Time-Resolved Twisting Dynamics in a Porphyrin Dimer Characterized by Two-Dimensional Electronic Spectroscopy
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Abstract
Molecular conformational changes in electronic excited states play a key role in numerous light-activated processes. In the case of porphyrin oligomers intramolecular twisting influences energy and charge transport dynamics. Here we address the twisting reaction in both ground and excited states in a model porphyrin dimer, employing two-dimensional electronic spectroscopy (2D ES). By spreading the information over excitation and detection frequencies, cross-peaks reveal the twisting reaction both in the ground and excited states unambiguously and distinctly from other dynamics. A quasi-barrierless planarization reaction is observed in the excited state on a tens of picosecond (ps) time-scale. This is accompanied by a spectral narrowing, indicative of a reduction in conformational disorder. The reverse reaction is suppressed in the excited state due to a steep activation energy barrier. However in the ground state the barrier is within the thermal energy distribution and therefore contributions from reverse and forward reactions could be observed on the sub-nanosecond time-scale. Crucially 2D ES enables simultaneous assessment of ground and excited state reactions through analysis of different spectral regions on the 2D spectral maps.
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I. Introduction
Conjugated molecular structures composed of porphyrin chromophores are of great interest in a wide range of applications.1-4 These include: novel optical materials for improved solar cells; nanowires for molecular electronics; photosensitizers for photodynamic therapy.1, 5-6 In particular, newly synthesized conjugated molecular structures that mimic artificial light harvesting complexes have recently attracted great interest.7  Specifically, butadiyne-linked porphyrin nanorings, composed of up to 40 units, show ultrafast excitation delocalization related to electronic coupling and high structural order.8-9  Key to the exploitation of porphyrin nanorings is a full understanding of the electronic delocalization process and how it is affected by molecular conformational changes.10-11 The study of ultrafast conformational or structural dynamics per se is very important as it plays a significant role in many fundamental molecular reactions such as photo-isomerization processes - which underlies the early events in vision - and, as shown more recently, in the dynamics of light-driven molecular motors able to convert light into mechanical energy through excited-state reactions.12-13
Butadiyne-linked porphyrin oligomers show inter-porphyrin conjugation, which is apparent in the large red shift of their lowest singlet absorption band (Q-band).14  However, the electronic coupling is significantly affected by the dihedral angle between the porphyrin macrocycles.  The maximum coupling (largest red shift) occurs when the rings are co-planar.14  Previous investigations found that there exists a continuous distribution of dihedral angles, indicating that the butadiyne-linker provides a low energy barrier to rotation of the porphyrin rings. 15  Important unresolved questions related to the twisting dynamics, such as its rate and activation energy in excited and ground electronic states are addressed below. 
2D spectroscopy is a powerful tool for the investigation of chemical exchange, including conformational reactions.16  So far, this technique has been applied to study structural dynamics mainly in the IR region16-17 but also very recently to study photochemical dynamics in the visible region.18-19  Further examples include a phase-modulation fluorescence approach to 2D electronic spectroscopy, which was used to characterize the exciton coupling of a porphyrin dimer as a function of its conformation.20-21  In this work we combine 2D ES and time-resolved transient absorption to a model butadiyne-linked porphyrin dimer. This allows us to fully dissect its twisting dynamics in excited and ground electronic states. 2D ES, an optical analog to 2D NMR, can be described as a third order nonlinear optical signal dependent on two time delays (described in detail elsewhere).22-23 Importantly, 2D ES provides correlations between excitation and detection frequencies, and is thus ideally suited to observing molecular dynamics on excited and ground state potential energy surfaces.  Consequently, torsional dynamics can be isolated from other dynamical effects and the rate constants of forward and reverse reactions can be determined.17
II. Experimental Methods
The detailed description of our 2D experimental setup has been presented before.23 Briefly, the light source was a commercial amplified laser system plus a noncollinear parametric amplifier (NOPA). The pulses were recompressed close to the Fourier transform limit at the sample position and were characterized by transient grating frequency resolved optical gating (TG-FROG) using a 1 mm fused silica window. The 2D setup is based on a scheme using two beamsplitters to generate the four phase coherent beams located on the corners of a 2.5 cm square. During the measurements, the coherence time was scanned in the range from −150 fs to 150 fs in steps of 4 fs. The transient absorption measurements were performed with the same setup by blocking beams 1 and 3 and using the LO beam as the probe beam.
