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Time-resolved vibrational spectroscopy is used to investigate the inter-component motion of an

ultraviolet-triggered two-station molecular shuttle. The operation cycle of this molecular shuttle

involves several intermediate species, which are observable in the amide I and amide II regions of

the mid-IR spectrum. Using ab initio calculations on specific parts of the rotaxane, and by

comparing the transient spectra of the normal rotaxane with that of the N-deuterated version,

we can assign the observed vibrational modes of each species occurring during the shuttling cycle in

an unambiguous way. The complete time- and frequency-dependent data set is analyzed using

singular value decomposition (SVD). Using a kinetic model to describe the time-dependent

concentrations of the transient species, we derive the absorption spectra associated with each stage

in the operation cycle of the molecular shuttle, including the recombination of the charged species.

1 Introduction

Recent developments in supramolecular chemistry have led

to the synthesis of a multitude of molecular devices capable

of mimicking the function of macroscopic machinery. They

include molecular shuttles,2–4 propellers,5 gears,6 ratchets,7

valves,8 turnstiles,9 motors,10–13 brakes,14 and elevators.15 Indu-

cing and controlling the motion of such devices is of fundamental

interest if these devices are to be used as a basis for the construc-

tion of more complex and useful molecular machines. However,

the analogy between molecular devices and their macroscopic

counterparts, appealing as it may be, does not hold at a molecular

level. Macroscopic concepts such as viscous friction lose meaning

as the size and speed of motion of the device approach that of

solvent molecules.16–19 Also, random thermal motion, both of

the surrounding solvent molecules and of the components of the

molecular machines themselves, will inevitably lead to a certain

degree of unpredictability in the device’s motion.

Observing the underlying elementary events of the motion

of molecular machines requires a technique with high struc-

tural sensitivity as well as sufficient time resolution. Most

spectroscopic methods that have been used previously to

investigate molecular machines (X-ray reflectometry,20 circular

dichroism,11 steady-state absorption spectroscopy,21–25 cyclic

voltammetry,8,15,21 and NMR26) do not provide sufficient time

resolution to observe the devices in operation. Transient

UV-VIS spectroscopy2 has the required time resolution, but

probes the conformation in an indirect manner. Time-resolved

vibrational spectroscopy is an experimental method which pro-

vides both structural sensitivity and temporal resolution.27–30 In

particular, the possibility to probe the stretching modes of

specific, localized, chemical bonds allows for a direct view on

conformational changes at the molecular level, making it possible

to probe the individual components of a molecular machine and

their interactions in a direct manner. The time resolution of the

probing is determined by the duration of the IR-probe pulse, and

can in principle be as short as 100 fs.31

We have demonstrated recently how time-resolved UV-pump

IR-probe experiments can be used to unravel the operation

mechanism of rotaxane-basedmolecular shuttles.32 Here, we report

more extensive UV-IR experiments, in which we investigate a

larger range of both IR-probe frequencies and time delays. We

confirm our assignments using ab initio calculations on (parts of)

the rotaxane in each stage of the operation cycle. We also perform

a detailed analysis of the kinetics using singular value decomposi-

tion (SVD). In this way, we determine the number of significant

spectral and temporal components in the data in an objective

manner.33,34 From the SVD, we reconstruct the vibrational spec-

trum of the rotaxane shuttle in each stage of its operation cycle.
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Rotaxanes are compounds that consist of a macrocycle that

is mechanically interlocked onto a linear thread.35 The struc-

ture of the rotaxane-based molecular shuttle studied here is

shown in Fig. 1. There are two specific positions (stations) on

the thread at which the macrocycle (blue in Fig. 1) can form

hydrogen bonds. These hydrogen bonds are formed between

the NH groups of the macrocycle and the CO groups of the

thread. The naphthalimide station (ni, grey in Fig. 1) is a

poor hydrogen-bond acceptor in its electronic ground state.36

Therefore, in the neutral rotaxane, the ring resides predomi-

nantly (>99%) on the succinamide station (succ, green in

Fig. 1). The macrocycle can be induced to move from the succ

to the ni station by means of an electrochemical or photo-

chemical reduction of the ni station. In the latter case, excita-

tion of the naphthalimide station with a 355 nm pulse results

in rapid (t = 1.6 ns) intersystem crossing to the triplet state.37

In this state, the ni station can be reduced by an external

electron donor to form a radical anion. In the radical anion

state, the naphthalimide station (ni��, red in Fig. 1) has a

much higher hydrogen-bonding affinity towards the macro-

cycle than the succ station (equilibrium constant >1000).3 As

a consequence, the macrocycle moves over the thread and

forms hydrogen bonds with the ni�� station. This process

occurs on a time scale of 1 ms. Subsequently, slow (B100 ms)
charge recombination between the ni�� station and radical

cation of the electron donor occurs. This is accompanied by

back-shuttling of the macrocycle. After reformation of the

hydrogen bonds between the macrocycle and the succ station,

the system is ready to shuttle again.2 In the time-resolved

experiments we trigger the translation of the macrocycle with

a short UV pulse, and observe the subsequent vibrational

absorption change using a delayed mid-IR probe pulse. By

recording data at different time delays of the probe pulse with

respect to the pump pulse, we measure the time dependence of

the absorption changes of the molecular device.

