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Abstract
Several examples of “anti-Kasha” emission from higher excited electronic states (Sn, n ≥ 2) have been reported recently for a variety of aromatic organic molecules. Even a modest suppression of the fast SnS1 internal conversion expected from the energy gap law, which underlies typical Kasha behaviour, would have many advantages in photochemistry and in the development of photonic materials. Thus, it seems important to reassess the extent and reliability of the energy gap law. Here we apply ultrafast spectroscopy and quantum chemical calculations to measure and interpret the S2 relaxation times of a pair of structurally similar molecules, thioxanthone and xanthione. Our measurements broadly agree with earlier literature data and the calculations suggest very different S2 relaxation dynamics in these chromophores. The data are placed in the context of the energy gap law which is found to work well for these and other planar aromatics regardless of the pp* or np* character of the excited states involved.  More flexible molecules placed on the energy gap law plot show enhanced rates of internal conversion. This reaffirmation of the broad applicability of the energy gap law suggests that where a molecule exhibits unexpectedly large “anti-Kasha” emission that result must be discussed in terms of particular features of vibronic coupling in that molecule. 
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I INTRODUCTION
Kasha’s rule is foundational for photochemistry and photophysics. [1] It has been variously defined [2] but can usefully be summarised as ‘emission occurs from the lowest energy excited state of a given multiplicity’. The original rule was discussed in terms of fast (relative to radiative decay) internal conversion (IC) from higher energy states (Sn or Tn where n > 1) due to vibronic coupling to the lower states. The mechanism was placed on a sound theoretical foundation through the energy gap law of Engelman and Jortner, which predicts an exponential dependence of the rate of radiationless decay on the energy gap between the states involved, Eg, modulated (in the case of IC) by vibronic coupling between them. [3] This theoretical model was consistent with the behaviour of the long-known exception to Kasha’s rule, azulene, which decays through fluorescence in nanoseconds from its bright UV absorbing S2 state, which lies ca 2 eV above the low lying S1 state in the near IR, which is itself dark. [4] Indeed, careful studies of azulene derivatives in which Eg was varied supported the energy gap law underpinning Kasha’s rule. [5] The development of theories underlying internal conversion has been reviewed in detail. [6]
Despite Kasha’s rule being well supported by theory and experiment, including by direct measurements of SnS1 IC on the tens to hundreds of fs timescale which gave a quantitative measure of ‘fast’ IC, [7–12] several examples of ‘anti-Kasha’ behaviour have been reported. These include observations of chemical reaction from higher excited states. [13] Such anti-Kasha photochemistry does not however undermine the fundamental idea of ultrafast SnS1 IC, provided the chemistry in question competes effectively with IC by being equally ultrafast; examples of such ultrafast higher excited state reactions include photochemical ring opening, [14] excited state proton transfer, [15] and singlet fission [16]. A second well-established anti-Kasha mechanism, sometimes called type II, [17] is effectively dual emission from close lying S1 and S2 states, where S2 is thermally populated. [17,18] Again, this mechanism does not undermine the foundations of the energy gap law.
More perplexing is the large number of reports in recent years of unexpectedly strong Sn emission or (in the triplet manifold) efficient reverse TnS1 (n>1) intersystem crossing (ISC). Both observations require long lived Sn or Tn states, relative to the tens to hundreds of femtosecond lifetime typically associated with IC among higher excited states of large molecules. [19] For this type of anti-Kasha behaviour lifetimes of higher excited states of tens of picosecond or longer have been reported (or would be required to support the high S2 fluorescence quantum yields observed). [20–26] Such anti-Kasha behaviour has enormous potential for the development of photonic materials. facilitating, for example, the development of broadband dyes for photovoltaic cells in or long lived Tn states that promote reverse intersystem crossing (RISC) circumventing the requirement for a small S1-T1 energy gap usually required in RISC.  [27] Anti-Kasha behaviour has now been proposed in a growing number of molecules. [19] In many cases the energy gap law is invoked to account for the high fluorescence quantum yield of Sn emission, despite Eg often being significantly less than the 2 eV which characterises the nanosecond S2 emission of azulene. Thus, to place these observations on a sound footing there is a need for more detailed studies of upper state lifetimes in a wider variety of molecules as a function of Eg. As indicated above, the Eg dependence has already been reported but mainly for the ‘exceptional’ azulene derivatives. Here we extend this approach with a study of experimentally measured S2 lifetimes in xanthione (XT) and thioxanthone (TX)  in a series of solvents (Figure 1). These measurements are complemented by quantum chemical calculations at the extended multistate complete active space with second order perturbation of theory (XMS-CASPT2) level [28–30]. XT and TX were chosen as they have similar nuclear and electronic structures (both dominated by np* and pp* states) but have quite different Eg (Figure 1).
