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Abstract
Photochemically driven molecular motors convert the energy of incident radiation to intramolecular rotational motion.  The motor molecules considered here execute four step unidirectional rotational motion. This comprises a pair of successive light induced isomerizations to a metastable state followed by thermal helix inversions. The internal rotation of a large molecular unit required in these steps is expected to be sensitive to both the viscosity of the medium and the volume of the rotating unit. In this work we describe a study of motor motion in both ground and excited states as a function of the size of the rotating units. The excited state decay is ultrafast, highly non-single exponential and best described by a sum of three exponential relaxation components. The average excited state decay time observed for a series of motors with substituents of increasing volume was determined. While substitution does affect the lifetime, the size of the substituent has only a minor effect. The solvent polarity dependence is also slight, but there is a significant solvent viscosity effect.  Increasing the viscosity has no effect on the fastest of the three decay components, but does lengthen the two slower decay times, consistent with them being associated with motion along an intramolecular coordinate displacing a large solvent volume.  However, these slower relaxation times are again not a function of the size of the substituent. We conclude that excited state decay arises from motion along a coordinate which does not necessarily require complete rotation of the substituents through the solvent, but is instead more localised in the core structure of the motor.  The decay of the metastable state to the ground state through a helix inversion occurs fourteen orders of magnitude more slowly than the excited state decay, and was measured as a function of substituent size, solvent viscosity and temperature. In this case neither substituent size nor solvent viscosity influences the rate, which is entirely determined by the activation barrier. This result is different to similar studies of an earlier generation of molecular motors, which suggests different microscopic mechanisms are in operation in the different generations. Finally, the rate of photochemical isomerization was studied for the series of motors, and those with the largest volume substituents showed the highest photochemical cross section. 
Introduction
Molecular motors are found throughout nature, playing key roles in a number of essential biological processes.1 Such biological motors are complex and elegant machines, converting chemical energy to fuel molecular motion with high efficiency. Their discovery inspired a drive in synthetic chemistry and nanotechnology towards the design of molecular systems which afford controllable motion on a molecular scale.2 In recent years, a number of successful synthetic rotors,3 motors 4,5 and shuttles 6–10 have been reported using a range of power sources including light, heat and redox chemistry.  
One of the most promising designs is the light-driven unidirectional rotary motor based on chiral overcrowded alkenes, pioneered by Feringa and co-workers11 (1a in Figure 1). The motor structure comprises a lower “stator” fluorene ring separated from an upper “rotor” by an olefinic “axle”. The fundamental principle which underpins the classification of this system as a true molecular rotary motor (rather than a simple forward/reverse molecular switch) is the fully unidirectional rotation of the rotor relative to the stator. In the overcrowded alkene design, this unidirectionality is achieved via the repetitive two step mechanism shown in Figure 1.  First, the initial structure (1a) undergoes an excited state isomerisation reaction to generate a metastable ground state product (1b). Steric interaction between the phenyl groups of the rotor and stator dictates that this motion occurs overwhelmingly in the “forward” direction (1a to 1b). The metastable product (1b) lies slightly above the minimum energy and is separated from the true minimum energy geometry (1c) by a barrier on the ground state PES. This energy difference arises due to the absolute stereochemistry of the stereogenic centre (* in 1a, Figure 1). In the initial ground state structure (1a), the methyl group adopts the energetically favourable axial orientation. However, the metastable product of the isomerisation reaction (1b) places this methyl group in the less energetically favourable equatorial orientation. As a result, 1b undergoes a thermally activated helix inversion in which the methyl group is returned to the favourable axial conformation, and the full isomer product (1c) is formed. This reintroduces the steric barrier to isomerisation in the reverse direction (1c to 1b), meaning any subsequent excitation of the system results in overwhelming rotation in the “forward” direction to generate 1d. Under constant irradiation, the system thus moves continuously around the cycle rotating selectively in the forward direction.
Since the initial over-crowded alkene design for unidirectional rotary molecular motors was first demonstrated,11 significant progress has been made in developing refined systems with increasingly controllable properties. The first generation of molecular motors employed identical rotor and stator groups with two stereogenic centres.12 A significant improvement in rotational speed and photochemical efficiency was found in the second generation design by incorporating distinct rotor and stator groups with a single stereogenic centre.13,14 More recently, a third generation design has been described in which two separate rotor units, connected to the central core of the molecule, rotate in unison in the same direction.15 In the present study, we focus on the second generation of molecular motors (Figure 1 and Figure 2), building upon the existing work devoted to characterising the motor dynamics of both the excited state isomerisation16,17 (Step 1 in Figure 1) and ground state thermal helix inversion18 (Step 2 in Figure 1). Our initial report16 on the excited state dynamics of 1 (Figure 2) revealed that the primary excited state process involves structural dynamics occurring on an exceptionally fast timescale (~1 ps). A distinct bi-modal fluorescence decay was observed, leading to the assignment of a two-coordinate mechanism for the excited state reaction. Firstly, the initial Franck-Condon excited state relaxes in ca 100 fs to a non-fluorescent local minimum on the excited state surface. From here, the population relaxes to the ground state via a conical intersection (CI) on a ~1 ps timescale. The sensitivity of the excited state dynamics to both the electronic structure of the molecule and solvent viscosity were also investigated;17 the initial relaxation from the Franck-Condon state was not sensitive to either, but the decay of the population from the local minimum to the ground state exhibited a significant dependence upon both. This suggested the assignment of a volume conserving pyramidalization co-ordinate to the relaxation of the Franck-Condon state, and a twisting co-ordinate resulting in decay of the population from the local minimum to the original or the metastable ground states, the yield of the metastable state ultimately resting on the location and topology of the CI relative to the saddle point on the ground state surface.
In contrast to the excited state isomerisation, the dynamics of the ground state thermal helix inversion in 1 are slow.18 The half-life of the metastable state (1b in Figure 1) is ~5 minutes, making the helix inversion the rate limiting step of the rotary cycle by several orders of magnitude. Electron donating and withdrawing substituents were found to have no significant impact upon the dynamics of the thermal helix inversion in 1.18 It was therefore concluded that steric (rather than electronic factors) are the primary factors controlling dynamics of the ground state process.
Recent attention has focused on the use molecular motors in functional applications. Ultimately, the goal is to form molecular machines, driving concerted motion with a large number of combined molecular motor units. Although this has not yet been achieved synthetically, several key applications of unidirectional molecular rotary motors have been demonstrated. These include functionalisation of surfaces19,20 and nanoparticles21, a molecular “nanocar”,22 and catalysis.23 One particularly interesting potential application of the molecular motor system in nanoscience is as a molecular “stirrer bar”.24 If the rotational motion of the motor involves geometry changes which are large enough to displace a significant volume of solvent molecules, then there is potential for molecular motors to function as stirrers on the molecular scale. The extent to which the rotary mechanism requires solvent displacement was investigated by Chen et al.24 Long, rigid substituents were added to a first-generation molecular motor structure and their effects on the dynamics of the ground state thermal helix inversion were measured. The rate of helix inversion was found to decrease significantly with both increasing substituent length and increasing solvent viscosity. Significantly, this viscosity dependence became stronger with longer substituents. It was concluded that long, rigid substituents significantly increased the rearranging volume associated with the rotary mechanism, leading to greater solvent displacement during rotation. This caused retardation of the thermal helix inversion as well as a substituent size dependent sensitivity to solvent viscosity. 