2 Experiment

2.1 Ultraviolet-pump infrared-probe setup

For the UV-IR pump-probe experiments we use a commercial

Ti:sapphire laser (Spectra-Physics Hurricane, 800 mJ, 100 fs

FWHM) synchronised with a commercial, pulsed Nd:YAG

laser of which we use the third harmonic (IB Laser DiNY pQ,

355 nm, 0.58 mJ, 3 ns). A variable, computer-controlled time

delay between the two laser outputs is achieved in a similar

manner as reported by other groups,38,39 using an electronic

configuration as shown in Fig. 2. A residual output from the

Ti:sapphire oscillator (80 MHz) is detected by a fast photo-

diode, amplified and frequency-divided to produce a 1 kHz

signal. This signal triggers (1) a pulse generator which provides

the triggering for the YLF pump laser and Pockels-cell driver

of the regenerative amplifier, (2) an electronically gated amplifier

used to record the signals of the MCT-detector array and

(3) a computer-controlled electronic delay generator (Berkeley

Nucleonics Corporation Model 575-4C). The latter provides

the triggering for the Nd:YAG laser that generates the

UV pump pulse. The maximum delay between the UV and

mid-IR laser pulses is determined by the repetition rate of the

Ti:sapphire laser.

The 355 nm pulse length is determined from a cross-

correlation with the mid-IR pulses obtained by differentiating

the pump–probe signal in a Ge plate. From a fit to a gaussian

function we obtain a full-width half-maximum (FWHM) of

3.6 � 0.4 ns for the pump pulse. The Nd:YAG laser is pumped

at 500 Hz and Q-switched at 50 Hz. Using the amplified

800 nm output of the Hurricane and an optical setup described

elsewhere40 we obtain mid-IR pulses with a duration of

B150 fs, a bandwidth of 200 cm�1 and an energy of 1 mJ. Probe
and reference pulses are obtained from the mid-IR light by

reflection off the front and back surfaces of a wedged BaF2

window. The UV-IR pump–probe experiment is performed by

focusing the 355 nm output several cm behind the sample with

an f = 200 mm lens. The changes induced in the sample are

monitored by the mid-IR probe pulses, which are spatially

overlapped with the pump beam, at various time delays between

the UV-pump and mid-IR probe pulse. The mid-IR reference

beam passes through an area of the sample not influenced by

the pump. Both probe and reference beams are focused through

the sample by means of an f = 100 mm off-axis parabolic

mirror. At the sample, the UV and mid-IR beam diameters

are 1 mm and 200 mm, respectively. The polarisation of the

UV-pump and mid-IR probe are perpendicular with respect

to one another. Transient absorption changes are measured

by frequency-dispersed detection of the mid-IR pulses using a

Fig. 1 Chemical structures of the [2]rotaxane shuttle in the neutral, initial radical-anion and final radical-anion states. 1,4-Diazabicyclo[2.2.2]octane

was used as external electron donor.
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2 � 32 HgCdTe (MCT) array detector (Infrared Associates).

Four consecutive measurements with different center frequen-

cies of the IR probe pulse are necessary to construct the

UV-IR transient spectra shown in the main text. From the

overlapping spectral regions, we find that no scaling of the data

of different spectral windows is required. In the case of over-

lapping frequencies, the pixels with the best signal-to-noise

were used. All steady-state Fourier-transform infrared (FTIR)

spectra are measured on a Bruker Vertex 70 spectrometer

(resolution 2 cm�1). All rotaxane experiments are carried out on

a solution of the rotaxane (10�4 M) and 1,4-diazabicyclo[2.2.2]-

octane (DABCO, 10�2 M) in CD3CN (Eurisotop, >99.8% D

purity). Neither the solvent nor DABCO has absorption bands

in the spectral region of interest. Argon is bubbled through the

sample for 15 min in order to remove dissolved oxygen from the

solution. The sample is kept in a sealed IR cell consisting of two

CaF2 windows separated by a 10 mm spacer. The experiments

are conducted at room temperature (21 1C).