The porphyrin chromophore structure is shown in Figure 1a and was synthesized as reported previously.24 The porphyrin dimer was dissolved in pentane with a concentration of 50 µM for a 1 mm pathlength static cell producing an OD around 0.3. In order to avoid aggregation, 1 % vol pyridine was added to the solution. Measurements were also done by circulating the solution in a flow cell system, which had a pathlength of 200 µm and a porphyrin concentration of 250 µM; the results were identical to those in the 1 mm pathlength cell. The advantage of working with smaller pathlengths is the suppression of contributions from the solvent, but greater dilution in longer pathlength cells reduces the possibility of aggregation; no evidence of aggregation was observed even for the highest concentrations studied.
III. Results and Discussion
The porphyrin dimer structure is shown in Figure 1a and the corresponding visible to near UV absorption spectrum is shown in Figure S1 (supplementary material); the strongest absorption band (at 22000 cm-1) corresponds to the Soret band and the broad high energy band (above 27000 cm-1) is usually known as N-band.25 Figure 1b presents the absorption spectrum focusing on the Q-band region. Previous studies suggested that this comprises absorption of both the planar (0o) and fully twisted (90o) conformers of the dimer at 740 nm (13513 cm-1) and 669 nm (14948 cm-1), respectively.15  Further contributions to the linear absorption spectrum are due to vibronic transitions that appear as shoulders at 720 nm (13884 cm-1) - due to a 380 cm-1 mode strongly coupled to the Q-band transition - plus weaker contributions at 698 nm (14333 cm-1) and 673 nm (14863 cm-1).26 
A series of absorptive (real part of the sum of rephasing and nonrephasing contributions)27 2D ES spectra is shown in Figure 2a covering population times from 0.1 to 600 ps.  At early population times the amplitude of the 2D spectrum is concentrated along the diagonal.  Cross peaks are also clearly present at the earliest measured population time (50 fs) as shown more clearly in Figure S2. Through careful analysis of the oscillatory behavior, as a function of population time, the origin of these cross peaks can be identified as due to vibronic transitions with frequencies (marked on Figure S2) at 380 cm-1 (CRA), 820 cm-1 (CRB) and 1350 cm-1 (CRC). The vibronically related cross peaks are present throughout all later population times, although their amplitude (apart from that of CRA that appears at lower detection frequencies) is weak and the oscillations are fully decayed by 1.2 ps (Figure S2).
The two strongly absorbing features, marked by shaded rectangles in Figure 1b, are assigned to planar (lower frequency, red shade) and twisted (higher frequency, blue shade) conformations, where the latter has also an underlying vibronic shoulder contribution. However, conformers with different dihedral angles are excited and detected over a broad frequency region as shown by the absorbance at intermediate frequencies and by the stretched diagonal amplitude distribution at early times in the 2D ES (Figures 1 and 2), which will be discussed in detail below.  In Figure 2a the positive signals (red color) correspond to ground-state bleaching (GSB) and/or stimulated emission (SE) whereas the negative (blue color) correspond to excited state absorption (ESA).  The ESA contribution arises from broad Q-band to N-band transitions (Figure S1). Strikingly, at early times, apart from weak vibronic cross-peaks between high and low energy bands (Figure S2), there are no significant features below and above the diagonal, indicating a distribution of independent transitions associated with a range of torsional angles. If these transitions shared a common ground state cross-peaks would necessarily appear at early population times.28
As shown in Figure 2a, the stretched diagonal amplitude distribution at early times evolves into a broad structure over a period of 600 ps. A significant amplitude increase is seen in the spectral region below diagonal and less so in the spectral region above diagonal. In what follows we will show that the main mechanism accounting for such a spectral reshaping has to do with the porphyrin dimer twisting reaction. But first we need to discuss how the 2D spectral evolution can account for an equilibrium twisting reaction. This requires the laser electric field interaction with the molecular transition dipole moment to be tracked, which is best represented by Feynman diagrams.28 Figure S3a presents a (non-exhaustive) list of eight Feynman diagrams, which is sufficient to describe the dynamics of the twisting reaction observed in this work. Figure S3b presents a cartoon showing the corresponding positions on a 2D map of where the Feynman diagrams will contribute. The diagonal contributions A and B (Figure S3a and b) are described by Feynman diagrams where the excitation and detection frequencies are degenerate, meaning that no reaction occurs during population time (T – the time constants are defined in Figure S3c). However off diagonal contributions C and D (Figure S3a and b) are described by Feynman diagrams where