Although the effect of long substituents upon the ground state dynamics has been characterised, no information was obtained regarding the impact of such substituents on excited state relaxation; in this paper we report on the effects of such long bulky substituents on the excited state dynamics of second generation unidirectional rotary motors. To do so, we consider derivatives of 1 substituted at three positions (two on the stator, one on the rotor) with phenyl (2) and phenylethynylene groups of increasing length (3 and 4, Figure 2). By probing the steady state spectroscopy and ultrafast fluorescence of each derivative, we determine the extent to which the excited state structural dynamics are retarded by these substituents. We also assess the sensitivity of the excited state dynamics to solvent viscosity. Finally, the dynamics of the ground state thermal helix inversion of 1-4 are studied. The rates of both the photochemical formation and thermal decay of the metastable state (1b in Figure 1) are probed as a function of substituent length. Chen et al24 previously reported the effect of substituent length on the rate of ground state helix inversion in a series of first generation molecular motors. The present study extends this to the second generation motors (1-4, Figure 2).
Results and Discussion
Steady State Spectroscopy The steady state absorption and emission spectra for 1-4 recorded in dichloromethane (DCM) are shown in Figure 3. As described previously,16,17 1 exhibits a single band absorption spectrum attributed to an S0-S1 transition, localised on the ‘axle’ double bond. In contrast, 2-4 exhibit dual band absorption spectra. The higher energy band grows in intensity and is increasingly red shifted with increasing substituent chain length. This is consistent with experimental studies of poly (phenylethynylene) containing structures, where the maximum wavelength of absorption was found to increase with increasing polymer chain length,25,26 an effect attributed to an extension of the delocalised π-electron system. Further calculations also suggested that the LUMO-HOMO band gap decreased with increasing poly (phenylethynylene) chain length in a series of silole-based oligomers.27 Thus, we ascribe the higher energy bands in the absorption spectra of 2-4 to electronic transitions localised on the phenyl and phenylethynylene substituents. This assignment was confirmed by recording the absorption spectra of the isolated phenylethynylene chains which overlap closely with the higher energy bands observed in the absorption spectra of 2-4. (Supporting Information, Figure S1), although the spectra are broadened in the motors. 
In comparison to 1, the S0-S1 band in 2 exhibits a significant ~25nm red shift. However, increasing the length of the substituents further has a much smaller effect, with only a ~5nm red shift observed between 2 and 3, and no difference at all between 3 and 4. The red shift in the absorption is accompanied by an approximate doubling of the oscillator strength, from ca 25000 M-1 cm-1 in 1 to ca 50000 M-1 cm-1 in 2 and 3. The fluorescence emission spectroscopy follows a similar pattern when excited near the maximum wavelength of the axle localised absorption (i.e. the lowest energy band). A significant ~ 50nm red shift is found for fluorescence of 2 compared to 1, but increasing the substituent length further has a smaller effect, with a ~14nm red shift observed between 2 and 4 in dichloromethane (DCM). The large red shift in the absorption and emission maxima observed between 1 and 2-4 largely follow the trends observed previously for derivatives of 1 substituted with electron donating/withdrawing groups,17 where substitution on 1 with methoxy (OMe), an electron donating group, shifted the absorption and emission maxima by ~20nm and ~40nm respectively. This suggests that the substituents in 2-4, as well as increasing the molecular volume, also act as weak inductive electron donors, donating electron density to the delocalised π system.
Steady state fluorescence spectra were also recorded on excitation at 400nm, the excitation wavelength used for ultrafast fluorescence up-conversion. No excitation wavelength dependence was observed in the emission of 1 - 3, but a large blue shift and increase in intensity was observed in 4 when excited at 400nm compared to 430nm (Supporting information, Figure S2a). We ascribe this to a contribution to the emission from the phenylethynylene substituents which absorb at 400nm in 4.  Phenylethynylene oligomers are strongly emissive in the 350-400nm region, with fluorescence quantum yields of up to 0.93 reported.28–30 In 4 the absorption of the longer phenylethynylene substituents is sufficiently red shifted (Figure 3a) such that excitation occurs at 400nm. The quantum yield of the phenylethynylene emission is larger than that of the motor unit,16,28 leading to the intense blue shifted emission. Thus, excitation of 4 at 400nm results in emission from both the core unit of the motor and the phenylethynylene substituents, while only emission from the core unit is observed in 2 and 3 under the same conditions. As a result, ultrafast fluorescence of 4 was not measured, as the optimum excitation wavelength for that experiment is 400nm. 
The solvent dependence of the electronic spectra were also recorded, with peak wavelengths collected in Table 1. As reported in our previous studies of 1,16,17 the absorption maxima of 2-4 showed no significant dependence upon solvent polarity, and the substituent dependence of the absorption spectra described above for 1-4 in DCM was retained in each solvent studied. 
Finally, the relative fluorescence quantum yields of the core unit localised emission in 1-4 were compared. The fluorescence quantum yields of 1-4 are all low, but vary significantly. Figure 4 shows the steady state fluorescence spectra of 1-4 in octanol normalised to the absorbance at the excitation wavelength (wavelength of maximum absorption) in each case, i.e. the relative fluorescence quantum yield. Two important features are revealed. Firstly, derivatives 2-4 are significantly more fluorescent than 1. Secondly, no increase is found in the emission intensity of 3 compared to 4 despite the increase in substituent length between the derivatives. Thus, the addition of substituents to 1 leads to an enhancement in fluorescence, but the effect of length or volume of the substituent itself is slight. This result is investigated more thoroughly via ultrafast fluorescence spectroscopy (below). 
Substituent Dependent Ultrafast Fluorescence The fluorescence decay data for 1-3 measured in DCM are shown in Figure 5. Several features are shared with our previous reports on 1 and its derivatives.16,17 The decay of all samples are ultrafast, non- single exponential and exhibit oscillatory features due to coherent vibrational dynamics in the excited state. As reported previously for 1,16 a significant emission wavelength dependence is also observed for 2 and 3, where tuning the emission wavelength to the red leads to an increased mean excited state lifetime (Supporting Information Figure S3). This corresponds to an ultrafast red shift in the emission of 1-3 and has been discussed in detail elsewhere for this molecular motor system.17 Despite these similarities, Figure 5 reveals some striking differences between 1 and 2-3. On the fastest timescale (Figure 5a), it is clear that the decay in 2 and 3 is not dominated by the large amplitude extremely fast ~100 fs component observed in 1. Further, examination of the longer timescale data (Figure 5b) reveals that components of the emission of 2 and 3 are significantly longer lived compared to 1. A further striking observation arises when comparing the decay dynamics of 2 and 3. Despite the substantial increase in substituent size from 2-3, the decay curves of each derivative in DCM are remarkably similar. Thus, as was noted in the electronic spectra, the effect of substitution on 1 is large, specifically a decreased amplitude of the very fast relaxation from the FC state and an overall longer lifetime; however, the effect of further increasing substituent size from 2 to 3 is modest.
All the time resolved fluorescence data were fit to sums of exponentially decaying components. In our previous study,16 we reported that the excited state population of 1 was well described by a three term exponential decay function plus oscillatory components. The oscillatory components arise from coherently excited vibrational modes in the electronic excited state modulating both the energy of the excited state and its transition moment to the ground state.31–33 These modes are damped on a sub picosecond timescale. In this study, we focus on the population dynamics, and do not discuss the coherent vibrational dynamics further. In order to exclude any effect of the rapidly damped oscillatory components on the analysis of the population decay data, the first 200 fs of each decay curve were excluded from the fitting procedure. Under these conditions the fluorescence decay data for 2 and 3 in DCM were well fit by a sum of three exponential terms; the full results of the fitting procedure for 2 and 3 and previously published results for 1 in DCM are collected in Table 2.
Substituents affect the average fluorescence lifetimes (<τ>). Compared to 1, the smallest phenyl substituent (2) results in a greater than 5 fold increase in <τ>. However, increasing the size of the substituents further has a comparatively minor effect, with an increase of only 30% between 2 and 3. Additional effects of substitution are revealed in the individual lifetimes. Although the time constant of the fastest term (τ1) shows only a minor substituent dependence (a two fold increase from 1 to 3), its amplitude (A1) decreases by a factor of 2 between 1 and 2-3. Thus, τ1 is the dominant decay term (~80 %) in 1 while it contributes only 40% of the amplitude in 2 and 3; this is also evident in Figure 5a. Comparing τ2 and τ3 for 1, 2 and 3 reveals that both time constants are similar in 2 and 3, but are both longer than in 1. The ultrafast relaxation time (τ1) was assigned to a volume conserving pyramidalization at an axle carbon atoms, leading to a non-emissive ‘dark’ region on the excited state surface.16,34–36 Very recently Pang et al extended excited state calculations on 1 to accurately simulate the ultrafast fluorescence measurements.37 They reported that progress to the dark state occurs mainly via a ca 40⁰ degree bond rotation, with pyradmidalization required to reach the CI.  The large twist of two relatively large groups through the solvent seems at odds with the observed viscosity independence. However, the calculation also suggests that fluorescence might be quenched at smaller angles of the twist coordinate, and that other coordinates are involved which may combine to yield a volume conserving coordinate, as the experiment requires.37 The data for 2 and 3, where even the largest substituents result in only a minor increase in τ1, shows that bulky substituents on the periphery of the molecule do not retard this essentially localised intramolecular motion. 