Model calculations of the vibrational spectra in the harmonic

approximation were performed on fragments of the actual

rotaxanes with Gaussian09, rev. A02.41 Structures of the fragments

are shown in the ESI.w For most calculations, the B3LYP hybrid

functional with the 6-31G(d) basis set was used. Test calculations

did not show significantly improved agreement with experiment

when the 6-31+G(d) or the 6-311G(d,p) basis sets were applied. A

common scaling factor of 0.973 was derived for the vibrational

frequencies of all fragments by fitting them to the experimental

frequencies (Table 1). The bands of the triplet state and the

amide II vibrations were not used in the scaling. The scaling

factor agrees well with that published by Scott and Radom.42

3 Results and discussion

The remainder of the article is organized as follows. We begin

by discussing the steady-state IR spectra of the rotaxane and

thread. After that, the transient spectra of the rotaxane as it

progresses through the shuttling cycle (triplet, radical anion

before shuttling, and radical anion after shuttling) are discussed.

The numbering of the peaks in all spectra corresponds to that

used in Table 1. The color-coding of the labels corresponds

with that used for the different components of the rotaxane in

Fig. 1. The complete transient spectral data are then analyzed

using singular-value decomposition. By combining this analysis

with a quantitative model for the kinetics, we derive the species-

associated spectra of the triplet, initial radical-anion and final

radical-anion states of the rotaxane and thread.

3.1 Steady-state infrared spectrum

Fig. 3 shows the steady-state Fourier transform infrared

(FTIR) spectra of the thread and rotaxane. The peaks in the

rotaxane FTIR spectrum can be assigned by comparison with

spectra of the constituent components,25 and using the results

of the ab initio calculations (see ESIw). We begin by describing

the infrared spectrum of the thread. The symmetric and

antisymmetric CO-stretch modes of the ni station are observed

at 1701 cm�1 (peak 1) and 1662 cm�1 (peak 2), respectively. The

absorption band at 1662 cm�1 has a broad, high-frequency

shoulder (1678 cm�1) belonging to CO-stretch vibrations of

the succ station (peak 16). An aromatic ring vibration (peak 4)

absorbs at 1633 cm�1. The peaks at 1605 cm�1 and 1580 cm�1

(peaks 6 and 7) are assigned to aromatic ring vibrations of the ni

unit, as well. The broad band (peak 8), peaking at 1540 cm�1, is

the amide II (mainly NH-bending) vibration of the succ station.

The differences between the thread and rotaxane spectra are

caused by the hydrogen-bonding interaction between macro-

cycle and thread. These differences are most clearly observed

at 1662 cm�1. Compared to the thread, the succ CO-stretch

band in the rotaxane has redshifted because the CO groups of

the succ station are hydrogen bonded to the macrocycle.

The redshifted CO-stretch mode of the succ station appears as

peak 5, which overlaps with peak 4 at 1633 cm�1. The absorp-

tion spectrum of the rotaxane also contains a contribution from

the CO-stretch vibration of the macrocycle (peak 3). The final

difference between the spectra of thread and rotaxane is that the

amide II band in the latter contains an additional contribution

from the macrocycle (peak 9). On the low-frequency side NH

Fig. 2 Electronic setup used to synchronise the Ti:sapphire and Nd:YAG laser systems. The solid lines represent light pulses, the dashed lines

represent electronic pulses. The different colors indicate: electronics (green); infrared source and detection (red); UV source (blue); sample (purple);

light and signal amplification (white); data acquisition (orange).
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groups contribute that are less involved in hydrogen bonding

(those of the thread), the high-frequency amide II vibrations are

from hydrogen-bonded NH groups (those of the macrocycle).

3.2 Transient ultraviolet-pump infrared-probe spectra

All the transient IR spectra shown in this subsection are normalized

on peak 1. The time-dependence of peak 1 is determined only by

the recombination of the ni�� station with DABCO�+. By the

normalization we remove this contribution from the signal and

are left with spectral changes caused by radical-anion creation

and shuttling. This makes for an easier qualitative discussion of

the spectra. The recombination of the charged species is treated

in Section 3.3.

3.2.1 Triplet state. The first observable species in the

UV-IR shuttling experiment is the triplet state of the ni station.

This state is difficult to observe separately in the shuttling

experiments, because in the presence of the external electron

donor, it is rapidly converted into a radical anion (on a time

scale of approximately 30 ns). We can measure the pure triplet

state spectrum by exciting the rotaxane in the absence of the

external electron donor. This measurement also serves as a

check to confirm that the frequency shifts observed in the

presence of an electron donor (Section 3) are indeed caused by

reduction of the ni station. The normalized UV-IR transient

spectra of the rotaxane in the absence of the electron donor are

shown in Fig. 4.

The negative peaks 1 and 2 are the ground-state bleaching

of the ni symmetric and antisymmetric CO-stretch modes.

This bleaching is caused by the transfer of rotaxane popula-

tion from the electronic ground state to the triplet state. The

absorptions of the symmetric and antisymmetric CO-stretch

vibrations in the triplet state are visible at 1632 cm�1 and

1592 cm�1 (peaks 10 and 11). In the delay range probed in

Fig. 4, there are no time-dependent changes in the intensities

of the peaks other than the relaxation of the triplet state to the

electronic ground state which occurs with a lifetime of 44 ms.43

The lack of dynamics other than the relaxation of the triplet

state to the ground state suggests that no shuttling occurs in

the triplet state.