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Figure 1. (a) Relative energies at the XMS-CASPT2/CAS(14,12)/cc-pVDZ level of relevant singlet and triplet states of the Franck-Condon (FC) geometry of XT and TX in vacuum along with their character and molecular structure. Three singlets and three triplets are averaged for XT, whereas four singlets and four triplets are averaged for TX, here. Oxygen and sulphur are denoted by red and yellow colours, respectively, in the molecular structure, and CS refers to the closed shell ground state. energy difference Eg (S2-S1) in XT is 1.25 eV, whereas in TX it is 0.30 eV in vacuum. (b) Effective spin-orbit coupling (SOC) values of S1 and S2 states with the calculated triplet states in cm-1 utilizing the aforementioned wavefunctions for both XT and TX. 
Both molecules have been investigated previously by high quality ultrafast measurements and calculations, often in the context of ISC. [31–37] Here we extend these measurements to probe explicitly anti-Kasha behaviour in the singlet manifold. We find that the energy gap law applies well in these molecules, although when Eg becomes small (on the order of several hundred meV) medium effects can substantially modify the photophysics and obscure any anti-Kasha effects. Thus, we conclude that the assignment of picosecond or longer lifetimes to higher excited states with Eg less than 1 eV requires separate and careful justification. 
II METHODS
Here we study XT and TX by time resolved fluorescence (TRF) up-conversion and transient absorption (TA) in three solvents. The solvents are non-polar cyclohexane (CH), polar acetonitrile (ACN) and polar and protic methanol (MeOH) to probe H-bond and polarity effects separately. These methods have been described in detail elsewhere and permit sub 50 fs time resolved fluorescence and 100 fs TA with high signal to noise from UV to near IR respectively. TA are pump on – pump off difference spectra and are reported as DOD. [38,39] The time resolved spectroscopy is complemented with quantum chemical calculations which search for routes from S2 to S1 IC by constructing LIIC pathways from FC region to the S2/S1-conical intersection (CI)I region. For further details on the sample conditions (concentration, temperature, etc.) and quantum chemical calculations, refer to the SI.  
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Figure 2. Steady-state absorption and emission spectra (λexc = 400 nm) of XT in different solvents at room temperature (solvent Raman contributions were subtracted from the emission). Emission spectra are adjusted to correct for variations in sample absorbance and presented relative to acetonitrile (ACN) to indicate the relative fluorescence quantum yield.
III RESULTS AND DISCUSSION
A. Anti-Kasha Measurements in Xanthione. XT has a low lying forbidden S1 np* state at 15840 cm−1 and an S2 pp* state absorbing with an appreciable oscillator strength at 23400 cm−1. It was recognized that the observable emission came from the allowed S2 transition and was thus anti-Kasha by virtue of the large Eg (measured at 7582 cm−1 in [35] and calculated by the present methods at 9678 cm−1 this result suggests the present methods may overestimate Eg somewhat (see below)). The absorption and emission spectra are shown in the three solvents in Figure 2. The fluorescence excitation spectra were also measured and match the absorption spectra (Figure S13). The spectra in cyclohexane (CH) are in good agreement with the literature. [36] The S0S2 absorption bands are unstructured and show a red shift with increasing solvent polarity and further red-shift on H-bonding. The emission is shown with intensity normalised for absorbance at the excitation wavelength, such that the fluorescence yield is displayed relative to ACN, which had the strongest emission. The emission spectra show some vibronic structure with three transitions separated by ~1130 cm-1 from each other, suggesting vibronic activity in a ring stretch mode. There is a small solvent dependence in the profile, with the 0-0 to 0-1 amplitude varying in the three solvents from ca 0.9 in the most emissive ACN to 0.6 in CH and MeOH. This suggests a solvent dependence in vibronic coupling.
