigate the elementary events of the

shuttling mechanism. Our investigation of the shuttling rate in the succinamide-

naphthalimide rotaxane as a function of temperature and length of the thread shows

that the shuttling process involves two steps. It starts with the escape of the macro-

cycle from the succ station, followed by the macrocycle residing shortly on the

thread. We find that the motion of the macrocycle during the latter step is a one-

dimensional, biased, random walk, which makes it fundamentally different from

motion in macroscopic devices. The final step is the rapid binding to either the

initial succ or to the final ni·− station.

The last two chapters of this thesis are concerned with the vibrational relax-

ation of the water bending mode in isotopic mixtures of H2O and D2O. In spite

of the vast amount of experimental and theoretical studies, the mechanism of the

vibrational relaxation of the bending mode in water is as yet not well known. We in-

vestigate the concentration and temperature dependence of the H2O bending-mode

relaxation rate using IR pump-probe spectroscopy to elucidate this mechanism. We

find that the relaxation rate increases at higher concentrations, and decreases with

rising temperature. Using a simple semi-quantitative model, we find that we can

describe the observed temperature dependence. Based on our experimental data

and simulations we conclude that upon the excitation of the H2O-bending mode

the most probable channel of the energy dissipation is via the libration mode.
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De waterstofbrug is een essentieel structureel element dat de fysische en chemis-

che eigenschappen van vele verbindingen bepaalt. Waterstofbruggen zorgen er-

voor dat water een vloeistof is, en bepalen de structuur van DNA. Dit proefschrift

beschrijft de structurele dynamica van twee soorten waterstofgebrugde systemen:

rotaxanen en vloeibaar water. Rotaxanen zijn een recent ontwikkelde klasse van

moleculen, die interessant zijn als model voor moleculaire machines. Ze bestaan

uit een macrocyclische ring, die tussen twee omvangrijke eindgroepen wordt vast-

gehouden op een lineaire draad. De draad kan plekken bevatten waarmee de ring

bij voorkeur interactie aangaat; deze plekken heten bindingsstations. Onder in-

vloed van externe stimuli zoals licht kunnen we de individuele componenten van

de rotaxaan ten opzichte van elkaar laten bewegen. In dit proefschrift wordt een

rotaxaan bestudeerd waarin de draad en de macrocyclische ring door middel van

waterstofbruggen met elkaar verbonden zijn. Deze relatief zwakke niet-covalente

interacties zorgen voor een grote flexibiliteit bij de keuze van een externe stimu-

lus, en maken het mogelijk om bij kamertemperatuur controle te krijgen over de

diverse conformaties die het rotaxaan kan hebben. Het tweede waterstofgebrugde

systeem dat we in dit proefschrift bespreken, vloeibaar water, is het onderwerp

geweest van vele studies vanwege de uitzonderlijke rol die deze vloeistof in biol-

ogische en chemische processen speelt. Veel vragen over de structurele dynamica

en de vibrationele relaxatie van water zijn echter nog steeds onbeantwoord.

Om de structurele dynamica in deze complexe systemen te kunnen volgen, is

een methode nodig die zowel voldoende tijdsresolutie heeft als gevoeligheid voor

structurele veranderingen in de buurt van waterstofbruggen. Twee-dimensionale

infrarood (2D-IR) en drie-puls foton-echo spectroscopie zijn geschikte technieken

om de evenwichtstructuur en structurele fluctuaties van waterstof-gebonden ro-

taxanen te bestuderen. Het midinfrarode golflengtegebied biedt ons de vereiste

structurele gevoeligheid, omdat de trillingen van covalente bindingen die deze

kleur licht absorberen gevoelig zijn voor de sterkte van waterstofbruggen aan deze

bindingen.

In eerste instantie richten wij ons op de evenwichtsstructuur van een [2]rotax-
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aan in oplossing met behulp van 2D-IR en tweekleuren vibrationele spectroscopie.

