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Abstract 

Photoactive metal complexes are applied in a variety of fields, including solar energy conversion, catalysis and 

medicinal chemistry. Their effectiveness depends on the excited-state features that control the nature of photoreaction 

intermediates and photoproducts. For this reason, the structural determination of light-induced transient species is 

fundamental for a rational design of novel photoactive metal complexes. Among the available time-resolved methods, 

synchrotron-based techniques are emerging as successful tools in detecting ultrafast structural changes in molecules. 

The aim of this contribution is to review the results obtained by our group combining TR-XSS (Time-Resolved X-ray 

Solution Scattering) and TR-XAS (Time-Resolved X-ray Absorption Spectroscopy) to study the excited state dynamics 

in cis-[Ru(bpy)2(py)2]Cl2, a model compound for ligand releasing applications. Besides a comprehensive summary of 

our previous work, we report here new findings we obtained by analysis of 100 ps-resolution TR-XSS dataset. The 

potential of these techniques towards applications in catalysis are discussed in comparison to other time resolved 

spectroscopies. 
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1 Introduction 

The unique photophysical and photochemical properties of transition metal complexes have been extensively 

employed in the development of photoactive systems and devices. The number of available electronic 

excited states (ES), their rich dynamics and the variety of relaxation pathways to the ground state (GS) 

shown by these coordination compounds allow tuning of their response to light excitation for a wide range of 

technological applications. Among the most relevant applications, it is worth mentioning solar energy 

conversion, e.g. in dye-sensitized solar cells (DSSCs) [1-3], photoactivatable antitumoral drugs [4-13], drug 

delivery systems [14-17], cell-imaging luminescent probes [18, 19], light activated molecular machines [20, 

21], light emitters such as organic light emitting diodes (OLEDs) [22-25], and sensors [26]. 

The activation of transition-metal complexes by visible and UV light considerably enlarges the scope of 

catalytic transformations. Various elementary steps of catalytic processes, such as generation of 

coordinatively unsaturated species, ligand exchange, electron transfer, rearrangement reactions and ligand-

centred reactivity, can be selectively promoted in such a way. Among these processes, ligand exchange and 

electron transfer are particularly relevant for catalysis. Such reactions also occur at the ground state, but are 

strongly affected by electronic excitation [27]. In the literature several examples of reactions photocatalysed 

with organometallic complexes are reported: cyclizations of alkynes and polyunsaturated substrates, olefin 

metathesis, migration of double bonds in alkenes and carbonyl insertion, activation of stable C–H bonds in 

aromatic compounds or alkanes. A large number of publications is focused on photochemical electron-

transfer-induced reactions with coordination compounds: photoredox catalysis with ruthenium polypyridyls, 

cobalt complex-mediated radical reactions, and palladium-catalyzed CO insertion in radical reactions [27, 
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28]. Moreover, recent developments in artificial photosynthesis highlighted the role of metal photocatalysts 

in light-driven water splitting and in photocatalytic CO2 reduction [5, 28-31]. 

1.1 Accessing structural information on the ultrafast scale: the role of synchrotron-based X-ray 

methods 

Detailed information on the ES dynamics and on the related photochemistry is therefore fundamental for a 

rational design of novel photoactive metal complexes, of relevance in the aforementioned research areas. A 

full comprehension of the role played by different ESs in light-induced electronic transitions can guide the 

introduction of advantageous changes on model molecules. Obtaining experimental structural insights on 

light-generated transient species is still a challenging and crucial target, also with a view to the validation of 

computational methods. To achieve such information, the conventional paradigm of time-averaged 

characterization of the initial and final reaction states has to be replaced with a time-resolved strategy and a 

time-resolution on the ultrafast timescale (100 fs–few ns) is required to capture the key molecular events 

triggered by light excitation. 

On these bases, the laser pump/laser probe strategy pioneered by Zewail [32-36], in the early 80s, became 

the principal paradigm in ultrafast time resolved characterization, opening a completely unexplored research 

field [37, 38]. The conceptual scheme is rather simple: the absorption of a laser pulse triggers the process of 

interest (pump pulse), subsequently another pulse (probe pulse) records the sample response as a function of 

the elapsing time-delay [39-43]; time resolution is thus limited only by the longer pulse duration [44, 45]. 

Optical and vibrational laser pump/laser probe spectroscopies [46, 47] substantially contributed in 

elucidating the ES dynamics in a multitude of cases [44, 48-61], representing essential tools to elucidate 

photoreaction kinetics (vide infra, Section 2.2.2). However, a direct monitoring of the structural dynamics 

can be exclusively obtained turning to electrons [62-66] or to X-rays [45, 67-69] probe pulses. In the ultrafast 

structural X-ray science [45, 67-69], a key-role is played by the properties of third generation synchrotron 

sources, particularly in term of brilliance, stability, tunability and time-structure of the emission. These 

capabilities made possible the investigation of the structure of the matter at a level not imaginable before 

[70-73]. When using laser pump/X-ray probe setups at synchrotrons, the time-resolution is given by the X-

rays probe pulse duration: the lowest bunch lengths obtained in third generation machines are in the 30–100 

ps interval [67, 74] in normal operation modes of the source. Nevertheless, advanced strategies are emerging 

to further reduce the duration of X-ray probe pulses from synchrotrons. For instance, the time-resolution can 

be improved down to few ps to the expenses of flux by operating the source in the so called low-α mode [75-

78], where the “momentum compaction factor” α is controlled by the transverse beam optics [79, 80]. 

Furthermore specially-designed experimental arrangements such as the electron bunch slicing scheme are 

able to lower time-resolution to few hundreds of fs [81-84]. 

The time resolution on the 100 ps scale achieved in conventional operation modes allowed to probe 

thermally equilibrated excited-state structures in a variety of systems [45, 67-69, 85], ranging from small 

elementary molecules to large biomolecules. With respect to applications in biochemistry/medicine and 

homogeneous catalysis, an emphasis should be put on the investigation of photoinduced dynamics of the 

solution phase. Here, several studies employed two highly complementary time-resolved X-ray techniques, 

namely time-resolved X-ray solution scattering (TR-XSS) [68, 69, 86] and time-resolved X-ray absorption 

spectroscopy (TR-XAS) [45, 67, 85], to obtained detailed insights on excited state dynamics and geometry in 

solvated transition metal complexes. 

Among the most relevant applications, TR-XSS investigation of the photo-induced rearrangements in the 

Ru3(CO)12 triangular cluster by Kong et al. [87, 88] well demonstrates the potentiality of combining X-ray 

ultrafast techniques and transient IR spectroscopy. It is worth noting that this Ru-carbonyl cluster has shown 

photocatalytic activity, inducing selective bonds breaking as a function of the excitation wavelength [89, 90]. 