during the population time (T) a reaction from planar (twisted) to twisted (planar) occurred, meaning that a planar (twisted) conformation is excited during coherence time (τ) and a twisted (planar) conformation is detected during the last time period (t). It is important to notice that the Feynman diagrams always appear in pairs: one describing the bleach, or ground state population, evolution (also called the ground state hole),29 and another describing the stimulated emission, or excited state population, evolution. The effect of the ultrashort laser pulse is to create a perturbation in the ground and excited population distribution, which then relaxes back to thermal equilibrium. Given a small enough perturbation to the system (linear response), the fluctuation-dissipation theorem dictates that the non-equilibrium perturbation will relax back with the same dynamics as equilibrium thermal fluctuations. Thus, cross-peaks below the diagonal (high frequency excitation/low frequency detection) correspond to a twisted to planar reaction (twisted conformations absorb at higher excitation frequencies than planar conformations). In contrast, cross-peaks above the diagonal are related to the opposite (planar to twisted, energetically uphill) reaction.  Viewing the data over the 600 ps population time recorded here, the twisted to planar reaction dominates the 2D signal. However, the reverse reaction is also clearly resolved, as indicated by the appearance of amplitude above diagonal, most evident for population times longer than 100 ps.  Further illustration of this effect can be captured by plotting the amplitude obtained by integrating a 150 cm-1 x 150 cm-1 square area of the 2D spectra for a specific excitation-detection region selected to capture the forward or reverse reactions as a function of population time.  Shown in Figure 2b and c are the curves obtained for the squares marked as A and B in Figure 2a.  The amplitude evolution of the integral of square A (Figure 2b) shows a slow rise which could be fitted mainly to a rising exponential function with a time constant of 250 ps (the full fit comprised of a further 3 ps rising component plus a slow decay of 1.5 ns, see below). Even though this is the region where the planar to twisted reaction dynamics is captured, the fitted time constant corresponds to the total reaction rate constant, i. e., the sum of the forward and reverse reaction rates.  Figure 2c shows the amplitude evolution of the integral of square B where a significant rising amplitude over the first 100 ps is apparent. This curve could be fit mainly to a rising exponential function with a time constant of 62 ps (plus 3 ps rising component and decay of 1.5 ns). This spectral position corresponds to the twisted to planar reaction. Given that, as mentioned above this time constant corresponds to the total reaction rate, the question arises as to why regions above and below diagonal produce different reaction rates. As will be shown below, the reason for this is that the spectral region below diagonal (in our specific case) reports mainly on the one way twisted to planar excited state reaction whereas the spectral region above diagonal reports on the ground state twisting reaction.  However, due to the fact that multiple excitation-detection frequencies are measured simultaneously and coherently, isolated pairs of frequencies should not be analyzed independently by single fits, but rather the whole 2D spectrum should be fit globally to a single relaxation model. 
In order to quantify the temporal evolution of the complete series of 2D spectra a global analysis procedure was applied to the data.30  In this analysis, population time dependent curves for all the different pairs of excitation-detection frequencies are fitted simultaneously to a parallel decaying scheme consisting of five exponential terms.  The recovered fits are the 2D decay-associated spectra (2D-DAS) where for each exponential time constant the corresponding pre-exponential factors generate one 2D-DAS.30  The quality of the fit for a selection of excitation-detection frequency pairs is shown in Figure S4. To further validate our fitting procedure we also obtained the evolution associated spectra (2D-EAS), shown in Figure S5. The model for 2D-EAS assumes a sequential decay mechanism and is obtained by a matrix operation performed on the previously obtained 2D-DAS.31-32 Even though ultimately this might not be the correct relaxation mechanism, it provides an intuitive visualization of the 2D spectral evolution. 
The fastest component resolved with a time constant around 100 fs, accounts for the subpicosecond spectral diffusion dynamics induced by the solvent reorganization (solvation), which in this study was pentane, a nonpolar low viscosity solvent ( = 0.21 cP at 25o C).  This fast contribution is not relevant to the torsional dynamics and is not discussed further.  The other four 2D-DAS describe slower porphyrin dimer population dynamics.  Recovered time constants were 2.7 ps, 62 ps, 250 ps and 1.5 ns.  The pre-exponential factors (2D-DAS maps) associated with these four time constants are shown in Figure 3.
