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Chapter 5
 

Excited-state dynamics of a [2]rotaxane�

 

 

Abstract 

Femtosecond UV/Vis transient absorption spectroscopy is used to study the excited-state 

dynamics of a [2]rotaxane composed of a succinamide thread and a benzylic amide 

macrocycle using a series of non-interlocked model compounds as controls. In combination 

with TD-DFT calculations on the nature and spectroscopic properties of the excited states of 

benzamide, the spectroscopy results suggest that cleavage of the amide bond followed by 

radical recombination in the solvent cage is an important relaxation channel. In addition to 

providing the first spectroscopic characterization of femtosecond dynamics in a mechanically 

interlocked molecule, the experiments provide a unique spectroscopic fingerprint for the 

macrocycle that can be employed in future time-resolved experiments on energy relaxation 

dynamics in rotaxanes and catenanes.

                                                 

A slightly adapted version of this chapter will be submitted for publication as Balkowski, G.; Haraszkiewicz, 
N.; Groeneveld, M.; Zhang, H.; Brouwer, A. M.; van Stokkum, I. H. M., Hannam, J. S., Leigh, D. A.; Buma, 
W. J., (2008) 
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5.1. Introduction 

 

Recent years have witnessed an explosion of efforts directed at the synthetic 

development of molecular systems aimed for use as nanoscale mechanical devices [1]. 

Mechanically interlocked molecules such as catenanes and rotaxanes are particularly 

appealing in this respect, because it has been shown that specific rotational and translational 

degrees of freedom associated with the relative positions of the interlocked components can 

be addressed - and ultimately controlled - with external stimuli [1]. We are particularly 

interested in amide-based catenanes and rotaxanes in which the hydrogen bonding 

interactions between the interlocked parts can be modulated, thereby influencing the 

equilibrium between the various possible co-conformers [2,3]. In some of these systems [4], 

optical stimuli can then be used to trigger translational and rotational motion of the 

macrocycle with respect to the thread. Detailed understanding of the physics and chemistry of 

such optically triggered molecular devices requires experiments that probe their motions on 

an ultrafast timescale, and that determine how the energy put into the system in the form of a 

photon is dissipated. The insights obtained from such experiments are essential for potential 

applications. Femtosecond 2D-IR spectroscopy is an excellent means to observe the 

elementary mechanical motions of molecular devices in real time [5]. Here we investigate for 

the first time energy relaxation in rotaxanes occurring after optical excitation. We employ 

femtosecond UV/Vis transient absorption spectroscopy to elucidate these processes.  

In rotaxanes and catenanes steric and electronic interactions between the interlocked 

parts determine largely the conformation of the macrocycle and are also expected to affect 

their excited-state dynamics. We therefore chose to perform femtosecond transient absorption 

studies on rotaxane 5 (Chart 1), a rotaxane in which the benzylic amide macrocycle 6 

provides the chromophore with the lowest excitation energy, but is mechanically interlocked 

onto a linear thread with a succinamide binding motif and held in position by a network of 

hydrogen bonds. To understand and rationalize the observed dynamics, we studied by the 

same methods benzamide (1) and its N-alkyl-substituted analogues 2 and 3, as well as N,N�-

dibenzylisophthalic diamide (4) (Chart 1), which can be considered as roughly three-quarters 

of the macrocycle. As a further input for the interpretation of our experimental results, we 

performed TD-DFT calculations to establish the nature and spectroscopic properties of the 

vertically as well as adiabatically excited states of benzamide. We will show that the excited-

state dynamics in the rotaxane 5 closely resemble those observed in the (substituted) 
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benzamide(s) and the model system for the macrocycle (4), dissociation of an amide bond in 

the excited state being one of the prominent features in the relaxation pathway. 

