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Abstract
9,9’-bifluorenylidene has been proposed as an alternative and flexible electron acceptor in organic photovoltaic cells. Here we characterise its excited state properties and photokinetics, combining ultrafast fluorescence and transient IR measurements with quantum chemical calculations. The fluorescence decay is ultrafast (sub 100 fs) and remarkably independent of viscosity. This suggests that large scale structure change is not the primary relaxation mode. The ultrafast decay populates a dark state characterized by distinct vibrational and electronic spectra. This state decays with a 6 ps time constant to a hot ground state which ultimately populates the initial state with a 20 ps time constant; these times are also insensitive to solvent viscosity. No metastable intermediate structures are resolved in the photocycle after population of the dark state. The implications of these results for the operation of 9,9’-bifluorenylidene as an electron acceptor and as a potential molecular switch are discussed.
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Introduction
A major objective for materials science is optimization of the performance of organic photovoltaic devices.(1, 2) A widely used design of photovoltaic cell exploits light induced charge separation in a bulk heterojunction layer sandwiched between a metal electrode and a transparent oxide semi-conductor.(3, 4)  Typically the heterojunction layer comprises a hole conducting polymer as the chromophore and a dispersed electron acceptor. By far the most widely used electron acceptors are fullerene derivatives, because they offer both high electron affinity and good electron transport properties.(5) In efforts to optimize the performance of organic photovoltaics considerable effort has been devoted to tuning the physical and chemical properties of the polymer electron donor,(6, 7) but there has been less progress in modifying the fullerene electron acceptors. Recently Brunetti et al. introduced a potential new generation of electron acceptors based on a 9,9’-bifluorenylidene (9,9’BF, Figure 1) backbone.(8) The attractive features of 9,9’BF are the wide range of sites for chemical functionalization, its favourable electron affinity (presumed to arise from structural relaxation of the strained neutral state on accepting an electron) and its suitable optical properties.(9-11) Here we use excited state dynamics as a surrogate for dynamics in the 9,9’BF anion. This is a reasonable choice given that excitation is localised on the ethylenic double bond (see below) and, in the case of ethylene, the structural changes calculated to occur on electron attachment and electronic excitation are similar.(12-14) A direct study of dynamics following formation of the 9,9’BF anion is currently precluded, because sufficiently short-pulsed electron sources are not available.  Chemical generation of the anion via a photoexcited electron transfer reaction is possible, but would be too slow for the sub picosecond dynamics observed, as it would require either translational diffusion of reactants (nanoseconds) or structural reorganisation of the medium (picoseconds).
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Figure 1
.
 