The longest contribution of 1.5 ns (2D-DAS 4, Figure 3) is dominated by a positive amplitude with the cross-peak regions fully formed. This indicates that solvation and conformational dynamics are mostly relaxed and 2D-DAS 4 is assigned to population relaxation of the first singlet excited state with relaxation time 1.5 ns; this compares well with the 1.2 ns porphyrin dimer fluorescence lifetime reported in literature.15  The remaining 2D-DAS are assigned to conformational dynamics as discussed next.  
The fastest contribution of τ = 2.7 ps (2D-DAS 1, Figure 3), shows significant negative amplitude both above and below the diagonal, in a region where the 2D spectra have positive amplitude (Figure 3); the negative amplitude corresponds to a rising component. In contrast, along the diagonal this 2D-DAS is positive, corresponding to a decaying population contribution.  This indicates a broadening in the overall 2D spectra on the picosecond time-scale, which can be quantified by determining the width of the antidiagonal cut with time.  An example of this antidiagonal broadening is shown in Figure S6. Further evidence is provided by the calculated 2D-EAS. The main spectral reshaping in the evolution of 2D-EAS 1 into 2D-EAS 2, on a 2.7 ps timescale, is given by an antidiagonal spectral broadening (Figure S5). The symmetric broadening revealed in 2D-DAS 1 is reminiscent of spectral diffusion.  However, the associated time constant is too long to be assigned to solvent (pentane) induced spectral diffusion.  On the other hand, such a time constant corresponds to a frequency of around 12 cm-1 which we speculate could be associated with an overdamped oscillation of a torsional motion. Torsional vibrations about a single bond typically have very low frequencies as reported, for example, for substituted anthracenes and biaryls (23 to 190 cm-1).33 Given that the porphyrin dimer studied here is much heavier when compared to biaryls, the torsional frequency is expected to be smaller and heavily damped in solution. Another possibility is that the origin of this 2D-DAS contribution is an excited state driven conformational restructuring involving relatively small-scale changes in molecular structure, leading to a spectral broadening on the picosecond timescale. However to fully explain the origin of this contribution further detailed calculations of the dimer intramolecular dynamics will be required.
The next component with a time constant of τ = 62 ps (2D-DAS 2, Figure3) is assigned to the twisted to planar reaction.  Significant decay all along the diagonal and a rising signal below it indicate planarization of the dimer.  Any excitation above 13600 cm-1 is detected mainly in the lowest frequency region around 13700 cm-1 (dashed line L1, Figure 3) while for excitations around 14950 cm-1 a signal is detected over a broad region extending from 14700 cm-1 to 13200 cm-1 (dashed line L2, Figure 3). This spectral reshaping is quite evident in the evolution of 2D-EAS 2 into 2D-EAS 3, on a 62 ps timescale, where the main modification is given by the appearance of amplitude below the diagonal (indicated by a blue arrow in Figure S5). A further effect produced by this spectral reshaping is a spectral narrowing and shift towards lower frequencies, indicative of the relaxation of conformational disorder (Figure S7). The 62 ps time constant of 2D-DAS 2 represents a contribution which is too long to be assigned to solvent induced spectral diffusion, considering the low viscosity and polarity of pentane.  On the other hand, the early 2D spectra (Figure 2a, 0.1 ps) clearly reveal a distribution of absorbing frequencies along the diagonal.  This shows that these transitions correspond to a distribution of structures with different absorption frequencies.  An alternative explanation for the spectral reshaping in 2D-EAS 2 to 3 is energy transfer from high to low frequency absorbing states, which could in principle account for a rising lower diagonal cross-peak. However, the 50 µM concentration used here, is too low for a diffusion controlled process to account for the picosecond risetime. Intermolecular energy transfer in aggregates can also be discarded because aggregation is suppressed in the solutions studied by addition of a small amount of pyridine (1 vol%).15  A distribution of dimeric structures with different dihedral angles with angle related transition energy readily explains the early population time diagonally stretched 2D spectra, while the twisting reaction between structures with differing angles can explain the rising cross-peaks.