It was previously shown that τ2 and τ3 exhibit a sensitivity to the electron donating/withdrawing character of the substituents. These longer relaxation times were ascribed to the decay of the excited state population from the non-emissive local minimum on the excited state potential surface, where the dark state is in thermal equilibrium with the emissive Franck-Condon state. In this model the longer decay components reflect the decay of the dark state back to the electronic ground state via a CI.16,17 Experiment and theory suggested that this decay occurred via motion along a co-ordinate involving a larger scale molecular motion, most likely torsion about the central axle bond. The present data reveal two features regarding these new substituents. Firstly, the larger amplitude of τ2 and τ3 in 2 and 3 may arise from a smaller energy difference between bright and dark states, giving rise to a larger thermal population in the emitting state; this is also consistent with a higher fluorescence quantum yield for these derivative (Figure 4). However, it was noted above that the oscillator strength for 2 and 3 is twice that of 1. If this is reflected in the S1S0 transition moment then that may also enhance the amplitude of the long component in the bright state emission. Thus even though the amplitude is significantly increased it may not point to a significant change in energy gap between bright and dark states on the excited state potential energy surface. The dependence on substituent volume observed in τ2 and τ3 (1 compared to 2) could also be consistent with a twisting co-ordinate. However, such an assignment is not consistent with the relatively small effect observed upon further increasing the length of the substituent (i.e. 2 compared to 3). The solvent displacing torsional coordinate is expected to be sensitive to both the volume of the molecule twisting about the central bond and the solvent viscosity; this apparent inconsistency is studied further through the solvent viscosity dependence. 
Solvent Dependent Ultrafast Fluorescence An important probe of excited state dynamics in the condensed phase is the solvent polarity and viscosity dependence. Solvent polarity effects highlight substantial changes in charge transfer character between electronic states. On the other hand, molecular motions displacing large volumes of solvent are expected to be resisted in viscous media. Both effects will be reflected in solvent dependent excited state spectra and dynamics.  A total of eight solvents were investigated with a view to distinguishing polarity and viscosity dependencies in 1-3.  The solvents ranged in polarity from ethanol (εr = 25) to cyclohexane (εr = 2) and in viscosity from ethanol (η = 1.07 m Pa s‑1) to decanol (η = 10.9 m Pa s‑1) for alcohol solvents and isopentane (η = 0.214 m Pa s‑1) to decalin (η = 2.5 m Pa s‑1) for non-polar solvents. Alcohols are a useful solvent series for viscosity dependent studies, as large changes in viscosity can be made without dramatically altering chemical properties of the solvent, such as H-bonding. Therefore, the viscosity dependence in alcohol solvents and non-polar solvents will be considered separately. An example of solvent dependent fluorescence decay data is shown for derivative 2 in alcohol solvents (Figure 6a) and non-polar solvents (Figure 6b). The corresponding data for derivative 3 are shown in supporting information (Figure S4). The decay data for each derivative were again fit to multi-exponential decay functions as described for DCM above. Two exponential terms were adequate for the data recorded in isopentane, whilst three exponential terms were required for all other solvents. The fit parameters obtained for 1-3 in each solvent are summarised in Table 3. 
In studying the viscosity dependence of the fluorescence decay dynamics in 2-3, two key considerations must be made. Firstly, are the dynamics slowed in viscous solvents?  Secondly, does the lack of a significant dependence upon substituent length (i.e. the relatively minor differences between the decay of 2 and 3 in DCM) persist in all solvents? The time constants and calculated mean fluorescence lifetimes (<τ>) of 2 and 3 (Table 3) are represented by scatter plots in Figure 7a (alcohol solvents) and Figure 7b (non-polar solvents).  From these, it is apparent that the fluorescence decay dynamics of 2 and 3 exhibit a significant viscosity dependence. Qualitatively, the fluorescence decay slows with increasing viscosity in both alcohol and non-polar solvents. The mean fluorescence lifetimes for both 2 and 3 increase by a factor of ~4 between the lowest and highest viscosity solvents for both alcohol and non-polar solvents. 
Turning to the individual time constants, the most significant viscosity dependence is found for the longest component (τ3) (Figure 7a and Figure 7b). The τ3 values recovered for 2 and 3 in alcohol solvents exhibit a ~4 fold increase over the viscosity range studied. A similar trend is observed in non-polar solvents whereby 2 exhibits a ~5 fold increase and 3 a ~6 fold increase over the viscosity range measured. A similar but smaller effect is observed for the intermediate time constant, τ2. Finally, the shortest exponential term (τ1) shows the weakest viscosity dependence. In alcohol solvents, τ1 shows no sensitivity to viscosity within experimental error over the entire viscosity range for all three derivatives. In non-polar solvents, a ~2 fold increase is observed for 2 and 3. The very weak viscosity dependence of τ1 in 2 and 3 across all solvents studied is consistent with a volume conserving pyramidalization (or small angular rotation) co-ordinate. The significant viscosity dependence found for τ2 and τ3 is consistent with the larger scale, solvent displacing coordinate (such as twisting about the central double bond) assigned to these time constants. 
Having established a clear viscosity dependence in the fluorescence decay dynamics of 2 and 3, the relationship between solvent friction and substituent length will be considered. Qualitatively, the data recorded in each solvent reproduce the lack of a significant substituent size dependence observed for DCM. In each solvent studied, the mean fluorescence lifetime (<τ>) is insensitive within experimental error to the length of the phenylethynylene substituents (Table 3 and Figure 7). Thus, although the excited state lifetime is increased by substitution of 1 with phenyl groups (2), it does not increase further with further increases in the substituent length (2 compared to 3), even in the most viscous solvents. This is a surprising result. The phenylethynylene unit is generally considered a rigid one so a complete torsional motion in the isomerization reaction would lead one to predict that an increased volume of solvent must be displaced between 2 and 3. This is evidently not the case – the increasing volume effect has already saturated by 2. However, it is important to note that what is being probed by time resolved fluorescence is not necessarily the complete rotation about the axle, but only that motion required to reach the CI where population decays to the ground state. It may be that a much smaller scale twist is required to promote internal conversion, which does not require the motion of the large substituents through the solvent. Indeed it is plausible that the pathway to the CI is modified when substituents are large and the medium is viscous. This would require the existence of alternative low barrier pathways to the CI on the multidimensional excited state potential, which might, in line with some recent calculations, also involve the pyramidalization coordinate.37 Such effects might be probed by finer control over the volume displaced by the coordinate and particularly by refined excited state dynamics calculations. 
Although the longer decay times scale consistently with viscosity (Figure 7), a possible role for solvent polarity should also be considered. Polarity effects may be significant if there are appreciable changes in molecular dipole moment during motion along (or transitions between) potential energy surfaces, e.g. between the Franck-Condon and ‘dark’ states. Unfortunately the low solubilities of the present solutes in polar non H-bonding solvents precluded a detailed investigation of solvent polarity, but good quality data were obtained in cyclohexane and ethanol, which have very similar viscosities (≈1 cP) but very different polarities (r = 2 and 24 respectively).  The mean relaxation time <> for both 2 and 3 is longer (by approximately a factor of 2) in cyclohexane than in ethanol, suggesting a small polarity effect.  However, analysis of the individual decay times reveals that 2 and 3 are very similar in cyclohexane and ethanol for both 2 and 3, distinguishing this from the viscosity dependence (Figure 7). From this we conclude that the solvent dependence of these longer decay times indeed arises from the solvent viscosity effect (Figure 7). This is consistent with radiationless decay along a torsional coordinate being opposed by solvent friction. However, that coordinate must involve a more local reorganisation than complete rotation of the rotor part of the molecule.  On the other hand the largely viscosity independent 1 is observed to be consistently longer in cyclohexane than in ethanol. This raises the possibility that the fast relaxation out of the Franck-Condon state, assigned to a volume conserving pyramidalization coordinate, is sensitive to solvent polarity in 2 and 3. However, the data in the less viscous but only slightly polar solvent DCM (r = 9) shows an even faster 1 than in ethanol; this suggests that the demonstration of a polarity effect on 1 requires a more detailed study in solvents of a range of polarities at fixed viscosities – i.e. an isoviscosity analysis.