 Chemical structure of 9
,9’BF
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Here we report the excited state structural dynamics of 9,9’BF in a variety of solvents. We use ultrafast fluorescence spectroscopy to reveal an extraordinarily efficient sub 100 fs relaxation from the Franck-Condon excited electronic state. This relaxation is shown to occur via a volume conserving (solvent friction independent) mechanism, which has important consequences for the function of 9,9’BF  in condensed media. Subsequent sub-picosecond and picosecond dynamics on the excited state and ground state potential energy surfaces are probed by transient absorption spectroscopy in the visible and mid-infrared spectral regions. These data address the potential of 9,9’BF to act both as an electron acceptor in photovoltaics and as a core unit for the development of a family of molecular switches to complement those based on the bistricyclic enes.(15, 16)
Experimental
9,9’BF was synthesised as described earlier,(17) recrystallized from heptane and characterised by 1H NMR spectroscopy.
Time resolved fluorescence measurements were recorded by fluorescence up-conversion using methods described elsewhere.(18) The laser was a 1 W source of 100 MHz 20 fs pulses at 800 nm. Fluorescence was excited by the second harmonic at 400 nm (7 mW) and up-converted in a 50 micron BBO crystal with the residual 800 nm beam. Resolution better than 50 fs was obtained by using all reflective optics and careful compensation of dispersion in both pump and gate beams. The data were analysed by fitting to a sum of exponentials and damped oscillator functions, through deconvolution with the instrument response measured by up-converting Raman scattered light. Analysis and fitting used an evolutionary fitting algorithm.(19)
Transient visible absorption used a 1 kHz 150 fs 800 nm source generating up to 300 J per pulse.(20) The pump pulse was generated by SHG at 400 nm. The probe pulse was a white light continuum generated in a continuously translated CaF2 plate.  The pump was chopped at 500 Hz to allow simultaneous collection of pump on and off traces and therefore generation of the transient difference spectra on a shot-by-shot basis. The data at discrete wavelengths were fit to sums of exponentials using the evolutionary fitting algorithm.
For the transient IR measurements, 400 nm pump and mid-IR probe pulses were generated using a Ti:sapphire laser (Spectra-Physics Hurricane, 600 µJ) with a repetition rate of 1 kHz. Similar to the transient absorption measurements, the pump pulse (400nm) was generated by SHG. IR probe pulses were generated by difference frequency mixing of signal and idler from a BBO-based OPA (Spectra-Physics OPA-800C) in AgGaS2. The delay positions were scanned by adjusting the beam-path of the UV pump using a Newport ESP300 translation stage. The temporal resolution of 200 fs was measured from the FWHM of the pump-probe cross-correlation function. Transient IR data were fit with a global least-squares method using a sequential model, with time constants 1/k1 and 1/k2 for first and second step, respectively. The total time-dependent absorption change is then:
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where it should be noted that the ΔαS1,S0‡(ν) are species-associated absorption-difference spectra with respect to the S0 state.
All quantum mechanical calculations were performed using the TURBOMOLE suite of programs.(21) For all elements the basis sets cc-pVDZ were employed.(22) TD-DFT calculations have been performed with the generalized gradient approximation functional BLYP(23, 24) and with the hybrid-functional B3LYP(25). Further, post-Hartree Fock calculations were performed based on spin-component scaled second-order Møller–Plesset perturbation theory(26) and the approximate coupled-cluster singles-and-doubles model CC2. All perturbation method calculations were performed using the resolution of identity (RI) approximation(27) and the efficient RICC2 module(28) implemented in the TURBOMOLE package together with the standard auxiliary basis sets.(29)
Results and Analysis
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Figure 2
(a) Calculated geometry of 9,9’BF (b) Electronic absorption spectra in three solvents (c) Calculated HOMO, LUMO and electron density
 difference plot between HOMO and LUMO (HOMO-LUMO)
)
9,9’BF comprises two nearly (but not exactly) planar fluorene units linked by a C9=C9’ double bond, which is twisted for steric reasons resulting in a structure with significant strain, and consequently an angle between the rings of 32° (Figure 2a).  The electronic absorption spectrum of 9,9’BF exhibits a strong featureless transition with an onset at 525 nm and a maximum absorbance at 460 nm (Figure 2b). Neither the maximum wavelength nor the spectral shape are perturbed by changes in solvent, at least for the series cyclohexane (fluid non-polar solvent), ethanol (polar and H-bonding) and decalin (viscous, non-polar).  The 460 nm absorption of 9,9’BF is considerably red shifted from the structured 300 nm absorption of the parent fluorene, suggesting that the bridging C9=C9’ bond makes a major contribution to the spectrum; calculations show that electronic excitation is indeed localised on the ethylenic bridging bond (Figure 2c).
The steady state fluorescence of 9,9’BF in all three solvents is exceedingly weak and barely resolved above the solvent Raman background, suggesting a fluorescence quantum yield <10-4. However, the time resolved fluorescence signal in the up-conversion method is determined by the transition moment and not the quantum yield, so time resolved fluorescence data with 50 fs resolution were readily collected(18) (Figure 3). Immediately apparent is the extremely fast fluorescence decay, which has a series of oscillations superimposed upon it. This complex decay pattern could be fit by a minimum of a sum of three exponentially decaying components and three damped oscillations:

 ,						(1)
where the n are fluorescence decay times and D is the damping time of the oscillator of frequency  and relative phase ; fits are presented in Figure 3 and data in Tables Ia and Ib. The fastest fluorescence decay time of ca 90 fs is dominant, with a weight of 80–90%. The two longer lifetimes are of lower weight (<20%) and are in the range 0.4 – 2.4 ps, giving a mean fluorescence decay time of