Deze techniek worden toegepast op de strek-vibraties van de CO- en NH-bindingen

van het systeem, die zowel in de ring als in de draad voorkomen. Door het uitzetten

van de pump-probe gegevens als een twee-dimensionale grafiek met de frequenties

van de probe en de pomp puls langs de assen, kan men zogenaamde diagonale

pieken en cross-pieken waarnemen. De diagonale pieken kunnen worden verk-

laard als een gewoon pump-probe signaal, terwijl de intensiteit van de cross-pieken

evenredig is met de koppeling tussen de verschillende vibraties. Door het uitvo-

eren van deze experimenten met de polarisatie van de pomp puls parallel én lood-

recht ten opzichte van de polarisatie van de probe puls, kunnen we de afstanden

en hoeken tussen specifieke bindingen in de twee componenten van de rotaxaan

bepalen. Terwijl met het 2D-IR experiment één CO-strek vibratie geëxciteerd

wordt en naar CO-strek vibraties wordt gekeken, zoomt het twee-kleuren experi-

ment in op de koppeling tussen een NH-strek en CO-strek vibratie, dat wil zeggen,

tussen twee covalente bindingen van een verschillend type. We laten zien dat 2D-

IR spectroscopie ook hier kan worden gebruikt om de structuur van de rotaxanen

met subpicoseconde tijdsresolutie te bepalen.

Vervolgens concentreren we ons op de structurele fluctuaties van de rotaxa-

nen. We tonen aan dat met behulp van spectroscopie gebaseerd op het meten van

de verschuiving van de foton-echo piek de flexibiliteit van moleculaire machines

kan worden bestudeerd op een nanoscopisch niveau. Onze bevindingen sugger-

eren dat de structurele flexibiliteit (de “stijfheid”) van de waterstofbruggen tussen

de componenten van een rotaxaan niet veel verschilt van die van andere waterstof-

gebonden complexen waarin de componenten niet door topologische beperkingen

aan elkaar vastzitten. Dit impliceert dat moleculaire machines gebaseerd op ro-

taxanen beter beschouwd kunnen worden als opgebouwd uit elastiekjes dan als

“moleculaire meccano”.

Ten slotte gebruiken we UV-pomp IR-probe spectroscopie om het pendelen

van de ring tussen twee bindingsplekken op de draad te activeren en waar te ne-

men. De moleculaire beweging wordt met UV-fotonen geactiveerd. De structurele

veranderingen binnen de moleculaire machine worden vervolgens waargenomen

met een infrarode lichtpuls. We kunnen zo de elementaire stappen van het pendel-

mechanisme onderzoeken. Uit onze experimenten, waarbij wij de snelheid van het

pendelen als functie van de temperatuur en de lengte van het rotaxaan bestuderen,

blijkt dat het pendelen uit twee stappen bestaat. Het proces begint met het ver-

breken van de waterstofbruggen tussen de ring en het SUC station, gevolgd door

een kort verblijf op de draad dat eindigt met het binden aan hetzij het SUC of aan

het NIX station. Uit de data blijkt verder dat de beweging van de ring tijdens de

laatste stap een één-dimensionale toevalsbeweging (“dronkenmanswandeling”) is

met een voorkeur in de richting naar het SUC station. Hierdoor verschilt de be-
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weging van deze moleculaire machine fundamenteel van die van macroscopische

machines.

De laatste twee hoofdstukken van dit proefschrift zijn gericht op de vibra-

tionele relaxatie van de water buigvibratie in isotopische mengsels van H2O en

D2O. Ondanks de enorme hoeveelheid aan experimenteel en theoretisch onder-

zoek, is het vibrationele relaxatie mechanisme van de buigvibratie van water niet

goed bekend. Om dit mechanisme te ontrafelen onderzoeken we de concentratie-

en de temperatuur-afhankelijkheid van de H2O buig relaxatie-snelheid met behulp

van infrarood pump-probe spectroscopie. We zien dat de snelheid verhoogt bij

hogere concentraties, maar afneemt bij hogere temperaturen. We kunnen met

behulp van een eenvoudig semi-kwantitatief model de waargenomen temperatu-

urafhankelijkheid goed beschrijven. Op basis van onze experimentele data en de

simulaties concluderen we dat het meest waarschijnlijke relaxatie-pad van de H2O

buig-vibratie via de libratie vibratie loopt.
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