  

 

5.2. Experimental and theoretical details 

 

A. Experimental procedures 

Steady state absorption spectra were recorded on a Cary 3 (Varian) spectrometer. The 

details of the setup employed for the femtosecond transient absorption experiments have been 

reported before [6]. Briefly, a Hurricane (Spectra Physics) laser/amplifier system generated a 

pulse train (130 fs FWHM, 800 nm center wavelength, 1 kHz repetition rate) that was 

separated into two parts. One part was employed to pump an OPA, which generated pump 

pulses at 270 nm, the other part was focused on a calcium fluoride crystal to generate a white 

light continuum from 350 nm to 800 nm used for the probe pulse. The polarizations of the 

two beams were set at the magic angle. The probe beam was coupled into a 400 �m optical 
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Chart 1. Molecules investigated in the present study.
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fiber after passing the sample and was detected with a CCD spectrometer (Ocean Optics, PC 

2000). A chopper (Rofin Ltd., 83Hz) placed in the excitation beam provided I and I0 

depending on the status of the chopper (open or closed). The total instrumental response was 

about 200 fs (FWHM). 

The excitation power was kept as low as ~5 �J per pulse using a pump spot diameter of 

about 1 mm. Apart from using a relatively low excitation intensity, thermal effects and 

photodegradation were also taken care of by stirring the solution. Photodegradation was not 

substantial as shown by comparing absorption spectra taken before and after the transient 

absorption experiment. All experiments were performed at ambient temperature. 

Benzamide, N-methylbenzamide and N,N-dimethylbenzamide were purchased from 

Aldrich and used without further purification. N,N�-dibenzylisophthalic diamide and the 

succinamide rotaxane were synthesized according to procedures described elsewhere [3b,7]. 

All solvents (n-hexane and dichloromethane) were of spectroscopic grade when purchased 

from Aldrich and employed as received. The benzamide solutions were prepared with an 

optical density of about 1.0 at the excitation wavelength in a 2 mm quartz cuvet. 

 

B. Data analysis 

The transient absorption traces of benzamides 1-3 had a relatively large signal-to-noise 

ratio that would in principle allow for an analysis of the kinetic traces at a limited number of 

probe wavelengths. For the larger molecules the poorer signal-to-noise ratio prevented such a 

simple approach. To derive reliable information from these data, we therefore chose to 

employ a global analysis approach [8] for all investigated molecules. The subsequent target 

analysis led to the conclusion that the results were in good agreement with a sequential 

scheme. In this cascade model the excited species assumed to be present at time zero evolves 

into another species with a certain decay rate k1. This species subsequently evolves with rate 

k2 into a third species and so on. The last species n decays to the ground state of the 

molecule. Associated with each species is its own spectrum, the Species Associated 

Difference Spectrum (SADS), Ai(�). The isotropic decay Iiso(�,t) is then described by: 

)t(I)t(c)(A)t,(I
n
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iiiso ��

�
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where I(t) is the instrument response and � denotes convolution. The concentrations ci(t) are 

exponential functions of the decay rates k1, k2, …, ki.  

The tacit assumption that the experiments probe the excited state dynamics of one 

dominant conformation is plausible for the N-methyl-substituted benzamides, but it is not 
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directly clear that it also holds for the larger molecules. If the ground state population is more 

or less equally distributed over more than one conformation, a possible consequence might be 

the occurrence of different excited state absorption spectra and dynamics for each of the 

species. Our analyses have not given us any indication that this is actually the case, even for 

the larger molecules. Moreover, the excited-state dynamic processes that will be identified 

concern processes like internal conversion, intramolecular vibrational relaxation, and 

vibrational cooling, which are usually not critically dependent on the conformation. The error 

caused by a possible “averaging” over the population is in this case not large and we can still 

draw valid conclusions based on this, possibly simplified, model. 

 

C. Quantum chemical  calculations 

TD-DFT calculations on the electronic structure of benzamide were performed with the 

Gaussian98 suite of programs [9]. These calculations used the 6-311G*, 6-311+G*, or 6-

311++G** basis set [10] and the B3LYP functional [11]. For geometry optimization of 

excited states the TURBOMOLE 5.7 [12] suite of programs - that features analytical TD-

DFT [13] gradients - was employed using the def-TZVPP basis set [14] and the B3LYP 

functional. The harmonic force field calculated using numerical (two-side) differentiation of 

the gradients was used to confirm that the obtained geometries were indeed energy minima. 