 (
Figure 3
.
 (a) Ultrafast fluorescence decay of 9
,9’BF
 in three different solvents. The dominant fast decay is apparent and the inset shows the relaxation is complete in 3 ps. Solid line is the instrument response (up-converted solvent Raman) (b) The oscillatory part of the decay was isolated and transformed to the frequency domain where it is compared with the Fourier transform of the fitted function. Three distinct vibrational modes are apparent in both traces.
)
Table I Analysis of transient fluorescence data analysed by deconvolution using the scattered Raman as the excitation function and equation (1) for the fit. (a) Exponential decay kinetics; reproducibility in the fluorescence lifetimes recovered better than 15% (b) Oscillator functions, where the frequencies are reproducible within 25%.
(a) Fluorescence decay
	Solvent
	Viscosity / mPa s
	τ1 / ps
	A1
	τ2 / ps
	A2
	τ3 / ps
	A3
	<τ> / ps

	Cyclohexane
	0.89
	0.09
	0.91
	0.48
	0.08
	1.56
	0.01
	0.13

	Ethanol
	1.07
	0.08
	0.82
	0.48
	0.14
	2.16
	0.04
	0.22

	Decalin
	2.5
	0.09
	0.90
	0.36
	0.07
	2.40
	0.03
	0.19



(b) Oscillatory response
	Solvent
	τD1 / ps
	ω1 / THz
	Aω1
	φ1
	τD2 / ps
	ω2 / THz
	Aω2
	φ 2
	τD3 / ps
	ω3 / THz
	Aω3
	φ 3

	Cyclohexane
	0.05
	2.71
	0.85
	2.21
	0.25
	4.88
	0.05
	2.57
	0.17
	8.38
	0.10
	1.16