Fig. 3 Normalized solvent-corrected FTIR spectrum of the rotaxane

and thread in the range of 1490–1720 cm�1. The numbering corres-

ponds with that used in Table 1. The colors of the labels correspond to

those of the components of the rotaxane shown in Fig. 1.

Table 1 Overview of the vibrational modes with their corresponding frequencies and description of the molecular shuttle in the ground, triplet
and radical-anion state. ‘‘Ar’’ stands for aromatic ring vibration; ‘‘Rad. anion’’ for radical anion

Peak
number Mode

Experimental
frequency/cm�1

Calculated and scaled
frequency/cm�1 Hydrogen-bonded Nature of vibration

Electronic state of
naphthalimide

1 nis 1700 1703a No Imide Ground
2 nias 1663 1660a No Imide Ground
3 mc 1663 1664–1673b No Amide I Ground
4 niAr 1632 1627a No Ar Ground
5 succ 1632 1627b Yes Amide I Ground
6 niAr 1603 1596a No Ar Ground
7 niAr 1580 1569a No Ar Ground
8 succNH 1530 1538–1554b Yes Amide II Ground
9 mcNH 1530 1538–1554b Yes Amide II Ground
10 nis 1632 1629a

T

No Imide Triplet
11 nias 1591 1584a

T

No Imide Triplet
12 ni��s 1613 1623a

��
No Imide Rad. anion

13 ni��Ar 1565 1571a
��

No Imide Rad. anion

14 ni��Arþas 1531 1537a
��

No Imide Rad. anion

15 ni��asþAr 1531 1537a
��

No Ar Rad. anion

16 succ 1678 1689d No Amide I Rad. anion
17 mc 1654 1660–1668c No Amide I Rad. anion
18 ni��s 1592 1581c Yes Amide I Rad. anion

19 mcNH 1555 1554–1561c Yes Amide II Rad. anion
20 ni��Arþas 1519 1516a

��
No Imide Rad. anion

21 ni��asþAr 1491 1488c Yes Mixed Rad. anion

The calculated frequencies were obtained from DFT at the B3LYP/6-31G(d) level on the following model compounds: a n-Propyl-naphthalimide

station; a
T

n-propyl-naphthalimide station in the triplet state; a
��

radical anion n-propyl-naphthalimide station. b Methyl-succinamide station-

macrocycle pseudo-rotaxane. c Radical anion n-propyl-naphthalimide station-macrocycle pseudo-rotaxane. d Methyl-succinamide station. See

ESI Fig. S2 for structures of the fragments. Peaks 14 and 15 are indistinguishable in the calculations.
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3.2.2 Radical anion before shuttling. The reduction of the ni

station in the triplet state to generate a radical anion is the next step

of the operating cycle. As in the case of the triplet state, the radical

anion species before shuttling cannot be observed separately in the

time-resolved shuttling experiment. This is because significant

contributions from both triplet and final (post-shuttling) radical-

anion species are always present together with the initial (pre-

shuttling) radical-anion state (see Section 3.3). This problem can be

solved by exciting the thread (instead of the rotaxane) in the

presence of the external electron donor. The normalized UV-IR

transient spectra of the thread in the presence of an electron donor

are shown in Fig. 5.

At short delays, we observe the spectrum of the thread in the

triplet state. This closely resembles the spectrum of the rotaxane

in the absence of the external electron donor, see Fig. 4. This

means that at short delays the presence or absence of the macro-

cycle has no influence on the transient spectrum, confirming that

the spectral changes are due to changes in the naphthalimide

moiety of the thread only. At delays >100 ns we observe the

spectrum of the radical-anion form of the thread, generated by

electron transfer from DABCO to the ni in the triplet state.

A new negative signal becomes visible at 1633 cm�1 (peak 4).

This is because the aryl ring vibration of the naphthalimide

anion is shifted to a lower frequency with respect to the neutral

species. The calculations indicate that in the anion some

mixing of this aryl mode with the antisymmetric imide stretch

occurs. The absorption of this mode is peak 13. The broad and

intense peak found at 1531 cm�1 is another combination of

the radical-anion state antisymmetric CO-stretch vibration

(peak 15) and an aromatic ring vibration of the ni��. The

ground-state bleaching of the latter is probably hidden under

the low-frequency side of peak 12. The assignments of peaks

14 and 15 are based on arguments made in Section 3. In the

thread no shuttling occurs, so there is no further evolution

of the spectrum other than the overall decrease in signal due to

charge recombination.