TR-XSS also contributed to unravel the ES geometry in two structurally-related photoactive binuclear metal 

complexes, namely tetrakis-μ-pyrophosphitodiplatinate ([Pt2(P2O5H2)4]
4

, Pt-POP) [91] and [Ir2(dimen)4]
2+

, 

where dimen = 1,8-diisocyano-p-menthane [92]. These binuclear complexes show a rich photochemistry [93-
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95] and are particularly suitable to be investigated by TR-XSS, due to the high scattering power ensured by 

the metal-metal atomic pairs. On both dimeric complexes, TR-XSS pointed out significant differences 

between ES geometries observed in the solution phase with respect to those previously detected in solid state 

studies, thus emphasizing the need for specific analytic tools and protocols for the investigation of light-

induced dynamics directly in solution. 

Relevantly to the present work, several recent TR-XAS applications are focused on the ultrafast structural 

and electronic characterization of transition metal complexes and clusters, often in the solution phase. For 

instance, Chen and co-workers thoroughly investigated the photoinduced structural dynamics and the ligation 

mechanisms in different metalloporphyrines, including NiTPP-L2 and NiTMP (where TPP = nickel 

tetraphenylporphyrin, L = piperidine and TMP = tetramesitylporphyrin) [96, 97]. In addition TR-XAS was 

employed to elucidate the MLCT state structure of [Cu(dmp)]
2+ 

in acetonitrile (dmp 2,9-dimethyl-1,10-

phenanthroline) [53, 98, 99] and the structural modifications promoted by photoinduced intramolecular 

electron-transfer in [Ru(bpy)3]
2+

 (where bpy = 2,2′-bipyridine) [100, 101] and in a series of 

[ReX(CO)3(bpy)]
n+

 complexes, where X = 4-ethylpyridine (n = 1), Cl, or Br (n = 0) [102]. 

Furthermore, the technique was employed to investigate the structural distortions in the triplet ESs of 

binuclear metal complexes, such as the Pt-POP system [103], and the [Pt(ppy)(μ-
t
Bu2pz)]2 (ppy = 2-

phenylpyridine; 
t
Bu2pz = 3,5-di-tert-butylpyrazolate) complex [104]. Harpham et al. [105] combined ps-TR-

XAS, transient IR spectroscopy, DFT calculations, and conventional laboratory characterization to 

investigate the photochemistry of the [Ru2(Cp)2(CO)4] complex (Cp = cyclopentadienyl), proposed as a 

promising candidate to develop rechargeable “solar batteries” based on photochromic molecules undergoing 

reversible photoisomerization. Very recently, the same research group employed TR-XAS also to 

characterize the transient electronic and nuclear configurations in the Ru3(CO)12 cluster [106], previously 

studied by TR-XSS [87, 88]. Finally, TR-XAS was extensively employed to monitor ultrafast spin crossover 

in iron complexes, unveiling the structures of elusive high-spin states and clarifying the full photocycle [84, 

107-110]. Interestingly, a recent study by Hardlup et al. [111] focused on the investigation of the 

photoinduced low spin to high spin conversion of [Fe(bpy)3]
2+

 in aqueous solution using a laser pump/X-ray 

probe synchrotron setup permitting simultaneous TR-XSS and TR-XAS collection at a 3.26 MHz repetition 

rate. 

In this contribution we aim to show the potentialities of these synchrotron ultrafast techniques by describing 

and discussing the most prominent findings from our recent work [112, 113]. In particular hereafter, we will 

summarize the results we obtained in different TR-XSS and TR-XAS experiments (performed at the ESRF 

and APS synchrotrons), integrating the discussion with new insights. 

1.2 The cis-[Ru(bpy)2(py)2]
2+

 complex: a challenging model system 

The complex cis-[Ru(bpy)2(py)2]
2+

 (where bpy = 2,2′-bipyridine and py = pyridine) can be considered as a 

prototypic compound to study ligand release and photosubstitution. In this complex, UV and visible 

excitation in water solution promotes the dissociation of one py ligand with high yield (ca. 20%) [114]. The 

dissociation is followed by coordination of a solvent molecule, resulting in the cis-[Ru(bpy)2(py)(H2O)]
2+

 

photoproduct (PHP). In terms of ESs dynamics, the efficient py release likely occurs via a dissociative metal-

centred (
3
MC) triplet ES. Experimental and computational studies identified the 

3
MC as the lowest-lying 

triplet excited state in cis-[Ru(bpy)2(py)2]
2+

, irreversibly populated through a 
3
MLCT-

3
MC potential energy 

surface crossing (MLCT = metal to ligand charge transfer) [115-120]. The resulting photochemical scenario 

for aqueous cis-[Ru(bpy)2(py)2]Cl2 is schematically represented in Fig. 1, with the principal steps of the 

photoprocess summarized in the reactions (i)–(v’). The simplified Perrin-Jabłoński diagram (Fig. 1b) 

highlights the hypothesized ES dynamics yielding to PHP upon light-excitation of the GS, reporting the 

dominant photochemical pathways and the related rate constants ki. 
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Fig. 1. Photochemical scenario for aqueous cis-[Ru(bpy)2(py)2]Cl2 upon UV/visible light-excitation. (a) Principal steps 

of the photoprocess, summarized in reactions (i)–(v’); the principal photochemical pathways are shown in black colour, 

while minor processes are reported in grey. (b) Simplified Perrin-Jabłoński diagram of the proposed ES dynamics 

yielding to PHP formation upon light-excitation of the GS complex, with the geometries of the initial (GS) and final 

(PHP) state of the process. TR-XSS/XAS ultrafast studies which will be discussed in this contribution are indicated, 

with coloured circles highlighting the specific time-range analysed in each experiment. Parallel methods that we 

employed to complement and extend the insights from ultrafast X-ray characterization are shown as well (static XAS, 

Optical Transient Absorption, OTA, and DFT/TD-DFT calculations). (c) Scheme of the methodology applied to 

experimentally elucidate the solution phase ES dynamics and photochemistry of cis-[Ru(bpy)2(py)2]Cl2. 

Notably, computational analysis supported the understanding of the photochemistry of cis-[Ru(bpy)2(py)2]
2+

 

and similar complexes [121, 122], however obtaining experimental structural information on transient 

species generated by light excitation remains crucial. It is worth noting that, despite its simple structure, this 

system represents a challenge for time-resolved X-ray techniques, due to the irreversible nature of the 

photoreaction, involving the release of a multi-atomic fragment constituted by weakly scattering low-Z 

atoms. In addition, multiple species are simultaneously present in the laser-excited volume, with geometry 

slightly different one from each others. Furthermore, cis-[Ru(bpy)2(py)2]
2+

 is suited to test synchrotron 

pump-and-probe techniques, defining optimized experimental strategies and data analysis protocols, towards 

more sophisticated (e.g. in biologically- or catalytically-relevant) applications of these novel characterization 

tools. 