	Ethanol
	0.06
	2.83
	0.79
	2.05
	0.19
	4.88
	0.11
	2.72
	0.20
	8.38
	0.10
	1.18

	Decalin
	0.06
	2.70
	0.78
	2.07
	0.27
	4.98
	0.09
	2.43
	0.19
	8.17
	0.13
	1.45



180±50 fs. Significantly the fluorescence decay kinetics of 9,9’BF do not show a significant dependence on solvent polarity or viscosity (Table 1a). 
Oscillations due to impulsive coherent excitation of vibrational modes are often observed in ultrafast spectroscopy. In transient  absorption measurements the separation of excited state modes from ground state modes (excited through impulsive stimulated Raman scattering) is a difficult task requiring careful analysis of wavelength resolved measurements of the transmission (or dispersion). In contrast, an oscillatory response in time resolved fluorescence (Figure 3) can be unambiguously assigned to coherent excitation of vibrational modes in the excited electronic state which modulate the frequency and/or amplitude of the transition moment.(30-34)  Three modes are recovered from the analysis, with the lowest frequency oscillator at 90±20 cm-1 with D = 60 fs, an intermediate frequency of low weight at 160±30 cm-1 with 240 fs damping and a higher frequency response of 280±40 cm-1 damped in 190 fs. Frequencies and damping times are also solvent independent (Table Ib). That the fitted frequencies accurately describe the model free experimental data is illustrated in the frequency domain spectrum (Figure 3b) which compares the Fourier transform of the raw data (decay function subtracted) with that of the fitting function. 
Ground state RIMP2 calculations reveal a number of low frequency modes between 40 and 200 cm-1 matching these excited state frequencies; including bridge bond torsion and pyramidalization and ring buckling modes. Given the localization of excitation on the double bond (Figure 2) it is likely that these mode frequencies will be shifted in the excited state, making a more definitive assignment of the observed excited state frequencies difficult. The correspondence between the 60 fs damping of the 90 cm-1 mode and the 90 fs population lifetime may suggest its involvement in the reaction coordinate.(35) The less strongly damped higher frequency modes are more likely to be spectator modes, not strongly coupled to the reaction coordinate. 
The lack of a solvent dependence in the population decay times, , is significant; in particular it is noteworthy that the factor-of-three increase in viscosity between the otherwise similar solvents cyclohexane and decalin did not lead to any increase in decay time. Excitation localised on the C9=C9’ double bond is expected to reduce the bond order allowing the release of steric strain through bond rotation, increasing the angle between the fluorene rings. Such large scale torsional motion involving groups as large as the fluorene ring is expected to be slower than the sub picosecond mean relaxation time observed here and retarded by a viscous solvent. For an ultrafast reaction (Table 1a) a barrierless potential surface may be assumed, in which case the timescale for the rotation about the double bond will be reflected in the time scale for diffusive molecular reorientation. Calculations and measurements exist for diffusive reorientation of biphenyl and substituted anthracenes, which have similar volumes to fluorene.  These precedents predict a decay time which is >10 ps and linearly dependent on viscosity (although very often a weaker viscosity dependence is observed experimentally).   Both the much faster relaxation observed for 9,9’BF and the fact that this retardation is not observed in the present data (Figure 3, Table I), suggest that large scale torsional motion is not the primary intermolecular reorganization responsible for ultrafast decay of the Franck-Condon state.(36-38) We also studied the steady state fluorescence of 9,9’BF as a function of temperature in ethanol from room temperature to 85 K. Only a minor (at most 5 fold) enhancement of the very weak fluorescence was observed even below the glass transition (97 K), in contrast to quite similar molecules (e.g. fluorene based rotary motors) which readily revealed a fluorescence enhancement >50 times at low temperature (unpublished). We conclude that the sub-picosecond relaxation which suppresses fluorescence from the Franck-Condon excited state in 9,9’BF does not involve a large scale intramolecular structural reorganisation. This result has functional significance; the observation of such a fast relaxation independent of medium friction suggests that the same ultrafast primary relaxation can occur even in the solid state, such as in the heterojunction layer of a photovoltaic cell; this structural relaxation may act to stabilize the electron acceptor. 
Transient absorption experiments show that the Franck-Condon state does not decay directly back to the ground state (Figures 4). Within 0.5 ps (i.e. after the 100 fs decay of the Franck-Condon state) a new state (positive OD) has been formed, absorbing above 540 nm. This new state has a broad electronic spectrum red shifted with respect to the 450 nm ground state bleach. It decays in a non-single exponential fashion (Figure 4b) with a 6 ps mean time constant (Table II) to yield a transient absorption at 500 nm which subsequently decays to repopulate the initial state (Figure 4c). The ground state repopulation at 460 nm is slower than the decay of the transient absorption and biexponential with 5 ps and 19 ps recovery times.  As was found for the ultrafast fluorescence, these kinetics are independent of solvent, as shown in figure 4b and the mean relaxation times (Table II); the differences in the decalin data (Table IIb) reflect correlation among the individual amplitude and decay times in the fitting.  Global analysis was applied to the spectra and also recovered two relaxation times, of 4.5±2ps and 16±2 ps, with the longer component associated with the ground state recovery and 520 nm transient. This is in good agreement with the single wavelength analysis in Table II. The global analysis also indicated that an additional longer component of small amplitude (a few per cent) would be required for a complete fit. However, this most probably reflects a departure from first order kinetics associated with a time dependent spectral shape, and does not justify addition of an extra term.
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Figure 4
 (a) Evolution of the transient absorption of 9
,9’BF
 in 
decalin
 in the visible region of the spectrum. (b)
Decay of transient absorption at 600 nm (c) Intermediate kinetics at 520 nm
.
)
Table II Exponential fits to transient absorption data in three solvents at (a)the wavelength of the red shifted transient 620 nm and (b) the ground state recovery (435 nm). The weighted (by the pre-exponential factor) mean relaxation time is also shown in angle brackets. The reproducibility is 15%.
(a) 620 nm
	Solvent
	τ1 / ps
	A1
	τ2 / ps
	A2
	<τ> / ps

	Cyclohexane
	3.28
	0.63
	11.34
	0.37
	6.25

	Ethanol
	3.24
	0.77
	11.69
	0.23
	5.13

	Decalin
	3.84
	0.61
	10.57
	0.39
	6.46


(b) 435 nm
	Solvent
	τ1 / ps
	A1
	τ2 / ps
	A2
	<τ> / ps

	Cyclohexane
	5.42
	0.62
	17.57
	0.38
	10.04

	Ethanol
	4.99
	0.60
	17.61
	0.40
	10.00

	Decalin
	4.28
	0.29
	12.32
	0.71
	10.01
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Figure 5
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(a) 
Transient IR difference spectra of 9
,9’BF
. The corresponding steady state IR spectrum is show
n in the lower panel (b) Global analysis of transient IR spectra in terms of a 
biexponential
 model which recovers 
a 5
 