5.3. Results and discussion 

A. Steady-state absorption spectra and quantum chemical calculations 

The steady-state absorption spectra at room temperature of benzamide (1), N-

methylbenzamide (2) and N,N-dimethylbenzamide (3) dissolved in n-hexane are shown in 

Figure 1. The spectrum of benzamide appears to consist of two bands: a strong, structureless 

band with a maximum at 225-230 nm (��11,000 M-1cm-1) and a very weak one located at 

270-280 nm (��600 M-1cm-1) that shows a vibrational progression with a frequency of about 

1200 cm-1. Previous studies have assigned the weak band to the absorption of an n�* state 

and the strong band to a ��* absorption. For N-methylbenzamide and N,N-

dimethylbenzamide a similar spectrum is observed but the absorption bands progressively 

become broader and less resolved. 

In a previous study we reported the steady-state absorption spectrum of N,N�-

dibenzylisophthloyldiamide (4) dissolved in DMF, [7] and found a medium-strong absorption 
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band around 266 nm that was attributed to the isophthalamide chromophore. The steady-state 

absorption spectrum of 4 dissolved in dichloromethane (not shown) is nearly identical to this 

spectrum. As might be expected, the absorption spectrum of the succinamide rotaxane 5 (not 

shown) closely resembles that of 4 and the absorption spectrum reported before for a benzylic 

amide [2]catenane, consisting of two interlocked macrocycles [7].  

The basic chromophore in our experiments on compounds 1-5 is benzamide. For the 

interpretation of our transient absorption experiments, we needed a reliable assignment of the 

absorption spectrum of this molecule in order (i) to be able to say which electronic state is 

actually excited, and, in particular, (ii) to know whether there are any other low-lying excited 

states that are not visible in the absorption spectrum. Apart from a recent CASSCF study in 

which only adiabatic excitation energies of the S1 and S2 states of benzamide were reported 

[17], it appears, surprisingly, that no high-level quantum-chemical studies have been 

performed on the absorption spectrum of this fundamentally important, ubiquitous chemical 

building block. We therefore calculated vertical excitation energies of the lower-lying excited 

states of benzamide using the TD-DFT approach. The previous CASSCF study reported that 

the molecule adopts a planar geometry in the ground state. DFT geometry optimization of the 

molecule in S0 at the 6-311G*/B3-LYP level, on the other hand, led to a slightly non-planar 

structure (Figure 2a), in agreement with experimental data [18]. In Table 1 we report the TD-

DFT excitation energies and oscillator strengths obtained at this geometry with the 6-311G* 
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Figure 1. Steady-state absorption spectra of benzamide (solid), (b) N-methylbenzamide (dash), and (c) N,N-

dimethylbenzamide (dot) in n-hexane. 
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basis set. In order to check for any significant basis set dependency we also performed 

calculations with larger basis sets (6-311+G* and 6-311++G**) but found only minor 

differences. Table 1 also gives the results obtained at the previously reported S0 CASSCF 

optimized geometry. 

 

Table 1 shows that the interpretation of the absorption spectrum of benzamide is 

somewhat more complicated than might in first instance appear. The lowest excited state is 

indeed the (HOMO � LUMO) (in terms of Kohn-Sham orbitals) n�* state with a nearly 

negligible oscillator strength and predicted to absorb around 270 nm, in excellent agreement 

with the experiment. At higher energies, a ��* state is located with a slightly larger oscillator 

strength that is described in the planar conformation by the (HOMO-1) � (LUMO) 

excitation with large contributions from the other (HOMO-1,2) � (LUMO+1,2) 

configurations. The calculations predict that absorption to this state occurs around 240 nm. 