The S2 decay was measured by fluorescence up conversion (Figure S1). All samples were excited at 400 nm and detected at the peak wavelength. The decay is non single exponential with mean lifetimes of 28.7 ps in CH, 13.5 ps in ACN and 14.2 ps in MeOH. These data suggest a modest solvent effect with more polar solvents shortening the S2 lifetime. Where there is overlap these results agree well with the older literature summarised by Ho et al. [40] The solvent effect on lifetime and relative fluorescence yield (Figure 2) are small but do not scale together. This result suggests a solvent dependence of the radiative rate constant, its value being somewhat enhanced in polar solvents.
XT was studied in the same three solvents by TA. The data (Figure 3) were recorded in two windows with white light generated from 350 nm to 700 nm by 800 nm pulses focused in a CaF2 plate and from 500 – 1100 nm by 1200 nm pulses focused into sapphire. The data in CH are shown in Figure 3 along with the results of global analysis in terms of a two-step sequential model to form a final product. The data show TA signals that form promptly upon electronic excitation with peaks at 380 nm and 650 nm plus a broad TA extending up to 1 mm. The negative DOD band between 390 and 500 nm is assigned to ground state bleach (GSB) and S2S0 stimulated emission by comparison with the steady state absorption and emission (SE) spectra shown. The positive DOD bands at t = 0 are then assigned to S2Sn absorption. The very broad NIR absorption suggests a continuum of weakly absorbing higher excited state states with a strongly allowed absorption at 650 nm. Analogous spectra were recorded in the other solvents (Figure S3, S4).
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Figure 3. (a) Transient absorption spectra of the XT in CH at different time delays after the 390 nm pump pulse, with steady-state absorption and emission spectra included above for comparison with ground-state bleach (GSB) and stimulated emission (SE). (b) Evolution-associated difference spectra (EADS) derived from sequential global fitting of the corresponding TA data.
The temporal evolution shows a picosecond timescale blue shift in the 650 nm TA, followed by an amplitude decrease and gradual further blue shift, accompanied by filling of the SE. This relaxation leaves a final product with a weak positive DOD at 610 nm and a stronger absorption near 450 nm, overlapping with the GSB, both of which persist for >3 ns.  These product bands we assign to T1Tn absorptions. All these features are reproduced by the global analysis. The first 3.2 ps step was required to fit the data but is associated with only a small blue shift in the spectral profile of the S2Sn absorption and is thus assigned to relaxation processes within the S2 state, which may include vibrational and structural relaxation and solvation effects. The dominant relaxation is the 18.5 ps component assigned to the S2 to T1 relaxation on the basis of the associated spectral evolution (Figure 3b). While S2 ISC to the nearby T3 is energetically plausible, that triplet state is also of pp* character so the spin-orbit coupling is small (Figure 1.(b)).  Thus, it seems likely that S2 relaxation proceeds via IC to S1 (np*) and then by fast intersystem crossing (ISC) to the nearby pp* T2 state (again the pathway is supported by a relatively larger SOC value in Figure 1.(b)). The corresponding relaxation times recovered for ACN and MeOH are in Table 1. The underlying relaxation mechanism is the same as for CH but the time constants are slightly lower consistent with TRF and fluorescence yield data.
Table 1. Solvent parameters (dielectric constant, e, and viscosity, h) and the times associated with the EADS. ‘Long’ times were beyond the optical delay range and fixed at 5 ns. 