3.2.3 Radical anion after shuttling. The final step in the

operating cycle of the rotaxane is the formation of the final

radical-anion species in which the macrocycle has broken free

from the succ station, shuttled over the thread, and formed

new hydrogen bonds with the ni�� station (see Fig. 2). The

spectral changes between the post-shuttling and the initial

radical-anion state involve the breaking of the hydrogen

bonds between the succ station and the macrocycle, and the

formation of hydrogen bonds between the macrocycle and the

ni�� station. Normalised UV-IR transient spectra at several

delays after UV excitation of the rotaxane in the spectral range

1480–1720 cm�1 are shown in Fig. 6.

The transient spectrum of the rotaxane at 100 ns (Fig. 6)

matches that of the reduced thread (Fig. 5) at delays Z 100 ns.

The changes observed after 100 ns in the rotaxane spectrum

can therefore be attributed to the departure of the macrocycle

from the succ station and its arrival at the ni�� station. This

motion is possible due to the breaking and making of hydro-

gen bonds between the different components of the rotaxane

involved in the shuttling. In the case of CO-stretch vibrations

for this type of system, the red-shift in frequency caused

by hydrogen bonding compared to the free (non-hydrogen

bonded) situation is typically 20–40 cm�1.44,45 This frequency

shift is accompanied by a broadening due to a distribution

of possible hydrogen-bond strengths. In contrast to the CO-

stretch mode, the NH-bend mode of a hydrogen bonded NH

group is blue-shifted compared to that of a free NH group.44,45

The hydrogen bonding increases the restoring force of the

bending mode, thereby increasing its frequency. The calcula-

tions show frequency differences of the amide II modes of up to

30 cm�1, which span the width of the observed amide II band.

The first step in the shuttling process involves the breaking

of the hydrogen bonds between the macrocycle and the succ

station.32 This is observed as a decrease in absorption of the

hydrogen-bonded CO-stretch vibration (peak 5) as delay increases.

The complementary, non-hydrogen bonded CO-stretch vibration

Fig. 4 Normalized UV-IR spectra of the rotaxane in the absence of

an external electron donor at several delays after UV excitation. The

curves are a guide to the eye. The numbering corresponds with that

used in Table 1. The colors of the labels correspond to those of the

components of the rotaxane shown in Fig. 1.

Fig. 5 Normalized UV-IR spectra of the thread in the presence of an

external electron donor at different delays. The curves are a guide to

the eye. The numbering corresponds with that used in Table 1. The

colors of the labels correspond to those of the components of the

rotaxane shown in Fig. 1.
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of the succ station (peak 16) is observed at 1679 cm�1. The succ

station CO-stretch frequency (peak 16) in the final state is

blue-shifted compared to that in the initial state (peak 5)

due to the lack of hydrogen bonding with the macrocycle.

The opposite happens for the ni�� station. In the initial state,

peak 12 is free from hydrogen bonding. As time progresses,

more macrocycle binds to the ni�� station and the intensity of

this peak decreases. The complementary, hydrogen bonded

symmetric CO-stretch (peak 18) is observed at 1591 cm�1.

Peak 18 is red-shifted compared to peak 12. This change is a

direct consequence of the hydrogen bonding with the macro-

cycle. Peak 17 is the CO-stretch vibration of the macrocycle

when it is bound to the ni�� station. The corresponding ground-

state bleaching (peak 3) is probably located under peak 2.

The 9 cm�1 red shift arises because the macrocycle NH groups

hydrogen-bond more strongly to the ni�� station than to the

succ station. All the CO-stretches in the rotaxane are amide I

(or imide I) vibrations; they contain NH-bend character. Thus,

even though the CO-groups of the macrocycle are not directly

involved in the hydrogen-bond interaction, they still experience

the stronger hydrogen bonding to the ni�� station.25 The DFT

calculations predict a red shift of about 5 cm�1, in good agreement

with experiment.

The spectrum below 1580 cm�1 is rather congested which

complicates the assignment of the peaks. However, the situa-

tion becomes more straightforward when the NH groups of

the rotaxane are deuterated. All contributions from the amide

II vibrations are shifted to lower frequencies, well outside our

observed spectral range (see Fig. 7 top panel for the FTIR

spectrum of the deuterated rotaxane). This allows us to assign

the amide II modes in an unambiguous manner. A comparison

between the UV-IR spectra of the normal and N-deuterated

rotaxane is shown in Fig. 7.

There is no difference between the transient IR spectra of

the normal and deuterated rotaxane at 100 ns because there

are no changes involving the amide II band between the

ground- and the initial radical-anion state. Peak 9 blue-shifts

upon shuttling, giving rise to a negative feature at 1540 cm�1

and a positive feature at 1555 cm�1 (peak 19). Both features

disappear after N-deuteration, indicating they belong to an

amide II mode. The shift to higher frequencies is evidence of

increased hydrogen-bonding strength. This would be the case

in the NH groups of the macrocycle. We observe that peak 13

does not change in position or intensity in the deuterated

rotaxane. The shuttling of the macrocycle does not affect

this peak, which indicates that it most likely belongs to an

aromatic ring vibration of the ni�� station. The broad, asym-

metric absorption peaking at 1531 cm�1 at 100 ns remains

after deuteration. As time progresses, it decreases in intensity

and undergoes a shift towards lower frequencies. A broad peak

Fig. 6 Normalized UV-IR spectrum of the rotaxane in the spectral region of 1475–1720 cm�1. The curves are a guide to the eye. The numbering

corresponds with that used in Table 1. The colors of the labels correspond to those of the components of the rotaxane shown in Fig. 1.