The absorption spectrum in dichloromethane and the previously reported spectrum in 

methylcyclohexane do not show a distinct band around this wavelength, but considering its 

small oscillator strength, the band might well be covered by the band at 230 nm that 

dominates the absorption spectrum. In this energy region the calculations predict that three 

close-lying states are present. In the planar conformation, the state that has the largest 

contribution from the (HOMO-2) � (LUMO) excitation, but also again significant 

contributions from the other (HOMO-1,2) � (LUMO+1,2) configurations, carries the largest 

oscillator strength. Table I shows that upon pyramidalization of the -NH2 group this oscillator 

(b)

 

(a)

 

Figure 2. (a) DFT optimized (6-311G*/B3LYP) geometry of benzamide in its electronic ground state S0. (b) 

TD-DFT optimized (def-TZVP/B3LYP) geometry of benzamide in its S1(n�*) state.
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strength is distributed amongst this state and the ��* and n�* states described by the 

(HOMO-3) � (LUMO) and  (HOMO) � (LUMO+1) excitations, respectively.

Table 1. TD-DFT vertical excitation energies and oscillator strengths of the lower-lying excited states of 

benzamide. Values are given for the non-planar 6-311G*/B3-LYP optimized ground state geometry, as well as 

for the optimized ground state geometry that was constricted to be planar. 

State(a) Evert (eV) f 

S1(n�*) 4.58 (4.61) 0.0029 (0.0002) 

S2(��*) 5.13 (5.09) 0.0086 (0.0082) 

S3(��*) 5.61 (5.63) 0.0834 (0.1430) 

S4(��*) 5.71 (5.71) 0.0669 (0.0152) 

S5(n�*) 5.83 (5.71) 0.0251 (0.0000) 

 

(a) Characterization in terms of n�* and ��* applies to the planar geometry of the molecule (see text). The 

values for the excitation energies and oscillator strengths at this planar geometry are given in parentheses. 

 

These results could appear to be at odds with the excitation energies of excited states of 

benzaldehyde, and thus shed doubt on the validity of the employed TD-DFT approach. In the 

Appendix we therefore discuss additional calculations on benzaldehyde that fully support the 

conclusions drawn for benzamide. 

 

B.1. Transient absorption spectra: benzamide 1 and N-methyl substituted benzamides 2 and 3 

Femtosecond transient absorption spectra were obtained for benzamide in 

dichloromethane after excitation at 270 nm, and detecting the spectral changes over the range 

from 350 to 750 nm. The spectra exhibited two bands: a relatively narrow band at 440 nm 

(band I) and a broad band in the 500-750 nm (band II) region. While band I was only slightly 

affected by methylation of the amide group, band II was found to shift to longer wavelengths 

upon methylation (vide infra). We tried to further characterize the excited states associated 

with these bands by studying the influence of the solvent polarity on their position. This was 

only possible for N,N-dimethylbenzamide because the solubility of the other two compounds 
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in non-polar solvents was too low to obtain solutions of sufficient optical density. For a 

solution of N,N-dimethylbenzamide in n-hexane we found that band I remained basically at 

the same position, whereas band II shifted to ca. 700 nm. From this it can be concluded that 

the dipole moments of the two states involved in band I are similar, but that band II is 

associated with a transition in which the initial state is more polar than the final one. Further 

on in this discussion it will be argued that the absorbing state involved in the two transitions 

has an n�* character. The combined effects of methylation and solvent polarity therefore 

suggest that band I is associated with a transition between two n�* states, while band II 

involves the transition to a ��* state. 

 

An alternative view on these dynamics is provided by the decay traces of 1 shown in 

Figure 3 for a number of selected probe wavelengths. These traces give evidence for rather 

complex dynamics that involve at least three or more exponential contributions. 