To address this inherent complexity, we developed the integrated methodology schemed in Fig. 1c. The core 

of the characterization strategy is represented by the TR-XSS and TR-XAS techniques. This duo brilliantly 

conjugates the global view provided by the solution scattering method (solute rearrangements but also 

solvent-related dynamics) with the XAS elemental selectivity, allowing an enhanced sensitivity around the 

metal centre. Crucially, the interpretation of the TR-XSS and TR-XAS data has been assisted and 

complemented by DFT-based modelling, by a thorough static XAS characterization of the initial (GS) and 

final (PHP) steps of the photoreaction and by OTA experiments to clarify the kinetics of the process, 

allowing a more stable fit of the TR-XAS data. 
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2 Synchrotron ultrafast techniques to monitor photoactive metal complexes: the case of cis-

[Ru(bpy)2(py)2]
2+

 

2.1 TR-XSS 

2.1.1 Data acquisition and reduction strategy to isolate the solute-related contribution to TR-XSS signal 

The TR-XSS technique relies on the acquisition of the X-ray scattering signature of the solution both after 

the absorption of the laser pump pulse (τ > 0) and before the excitation (τ0 < 0). The experimental setup 

employed to perform TR-XSS measurements at the ID09b beamline of the ESRF is shown in Fig. 2a, and 

concisely described in the Supporting Information, whereas a detailed technical description can be found 

elsewhere [68, 69, 73, 123]. As shown in Fig. 2b, the I(q, τ = 800 ns) and I(q, τ0 = – 2000 ns) curves 

collected for a 20 mM aqueous solution of cis-[Ru(bpy)2(py)2]Cl2 are substantially equivalent. Indeed, a 

critical point in TR-XSS experiments is the smallness of the photoinduced signal, at least at typical working 

concentrations in the 1 mM – 50 mM range. The rearrangements occurring upon laser excitation in the 

solution can be however enhanced by calculating the differential scattered intensity ΔI(q, τ) = I(q, τ) – I(q, 

τ0). The corresponding ΔI(q, τ = 800 ns) is plotted for comparison on the right ordinate axis of Fig. 2b. It can 

be noticed that a well structured signal emerges, although extremely reduced in intensity when compared to 

the not differential scattering signal (ΔI(q, τ) / I(q, τ) ~ 10
–3

). Dealing with a so reduced signal, a huge 

statistics of acquisition in the most stable experimental conditions is sorely needed for structural analysis. 

The remarkable improvement in data quality observed e.g. after acquiring ~ 500 pairs of laser off/laser on 

CCD images for each time delay and averaging the corresponding ΔI(q, τ) is illustrated in Fig. 2b. 
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Fig. 2. (a) Photograph of the experimental setup for TR-XSS measurements at the ID09B beamline, showing the liquid 

jet apparatus, the experimental arrangement around the interaction point between the jet and the laser pump/X-ray probe 

pulses and the FReLoN CCD detector. The inset reports a typical corrected CCD image acquired for a 20 mM aqueous 

solution of cis-[Ru(bpy)2(py)2]Cl2. (b) Left ordinate axis (in orange): superimposition of I(q, τ = 800 ns) and I(q, τ0 = –

2000 ns) curves (open orange circles and yellow dots, respectively). Right ordinate axis (in purple): difference signal 

ΔI(q, τ = 800 ns) = I(q, τ = 800 ns) – I(q, τ0 = –2000 ns), from an individual pair of CCD acquisitions (pink noisy curve) 

and after averaging ~ 500 pairs of laser off/laser on CCD images (light pink curve). It is worth noting that the low-q 

region of the ΔI(q, τ) curves is strongly sensitive to possible instabilities in the liquid jet: this can cause a discrepancy 

out of the noise level between some individual scans and the high-statistics average curve. (c) Left ordinate axis (in 

pink): comparison between the ΔI(q, τ = 800 ns) reported in part (b) (thicker purple curve) and the scaled ΔIsolv(q, τ) 

curve (thinner pink line), obtained repeating the TR-XSS experiment using KMnO4 as photochemically inert solute. 

Right ordinate axis (in black): solute-related contribution Δ[ΔI(q)], isolated after the subtraction of the ΔIsolv(q, τ) term: 

Δ[ΔI(q)] = ΔI(q) – ΔIsolv(q). The application of the NIR-method in the 100-ps-resolution experiment yielded comparable 

results. Unpublished Figure, reporting data originally published in ref. [112]. 

The XSS technique, as all diffraction-based methods, is not elementally selective and provides information 

on the arrangement of all the atoms in the volume probed by the X-ray pulses. In particular, the differential 

TR-XSS signal ΔI(q, τ) contains time-dependent contributions due to the changes in solute-solute, solute-
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solvent (cage) and purely-solvent terms. As commonly observed in TR-XSS experiments [73], all the ΔI(q, 

τ) curves collected for cis-[Ru(bpy)2(py)2]Cl2 in water are dominated by the purely-solvent contribution ΔI(q, 

τ)solv, due to the rearrangement in the solvent bulk structure upon ultrafast heat-release from the laser-excited 

solutes [68, 69] (see Fig. 2c). The investigation of the solvent-related dynamics and of the solute-solvent 

interplay is fundamental for a thorough comprehension of solution-phase photochemistry of metal complexes 

[124]. This information can be preferentially obtained with the TR-XSS technique. However, when 

specifically interested to photoinduced structural modification in the metal complex (solute-solute and cage 

contributions to experimental ΔI(q, τ) curves), a reliable modelling of the ΔI(q, τ)solv term is required. In 

particular, we employed the inert solute method [73, 92, 112] in the analysis of the 800 ns-resolution dataset. 

Conversely, for the analysis of 100 ps-data the solvent-only thermodynamic contribution was determined by 

performing a blank heating experiment on pure water [68, 125] which ensures a more accurate modelling of 

the experimental signal in particular at the shorter time-scales. Here, the solvent is vibrationally excited with 

near-infrared ultrafast laser pulses (at 1458 nm in our experiment) and the structural modifications in water 

bulk structure following hydrodynamic relaxation are probed by 100 ps X-ray pulses from the synchrotron. 

Once the ΔIsolv(q) curve has been experimentally obtained and properly scaled to the global differential 

scattering signal, it can be subtracted to isolate the solute-related contribution, namely Δ[ΔI(q)] = ΔI(q) – 

ΔIsolv(q). The Δ[ΔI(q, τ = 800 ns)] curve obtained for cis-[Ru(bpy)2(py)2]
2+

 is reported as an example in Fig. 

2c [112]. These time-dependent curves represent the final datum in q-space after the data reduction 

procedure summarized so far. A more intuitive interpretation of the differential curves can be obtained 

moving from q-space to real distances r-space, which are bridged by a sine-Fourier transform operation [68, 

126]. Real space TR-XSS signals, hereinafter referred to as Δ[ΔI(r, τ)], are directly related to the variation in 

the atom-atom pair distribution function from the laser on to the laser off states [127-130]. Here, when 

monitoring ligand photo-substitution, positive and negative peaks identify bond formation and cleavage at 

interatomic distances corresponding to the r-position of the maxima and minima of the Δ[ΔI(r, τ)]. 