Fig. 7 Top panel: FTIR of the normal and N-deuterated rotaxane in

the amide II spectral region. Center panel: normalized initial radical-

anion spectra of the normal andN-deuterated rotaxanes at 100 ns after

UV-excitation. Bottom panel: normalized final radical-anion spectra

of the normal and N-deuterated rotaxane at 2 ms after UV-excitation.

The curves are a guide to the eye. The numbering corresponds with

that used in Table 1.
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at 1491 cm�1 (peak 21) increases in intensity with increasing

delay. It is clear that the peak at 1531 cm�1 originates from

several overlapping bands. The calculations (see ESIw) shed

light on the nature of these absorptions: in the neutral imide, the

symmetric (peak 1) and antisymmetric CO-stretching vibrations

(peak 12) are clearly separated from the aromatic ring vibra-

tions (peaks 4, 6, and 7). In the radical anion, however, the

frequencies of these modes approach each other. In particular

the antisymmetric CO-stretch mode (peak 15) shifts to lower

frequencies and as a result mixes with an aromatic ring vibra-

tion (peak 14). In the radical anion after shuttling, a further

frequency lowering leads to the mixing of the aromatic ring

modes with the highest-frequency deformation mode of the tert-

butyl groups. This results in a strong absorption at 1491 cm�1

(peak 21), which has no equivalent in the neutral imide or in the

radical anion prior to shuttling. This also explains the shift of

peak 14 to lower frequencies (peak 20). Since this predominantly

aromatic ring vibration contains significant antisymmetric

CO-stretch character, it will experience the hydrogen bonding

of the macrocycle to the CO groups of the ni�� station.

3.3 Shuttling dynamics

3.3.1 General considerations. We observe that the spectral

features of each of the components involved with the shuttling

(succ, ni��, and macrocycle) show the same time-dependence.32

This can only be the case if the shuttling event in a single rotaxane

occurs much faster than observed for the ensemble. The complete

operation cycle of the rotaxane involves three time components

(see Fig. 1): the conversion of the triplet state into the radical

anion, shuttling of the macrocycle, and the charge recombination

and back-shuttling. This process spans three orders of magnitude

in time (see Fig. 8): the radical-anion formation is witnessed

primarily within the first 100 ns. This is followed by the shuttling

of the macrocycle, which occurs between 100 ns and 1 ms. Charge
recombination is an ongoing process throughout the experiment.

It is the main contributor to the changes in the signal from 1 ms
onwards. To verify this mechanism in an objective manner, we

have analysed the data using singular value decomposition.

3.3.2 Singular value decomposition. There are two reasons

for performing an SVD analysis of our data. The first is that

such an analysis can confirm the three-stage shuttling mecha-

nism discussed in the previous section (see also Fig. 1). This

mechanism implies that at each time the transient spectrum

should be a sum of the spectra of three species (triplet, radical

anion before shuttling, radical anion after shuttling), with the

contributions of each species depending on time. The second

reason is that an SVD makes it possible to obtain the spectra

of the rotaxane in each stage of the operation cycle. It is

difficult to obtain these spectra directly from the transient

measurements, because the shuttling does not occur synchro-

nously for all rotaxane molecules, so that in the transient

measurements one always observes a linear combination of the

spectra of the individual species. In the previous sections, this

problem was partly solved by ‘‘freezing’’ the operation cycle at

a specific stage: in particular, we obtained the spectrum of the

triplet state by removing the electron donor (so that no reduction

occurs), and the spectrum of the pre-shuttling radical-anion state

by omitting the macrocycle (so that no shuttling occurs). SVD

makes it possible to extract the spectra of the different states in

the operation cycle from experimental data obtained with the

fully operating molecular device.

The analysis is performed as follows. Our data consist of

transient spectra, measured at M frequencies and N delays,

with M > N. This can be arranged in an M � N matrix D

(in our case M = 77 and N = 65, see Fig. 9 for a graphical

representation). This matrix can be decomposed into its

principal components using SVD:33,34,46

D = U�S�VT (1)

¼
XN
i¼1

siuivTi ð2Þ

where U is the M � N projection matrix, S the N � N diagonal

singular-values matrix, and VT the N � N transposed projection

matrix. The columns ofU are the projection vectors ui (containing

M components), also referred to as the basis spectra of the data.