Qualitatively, we observe at the blue side of the transient absorption spectrum an ultrafast 

decay of the signal followed by decays on the ps and ultimately sub-ns timescales. The 
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Figure 3. Transients of benzamide obtained after excitation at 270 nm and probing at (a) 365, (b) 425, (c) 

560, and (d) 650 nm. Dashed lines indicate fit described in text. Note that the time axis is linear from –1 ps 

to 1ps relative to the maximum of the IRF, and logarithmic afterwards.
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contribution of this ultrafast decay becomes increasingly smaller for longer probe 

wavelengths where, apart from a sub-ps rise, an additional rise on the ps timescale occurs, 

followed by ps and ns decays. 

Global analysis of the transient absorption data led to the conclusion that for all three 

molecules a four-exponential model is required to achieve adequate fits. Figure 4 and Table 2 

report, respectively, the SADS and associated decay rates derived from these analyses. When 

the results for the three molecules are compared, one readily concludes that their transient 

absorption behavior only differs in minor details. Within the instrumental response an initial 

species ���is formed upon photoexcitation that dominantly absorbs in the 350-400 nm region 

with minor excited state absorption (ESA) bands around 500 and 700 nm. Upon increasing 

methylation thelatter band shifts to longer wavelengths, for the former band a similar shift 

seems to be present as well (cf. N-methylbenzamide vs. N,N-dimethylbenzamide), but less 

pronounced. This species is observed to decay on a timescale of the order of 100 fs to a 

species � for which the ESA features are much more distinct and have shifted to higher 

energies. Because of this shift, the absorption band with the 350-400 nm tail that dominates 

the spectrum of the initial species � has now a significantly reduced intensity.  

Table 2. Decay times (ps) of the components of the SADS observed for benzamide (1), N-methylbenzamide (2), 

N,N-dimethylbenzamide (3), N,N�-dibenzylisophthalic diamide (4), and succinamide rotaxane (5) in 

dichloromethane. Errors (1�) are estimated to be 10% (50%) for values above (below) 1 ps.

 

 1 2 3 4 5 

�� 0.07 0.17 0.07 --(a) 0.05 

�� 2.3 2.9 1.9 --(a) 0.7 

�� 53 45 47 50 57 

�� 346 1090 770 --(b) -- (b) 

 

(a)  Not determined. 
(b) The present experiments can only access pump-probe delays up to 1 ns. As a result, the global analysis leads 

to a final species with an “infinite” lifetime. 
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Figure 4. Species associated difference spectra (SADS) of (a) benzamide (1), (b) N-methyl benzamide (2), 

and (c) N,N-dimethyl benzamide (3)  obtained from a sequential target analysis involving species � (grey) 

����(solid) ��� (dash) ��� (dot). The amplitude of trace � (grey) has been divided by a factor 10, 5, and 

15 in (a), (b), and (c), respectively.
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  The steady-state absorption spectra of these compounds and the results of the 

previously discussed TD-DFT calculations leave little doubt that excitation at 270 nm 

populates the n�* state. Accordingly, it is not surprising that the initial and subsequent 

species do not exhibit any stimulated emission features that might otherwise have been 

expected in the 350 nm region. Previously reported CASSCF calculations indicate that - upon 

excitation to the n�* state - benzamide adopts a geometry of Cs symmetry in which the lone 

pair orbital of the nitrogen atom is rotated into the plane of the phenyl ring [17]. We have 

repeated the geometry optimization of benzamide in this state at the TD-DFT/B3LYP/def-

TZVP level using the Turbomole package and arrive at the same conclusion (Figure 2b). 

Comparison with the vertical excitation energy calculated at the same level shows that the 

internal reorganization energy accompanying these geometry changes is on the order of 1 eV. 

We consequently expect that this geometry relaxation process might show up prominently in 

the excited-state dynamics probed in the present study. In view of this conclusion, we 

associate the observed ultrafast decay of the initial species � with geometry relaxation 

processes that bring the system from the Franck-Condon populated n�* state into the 

structurally relaxed one. 