ps
 (Sp1) and 21 
ps
 (Sp2) components. (
top
) Calculated IR spectra of the ground (red) and excited state (HOMO-1 
 LUMO; low transition moment) (blue) on the BLYP-level. (
bottom
) 
)
The transient IR difference spectrum (Figure 5) in the aromatic CC stretch region shows a combination of bleach modes (negative OD), which arise from the ground state (e.g. 1450, 1480 and 1610 cm-1).  These are accompanied by instantaneously (i.e. within 300 fs) formed red shifted transient absorptions (1430 and 1460 cm-1), which can be assigned to the corresponding modes in the excited state. Significantly, superimposed on these are broad transient absorptions at 1560 and 1520 cm-1. There are no equivalent modes to these in the ground state bleach spectrum, so they are ascribed to a newly formed excited state appearing within 300 fs. These new absorptions suggest intensity borrowing due to vibronic coupling in the excited state.(39) The transient IR spectrum was subjected to a global kinetic analysis. The data were accurately described by a biexponential decay with time constants 5 and 21 ps, in line with the transient electronic spectra.  The spectrum of the 5 ps component recovered from the global analysis is dominated by the induced transient absorptions, consistent with an assignment to an excited electronic state, while the 21 ps component reflects repopulation of the ground state (Figure 5b). The calculated IR spectra are in good agreement with the results obtained by the exponential fit of the experimental data (Fig. 5b) confirming the kinetic model.
Combining all three data sets the following picture emerges for the excited state dynamics of 9,9’BF. The Franck-Condon excited state relaxes on a 100 fs time scale populating a dark excited state. This primary excited state relaxation is the ultrafast barrierless release of strain around the bridging bond, involving volume conserving coordinates, such as pyramidalization and small scale double bond torsion. The resulting dark state is characterised by a broad red shifted electronic absorption with a distinct vibrational spectrum. This state decays with a mean lifetime of 5-6 ps, presumably via a thermally accessible conical intersection, to populate a vibrationally ‘hot’ electronic ground state which itself relaxes within 20±2 ps to the initial state (Figure 6). The ground state attained after internal conversion in 9,9’BFmay initially be one of a number of possible conformers,(40) but none of these constitute a metastable trap state, because the initial ground state is repopulated within 20 ps. 
Discussion
The nature of the reaction coordinate and the dark state in 9,9’BF are addressed through quantum chemical calculations. Pyramidalization and double bond torsion are considered as the reaction coordinates, and the evolution of the transition moment from excited to ground state is followed. The calculations suggest two related models for formation of the dark state, a single excited state evolving to a structure which has a negligible transition moment or an internal conversion between a bright and a dark excited state, illustrated in Figure 6 and described below.
Although the TD-DFT calculations both on the BLYP and B3LYP level differ in the ordering of the excited states compared to the RICC2 results, the character of the excited states 
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Figure 
6
 (a) Structure evolution for single state model to yield a decrease in transition moment from the Franck Condon state consistent with experiment (torsion angle +10°, pyramidalization +30°). (b) The mechanism proposed for relaxation on single excited state surface (red) is illustrated. Motion along the reaction coordinate occurs in 90 fs, and simultaneously excited state spectator modes are coherently excited (yellow). The dark state is observed in transient absorption to relax to the ground state in 6 
ps
, which cools in 18 ps.  (c) Multi state model. The initially excited state (red) reaches a conical intersection near the FC state, where the major fraction of the population internally converts to a lower lying optically forbidden (dark) state (blue) in 90 fs. The remaining fraction stays on the bright state and decays in < 1 
ps
 (Figure 
3
) and supports excited state coherences (yellow).  The dark state, which exhibits transient absorption, decays to a hot electronic ground state in 6 
ps
, which cools as in (b).
)
and the energy difference between them is described accurately, (Table III) so that further studies on the TD-DFT level are reasonable to get a first idea of the relaxation mechanism. Based on this, excited and ground state energies as a function of twist and pyramidalization at the C=C bridge were followed using the BLYP functional.  The initial excited state is unstable with respect to pyramidalization and twisting. We followed the energy and transition moment of the optically allowed (bright) state as a function of these two coordinates. For torsion alone the calculated decrease in transition moment is much smaller than Figure 2 requires (Table III); the negligible contribution of the 5-6 ps dark state to the fluorescence allows for only a very small transition moment from the dark state. However, a combination of small torsion and large pyramidalization yields a very small transition moment, consistent with experimental observation. In this single state picture (Figure 6b), coherent dynamics on the excited state surface contribute to the observed oscillations in the fluorescence.(35) However, the structural distortion required between the final excited state and ground state is not small (Figure 6a) and might therefore be expected to be sensitive to solvent friction, which is not observed (Figure 3, Tables I). It was noted that in addition to the optically bright state the calculations predict two additional nearby electronic states with negligible oscillator strength (Table III). This suggests the alternative possibility of a multi-state relaxation pathway, in which internal conversion in 9,9’BF occurs between bright and dark excited electronic states (Figure 6c). Note, that such a relaxation mechanism cannot be described within the framework of the TD-DFT calculations.  In this model, population from the initially excited state reaches a CI via pyramidalization and torsional coordinates through which internal conversion to a lower lying dark state occurs. This dark state then decays via a second CI to the ground electronic state. The long lived coherences in Figure 3 are not expected to survive passage and re-passage through a CI, so in this picture the slower oscillatory components in the fluorescence represents a