	Molecule/ Solvent
	ε
	η /(mPa s)
	τ1 /ps
	τ2 /ps
	τ 3 /ns

	XT/CH
	2.02
	0.89
	3.2
	18.5 
	> 5 

	XT/ACN
	35.9
	0.344
	1.1
	16.5 
	> 5 

	XT/MeOH
	33.7
	0.543
	2.1
	11.5 
	> 5 








Inspection of the time domain data (Figure S2) shows weak oscillations in the TA signal for SE, highlighted in Figure 4 for data at 490 nm. Residuals from exponential fitting were fit to a damped cosine function (Figure 4b), which recovered an 89±2 cm-1 frequency and a ~250 fs dephasing time. Fourier transform of the residuals (Figure 4c, zero-padding to the closest power of 2) is dominated by a broad peak at ~81 cm-1, in good agreement with the frequency and fast dephasing time retrieved from the time-domain fit. The presence of this mode on the red edge of the SE suggest assignment to a coherently excited low frequency mode in the S2 excited state coupled to the S2S0 transition energy. Density Functional Theory (DFT) [41,42] calculations at the optimized S0 geometry (Gaussian16) [43] show that the closest Raman active mode is at 98 cm-1 (after rescaling wavenumber for ωB97X-D [44–46] by 0.9485) with low Raman activity, 0.004. This mode corresponds to an out of plane (OOP) bending mode of the peripheral rings (see Figure S5) which is presumably resonantly enhanced on the S0 to S2 transition. As the calculations were performed in implicit (polarisable continuum model) solvent, the 17 cm-1 red-shift in frequency can be assigned to the electronic state dependence. 
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Figure 4. (a) Early time trace for XT at 490 nm along with its fit (blue) extracted from the TA data in Figure S2 (b) Residuals extracted from (a) fit to a damped cosine function (red). Damping time of ~250 fs and a low-frequency of ~89 cm-1 have been retrieved. (c) Fourier transform of the same oscillatory residuals revealed a peak around 81 cm-1, in reasonable agreement with the time domain fit.
B. Calculation for Xanthione We have investigated the mechanism of IC in XT through XMS-CASPT2 calculations via LIIC from the FC region to the CI region. A search for a minimum-energy conical intersection (MECI) between S2 and S1 was performed at the XMS-CASPT2 [47] level with 12 electrons in 10 orbitals i.e. CAS(12,10) with cc-pVDZ basis set  [48]. (Figure 5) The LIIC pathway at the XMS-CASPT2/SA3-CAS(14,12)/cc-pVDZ level shows an uphill pathway of 8066 cm-1 or 1.00 eV on the S2 surface towards the MECI from the FC region.  This pathway involves a relatively large geometry change (e.g. relative to TX (below, Figure 8) Thus the high energy and geometry change suggest non-adiabatic decay is occurring through weak but persistent vibronic coupling between the states. Confirmation would require dynamics simulations, but some recent theoretical studies have shown that repeated sampling of weakly coupled regions of configuration space can still lead to efficient internal conversion even in the absence of a fully barrierless pathway or immediately accessible conical intersection. [49] Thus, the present calculations are consistent with a long S2 excited state lifetime in XT, with the tens of picoseconds relaxation likely arising through S2/S1 vibronic coupling, and not via traversing the MECI 
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Figure 5. Relative energies at the XMS-CASPT2/SA3-CAS(14,12)/cc-pVDZ level with respect to the S0-minimum geometry of XT, along the LIIC from FC geometry to S2/S1-MECI, for XT in vacuum. SA3 refers to three singlet states being averaged. In addition, two different views of the molecular structure at the FC geometry and the S2/S1-MECI are provided to visualize the geometric distortion required to reach the CI region. The molecule must break its planarity to reach the CI region. There is no barrier , but an uphill pathway of 8066 cm-1 (1.00 eV) to the CI region from the FC region. 
Summarizing, the present experimental and computational data on XT show that, in line with earlier studies, this molecule indeed exhibits anti-Kasha emission with an S2 lifetime of 10 – 20 ps. The decay is rather weakly dependent on solvent, being moderately quenched in polar solvents. In line with this, calculations show that the CI between S2 and S1 is remote and at high energy such that IC likely occurs through vibronic coupling.