Comparison of the SADS � and � in Figure 4 shows that the subsequent evolution of 

the structurally-relaxed n�* state in the three molecules mainly involves the narrowing of the 

ESA bands and a slight shift to the blue on a timescale of 2-3 ps. It is well known that solvent 

relaxation processes in dichloromethane occur on this timescale [19]. The spectroscopic 

evolution as well as the associated decay time therefore demonstrate that solvent and 

vibrational relaxation are the processes primarily responsible for the decay of species �. 

Our analysis shows that in all three molecules the geometrically and 

solvent/vibrationally relaxed n�* state decays with a time constant of about 50 ps. From 

Figure 4 it is evident that this decay leads to large changes in the SADS: the absorption 

spectrum loses most of its structure and intensity, indicating that internal conversion occurs 

to one or more other electronic states, which are then responsible for the final SADS �. In 

principle, the following three decay pathways come to mind: (i) internal conversion to the 

ground state, (ii) intersystem crossing to the triplet manifold, and (iii) C-N bond cleavage 

leading to the generation of benzoyl and NH2 (or its methylated versions) radicals. We 

investigated the contribution of the internal conversion pathway to the ground state by trying 

to observe the recovery of the ground state bleaching. To this purpose pump-probe 

experiments at single probe wavelengths (as opposed to the previously discussed white light 
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probing) between 250 and 270 nm were performed. We found, however, that in this 

wavelength region excited state absorption was much stronger than a possible ground state 

absorption - which was not unexpected considering the small oscillator strength of the S0 � 

S1(n�*) transition - and were thus unable to probe the recovery of the ground state. 

Since internal conversion to the ground state does not produce transient species that 

decay on a ns timescale, we need to consider as well other decay pathways of the S1(n�*) 

state that could produce such transients. According to the CASSCF calculations of Chen and 

Fang [17], the potential energy surfaces of the excited states of benzamide exhibit a three-

surface conical intersection between the S1(n�*), T1(��*), and T2(n�*) states, which is only 

at slightly higher energies (1.3 kcal/mol) than the S1 minimum. As a result of strong first-

order spin-orbit orbit interaction between the S1 and T1 states, intersystem crossing between 

these two states can occur quite efficiently, and rationalize the observed lifetime of the 

S1(n�*) state, or, in other words, the relatively large intersystem crossing rate. Intersystem 

crossing should certainly not be excluded (vide infra), but we believe that the T1(��*) state is 

in the end not the carrier of the absorption spectrum of SADS �, because such an assignment 

would be at odds with (a) the lifetime of SADS �, which ranges from 0.3 to 1.1 ns in the 

three molecules, and (b) with our inability to observe such species in transient absorption 

experiments with nanosecond lasers. 

The same CASSCF studies suggested that C-N bond cleavage could be a relevant decay 

channel for excited states of benzamide. Two dissociation mechanisms were identified, a 

direct one occurring on the S1 potential energy surface, and one occurring after intersystem 

crossing to the triplet manifold. The absorption spectrum of the benzoyl radical shows only 

very minor absorptions in the wavelength region studied here [20]. In fact, the apparent start 

of an absorption band around 350 nm for SADS � resembles to a large extent what is 

observed for the benzoyl radical, and is in this respect fully consistent with its assignment to 

the benzoyl radical. Such an assignment implies that the recombination reaction, which 

determines the lifetime of this species, is not diffusion controlled, but occurs in the solvent 

cage.  

We thus conclude that our transient absorption measurements support dissociation as 

one of the decay pathways of the S1 state. To what extent it also dominates the decay of S1 

can not be determined yet since the present studies do not allow us to quantify a possible 

contribution of the S1 � S0  internal conversion decay pathway. 

 



 94 

B.2. Transient absorption spectra: N,N’-dibenzylisophtalic diamide 4 and succinamide 

rotaxane 5 

In order to understand and characterize the excited-state dynamics of multi-

chromophoric rotaxane systems such as the ones based on the fumaramide template [4d-i], it 

is necessary to elucidate the dynamics of each of the chromophores. N,N�-dibenzylisophthalic 

diamide (4) and the succinamide rotaxane (5) both contain isophthalamide as the principal 

chromophore [21] and may thus serve as compounds that provide spectroscopic fingerprints 

of the excited-state dynamics occurring in the macrocycle. A priori, one expects that these 

dynamics resemble to a large extent those of the benzamides discussed in the previous 

section, an expectation that by far and large will be confirmed in the following, although 

there are some interesting differences regarding the vibrational relaxation rate. 