Ground State Thermal Helix Inversion Having established that substitution of 1 with phenyl and poly(phenylethynylene) groups does slow down the excited state reaction, but that increasing the length of these substituents further has little additional effect, we here consider the role of substituent size upon the rate of the ground state thermal helix inversion (Step 2 in Figure 1). A previous study by Chen et al24 concluded that substitution on the rotor and stator of a first generation molecular motor with alkyl substituents of increasing size resulted in increased retardation of the thermal helix inversion. However, the second-generation molecular motor described in the present study has a substantially different design of its core molecular structure compared to first generation motors. This is an important consideration, since the rotary mechanism and dynamics of overcrowded alkene molecular motors are highly sensitive to molecular structure.13 Here, we extend the study of the effects of substituent volume and medium viscosity on ground state thermal helix inversion to the second generation molecular motors shown in Figure 2. Our aims were first to determine whether the phenyl and phenylethynylene substituents resulted in retardation of thermal helix inversion (1 compared to 2-4) and second whether increasing the length of substituents resulted in increased retardation. 
1-4 were first optically pumped to their respective photostationary states to generate the maximum concentration of the metastable state (1b in Figure 1). The relaxation time of this population to the product isomer (1c in Figure 1) was then recorded in each case as a function of substituent, solvent viscosity and temperature. The viscosity dependent measurements were conducted in the same series of solvents described above, whilst a temperature dependent study was performed in cyclohexane at temperatures ranging from 10 oC to 60 oC. Separation of the metastable and product forms (1b and 1c respectively in Figure 1) of the molecular motor is possible since the electronic absorption maxima of 1-4 exhibit a significant red shift (~30 nm) between these two forms. Furthermore, due to the symmetric nature of the molecular structure in 1-4, the initial structure and product isomer (1a and 1c respectively in Figure 1) of each derivative are identical. As an example, Figure 8 shows the absorption spectra of 2 in cyclohexane before irradiation (1a in Figure 1), at the photostationary state under constant irradiation (maximum concentration of metastable form, 1b) and at several time intervals after irradiation (showing relaxation of metastable 1b to product 1c). Figure 8 shows that the red shifted portion of the absorption spectrum can be attributed to the metastable population. For each derivative, solvent and temperature studied, the relaxation of the metastable population was recorded by integration of the area of the spectrum between 470 nm to 500 nm as a function of time, with the relaxation at room temperature occurring in several minutes. Examples of the decay curves as a function of substituent and temperature are shown in Figure 9. All decay curves were well fit by a single exponential function to yield the relaxation time and hence the first order rate constant. The data are displayed in Tables 4 and 5. Figure 10 summarises on a single plot both the viscosity dependence (ln k vs η on the upper y-axis) and temperature dependence (ln k vs 1/T on the lower y-axis) for 1-4. From Figure 10, it is immediately apparent that the rate of relaxation in 1-4 is independent of solvent viscosity but exhibits a significant dependence upon temperature. 
This result can be interpreted by application of a free volume model,38 a modification of the Kramers equation. This model has previously been applied to explain the viscosity dependence of several molecular systems in which rotational motion is involved,38–41 including thermal helix inversion in a first generation molecular motor system.24 Typically, the molecular rearrangement which facilitates such molecular motion involves only a portion of the molecule. As a result, the volume required to complete the rearrangement is a fraction of the total molecular volume. It is established that the thermal helix inversion proceeds via a thermally activated barrier crossing on the ground state potential energy surface.11 In this case, the free volume model relates the rate constant (k) of the thermal helix inversion to the fractional molecular volume (α), medium viscosity (η) and activation energy (Ea) as follows:
 	[1]
The absence of a viscosity effect in 1-4 suggests a fractional volume for the molecular rearrangement (α) close to zero. Instead, it is the activation energy (Ea) which controls the relaxation rate constant. Thus, the thermal helix inversion in motors 1-4 is activation rather than viscosity controlled; it is the accumulation of energy in the reaction co-ordinate which determines the relaxation rate, not the medium friction. Table 6 summarises the calculated activation energies for 1-4 in cyclohexane and shows that the activation energies are also independent of substituent within experimental error. Thus, the thermal barrier and hence rate of thermal helix inversion in this molecular motor system is not sensitive to the phenyl and poly (phenylethynylene) substituents. 
The insensitivity of the thermal helix inversion rate constant to both solvent viscosity and substituent length is in contrast to the previous study of first generation molecular motors, where ground state dynamics were found to be a function of both substituent size and solvent viscosity.24 Although the substituents on the two molecular motors are slightly different they both consist of the rigid phenylethynylene unit. Thus, the difference between the data of Chen et al24 and that in Tables 4 and 5 points to a mechanistic difference between the ground state reaction pathways for first and second generation molecular motors. In fact it is already established that the molecular dynamics and kinetics in the ground state are extremely sensitive to the core structure of the molecular motor.42 For example, the half-life of the metastable state in first generation molecular motors is between 25 and 40 times longer than those in the present study.24 It is possible that the substantial modifications to the core structure between the two generations has resulted in significantly altered reaction pathways. Evidently in the second generation motors studied here it is the local reorganisation in the core which controls the rate of helix inversion, and this appears independent of motor substituent size and medium viscosity; the activation barrier dominates the kinetics.  In this connection it would be particularly interesting to study the excited state dynamics of first generation molecular motors; such measurements are planned.
Photochemical Rates of Formation of the Metastable State Having concluded that the rate of decay of the metastable population (via thermal helix inversion) is insensitive to substituent length, we investigated the effects of substituent size upon the rate of ground to metastable state photoconversion. As described above, the absorption spectrum of the metastable state exhibits a ~30 nm red shift compared to the ground state isomers (1a and 1c in Figure 1). Thus, as shown in Figure 11a, absorption in the 490-520nm region provides an unambiguous separation of the metastable population (dashed lines) for 1-4.  For each derivative, the rate of formation of the metastable population was determined by simultaneously irradiating the sample with a 405nm light emitting diode and recording the integrated absorption between 470nm-500nm (shaded area in Figure 11a) as a function of time. Figure 11b shows the time resolved traces recorded for 1-4 in cyclohexane. Each trace was fit to a single exponential function to recover a first order rate constant as summarised in Table 7.
Two key features are apparent. Firstly, the formation rate of the mestastable state is retarded by the substituents (1 compared to 2-4). This follows the trends established in the ultrafast excited state and thermal helix inversion studies described above. Secondly, of the three substituted derivatives, the largest substituents (4) exhibit the fastest formation rate whilst the smallest substituents (2) exhibit the slowest formation rate. This is a surprising result in the sense that the decay from the Franck-Condon state and the thermal helix inversion studied above are both independent of substituent size.  However, those measurements probed different regions of the potential energy surface when compared to these photoconversion quantum yield data.  The quantum yield of the metastable state will be influenced by two related features: the location of the CI coupling excited and ground states relative to the transition state on the ground state surface, and the partitioning between the metastable and original ground states immediately after internal conversion. Which of these factors gives rise to the observed substituent dependence is not clear for the present study. Transient absorption experiments may be informative. 