C. Anti-Kasha Measurements in Thioxanthone TX has a similar nuclear structure to XT but with S2 (pp*) and S1 (np*) are significantly closer in energy (we calculate 3683 cm-1 compared with 9719 cm-1 for XT)(Figure 1). TX has been quite thoroughly investigated experimentally and theoretically, notably by the groups of Marian and Gilch ( [32–34]), largely in the context of solvent effects and ISC rather than anti-Kasha behaviour; where there is overlap our experimental results are in good agreement with this literature. Previous theoretical studies, however, reported a somewhat smaller S₂-S₁ energy separation in vacuum for TX. [33,37] Inspection of the reported reference geometry employed in one of those studies [50] is very similar to that optimized in our study, suggesting that the discrepancy does not primarily originate from differences in molecular structure. Rather, it is more likely attributable to differences in the underlying electronic structure methodology. The present calculations employ an XMS-CASPT2/CAS(14,12)/cc-pVDZ treatment with a four-state-averaging, whereas earlier studies relied on the DFT/MRCI  [51] method and single-state CASPT2 approaches employing different active spaces, state-averaging schemes, and basis sets. Given the known sensitivity of the low-lying nπ*/ππ* manifold in TX to the treatment of electron correlation and state interaction effects, quantitative differences in the predicted S₂-S₁ energy gap are not unexpected. Nevertheless, the various computational approaches are consistent in assigning the lowest excited states as nπ* and ππ* in character, differing mainly in the magnitude of their energetic separation.
The absorption and fluorescence emission are shown in Figure 6 in all three solvents. There is a significant solvent dependence. In absorption the spectra share a common maximum but in CH the structure is much better resolved, while spectra in polar solvents are featureless and broadened to the red. There is also a remarkable difference in emission intensity with TX in CH having ca 40 times weaker emission than in methanol. Further the emission in CH is blue shifted by ca 2500 cm−1 from ACN and has an approximate mirror symmetry with its absorption. 
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Figure 6. Steady-state absorption and emission spectra (λexc = 375 nm) of TX in different solvents at room temperature (solvent Raman contributions were subtracted from the emission). Emission spectra are adjusted to correct for variations in sample absorbance and presented relative to methanol (MeOH) to indicate the relative fluorescence yield.
For time resolved data we initially consider TX in CH. The nonpolar environment should most closely reflect the gas phase calculation, and we can therefore refer to the level structure in Figure 1. This shows that the bright pp* absorption will be to the S2 state, some 3683 cm-1 above the np* S1 (again we note this may be an overestimate). The transient absorption data are shown in Figure 7. At short wavelengths there is a weak negative DOD near 400 nm associated with GSB and SE. At longer wavelength there is a strong slightly structured absorption between 650 and 900 nm. This feature evolves on a sub-picosecond timescale with a blue shift and shape change to yield a long-lived feature (longer than our ns delay range) with a strong narrow absorption at 640 nm. The global analysis suggests the initial shift and decay occurs in ca 400 fs to form an intermediate state with a 3.2 ps lifetime which forms the long-lived state, which we assign to the triplet state absorption. An accurate fit required a second intermediate with 0.9 ns lifetime but essentially the same spectrum as the triplet, suggesting there may be some dispersive or non-exponential feature in the kinetics. 
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Figure 7. (a) Transient absorption spectra of the TX in CH at different time delays after the 375 nm pump pulse, with steady-state absorption and emission spectra included above for comparison with ground-state bleach (GSB) and stimulated emission (SE). (b) Evolution-associated difference spectra (EADS) derived from sequential global fitting of the corresponding TA data.
These data, which are in excellent agreement with the earlier study of Mundt et al., can similarly be ascribed to fast S2 (pp*) to S1 (np*) IC followed by ca 3 ps ISC to the nearby pp* TX triplet state. [32] This aligns well with the calculated states and their respective energies (Figure 1). 