Further, the twisting reaction revealed by 2D-DAS 2 can be can be assigned specifically to an excited state reaction.  This is supported by time-resolved transient absorption (discussed below) and fluorescence measurements (reported by Anderson et al) as well as by calculations.15, 34  Winters et al carried out quantum mechanical calculations to determine the ground and excited potential energy surfaces (PES) as a function of porphyrin dimer torsion angle. 15 Figure 4 presents an energy level scheme based on the calculated PES and on our experimental findings. The ground-state energies were obtained for several torsion angles between 0° and 90°, whereas the first singlet excited state PES was inferred through excitation energies of the planar and twisted conformers.  The calculations indicate that the ground state PES exhibits a low barrier for rotation (~kT) and should thus have a broad distribution of dihedral angles at room temperature.  This is consistent with our 2D spectra at early times which show an extended distribution of frequencies along the diagonal (Figure 2a, 0.1 ps spectrum).  In contrast, the barrier for rotation from a planar towards a twisted conformation in the excited state is calculated to be about six times higher (~6kT). In order to check for any barrier impeding the planarization rotation in the excited state, we performed transient absorption temperature dependent measurements and generated the Arrhenius plot shown in Figure S8a. The activation energy obtained is Ea = 2.36 kcal/mol. However, an Arrhenius plot for pentane viscosity over the same temperature range produces an activation energy Ea = 1.74 kcal/mol (Figure S8b). Therefore the effective planarization reaction activation energy in the excited stated is given by Ea = 0.62 kcal/mol (~kT), which is within the thermal energy range.  Therefore, the twisted to planar conformational relaxation occurs on a quasi-barrierless PES in the excited state whereas the reverse reaction is strongly suppressed due to a high energy barrier.  This is in accordance with our experimental 2D spectra where the lower diagonal rising cross peak exposed by 2D-DAS 2 can be unequivocally assigned to an energetically downhill quasi-barrierless twisting reaction and the absence (on a 100 ps timescale) of above diagonal rising cross-peaks indicates that the reverse reaction is strongly suppressed.
The final component with a time constant of τ = 250 ps (2D-DAS 3, Figure 3) shows an altogether different picture.  The main signal is comprised of positive contributions at low and high detection frequencies whereas a significant negative contribution appears in the intermediate detection region, from 14250 cm-1 to 14900 cm-1, highlighted in Figure 3 by dashed lines.  Rising cross peaks appear both above and below the diagonal.  This indicates that both forward and reverse reactions are happening on this time-scale.  Further, the broad negative contribution which also covers the intermediate diagonal frequency region points to significant twisting dynamics between neighboring angles on this time-scale.  Importantly, as discussed above, the excited state reaction is a planarization reaction and therefore contributes no signal for the above diagonal spectral region.  Consequently, this spectral region offers an ideal, background free, probe for the ground state reaction.  The lower diagonal cross peak in 2D-DAS 3 (CRT->P, Figure 3) shows a rising contribution due to the twisted to planar reaction whereas the above diagonal rising component (Figure 3, CRP->T) corresponds to the reverse, i.e., planar to twisted, reaction.  Further, the ground state reaction is very clearly captured in the spectral reshaping that is observed in the evolution of 2D-EAS 3 into 2D-EAS 4, on a 250 ps timescale, where the most significant modification is given by the appearance of amplitude in the above diagonal spectral region (as highlighted by green arrow in Figure S5). 
In the ground state both forward and reverse reactions are allowed and therefore the time constant associated with 2D-DAS 3 (250 ps) corresponds to the total rate constant. As described above, in the ground state, the torsional barrier is calculated to be ca. kT, therefore, this component can be assigned to the re-equilibration of a distribution of dimers with different dihedral angles, perturbed by electronic excitation to the long lived excited state. The equilibrium constant for this distribution was recently measured experimentally to be Keq = 2.33.35 The equilibrium constant is related to the forward and reverse reaction rates through Keq = kf / kr, where kf and kr are the forward and reverse reaction rates, respectively.  Further, by knowing the total reaction rate, kt = kf + kr = (250 ps)-1, it is possible to determine the time constants f = 357 ps and r = 832 ps, inversely related to the forward and reverse reaction rates respectively.