Conclusion
A detailed study of the kinetics of second generation molecular motors has been made as a function of the size of substituents added to the periphery of the molecule. Each motor was studied as a function of solvent viscosity to probe how motor kinetics, molecular volume and medium friction are coupled. As previously reported all solutes exhibit a biphasic excited state decay assigned to a two coordinate excited state reaction. We find that the slower component of that decay is viscosity dependent, consistent with a torsional motion about the ‘axle’ of the motor. However, the viscosity dependence was shown to be independent of the size of the substituent.  This suggests that the pathway leading to decay from the excited states (and ultimately to the changed ground state conformer (Figure 1)) is dominated by structure changes in the core of the motor, which do not involve large scale reorientation of the motor and its substituents. 
We extended this study to the ground state thermal helix inversion reaction, which occurs 14 orders of magnitude more slowly than the excited state reaction. The rate of this reaction was found to be dominated by the thermal barrier crossing and independent of medium viscosity and substituent size.  This result is strikingly different to similar measurements made on first generation molecular motors, suggesting changes in the rotation mechanism between the two generations. 
Experimental
Measurements. The ultrafast up-conversion apparatus used to measure time-resolved fluorescence with 50 fs time resolution was described in detail elsewhere.43 For all ultrafast measurements, the excitation wavelength was 400 nm, power was 8 mW and the sample concentration was 0.5 mM. All samples were flowed continuously in a 1mm path length cell for the duration of the measurement. Steady state fluorescence spectra were recorded at lower concentrations (tens of μM) and Raman and solvent contributions were subtracted in each case. For the ground state kinetics studies, time-resolved absorption measurements (Ocean Optics USB2000) were made with samples (tens of μM) in a 1cm path length cell, excited by a 405nm LED lamp with a power of 1mW. 
Design of the Molecules The molecules intended for this investigation had to fulfill several conditions. First of all, substitution with several rigid arms capable of interaction with solvent was required. We have therefore opted for a homologous series of phenyl-ethynylene oligomers. In order to promote solubility and thus allow for sufficient absorption, branched alkyl chains were installed at the end of the rigid arms. Due to a specific excitation wavelength of the excitation laser, it was essential to ensure that the absorption maximum does not significantly bathochromically shift with the increasing conjugation of the phenyl-ethynylene oligomers. Because of this, the motor was connected to the arms using a biaryl connection. The biaryl moiety adopts a twisted conformation and was expected to severely disrupt conjugation between the motor core and rigid arms (Figure 12). For details of the synthetic procedures used to synthesize 1-4 see Supporting Information (SI).