D. Calculations for Thioxanthone In Figure 8 we investigate the mechanism of subpicosecond IC in TX, by looking into the LIIC pathway from the FC region to the S2/S1-MECI, as for XT above. The search for a MECI between S2 and S1 was successful at the XMS-CASPT2/CAS(12,10)/cc-pVDZ level, and shows a much smaller distortion compared to XT (Figure 8). Planarity of the molecule is intact at the MECI. Compared to XT, the LIIC pathway at the XMS-CASPT2/SA4-CAS(14,12)/cc-pVDZ level shows that there is no barrier blocking access to the MECI, and the crossing region is structurally much closer to the FC geometry. .  This is expected to facilitate rapid and efficient nonadiabatic population transfer between the states, unlike the case in XT where accessing the MECI required substantial out of plane distortion.
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Figure 8. Relative energies at the XMS-CASPT2/SA4-CAS(16,15)/cc-pVDZ level with respect to the S0-minimum geometry, along the LIIC from FC geometry to S2/S1-MECI  for TX in vacuum. SA4 refers to four singlet states being averaged (four states were required in this case for smooth PESs  along the LIIC, only the three lowest are shown in the figure; S3 is 0.9 eV above the other two states along the LIIC). In addition, two different views of the molecular structure at the FC geometry and S2/S1-MECI geometry is provided to visualize the geometric distortion required to reach the MECI. Compared to XT, there is no uphill pathway to the MECI, and the MECI is structurally much closer to the FC geometry.   

E. Solvent Effects on Thioxanthone Dynamics The solvent effect on the TX spectra (Figure 6) and kinetics (Figure S7, S8) are much more significant than for XT. For TX in the polar non-H-bonding acetonitrile the emission is enhanced and red-shifted (figure 6). The TA closely resemble those in CH with a 400 nm bleach and a 650 – 900 transient (Figure S7). The latter was associated with an S2Sn transition in CH and decayed in 400 fs. Here however the red-shifted TA persists for several tens of picoseconds before populating the triplet. Global analysis is consistent with this but does uncover fast (200 fs) dynamics which are associated with a red shift in the SE near 400 nm and a blue shift in the TA (Figure S7). With Rai et al [34] we associate this with a fast initial level inversion of the initial S1 (np*) and S2 (pp*) state due to sub picosecond solvent stabilization of the pp* state which competes with IC and makes it S1 state extending its lifetime prior to ISC to the triplet. The 200 fs timescale matches with the known solvation dynamics of ACN. [52]
The polar protic methanol solvent provides an even higher fluorescence quantum yield. The TA has a similar profile to those in CH and ACN (Figure S8), although the triplet state has a different profile with significant absorption induced in T1 Tn transitions in the NIR. In this case the singlet state lifetime is even longer than in ACN, consistent with the higher fluorescence yield. This reflects typical behaviour of np* states in H-bonding solvents, where involvement of the lone pair in the H-bond leads to a marked blue shift in the absorption. We suggest (following Rai et al [33]) that H-bonding solvents lead to a level inversion in the ground state absorption so that the TX bright state becomes the S1 pp* state which then decay by ISC to a pp* triplet state in competition with fluorescence. 

F. Relation to the Energy Gap Law The main conclusion of this work is that for these similar molecules with well separated np* and pp* energy levels the energy gap law operates effectively. Between XT and TX a decrease in Eg by 60% (1.2 eV to 0.5 eV – adiabatic energies) leads to an exponential acceleration in S2S1 IC from 10-20 ps to 0.4 ps, accompanied by the expected decrease in ‘anti-Kasha’ S2 emission intensity. We further establish through calculation for these specific molecules that the pathway to IC is straightforward in TX where the energy gap is small with no barrier to the MECI, while there is a much higher activation energy in XT likely requiring IC at points on the excited state surface remote from the MECI involving S2/S1 vibronic coupling.  