 

 

Figure 5 displays the SADS that result from the global analysis of the transient 

absorption data of N,N�-dibenzylisophthalic diamide (4). For this molecule we were primarily 

interested in the final steps of the excited-state dynamics, and therefore did not analyse the 

ultrafast dynamics occurring during the first few picoseconds. In agreement with our 

expectations we find for this long-term behavior SADS that resemble largely those of the 

benzamides. In the SADS associated previously with the geometrically and solvent relaxed 

n�* state, band I is shifted to slightly longer wavelengths (from 440-460 nm to 475 nm), 

while band II appears to be at the same position as observed for the methylated benzamides. 
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Figure 5. Species associated difference spectra (SADS) of N,N�-dibenzylisophthalic diamide (4) obtained 

from a sequential target analysis involving species � (dash) ��� (dot).
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This SADS has a lifetime of 50 ps, which matches perfectly those of the benzamides. The 

species that is subsequently created has a featureless absorption spectrum, which shows only 

some rise in the 350-400 nm region, resembling again what was observed for the benzamides. 

 

For the succinamide rotaxane a full time analysis was performed. Figure 6 displays the 

SADS derived for this compound, while the lifetimes of the species are reported in Table 2. 

The general picture that arises from these data is that excited-state absorption spectra and 

dynamics are very similar to what was found for systems 1-4. Considering the data at a 

slightly more detailed level, it is observed that band I has shifted to a slightly longer 

wavelength and has broadened somewhat, while band II has become hard to recognize, either 

because it has shifted out of the probe window, or because it has become so broad that it is no 

longer discernible. Interestingly, we find that the solvent/vibrational relaxation rate in the 

succinamide rotaxane is significantly larger than in the benzamides. This is in line with the 

larger number of normal modes in the rotaxane leading to enhanced IVR. 

A number of remarks need to be made with respect to the final species � that is 

observed in the transient absorption experiments on 4 and 5. Firstly, similar to what we 

concluded for the benzamides, the present experiments do not enable us to determine whether 

branching of decay pathways occurs in the geometrically and solvent relaxed n�* state and to 

what extent. It might thus well be that the internal conversion pathway to the ground state has 

a different quantum yield in the more complex systems 4 and 5 than in the benzamides. 
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Figure 6. Species associated difference spectra (SADS) of the succinamide rotaxane 5 obtained from a 

sequential target analysis involving species � (grey) ��� (solid) ��� (dash) ����(dot). The amplitude of 

trace � (grey) has been divided by a factor 15.
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Secondly, one might expect the rate of internal conversion to the ground state to increase in 

the larger systems on account of the state density. The remarkable similarity of the lifetime of 

the geometrically and solvent relaxed n�* state in 1-5 would then suggest that the lifetime of 

the geometrically and solvent relaxed n�* state is not determined by the internal conversion 

pathway to the ground state. Thirdly, we have associated the final SADS with the absorption 

spectrum of a benzoyl-like species. For 4 and 5 the present experiments do not allow us to 

determine its lifetime, but our inability to observe similar transients with nanosecond lasers 

[7] indicates that this lifetime will not be much longer than some nanoseconds. This, in turn, 

implies that also in these larger systems radical recombination after C-N bond cleavage 

occurs in the solvent cage. 

The conclusion that photodissociation of the amide C-N bond is an important decay 

channel in the excited-state dynamics of the benzylic amide macrocycle receives strong 

support from recently performed gas phase experiments [22]. In these experiments a 

succinamide rotaxane was seeded into a supersonic expansion by laser desorption and 

subsequently investigated by Resonance Enhanced MultiPhoton Ionization (REMPI) 

spectroscopy. Because a solvent cage is not present in these experiments, one expects 

efficient photodissociation of the macrocycle, as was indeed observed. Furthermore, we 

found that photodissociation was completely absent in the gas phase experiments when the 

isophthalamide units in the macrocycle were replaced by their adamantane analogues. 