Furthermore, the simulation of the TR-XSS signal, e.g. from suitable DFT-optimized geometries of 

chemically meaningful intermediates, can fingerprint the molecular distortions occurring in the ESs accessed 

upon light-excitation. 

2.1.2 Insights in pyridine photosubstitution and excited state dynamics of cis-[Ru(bpy)2(py)2]
2+

 using TR-XSS 

The insights we achieved using TR-XSS to monitor the light-induced structural dynamics of cis-

[Ru(bpy)2(py)2]
2+

 are summarized in Fig. 3. These results were obtained in two subsequent experiments, 

improving the time-resolution from the quasi-static 800 ns case to the more recent 100-ps study. Let us first 

summarize the results on the final state of the photoreaction, safely identified by data collection up to 5 s 

after excitation, which does not show any appreciable time-evolution of the TR-XSS features [112]. The 

experimental Δ[ΔI(r, τ = 800 ns)] is reported in Fig. 3a after scaling of the experimental differential intensity 

to absolute scattering units, see Supporting Information. The curve is characterized by a negative shoulder at 

~ 2.5 Å, whereas two well-defined negative peaks are observed at ~ 3.1 and ~ 4.7 Å. The presence of these 

negative features is consistent with the dissociation of one py unit from the metal centre. Indeed, the r-

positions of the three minima are in good qualitative agreement with the distances of the nitrogen atom and 

of the two pairs of para- and meta-carbon atoms of the py ring from the ruthenium centre, according to the 

DFT-optimized geometry of the GS complex. It is worth noting that the DFT-geometry of the GS structure 

of cis-[Ru(bpy)2(py)2]
2+

 has been independently validated using static XAS data collected at the ESRF [112] 

and at the APS [113, 131]. The use of the DFT structure in the fitting of the EXAFS data yielded very good 

results, although the EXAFS bond distances showed a systematic shortening (0.02–0.04 Å) with respect to 

the computed ones. 

A more robust interpretation of the data was achieved on the basis of TR-XSS simulated curves, calculated 

in the framework of a simplified scattering model employing DFT-optimized structures of the GS and three 

candidate structures for the final states of the photoprocess (Fig. 3d, P1–P3 structures). The model P1 only 

accounts for py dissociation, P2 includes the coordination of a solvent molecule to form a PHP such as 
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[Ru(bpy)2(py)(H2O)]
2+

. Finally in P3, the PHP structure is optimized by adding a small cage of three water 

molecules, H-bonded to the H2O ligand directly coordinated to the Ru centre. P3 roughly models, at the gas-

phase level, the rearrangement of the water cage structure around the [Ru(bpy)2(py)(H2O)]
2+

 PHP. 

 
Fig. 3. (a) Results from 800-ns resolution TR-XSS experiment. The experimental Δ[ΔI(r, τ = 800 ns)] (dark pink 

circles) is compared to three simulated TR-XSS curves, calculated from the DFT-optimized structures of the GS and the 

three candidate structures for the final states of the photoprocess (considering a 20% dissociation yield), namely P1–P3, 

shown in part (d). (b) Selection of results from the improved 100-ps resolution TR-XSS experiment and preliminary 

interpretation. The experimental Δ[ΔI(r, τ)] curves measured for τ =100 ps (gray circles) and τ = 5 ns (purple circles) 

are reported. 100 ps-data are compatible with the TR-XSS simulated curve calculated from the DFT-optimized structure 

of the 
3
MLCT ESs shown in part (c) (solid black line), while the Δ[ΔI(r, τ = 5 ns)] curve is satisfactorily reproduced by 

the simulation obtained from the uncaged PHP model (P2). (c) DFT-optimized geometry of the 
3
MLCT ES of cis-

[Ru(bpy)2(py)2]
2+

; the major distortions with respect to the GS geometry are highlighted by coloured arrows. (d) DFT-

optimized structures of the three possible final states of the photoprocess tested: P1 (py dissociation), P2 (uncaged PHP, 

i.e. py dissociation and water coordination) and P3 (caged PHP, where a small cage of three water molecules has been 

added and optimized). Unpublished Figure; part (a) reports data originally published in ref. [112], scaled in e.u. solute
–1

 

Å
–2

. 

The scaling of TR-XSS data to an absolute scattering scale allows a quantitative evaluation of the 

concentration of the PHP species tested as possible candidates for the final step of the photoreaction. 

Watching, in a quasi-static fashion, the end point of the photo-process (as demonstrated by the equivalence 

of all TR-XSS curves collected for τ ≥ 800 ns, up to 5 s), we can safely assume that any direct structural 

contributions from ES species is already ceased. Furthermore, for the sake of quantitative analysis, we can 
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refer to previous studies reporting a dissociation yield φ = 0.2 for the complex of interest [114, 132]. On 

these bases, we obtained the simulated curves reported in Fig. 3a, calculated by Fourier transforming the 

differential scattering intensity 0.2 ΔIPi(q) = 0.2 [I(q)Pi –I(q)GS], where I(q)Pi (i = 1–3) is the scattered 

intensity calculated for each of the geometries P1–P3 using the Debye equation [133-135], I(q)GS is the 

scattered intensity computed for the structure of the GS complex, and the factor 0.2 accounts for the 

dissociation yield φ. 

Passing from the model P1 to P2 (Fig. 3a), a progressively better reproduction of the experimental Δ[ΔI(r, τ = 

800 ns)] is observed, in particular for the shoulder-like feature at ~ 2.5 Å. The introduction of the small water 

cage in P3 (Fig. 3a) remarkably improves the agreement between the simulated and the experimental curve. 

Indeed, the additional electron density associated to the water cage, which likely approaches the metal centre 

after the py release, partially balances the negative contribution due to ligand dissociation. 