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Figure 9. Plot of the logarithm of directly measured internal conversion rate constants as a function of the energy gap. Based on the plot from [53] for azulene (Az) a fluoroAz (FAZ) and a difluoroAz (DFAz). The data for XT and TX data (reported above) were incorporated (filled red symbols) and these five points were fitted to a straight line. We further supplement this plot with data (not included in the fit) which illustrate deviation from the fitted line. Filled symbols refer to planar aromatic molecules; benzanthracene (BA) was not included in the fit. The open symbols refer to molecules with flexible substituents on the periphery of the aromatic ring (the three fluorinated azulenes with an isopropyl (I) substituent, ZnTPP is zinc tetraphenylporphyrin, PhAz is phenyl azulene) or molecules where the aromatic pi-system itself has a degree of flexibility (the isomerizing molecules malachite green (MG) and azobenzene (AB)). Note that all these flexible molecules have a positive deviation from the fitted line. [53]
To illustrate this point further and to place these results in the context of earlier direct experimental studies of S2 state lifetimes, we incorporate the present data in a recent plot of the log of the IC rate constant as a function of Eg for a series of azulenes by Awuku et al (Figure 9). [53] The radiationless decay rate constants for TX and XT and the three azulene samples fit nicely to a straight line, confirming that the energy gap law indeed works well for these heteroaromatic molecules. This conclusion is significant as it has been speculated that the different orbital character of np* and pp* states can itself support anti-Kasha behaviour; [20] Figure 9 suggests this is not a major effect.  However, we note that the planar aromatic benzazulene [53] has a faster IC than predicted by this line. This most probably illustrates how the details of the vibronic coupling play a role in determining the final rate constant. 
Also incorporated in Figure 9 are internal conversion rate constants for S2 decay of a number of molecules with larger and more flexible substituents, for example the isopropyl [5] or phenyl substituents, [9,54] or where the pi-systems itself can undergo structural relaxation (the isomerizing molecules malachite green [55] and azobenzene [10]). What these diverse molecules have in common is that the S2 decay has been accurately determined in real time measurements.  [19] [5,10,55] The effect of such substituents will be two-fold, they can modify Eg and the vibronic coupling. In the latter case the effect will be a higher density of states, the introduction of more low frequency modes which can contribute to overtone and combination bands. In every case the rate constant for internal conversion lies above the energy gap law line, i.e. the rate of IC is enhanced compared to typical planar rigid aromatics. This suggests that the richer and more complex mode structure enhances the rate of IC through stronger vibronic coupling. This result is significant in the context of reports of anti-Kasha emission even from quite complex molecules with multiple substituents or flexible pi-systems. The result highlights that such behaviour is unexpected even for Eg on the order of 1 eV. Observation of anti-Kasha emission specifically in solids has sometimes led to the suggestion that freezing out of out-of-plane motion can suppress IC. While it is easy to see in Figure 9 how such effects might potentially move molecules down onto the energy gap law line, it is less obvious how they would fall below it. Thus, the understanding of such anti-Kasha effects, if they are proven to be real, requires a more detailed analysis of the vibronic coupling matrix elements.
IV. Conclusion
The present results on TX and XT indicate that the energy gap law works effectively for these molecules, with IC being greatly enhanced as Eg decreases. We emphasise that the results presented here are consistent with a number of earlier papers, which have found that where direct measurements of S2 lifetimes have been made they are in accord with the energy gap law and therefore with Kasha’s rule. [2,31,53] Furthermore, Figure 9 suggests that more complex molecules are likely to have enhanced rather than reduced rates of internal conversion. Thus, assignments of photophysical behaviours relying on significant yields of Sn emission or extended Tn lifetimes (where n > 2) in molecules with Eg < 1 eV should be complemented at least by a correspondence of excitation and absorption spectra, [56] absolute quantum yields, and measurements of the higher state lifetime (and corresponding lower state risetime).
Finally, the measurements of TX suggest that when Eg becomes small (i.e. a few thousand wavenumbers) any energy gap law mediated behaviour is liable to be strongly perturbed by solvent effects. In the case of np* states solvent H-bonding can lead to major changes in energy ordering, while for states with any charge transfer character polar solvent solvation can lead to solvation shifts of a few thousand wavenumbers.  
V. Supplementary Material
Supplementary material contains some additional description of the experimental methods some fitting data, data on other solvents referred to in the text, details of the quantum chemical calculations and some additional data plus nuclear coordinates.
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