Supporting Information. Additional experiments on solvent dependent electroinc spectra; a more complete data set on time resolved fluorescence; synthesis and characterization data for molecules 2-4.
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Figure Legends
Figure 1 – The mechanism of unidirectional rotation in a second-generation molecular motor. The “stable” ground state (1a) absorbs a photon and undergoes an excited state cis-trans isomerization to generate the “metastable” ground state product (1b). A ground state thermal helix inversion then generates the “stable” isomer (1c). Absorption of a second photon leads to a further cis-trans isomerisation in the original direction to yield (1d) and a subsequent thermal helix inversion completes one full rotation (1a).

Figure 2 – The parent molecular motor (1) and its derivatives substituted with phenyl (2) and poly (phenylethynylene) groups of increasing length (3 and 4). 

Figure 3(a) – Steady state absorption spectra of 1-4 recorded in dichloromethane (DCM) (b) Steady state fluorescence spectra of 1-4 recorded in DCM. Excitation was at the wavelength of maximum absorption in each case. Solvent Raman contributions were removed and the raw data (points) were fit to a log normal function (lines).

Figure 4 – A relative measurement of the fluorescence quantum yields of 1-4 in DCM. In each case, excitation was at the respective wavelength of maximum of absorption and emission intensity was corrected for absorption intensity at this wavelength. 