The improved 100 ps-resolution of our more recent TR-XSS study allowed to confirm these results and to 

directly monitor the earlier dynamics of the photoprocess. These findings are also in good agreement with 

the picture emerging from TR-XAS and OTA characterization, reviewed in Section 2.2. A selection of the 

collected experimental data is reported in Fig. 3b, including the Δ[ΔI(r, τ)] curves for τ = 100 ps and 5 ns, 

shown as grey and purple circles respectively. Although we are currently working to refine the structural 

interpretation of these data, the preliminary simulations reported in Fig. 3b clearly highlights how the py 

photodissociation occurs on the few ns-timescale. In particular, the Δ[ΔI(r, τ = 100 ps)] curve is compatible 

with the differential scattering computed from the DFT-optimized geometry of the 
3
MLCT ES of cis-

[Ru(bpy)2(py)2]
2+

 (Fig. 3c), assuming 100% population of the ES. Here, the major distortions with respect to 

the GS geometry are a ~ 0.05 Å rigid lengthening of the bond length of one py ligand from the metal centre 

and a ~ 0.05 Å contraction along the Ru–N bond axis for the ring of the bpy ligand in trans position to the 

distanced py. From qualitative comparison between the Δ[ΔI(r, τ = 100 ps)] data and the 
3
MLCT simulated 

curve (Fig. 3c), it can be noticed that the highly structured experimental signal is satisfactorily reproduced, 

although its features are systematically shifted to slightly shorter r-values with respect to the simulation. This 

inconsistency can be related to the above mentioned DFT tendency to overestimate the Ru–N(ligands) bond 

lengths in polypyridyl Ru-complexes [122]. Further analysis will include a testing of slightly modified 
3
MLCT guess geometries, obtained by systematic variation of the key-bond lengths, and a searching for the 

best fit to the Δ[ΔI(r, τ = 100 ps)] curve. However, due to the lack of element-selectivity, a lower sensitivity 

of the TR-XSS technique (e.g. with respect to TR-XAS) to the very small structural rearrangement in the 

ligands positions around the metal centre is expected. Conversely, the TR-XSS technique is particularly 

suited to clarify the longer-distance rearrangements in the solvation shell, which are scarcely detectable using 

the local XAS-based methods. In particular, the Δ[ΔI(r, τ = 5 ns)] curve reported in Fig. 3b is consistent with 

the uncaged PHP structure (model P2), as demonstrated by the related simulation (Fig. 3b). It is worth noting 

that the TR-XSS data that we collected after 100 ns were substantially equivalent to the Δ[ΔI(r, τ = 800 ns)] 

curve reported in Fig. 3a, thus suggesting that the rearrangement in the water cage around the newly formed 

PHP units occurs in the 10–100 ns timescale. We are planning to perform a more sophisticated modelling of 

the solute-solvent interaction (e.g. via MD), to improve the reproduction of experimental data and achieve 

deeper insight in the solvent-related dynamics, thus exploiting at the best the potentialities of the TR-XSS 

technique.In conclusion, the 800 ns TR-XSS data are fully compatible with a final state where the 20% of the 

excited cis-[Ru(bpy)2(py)2]
2+

 complexes have one py photosubstituted by a water molecule. Furthermore, the 

better agreement found in correspondence of the caged PHP model P3 suggests that after 800 ns from 

excitation the solvation shell has already rearranged, extending towards the Ru centre. The improved TR-

XSS collected down to 5 ns from excitation suggests for this cage-rearrangement process a dynamics on the 

10–100 ns timescale. Finally, the TR-XSS signal at the earlier delays probed (down to 100 ps) shows a 

substantial contribution from the 
3
MLCT ES geometry, confirming the scenario depicted by the TR-XAS and 

OTA data presented below. 

2.2 TR-XAS 



10 

 

2.2.1 XAS characterization of cis-[Ru(bpy)2(py)2]
2+

: form static to time-resolved structural information 

TR-XAS [45, 67, 74] is a perfect tool to experimentally validate the photochemical scenario proposed in 

Section 2.1 for the model compound cis-[Ru(bpy)2(py)2]
2+

. Moreover, the TR-XSS and TR-XAS techniques 

provide highly complementary structural views on solution phase photoreactions. The latter approach is 

indeed ideal to complement the ultrafast solution scattering results presented in Section 2.1, in particular to 

elucidate the atomic rearrangements of cis-[Ru(bpy)2(py)2]
2+

 in its ESs. A reliable interpretation of the 

transient data is however subjected to a detailed knowledge of the initial and terminal points of the 

photoprocess, i.e. the GS and PHP geometries, primarily accessible using static EXAFS spectroscopy. With 

this respect, Fig. 4 illustrates the passage from static to time-resolved XAS characterization for cis-

[Ru(bpy)2(py)2]
2+

. 

 
Fig. 4. Summary of EXAFS results from static characterization of the GS and PHP species and extension to the 

investigation of the ultrafast structural dynamics by TR-EXAFS. (a) Conventional EXAFS fitting of GS spectrum 

χ
GS

exp(k): k-weighted FT functions for the experimental (black thick lines) and best fit curves (grey dotted lines) are 

reported both for the imaginary part (left panel) and the modulus (right panel). (b) Left ordinate axis (in black): 

comparison between χ
GS

exp(q) for GS and χ
PHP

exp(q) for PHP. Right ordinate axis (in purple): experimental differential 

curve Δχ
PHP

exp(q) = χ
PHP

exp(q) − χ
GS

exp(q) (purple circles) and relative best fit (pink solid line) obtained from q-space 

differential refinement of the EXAFS data. (c) Pictorial representation of the structural parameters optimized by 

conventional r-space fitting of the GS EXAFS data and by q-space differential fitting of the PHP spectrum. The PHP 

model is equivalent to the P2 geometry, employed in the analysis of the TR-XSS data (see Fig. 3 and related discussion) 

Correspondent best-fit values are reported. (d) TR-EXAFS data acquisition and reduction strategy. Top panel: 

comparison between a pair of individual χ
GS

(k) and χ
ES

(k, 500 ps) spectra collected at the 11-ID-D beamline of the APS, 

reported as dark grey and pink solid lines, respectively. The Δχ
ES

(k, 500 ps) = χ
ES

(k, 500 ps) − χ
GS

(k) transient data 

obtained from the pair of individual scans in top panel (light violet curve) are reported, compared with the Δχ
ES

(k, 500 

ps) curve obtained averaging 40 differential scans (pink circles), and the FT-filtered average curve (Δχ
ES

(q, 500 ps), 

purple solid line, k range 2.5−10.8 Å
–1

 for the forward FT, r-range 1.0−5.0 Å for the backward FT). (e) Δχ(k, q) 

transient spectra for τ = 150, 500 and 3000ps, reported in pink, purple and orange, respectively. Unpublished Figure; 

panels (a), (b) and (e) report data from ref. [113]. 

Initially we obtained an extremely accurate fit of the GS spectrum, as shown in Fig. 4a. A detailed discussion 

of the fit details can be found in ref. [113], whereas here we will focus on the structural information derived 
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from the analysis. In particular, the EXAFS paths where parameterized as a function of the Ru−N(bpy) and 

Ru−N(py) bond distances (namely Rbpy and Rpy), assuming the coordination of the metal centre to rigid 

ligand units. Optimized values of Rpy = (2.09 ± 0.03) and Rbpy = (2.05 ± 0.02) Ǻ were found, in good 

agreement with the DFT geometries although slightly shorter, as already pointed out in Section 2.1 (see also 

Fig. 4c). The comparison between the spectra of GS and PHP remarks how the photochemistry of cis-

[Ru(bpy)2(py)2]
2+

 is a challenge also for the EXAFS technique, despite the simple structure of this metal 

complex. The χ
GS

exp(q) and χ
PHP

exp(q) spectra are plotted in Fig. 4b: their striking similarity reflects the 

structural analogy between the two species, at least from an EXAFS perspective. Indeed, the first-shell signal 

is only minimally perturbed upon the N(py) → O(H2O) photosubstitution. The subsequent coordination 

shells suffer of the signal loss due to lacking scattering paths which involve the atoms of one py ring in the 

GS structure. However, the cumulative contribution of such paths can be estimated to be only 1/6 of the 

global signal. 