Further support for the ground and excited state twisting reactions, identified in the 2D spectra, was obtained from transient absorption spectra shown in Figure S9 for times ranging from 1 to 600 ps.  A clear isosbestic point is visible at 14920 cm-1, pointing to population interconversion.  The main features exposed by this sequence of spectra are: ESA decay (around 15450 cm-1) on a sub 100 ps timescale; spectral narrowing of the GSB/SE signal in the 14000 to 15000 cm-1 region; GSB/SE (around 13750 cm-1) signal increasing on a 100 ps timescale followed by a bi-exponential relaxation.  All these features can be rationalized in terms of the previously discussed 2D spectra and the schematic PES (shown in Figure 4). The ESA corresponds to twisted Q-band to N-band transition at 645 nm (15500 cm-1). This ESA disappears with a time constant equivalent to the twisting reaction, whereas SE appears due population of the long lived (1.5 ns) planar Q-band, consistent with the increasingly negative signal around 727 nm (13750 cm-1). At the same time, there is a narrowing of the transient absorption spectrum due to planarization of the dimer (disorder relaxation).  We also applied global analysis to these data;30 the resulting DAS are shown in Figure S9b.  The recovered time constants are very similar to those obtained for 2D–DAS.  The first two DAS (2.7 ps and 67 ps) show a progressive decay of the ESA, a rising GSB/SE in the region of planar conformation absorption (13750 cm-1) and a GSB/SE decay in the intermediate spectral region (14000 to 15000 cm-1).  The DAS associated with the 250 ps time constant is negative in the GSB/SE region of the planar absorption conformation and slightly positive in the twisted conformer’s absorption region.  This is consistent with the assignment of 2D-DAS 3 to the twisting reaction in the ground state.
IV Conclusion
In summary, a porphyrin dimer twisting reaction was studied in detail by time-resolved 2D ES and transient absorption spectroscopy. Based on the analysis of the experimental results described in this work it is possible to conclude that the studied porphyrin dimer is driven towards planarization over a quasi-barrierless energy potential in the excited state and, therefore, the twisting reaction shows a high rate of (62 ps)-1 in pentane. Due to a high-energy barrier, the reverse reaction (twisted to planar) is highly suppressed in the excited state. However, in the ground state the energy barrier between twisted and planar conformations of the porphyrin dimer is within the thermal energy distribution and, therefore, forward and reverse reactions are expected to occur. Those were determined as kf = (357 ps)-1 and kr = (832 ps)-1 for the forward and reverse reaction rates, respectively, significantly lower when compared to the excited planarization reaction.  In this work, the use of 2D ES was crucial to access simultaneously both ground and excited state reactions, enabled by the analysis of different spectral regions on the 2D ES spectral maps. Given the fact that the excited state twisting pathway is energetically forbidden, it was possible to isolate ground state pathways above the diagonal directly related to the twisting reaction. Whereas for the spectral region below diagonal, ground and excited state contributions could be isolated due to their distinct timescales and due to the high signal over noise achieved experimentally.
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Figure Captions
Figure 1. (a) Porphyrin dimer structure where R = hexyl and Ar = 3,5-bis(octyloxy)phenyl. (b) Q-band region linear absorption spectrum of the porphyrin dimer in pentane containing 1% pyridine at 298 K. The red (blue) shaded area highlights the spectral where planar (twisted) conformations are expected to absorb. 
Figure 2. (a) 2D ES evolution, where scales correspond to excitation () and detection () wavenumber. Each 2D plot is normalized to its maximum and the amplitude (z axis) has 21 evenly spaced contour lines. Population time is indicated by red numbers and the top panels show the linear absorption (blue line) and the laser (red line) spectra. (b) and (c) show the population time dependence of the amplitude (obtained by integrating a 150 cm-1 x 150 cm-1 square area) of marked regions A and B in (a), respectively.
Figure 3. 2D-DAS maps associated with exponential time constants. The amplitude color scheme is analogous to Figure 2a. The color scheme ranges in the following way: 2D-DAS 1=> −0.3 (blue) to +0.3 (red); 2D-DAS 2 => −0.57 (blue) to +0.57 (red); 2D-DAS 3 => −0.53 (blue) to +0.53 (red); 2D-DAS 4 => −1.1 (blue) to +1.1 (red).
Figure 4. Schematic representation of the porphyrin dimer potential energy surface (PES) as a function of the twisting coordinate. The constants and  represent the excited state and ground state twisting reaction rates respectively. In the excited state, due to a high energy barrier, only the planarization reaction is observed whereas in the ground state forward and reverse reactions are detected.
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