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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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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.
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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.
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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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