As expected, a careful analysis revealed that the spectra of the GS and PHP complexes in water solution are 

hardly distinguishable applying the conventional r-space fitting of Fourier transformed EXAFS data [113, 

131]. Similarly to what discussed for TR-XSS data, once a high control on the data acquisition and reduction 

is achieved, the differential approach is a powerful strategy to enhance the effect of very small structural 

modifications on the experimental signal. In the field of ultrafast X-ray characterization, the direct fitting of 

the differential signal in the energy/momentum space is recently imposing as an attractive alternative, 

ensuring a superior accuracy for the derived structural parameters if compared to conventional r-space fitting 

methods [103, 136]. The differential fitting strategy relies on the identification of the key parameters to 

optimize, structural (bond distances) and not (e.g. Debye-Waller (DW) factors and energy shifts for EXAFS 

refinements). Subsequently, a statistically significant array of differential theoretical spectra, correspondent 

to systematic variations of these parameters from a reference structure (e.g. the GS geometry), is computed. 

Finally, the best agreement between the experimental and theoretical differential signals is searched (e.g. via 

R-factor minimization in the N-dimensional space for N simultaneously varied parameters) yielding the best 

fit curve and correspondently the optimized values of the parameters. We applied this methodology in the 

fitting of the TR-XAS data (vide infra, Section 2.2.2), and also to obtain a more reliable refinement of the 

PHP structure from the comparison between the static XAS data collected for cis-[Ru(bpy)2(py)2]
2+

 and cis-

[Ru(bpy)2(py)(H2O)]
2+

 in aqueous solution. Interestingly, this study paves the way to possible applications of 

such a fitting strategy, so far mainly limited to the analysis of ultrafast X-ray data, in a variety of fields, 

including catalysis, where the discrimination of closely related structures is a key-target [131]. 

In this framework, we determined the experimental differential spectrum for the PHP, namely Δχ
PHP

exp(q) = 

χ
PHP

exp(q) − χ
GS

exp(q), shown in Fig. 4b. The differential fitting resulted in the Δχ
PHP

fit(q) curve, superimposed 

to the experimental differential data in Fig. 4b [113, 131]. On the structural ground, differential analysis 

mainly indicated a Ru−O(H2O) bond distance of (2.12 ± 0.01) in the PHP, 0.03 Å longer than the average 

Ru−N(py) bond length observed using conventional EXAFS analysis of the GS spectrum (Fig. 4c). These 

results played a key-role in the data modelling of the time resolved experiment, due to the major contribution 

of the PHP structural component to the total time-dependent differential signal (vide infra, Section 2.2.2). 

Let us now focus on the 100 ps-resolution TR-XAS measurements performed at the 11ID-D beamline of the 

APS [97, 98, 104, 137-140]. The challenges tackled in the discrimination between the GS and PHP signals 

became more and more critical when entering the time-domain. An enhanced acquisition statistics and a 

differential approach in the data analysis are crucial to unravel the light-driven structural dynamics (see Fig. 

4d). In particular, we focused on the analysis of the EXAFS region of the TR-XAS spectrum (TR-EXAFS) 

for its strong dependency on bond distances, and for the lack of well-defined pre-edge features in the 

XANES of cis-[Ru(bpy)2(py)2]
2+

. The average Fourier-filtered Δχ(q, τ) transient spectra collected for τ = 

150, 500 and 3000 ps on a 1 mM cis-[Ru(bpy)2(py)2]
2+

 aqueous solution excited using 5 ps-long 351 nm 

laser pulses (see ref [113] and Supporting Information for experimental details) are reported in Fig. 4d. The 

curves for the three probed delays show a significant time-dependent evolution of the differential features, 
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especially as regards the intensity of the first differential oscillation and in the position of the minimum at ~ 

2.7 Å
–1

. These filtered data selectively contain information on the atomic rearrangements occurring in the 

1−5 Å r-space range from the Ru centre, where the physically meaningful photoinduced modifications are 

expected to occur. The procedure we have applied in their fitting and interpretation, resulting in the 

elucidation of the major structural features of the longer-lived 
3
MLCT ES, is summarized in the next Section. 

2.2.2 OTA-assisted fitting of the 100 ps-TR-EXAFS data: combining kinetic and structural information to 

unravel ESs dynamics and geometry 

The combination between pump and probe X-ray and optical absorption spectroscopies has been established 

as an extremely powerful tool to investigate ultrafast light-induced dynamics [45]. Indeed, the two 

techniques nicely complement each other: the time-evolution of the optical absorption bands which 

fingerprint the different intermediate species and photoproducts allows for a handier determination of the 

reaction kinetics, whereas the X-ray probe obviates the OTA lack of direct structural sensitivity. 

Remarkably, milestone works exploiting this approach, especially by the Chen’s group [45] [97], focused on 

the solution phase photochemistry of transition metal complex, and OTA results were also fundamental in 

our investigation on cis-[Ru(bpy)2(py)2]
2+

. 

OTA spectra ΔA(λ, τ) = A
ES

(λ, τ) − A
GS

(λ), where A denotes the optical absorbance, collected in the 20–

2860 ps range for the complex of interest are reported in the inset of Fig. 5a. The negative peak dominating 

the 450–500 nm wavelength range mainly derives from the GS bleach, although it likely contains unresolved 

minor contributions from 
3
MC ES and PHP absorption. In addition, the broad positive signal in the 525–750 

nm range can be safely assigned to the 
3
MLCT ES absorption of [Ru

III
(bpy)(bpy

−
)(py)2]

2+
. The main panel of 

Fig. 5a reports the ΔA(τ) curves obtained plotting as a function of the time delay τ the ΔA values reported in 

the inset for a series of λ-values sampled in correspondence of the major spectral features (GS bleach: λ = 

467 nm: pink, λ = 484 nm: purple; 
3
MLCT ES absorption: λ = 651 nm: blue; λ = 700 nm: light blue; λ = 723 

nm: green). Multi-exponential global fits of the ΔA(τ) curves highlighted the presence of two major time 

components, namely τ1~ 130 ps and τ2~ 1700 ps. 
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Fig. 5. OTA insights in the ps−ns dynamics of cis-[Ru(bpy)2(py)2]