Figure 5 – Fluorescence up-conversion data for 1-3 in DCM recorded at an emission wavelength of 540nm after excitation at 400nm. Low frequency oscillations are due to coherent dynamics in the excited state (a) The first 2 ps after excitation on a linear intensity scale and (b) The first 40 ps after excitation on a log intensity scale.  

Figure 6 – Fluorescence up-conversion data for 2 recorded as a function of solvent viscosity. Emission was recorded at 540 nm after excitation at 400 nm. (a) Polar alcohol solvents and (b) Non-polar solvents.

Figure 7 – A summary of the exponential time constants τ1 (black), τ2 (red), τ3 (blue) and average fluorescence lifetime <τ> (green) fit to the fluorescence decay data of 2 (squares) and 3 (circles) as a function of solvent viscosity in (a) Polar alcohol solvents and (b) Non-polar solvents.

Figure 8 – Absorption spectra of 2 in cyclohexane as a function of recovery time after irradiation at 405nm. Prior to irradiation (black line), the spectrum represents only the initial state (1a, Figure 1) population. After 20 minutes irradiation (red line), the spectrum represents a mixture of the initial and metastable state (1a and 1b respectively, Figure 1) populations at the photostationary state. After the lamp was switched off (green, blue and cyan lines), the metastable population relaxes to the product isomer (1c, Figure 1) and the original absorption spectrum is recovered.

Figure 9 – The integrated intensity of absorption (470 nm to 500 nm) in cyclohexane recorded as a function of time. This spectral region can be solely attributed to the metastable population (1b, Figure 1), and thus shows the time domain relaxation of this population via the thermal helix inversion. (a) 1-4 in cyclohexane recorded at 20 oC (b) 2 in cyclohexane as a function of temperature.

Figure 10 – Rate of thermal helix inversion as a function of temperature (triangle symbols, bottom x-axis) and solvent viscosity (circle symbols, top x-axis) for 1 (black), 2 (red), 3 (green) and 4 (blue).

Figure 11 – Formation of the metastable state of 1-4 in DCM (a) Absorption spectra of the initial forms (solid lines) and metastable state products (dotted lines) of 1-4, overlaid with the lamp spectrum used for excitation. The shaded box shows the spectral region over which the integrated intensity of absorption was recorded as a function of time (b) Time-resolved integrated intensity of absorption measured between 470nm and 500nm for 1-4.  

Figure 12. The design of the rigid-arm substituted molecular motors 2-4.
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Table Captions
Table 1 – Absorption and emission wavelength maxima of 1-4. 
Table 2 – Fluorescence lifetime data for 1-3 in DCM. 
Table 3 – Viscosity dependent lifetime data for 1-3.
Table 4 – Viscosity dependent metastable state lifetime data and calculated rates of ground state thermal helix inversion for 1-4, measured at 20 oC.
Table 5 - Temperature dependent metastable state lifetime data and calculated rates of ground state thermal helix inversion for 1-4 in cyclohexane.
Table 6 – Calculated activation energies for 1-4 in cyclohexane.
Table 7 – Exponential rise and calculated rates of formation of the metastable state for 1-4 in DCM. 


Table 1
	
	Absorption Maximum Wavelength  / nm

	
	1
	2
	3
	4

	Isopentane
	- 
	415
	422
	427

	DCM
	406
	424
	429
	429

	Cyclohexane
	402
	420
	424
	423

	Decalin
	403
	422
	426
	427

	 
	 
	 
	 
	 

	Ethanol
	402
	420
	422
	435

	Butanol
	- 
	421
	426
	428

	Octanol
	404
	422
	428
	428

	Decanol
	- 
	422
	425
	429




	
	Emission Maximum Wavelength  / nm

	
	1
	2
	3
	4

	Isopentane
	 -
	519
	510
	616

	DCM
	475
	522
	528
	536

	Cyclohexane
	489
	520
	520
	528

	Decalin
	508
	520
	523
	528

	 
	 
	 
	 
	 

