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            Abstract
Crucial to many light-driven processes in transition metal complexes is the absorption and dissipation of energy by 3d electrons1,2,3,4. But a detailed understanding of such non-equilibrium excited-state dynamics and their interplay with structural changes is challenging: a multitude of excited states and possible transitions result in phenomena too complex to unravel when faced with the indirect sensitivity of optical spectroscopy to spin dynamics5 and the flux limitations of ultrafast X-ray sources6,7. Such a situation exists for archetypal polypyridyl iron complexes, such as [Fe(2,2′-bipyridine)3]2+, where the excited-state charge and spin dynamics involved in the transition from a low- to a high-spin state (spin crossover) have long been a source of interest and controversy6,7,8,9,10,11,12,13,14,15. Here we demonstrate that femtosecond resolution X-ray fluorescence spectroscopy, with its sensitivity to spin state, can elucidate the spin crossover dynamics of [Fe(2,2′-bipyridine)3]2+ on photoinduced metal-to-ligand charge transfer excitation. We are able to track the charge and spin dynamics, and establish the critical role of intermediate spin states in the crossover mechanism. We anticipate that these capabilities will make our method a valuable tool for mapping in unprecedented detail the fundamental electronic excited-state dynamics that underpin many useful light-triggered molecular phenomena involving 3d transition metal complexes.
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                    Figure 1: Schematic depiction of ultrafast X-ray fluorescence detection of spin crossover dynamics.[image: ]


Figure 2: Spin-dependent iron Kβ fluorescence spectra.[image: ]


Figure 3: Time-dependent photo-induced iron Kβ difference spectra and kinetic modelling of spin crossover dynamics.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Experimental and calculated Kβ fluorescence spectra for triplet spin states.
a, The calculated Kβ fluorescence spectra of iron complexes: triplet Fe(ii) in square planar crystal field (red) (calculation parameters based on Fe(ii)phthalocyanine), and triplet excited state in an octahedral crystal field (blue) (calculation parameters based on [Fe(2,2′-bipyridine)3]2+). b, The experimental Kβ fluorescence difference spectrum (red) obtained by subtracting the singlet [Fe(2,2′-bipyridine)3]2+ spectrum from the triplet Fe(ii)phthalocyanine spectrum, and the calculated Kβ fluorescence difference spectrum (blue) generated by subtracting the spectrum of the singlet state in an octahedral crystal field from the triplet state in a square planar crystal field.


Extended Data Figure 2 Time-dependent Kβ fluorescence spectra and fit using the sequential kinetic model with a triplet transient.
a, Experimental transient fluorescent amplitude difference spectra plotted with arbitrary units, and b, fit using the sequential kinetic model with a triplet transient. c, Residuals for the best fit, with the colour-scale maximum and minimum set to one-fifth of the value used in a and b. d, The excited state populations extracted from the best fit.


Extended Data Figure 3 Time-dependent Kβ fluorescence spectra and fit using the direct kinetic model without a triplet transient.
a, Experimental transient fluorescent amplitude difference spectra plotted with arbitrary units, and b, fit using the direct kinetic model without a triplet transient. c, Residuals for the best fit with the colour scale maximum and minimum set to one-fifth of the value used in a and b. d, The excited state populations extracted from the best fit.


Extended Data Figure 4 The 50 fs time delay normalized Kβ fluorescent amplitude difference spectrum (ΔI) and kinetic model fit plotted as a function of X-ray emission energy.
The measured data (black circles and line), along with the best global fit from the sequential kinetic model with a transient triplet state (red line).


Extended Data Figure 5 Absorption spectrum and pump power dependence measurements.
a, The ultraviolet–visible absorption spectrum of [Fe(2,2′-bipyridine)3]2+ in water. b, Power (fluence) dependence of the change in probe transmission measured at 520 nm, following excitation of an aqueous solution of [Fe(2,2′-bipyridine)3]Cl2 with a 520 nm pump pulse. The figure shows the change in transmission (ΔT) measured at a 10 ps time delay, a time long compared to the spin crossover and vibrational cooling timescales, but short compared to the lifetime of the high-spin excited state.


Extended Data Table 1 Fitted model parametersFull size table
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        Editorial Summary
Tracking 3d excitations in transition metal compounds
The absorption and dissipation of light energy by 3d transition metal complexes has a crucial role in photosynthesis and many artificial systems that harvest solar energy, but understanding this complex phenomenon in detail remains challenging. Wenkai Zhang and colleagues now show that femtosecond resolution X-ray fluorescence spectroscopy can overcome the limitations of existing methods for probing the excited-state dynamics involved. This is illustrated for a prototypical iron complex, where tracking of the charge and spin dynamics triggered upon light-excitation establishes the critical role of intermediate spin states in the de-excitation process. The authors anticipate that their method will finally enable the detailed mapping — and hence understanding — of the fundamental processes that underpin many useful light-triggered molecular phenomena involving 3d transition metal complexes.
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