Table III Calculated coordinate dependent energies and transition moments
(a) Vertical excitation energies Eex, transition moments (in parenthesis) and torsion angle around the C=C bond at the ground state geometry for three different methods
	
	Eex eV (and transition moments)
	Torsion angle 

	
	S1 (HOMO-1 LUMO)
	S2 (HOMO-2  LUMO)
	S3 (HOMO  LUMO)
	

	BLYP/cc-pVDZ
	2.13 
(0.78E-4)
	2.14 
(0.80 E-4)
	2.33 
(0.39)
	35.95

	B3LYP/cc-pVDZ
	2.59 
(0.20E-3)
	2.59 
(0.40E-3)
	2.62 
(0.46)
	34.21

	SCS-RICC2// RIMP2/cc-pVDZ
	3.15
(0.12E-3)
	3.15 
(0.29 E-5)
	3.09 
(0.59)
	32.04



(b) Vertical excitation energies and transition moments of the three low lying electronic states calculated for 9,9’BF by TDDFT (BLYP/cc-pVDZ) as a function of torsion and torsion plus pyramidalization coordinates starting from the optimized ground state geometry.
	coordinates
	S1
	S2
	S3

	Torsion
	Pyramid.
	Eex(eV)
	Osc. Str.
	Eex(eV)
	Osc. Str.
	Eex(eV)
	Osc. Str.

	
	
	
	
	
	
	
	

	35
	15
	2.08
	0.96E-2
	2.15
	0.16E-3
	2.32
	0.34

	35
	30
	1.85
	0.11E-1
	2.17
	0.12E-1
	2.19
	0.19

	35
	45
	1.59
	0.34E-1
	1.84
	0.45E-1
	2.11
	0.66E-3

	
	
	
	
	
	
	
	

	45
	15
	1.97
	0.16E-1
	2.05
	0.45E-3
	2.18
	0.32

	45
	30
	1.79
	0.20E-1
	2.08
	0.99E-1
	2.10
	0.89E-1

	45
	45
	1.67
	0.12E-1
	1.98
	0.90E-1
	2.12
	0.20E-2



fraction of the population which remains on the initial bright state surface with its intensity modulated by the coherently excited spectator modes.  These single and multi-potential surface mechanisms are illustrated in Figure 6b,c.
The question as to whether an isomerization reaction takes place, crucial for the possible exploitation of 9,9’BF based molecules as molecular switches, will be revealed in future studies of asymmetrically substituted derivatives. However, the observed weak dependence on solvent viscosity suggests a minimal structural change during the photocycle, which is not optimal for many optical switch functions.  On the other hand, the small structure change associated with dark state formation found  here on optical excitation, but presumably also through electron transfer, may be a useful feature of 9,9’BF as an acceptor in photovoltaic cells.
Conclusions
The excited state dynamics of 9,9’BF were studied in detail through ultrafast time resolved fluorescence and transient absorption in the visible and mid-IR regions. The primary relaxation step is extremely rapid (100 fs) and involves population of an intermediate (dark) state via motion along a coordinate that is volume conserving.  Such a fast friction independent relaxation suggests that electron acceptors based on the 9,9’BF structure may be suitable for applications in solid phase bulk heterojunction photovoltaic devices. The nature of the excited state coordinate was investigated via DFT calculations, and suggested to involve pyramidialization and small scale fluorene ring torsion. However, multiple exited states were also detected and these may be involved in formation of the dark state. The subsequent decay of the intermediate state occurs on a picosecond timescale, and can be modelled as a two-step relaxation, assigned to relaxation of the intermediate state to a hot ground state, which cools with a 20 ps time constant. The relaxation pathway in the ground state will be significant in assessing the role of these compounds as molecular switches. This topic will be pursued in further studies of substituted 9,9’BF.
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