2+
 and derived photoreaction kinetics. (a) Inset: OTA 

spectra ΔA(λ) of cis-[Ru(bpy)2(py)2]
2+

 in aqueous solution (0.2 mM) collected in the 20–2860 ps range (λexc= 350 nm) 

from ref. [113]. Main panel: ΔA(τ) curves (open circles) obtained plotting as a function of the time delay τ the ΔA 

values reported in the inset for 5 selected λ-values (λ = 467 nm: pink; λ = 484 nm: purple; λ = 651 nm: blue; λ = 700 

nm: light blue; λ = 723 nm: green); correspondent bi-exponential global fits (optimized time constants: τ1 ~ 130 ps and 

τ2 ~ 1700 ps) are reported as solid lines. (b) Time evolution of GS, 
3
MLCT, 

3
MC populations and PHP percentage 

calculated according to the photochemical scenario reported in Fig. 1 and employing the time-components identified by 

OTA (τ2 ~ 1700 ps = τ3MLCT, τ1 ~ 130 ps = τ3MC). GS grey solid line; 
3
MLCT black solid line, 

3
MC purple solid line, 

PHP pink solid line. Empty squares and vertical lines are place in correspondence of the time delays monitored using 

TR-XAS. Adapted with permission from ref. [113]. Copyright RSC (2013). 

On the basis of previous studies on cis-[Ru(bpy)2(py)2]
2+

 and analogues complexes [116, 118, 141, 142], we 

assigned the OTA decay constants to the lifetimes of the two ESs involved in the photoprocess, i.e. 
3
MLCT 

and 
3
MC/photochemistry (see Fig. 1 and related discussion). This assignment is also confirmed by a recent 

work by Hauser and co-workers [120], where OTA studies evidenced ultrafast quenching of the 
3
MLCT 

Luminescence via a 
3
MC state in two ruthenium(II) tris-bipyridyl complexes, namely [Ru(m-bpy)3]

2+
 (m-bpy 

= 6-methyl-2,2′-bipyridine) and [Ru(tm-bpy)3]
2+

 (tm-bpy = 4,4′,6,6′-tetramethyl-2′,2′-bipyridine). 

Importantly, this allowed to clarify the photoreaction kinetics, and to quantify the time-evolution for the ESs 

populations and for the PHP percentage, as shown in Fig. 5b. The kinetic information, integrated with the 

static XAS analysis of the GS and PHP geometries and the computational work, was fundamental to assist 

the differential fitting procedure of the TR-EXAFS spectra reported in Fig. 4e. Specifically, we identified the 

PHP and the longer-lived 
3
MLCT ES as the dominant light-generated species contributing to the differential 

EXAFS signal at the investigated time points, according to the plots shown in Fig. 5b. Thus we fitted each 

experimental Δχ(q, τ) curve to theoretical spectra Δχfit(q, τ) obtained combining the differential EXAFS 

signal simulated from PHP and 
3
MLCT ES geometries, namely Δχ

PHP
(q) and Δχ

3MLCT
(q, Rpy, Rbpy). The best 

fit curve is therefore searched as Δχfit(q, τ) = f
PHP

 (τ) Δχ
PHP

(q) + f
3MLCT

 (τ) Δχ
3MLCT

(q, Rpy, Rbpy), optimizing 

the f
PHP

 (τ) and f
3MLCT

 (τ) amplitudes and, on the structural ground, the key structural parameters for the 
3
MLCT ES, i.e. Rpy and Rbpy. Indeed, to model the Δχ

PHP
(q) contribution we employed the PHP structural 
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minimum obtained from differential refinement of the static EXAFS data, whereas the 
3
MLCT geometry has 

been refined contextually to TR-EXAFS fitting routine. On the basis of the DFT results introduced in Section 

2.1.2, we tested more than one-hundred 
3
MLCT guess structures, systematically varying the bond length of 

one py ligand (Rpy) and of the bpy ligand in trans position to the former py (Rbpy) from the Ru-centre. 

Furthermore, the variation ranges of the time-dependent amplitudes f
PHP

(τ) and f
3MLCT

(τ) optimized in the fit 

were constrained according to the OTA results, achieving a remarkable stabilization of the fitting procedure. 

For a comprehensive description of the fitting details the reader can refer to the Supporting Information of 

ref. [113]. 

The results of OTA-assisted fitting of the transient EXAFS data are summarized in Fig. 6. The quality 

achieved in the reproduction of the experimental Δχ(q, τ) can be noticed in Fig. 6a. Here, the best fit Δχfit(q, 

τ) curves corresponding to the R-factor surface global minima are shown for each delay as black thick lines 

superimposed to the experimental spectra. Weighted PHP and 
3
MLCT components are also reported. As an 

example, the contour plot of the fit R-factor as a function of the 
3
MLCT structural parameters Rbpy and Rpy 

optimized from the differential refinement of the Δχexp(q, 500 ps) transient spectrum is shown in Fig. 6b. 

The scenario resulting from TR-EXAFS analysis fairly confirmed the trends highlighted from DFT 

calculations, in agreement with the preliminary insights from TR-XSS discussed in Section 2.1.2 for the 

DFT-based 
3
MLCT fingerprinting at τ = 100 ps. In particular, the structural minima found at τ = 500 and 

3000 ps (estimated 
3
MLCT population of 74% and 16%) consistently point out a Rbpy value of (2.03  0.02) 

Å and a Rpy bond length in the (2.16–2.20  0.02) Å range (see Fig. 6c) for the 
3
MLCT ES, with respect to 

the Rpy = (2.09 ± 0.03) Å and Rbpy = (2.05  0.02) Å values from EXAFS analysis of the GS structure (see 

Fig. 6d). Checking the optimized Ru–N(ligand) bond distances reported in Fig. 6c as a function of the time 

delay, it is however evident a discrepancy between the values observed at 150 ps and at the two subsequent 

time-points discussed so far. In particular, differential fitting of Δχexp(q, 150ps) yielded Rbpy and Rpy bond 

lengths much closer to the GS values, which notably differ from the DFT values. Interestingly, the 

peculiarity of the 150 ps case can be related to an unaccounted structural contribution from the shorter-lived 
3
MC ES, biasing the simplified 2-components fitting strategy employed. The presence of a ~ 3% 

3
MC 

population at 150 ps, as estimated from OTA results (see Fig. 5b), is likely sufficient to significantly perturb 

the TR-EXAFS features due to the pronounced structural rearrangement expected in the anti-bounding state. 

Indeed, DFT analysis points out a 0.7 Å elongation of the Rpy bond length in the 
3
MC with respect to GS, 

together with significant distortions of the other Ru–N(ligands) bond distances and angle (see Fig. 6d). 