The present experiments have provided a unique spectroscopic fingerprint of the 

relaxation dynamics of the benzylic amide macrocycle, and thereby pave the way for future 

time-resolved experiments on energy relaxation pathways in more complex, multi-

chromophoric, mechanically interlocked molecular systems. Photoisomerization of a C=C 

double bond - as occurring for example in the fumaramide-maleimide motif - has over the 

years been used successfully to change the binding affinity of the macrocycle to a binding 

station [4d-i]. The adiabatic excitation energies of the excited states of 

fumaramide/maleimide are, however, anticipated to be rather close to those of 

isophthalamide. The efficiency of the isomerization pathway might thus well be effected by 

energy transfer between the chromophores. Time-resolved experiments that aim to 

investigate the influence of the macrocycle on the isomerization dynamics are currently being 

performed. 
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5.4. Conclusions 

 

Femtosecond UV/Vis transient absorption spectroscopy in combination with theoretical 

TD-DFT calculations has enabled us to unravel the excited state dynamics of a rotaxane in 

which the benzylic amide macrocycle provides the fundamental chromophore. These 

dynamics have been found to resemble closely those of benzamide and its N-alkyl substituted 

analogues, and involve in first instance excited-state geometry and solvent/vibrational 

relaxation. We have shown that the changes in the transient absorption spectrum of the 

geometry and solvent/vibrationally-relaxed excited state occurring for all compounds with a 

time constant of about 50 ps can be consistently interpreted in a picture that involves 

dissociation of the amide bond in the excited state. The observation that the absorption 

spectrum of the benzoyl radical like species decays on a time scale of the order of at most a 

few nanoseconds strongly suggests that the radical recombination reaction is restricted by the 

solvent cage.  
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Appendix 

 

Experimental studies have shown that in benzaldehyde the lowest n�* and ��* 

transitions occur at 3.3 [1] and 4.4 eV [2], respectively. Similarity and conjugation arguments 

could lead one then to expect that in benzamide the same transitions would occur at lower or 

at least the same excitation energies, but here they are calculated around 4.6 and 5.1 eV. 

Naively, one might therefore conclude that the TD-DFT approach is not suitable for this 

particular class of systems. In order to check the validity of our approach and to elucidate the 

differences between the two molecules, we repeated for benzaldehyde the same calculations 

as for benzamide. Table A reports excitation energies and oscillator strengths for the lower 

excited states that are in excellent agreement with experiment, in some respects even better 

than the recent MS-CASPT2 calculations [3]. Inspection of the orbital energies reveals that 

the differences in excited-state energies of the two molecules can largely be traced back to 

the orbital energy of the LUMO, which is raised on the order of 0.7 eV by -NH2 substitution 

on benzaldehyde. This, in turn, is explained by the observation that the �-orbital of the 

nitrogen atom is added to the LUMO of benzaldehyde in an anti-bonding manner. Since the 

�-system of the amide group resembles that of the allyl radical, one might also say that the 

antibonding C=O � orbital participates in the LUMO of benzaldehyde, while in benzamide it 

is the anti-bonding allyl-type orbital. Because the latter orbital has a higher orbital energy 

than the former one, the LUMO of benzamide will be raised in energy compared to that of 

benzaldehyde. 

 
Table A. TD-DFT (6-311G*/B3-LYP) vertical excitation energies and oscillator strengths of the lower-lying 

excited states of benzaldehyde. 

 

State Evert (eV) f 

S1(n�*) 3.71 0.0001 

S2(��*) 4.78 0.0193 

S3(��*) 5.28 0.2378 

S4(n�*) 5.61 0.0000 

S5(��*) 6.35 0.1436 
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