	Ethanol
	470
	522
	534
	 -

	Butanol
	- 
	521
	522
	591

	Octanol
	472
	519
	528
	612

	Decanol
	- 
	522
	521
	610







Table 2
	Derivative
	1 /ps
	A1
	2 /ps
	A2
	3 /ps
	A3
	<>/ps

	1
	0.08
	0.77
	0.32
	0.16
	1.02
	0.07
	0.18

	2
	0.10
	0.44
	0.70
	0.24
	2.44
	0.32
	1.00

	3
	0.16
	0.36
	1.47
	0.54
	4.81
	0.10
	1.33








Table 3
	
	Derivative 1

	
	Non - Polar Solvents
	
	Alcohol Solvents

	
	DCM
	Cyclohexane
	Decalin
	
	Ethanol
	Octanol

	A1
	0.77
	-
	0.70
	
	-
	0.66

	τ1 / ps
	0.08
	-
	0.07
	
	-
	0.12

	A2
	0.16
	0.75
	0.18
	
	0.77
	0.27

	τ2 / ps
	0.32
	0.10
	0.44
	
	0.16
	0.62

	A3
	0.07
	0.26
	0.11
	
	0.23
	0.07

	τ3 / ps
	1.02
	1.11
	2.92
	
	0.96
	2.68

	
	
	
	
	
	
	

	<τ>/ ps
	0.18
	0.36
	0.46
	
	0.34
	0.44



	
	Derivative 2

	
	Non-Polar Solvents
	
	Alcohol Solvents

	
	Isopentane
	DCM
	Cyclohexane
	Decalin
	
	Ethanol
	Butanol
	Octanol
	Decanol

	A1
	
	0.44
	0.11
	0.13
	
	0.33
	0.32
	0.23
	0.25

	τ1 / ps
	
	0.10
	0.25
	0.24
	
	0.13
	0.15
	0.25
	0.15

	A2
	0.44
	0.24
	0.26
	0.49
	
	0.38
	0.30
	0.39
	0.29

	τ2 / ps
	0.73
	0.70
	1.03
	3.10
	
	1.20
	1.39
	3.18
	2.10

	A3
	0.56
	0.32
	0.63
	0.38
	
	0.29
	0.38
	0.38
	0.46

	τ3 / ps
	2.41
	2.44
	4.48
	12.32
	
	4.44
	6.70
	17.35
	16.49

	
	
	
	
	
	
	
	
	
	

	<τ>/ ps
	1.66
	1.00
	3.12
	6.20
	
	1.79
	2.98
	7.83
	8.24

	
	
	
	
	
	
	
	
	
	

	
	Derivative 3

	
	Non-Polar Solvents
	
	Alcohol Solvents

	
	Isopentane
	DCM
	Cyclohexane
	Decalin
	
	Ethanol
	Butanol
	Octanol
	Decanol

	A1
	
	0.36
	0.29
	0.24
	
	0.17
	0.26
	0.15
	0.26

	τ1 / ps
	
	0.16
	0.34
	0.33
	
	0.15
	0.28
	0.22
	0.16

	A2
	0.45
	0.54
	0.17
	0.45
	
	0.59
	0.38
	0.38
	0.33

	τ2 / ps
	0.70
	1.47
	1.34
	3.80
	
	1.09
	2.31
	2.47
	2.97

	A3
	0.55
	0.10
	0.54
	0.31
	
	0.24
	0.36
	0.48
	0.42

	τ3 / ps
	2.54
	4.81
	5.12
	16.89
	
	5.01
	7.72
	15.66
	19.45

	
	
	
	
	
	
	
	
	
	

	<τ>/ ps
	1.72
	1.33
	3.09
	7.02
	
	1.88
	3.70
	8.47
	9.13




Table 4

	
	
	
	1
	
	2
	
	3
	
	4

	Solvent
	η / cP
	
	τ / s
	k x 103 /s-1
	
	τ / s
	k x 103 /s-1
	
	τ / s
	k x 103 /s-1
	
	τ / s
	k x 103 /s-1

	Isopentane
	0.21
	
	-
	-
	
	230
	4.35
	
	276
	3.62
	
	-
	-

	DCM
	0.41
	
	215
	4.65
	
	311
	3.22
	
	440
	2.27
	
	448
	2.23

	Cyclohexane
	0.89
	
	299
	3.34
	
	330
	3.03
	
	408
	2.45
	
	387
	2.58

	Decalin
	2.50
	
	-
	-
	
	340
	2.94
	
	274
	3.65
	
	323
	3.10

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Ethanol
	1.07
	
	297
	3.37
	
	413
	2.42
	
	303
	3.30
	
	-
	-

	Butanol
	2.54
	
	-
	-
	
	457
	2.19
	
	425
	2.35
	
	-
	-

	Octanol
	7.29
	
	251
	3.98
	
	427
	2.34
	
	459
	2.18
	
	355
	2.82




Table 5

	
	
	1
	
	2
	
	3
	
	4

	Temperature /K
	
	τ / s
	k x 103 /s-1
	
	τ / s
	k x 103 /s-1
	
	τ / s
	k x 103 /s-1
	
	τ / s
	k x 103 /s-1

	283
	
	720
	1.39
	
	1414
	0.71
	
	809
	1.24
	
	1280
	0.78

	293
	
	300
	3.33
	
	460
	2.17
	
	479
	2.09
	
	528
	1.89

	303
	
	120
	8.31
	
	162
	6.17
	
	184
	5.43
	
	194
	5.15

	313
	
	39.8
	25.13
	
	55.2
	18.13
	
	63
	15.89
	
	59.4
	16.83

	323
	
	18.9
	52.91
	
	22.5
	44.40
	
	24.2
	41.27
	
	23.1
	43.37

	333
	
	5.6
	178.57
	
	10.1
	99.40
	
	8.51
	117.54
	
	7.7
	129.87



Table 6
	Derivative
	Ea /KJ mol-1

	1
	75.2

	2
	78.2

	3
	73.1

	4
	80.8





Table 7
	Derivative
	τ / s
	k / s-1

	1
	1.23
	0.81

	2
	4.51
	0.22

	3
	3.63
	0.28

	4
	2.9
	0.34
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