The rows of VT are the target vectors vTi (containing N compo-

nents). The elements of a specific vector vTi represent the delay

dependence of the contribution having the corresponding basis

spectrum ui, to the measured data. The data set is thus decom-

posed into a weighted sum of outer products uiv
T
i of vectors. The

singular value si (i = 1,2,. . .N) represents the weight of the ith

component of the sum in describing the entire data set.

Often, there is a small subset of weights si that are much larger

than all the others. In that case, the experimental data setD is very

well described by only a limited number n { N of basis spectra

and corresponding target vectors that have a large weight:

D �
Xn
i¼1

siuivTi ¼ ~U � ~S � ~V
T
; ð3Þ

where Ũ is the reduced (truncated) M � n projection matrix,
~S the reduced n � n singular-value matrix, and ṼT the reduced

n � N target matrix. The discarded vectors typically contain noise

contributions.

We find that our data can be well described by three vectors

(n = 3 in eqn (3)). The weights and the first four spectral and

target components with the largest singular values are shown

Fig. 8 3-Dimensional representation of the data where change in

absorption (Da) is represented as a function of frequency (cm�1) and

time (ns) on a logarithmic scale.
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in Fig. S3 and S4 (ESIw). The fourth and higher vectors all

represent uncorrelated noise contributions in the signal. This

was confirmed by reconstructing the data set from the trun-

cated target, singular-value, and projection matrices. The

reconstructed data set (~U � ~S � ~V
T
in eqn (3)) can be compared

with the original data set (D in eqn (3)), taking the uncertain-

ties in the experimental data points into account. The reduced

chi-square of the deviations between the reconstructed and the

original data obtained in this way is 3.58, which implies that

the deviations are on the order of the measurement errors on

the data points, and therefore not significant.

The target and projection vectors obtained from an SVD

generally cannot be related directly to species-associated spectra

and their corresponding time dependence.33,46 This is because

for any invertible n � n matrix C the decomposition of eqn (3)

can be rewritten as

~U � ~S � ~V
T ¼ ~U � C � C�1 � ~S � ~V

T ð4Þ

=Us�Vs, (5)

where the M � n matrix Us � Ũ�C and the n � N matrix

Vs � C�1 � ~S � ~V
T
contain n alternative basis spectra and target

vectors, defined by the n � n transformation matrix C, and

resulting in exactly the same reconstructed data set. Physi-

cally meaningful basis spectra (species-associated spectra) and

target vectors (species-associated delay dependencies) can be

Fig. 9 Singular-value decomposition of the data shown in Fig. 8. (A) 2-Dimensional representation of the data, where blue represents a negative

signal and red a positive signal. Species-associated spectra (B) and time-dependence (C). The curves in panel B are guides to the eye. The curves in

panel C are the fitted linear combinations of NT(t), N
��
I ðtÞ, and N��F ðtÞ.
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obtained from the original SVD components by finding the

appropriate transformation matrix C. This is usually done

by imposing constraints on the basis spectra and/or target

vectors.34 In particular, by assuming a specific kinetic model to

describe the time-dependent species concentrations, it is often

possible to determine C, and therefore the species spectra,

unambiguously.

To this purpose, we proceed as follows. The transformation

C should be such that Us contains the spectra of the three

species (triplet, radical anion before shuttling, radical anion

after shuttling), and Vs the time dependencies of their con-

centrations. The elements of C are determined by requiring

that Vs has a functional form that represents the time-dependent

concentrations of the three species. This is done by assuming a

quantitative kinetic model for the delay dependencies of the

three species (triplet, radical anion before shuttling, radical

anion after shuttling), and optimizing the agreement of Vs with

the predicted time dependencies using a least-squares fit, see

the next section.

3.3.3 Kinetic model. Based on the considerations of

Section 3.3, the species concentrations are determined by the

following set of rate equations:
:
NT(t) = �kTNT (6)

_N��I ðtÞ ¼ ZkTNT � kSN
��
I � kRN

��
I D�þ � kQN

��
I ð7Þ

_N��F ðtÞ ¼ kSN
��
I � kRN

��
F D�þ � kQN

��
F ð8Þ

D�þ ¼ N��I þN��F ; ð9Þ

where NT(t) is the triplet population, kT the pseudo first-

order rate constant for the triplet-to-anion conversion (see

Section 3), and Z the radical-anion yield (some of the popula-

tion in the triplet state is lost by non-radiative decay, and

part of the newly formed radical anion population is rapidly

quenched after creation by DABCO�+).37 N��I ðtÞ is the initial
(pre-shuttling) radical-anion population, which has three loss

channels. The main loss channels are the shuttling (rate

constant kS), and the charge recombination with DABCO�+

(second-order rate constant kR). We find that a third, minor

loss channel (rate constant kQ) is needed to quantitatively

describe the data at long times. This contribution is probably

due to quenching of the radical anion by traces of molecular

oxygen present in the sample (the resulting superoxide rapidly

reacts with DABCO�+, so the oxygen concentration remains

constant). This loss channel is described by the third term

in eqn (7). The third rate equation represents the final (post-

shuttling) radical-anion concentration N��F ðtÞ, which has

charge recombination and quenching as its only loss channels;

finally, D�+ is the concentration of DABCO�+, which is deter-

mined by the requirement of conservation of charge.

Directly upon photo-excitation, intersystem crossing to the

triplet occurs (the intersystem crossing can be assumed instan-

taneous on the time scale of the experiment). We set the initial

concentration of triplet species NT = N0 (the concentration of

triplet generated at t= 0) and N��I ðtÞ ¼ N��F ðtÞ ¼ D�þ ¼ 0. As

shown in the ESI,w for these initial values, the solutions to rate

eqn (6)–(9) are given to a very good approximation by the

following analytical expressions:

NT(t) = N0e
�kTt (10)

N��I ðtÞ ¼
kT

kT � kS � kQ

ðe�ðkSþkQÞt � e�kTtÞ
1

ZN0
þ kRt

ð11Þ

N��F ðtÞ ¼
ðe�kQt � e�kTtÞkT
1

N0Z
þ kRt

� �
ðkT � kQÞ

� ðe�ðkQþkSÞt � e�kTtÞkT
1

N0Z
þ kRt

� �
ðkT � kQ � kSÞ

ð12Þ

Given a set of rate constants kT,kS,kR, and an initial

concentration N0, this set of solutions allows us to predict

the species concentrations that should be contained in Vs as

follows:

Vcalc
s ¼

NTðt1Þ NTðt2Þ � � �
N��I ðt1Þ N��I ðt2Þ � � �
N��F ðt1Þ N��F ðt2Þ � � �

0
@

1
A; ð13Þ

where ti are the delay values sampled in the time-resolved

experiment. From previous UV-Vis measurements it is known

that kR = 9 � 109 M�1 s�1 and Z= 0.20.2,37 Since C is defined

such that C � Vs ¼ ~S � ~V
T

we can determine the unknown

elements of C and the remaining unknown parameters N0,

kT, and kR from a global least-squares fit of C �Vcalc
s to the

matrix ~S � ~V
T
as obtained from the SVD. From the resulting

least-squares fit, we find kS = 0.0013 ns�1, kT = 0.04 ns�1,

and N0 = 5.8 � 10�5. These values agree well with the ones

obtained previously using a smaller data set.32 Additionally,

we find kQ = 8.8 � 10�5 ns�1.

The species-associated spectra and corresponding time-

dependences can now be generated from the resulting Cmatrix.

They are shown in Fig. 9 (panels B and C, respectively). The

species-associated spectra are in good agreement with the spectra

obtained by ‘‘freezing’’ the operation cycle: for the triplet spec-

trum, see Fig. 4; for the pre-shuttling radical anion, see Fig. 5 at

delays Z100 ns; for the post-shuttling radical anion, see Fig. 6 at

delays Z2 ms. Fig. 9C shows clearly that during the shuttling

cycle, most of the time more than one species is present in the

sample. In particular, the only species that can be observed in an

isolated manner is the radical anion after shuttling, which is the

only species present for t> 5 ms. As stated before, the advantage

of the SVD method is that the species-associated spectra can be

determined from the convoluted data set in an unambiguous

manner, provided that the kinetic scheme of the dynamic process

being studied is known.

4 Conclusion

The work presented here is an extension to the work we published

previously on the operation mechanism of a [2]rotaxane.32

We have extended the range of measured frequencies of the

transient IR spectra to lower energies, and comparison of the

transient spectra of the normal and N-deuterated rotaxane has

enabled us to assign the convoluted peaks observed in the
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extended spectral range. The positions and shifts of the

peaks are confirmed by DFT calculations performed at the

B3LYP/6-31G(d) level. Understanding the assignment and

the shifts of the low-frequency range opens up new possibilities

for future work. We can study, for example, the shuttling

motion of the rotaxane in solvents that are not transparent in

the amide I frequency range but are so in the amide II range.

Also, since the modes in the amide II frequency range are

of a different nature than those in the amide I range, effects

involving different functional groups of the rotaxane (in

particular NH or CO groups) can be observed separately.

We have used singular value decomposition to obtain

the number of species involved in the operation cycle in an

objective manner. We applied a kinetic model to the SVD that

takes the time-dependence of all three photochemical species

into account. In this way we obtained the rates of the different

stages of the rotaxane operating cycle as well as the species

associated spectra. The SVD allows us to use the entire data

set (both the full frequency and the delay ranges) which results

in a much more precise determination of the rates involved in

the shuttling process than was achieved in our earlier studies.

Finally, from the SVD we can determine the spectra of the

intermediate species without having to ‘‘freeze’’ the operation

cycle of the molecular device.
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