Unfortunately, the deconvolution of three independent components in the Δχexp(q, 150ps) spectrum was 

hampered by the limited signal-to-noise ratio of the collected data. Hence, the experimental elucidation of 

the 
3
MC geometry, which is definitely the ramp towards the photochemical pathway, remains a challenging 

goal to be addressed in further studies, including a finer sampling and an enhanced collection statistics in the 

50 ps−150 ps time-delay range, where a significant population of the short-lived 
3
MC ES is expected. 
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Fig. 6 Results from OTA-assisted differential fitting of the transient EXAFS data. (a) Best fit Δχfit(q,τ) curves 

corresponding to the R-factor surface global minimum (black thick lines), superimposed to experimental TR-EXAFS 

data for τ = 150 (pink circles), 500(purple circles) and 3000 ps(orange circles); the fit components relative to the 
3
MLCT and PHP contributions to the overall TR-EXAFS signal are indicated as dark and light grey thin lines, 

respectively. (b) Example of surface contour plot of the fit R-factor as a function of Rbpy and Rpy bond distances 

obtained from the differential refinement of the Δχexp(q, 500 ps) transient spectrum. The orange circle identifies the 

global minimum found in the R-factor values (R-factor = 0.180; Rbpy = (2.03  0.02) Å; Rpy = (2.20  0.02) Å) while the 

experimental error interval (  0.02 Å on both Rbpy and Rpy axis, correspondent to the step between two adjacent point in 

the employed minimization grid) is marked by the white bars. It is worth noting the presence of an additional local 

minimum (R-factor = 0.194), likely due to an inversion in the shortening and lengthening of the Rbpy and Rpy. (c) Time-

evolution of the key-structural parameters optimized for the 
3
MLCT ES of cis-[Ru(bpy)2(py)2]

2+
, according to TR-

EXAFS fitting results. (d) Superimposition of the 
3
MLCT (full colour filling) and 

3
MC (transparent colour filling) 

geometries. The major rearrangements with respect to GS are highlighted by coloured arrows, indicating the Rbpy and 

Rpy values experimentally refined from the fitting of TR-EXAFS data. Unpublished Figure; parts (a) and (b) report data 

originally published in ref. [113]. 

2.3 The role of computational modelling in assisting ultrafast X-ray analysis 

A close interplay between computational modelling and ultrafast X-ray experiments is necessary in the 

analysis of TR-XAS and TR-XSS data. The use of computational techniques is fundamental since they are 

able to provide excited state structures to be used as key initial guesses in the simulation of X-ray data. 

Without these starting points the structural information contained in the TR-X-ray data would be hardly 

interpreted. Moreover, computationally-obtained excited state structures are chemically more reliable than 

those obtained by random changes in bond and angles, particularly considering the level of sophistication 

reached by computational chemistry nowadays. Therefore, the support of computational modelling reduces 

the weight of the XAS and XSS signal simulation and prevents misinterpretation due to statistically 
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equivalent but chemically unequivalent cases (e.g. a monodentate pyridine ligand vs a pyridine ring of a bpy 

ligand). 

Among the various computational methods available for the study of the electronic and structural properties 

of coordination complexes, DFT has been the most successful so far for its good performances on a variety 

of systems and for its relatively limited computational cost [143, 144]. Remarkably, DFT and TD-DFT have 

been successfully employed in the last decade to study the photophysics and photochemistry of complexes. 

In addition to their structural characterization capabilities (GS and ES geometries), they also allow to 

determine the energies and character of ES of different multiplicity and to evaluate their potential energy 

surfaces, which in combination with optical static and time-resolved techniques have often led to key 

developments [145-147]. 

Although DFT and TD-DFT remain the best choice for modelling inorganic and organometallic molecular 

systems, they suffer from limitations such as heavy parametrization and some unpredictability in their 

performance (benchmarking is highly recommended for such reason) [148]. Other ab initio methods (as for 

example the multi-configurational CASSCF, CASPT2) are becoming increasingly applicable to coordination 

compounds and other medium-to-large molecular systems, and are foreseen to overcome DFT issues in the 

description of Rydberg excited states, valence states of molecules with large π-systems [149-152], doubly 

excited states [153, 154], CT excited states [155-157], and conical intersections[158, 159]. 

 

3 Conclusions and perspectives 

The cis-[Ru(bpy)2(py)2]
2+

 case study reviewed in this contribution demonstrates how synchrotron ultrafast 

techniques can be employed to unravel the light-driven structural dynamics of photoactive transition metal 

complex in solution. The direct monitoring of the photoprocess involves several challenges, that we tackled 

developing an integrated multi-technique approach, mainly involving TR-XSS and TR-XAS synchrotron 

ultrafast techniques and computational modelling, supported by static XAS and OTA spectroscopies. In 

particular, TR-XSS allowed to detect the release of one pyridine ligand from the metal centre and the 

subsequent coordination of a water molecule within 800 ns from laser excitation. Furthermore TR-XAS 

provided information on the transient excited state geometries, showing that the 
3
MLCT geometry is 

characterized by an elongation of the Ru−N(py) bond relative to the dissociating ligand and a shortening of 

the Ru–N(bpy) in trans to it. Analysis of 100 ps-resolution TR-XSS data confirmed the picture emerging 

from TR-XAS and OTA in terms of ESs dynamics and highlighted that photosubstitution occurs within 5 ns 

from laser excitation. 

The impressive progresses in the field of synchrotron ultrafast characterization in the last two decades have 

allowed an unprecedented molecular-level understanding of photoinduced structural dynamics. These 

instruments can be employed, in some favourable cases, to film a photoactive metal complex “in action”, 

while rearranging after ultrafast laser excitation. This information uniquely allows to unravel the 

photoreaction mechanisms, monitoring both the local environment of the active site and the rich interactions 

between the excited solutes and the solvent environment. The recent efforts to improve the time-resolution 

achieved at third generation synchrotrons together with the XFELs breakthrough are paving the way to an 

unprecedented understanding of elementary mechanisms beneath photoreactions [85, 160]. The ultra high 

fluxes up to about 10
12

 photons per pulse (compared to 10
6
 photons per pulse of present III generation 

synchrotrons) and extreme short length (tens of femtosecond, compared to hundreds of picosecond) will 

provide unique new opportunities, which are currently hard to imagine. 

Nevertheless, X-ray ultrafast techniques are very demanding on the instrumental ground, as demonstrated by 

the small number of dedicated beamlines worldwide, and by the restricted access to users. Statistically-

significant detection of the transient signals requires the highest source stability, an exceptional control of the 

acquisition condition and extremely sensitive detection schemes. In addition, the data treatment and 

modelling procedures required to reliably refine transient geometries are often highly requiring, in terms of 

time, computational resources and manpower. 
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Optical and vibrational transient spectroscopies are overall more accessible methods and allow to monitor 

the reaction dynamics in a quicker and less modelling-depended way with respect to X-ray methods. 

Optical/IR transient spectroscopies however lack in direct structural sensitivity: detailed kinetic information 

can be extracted from the transient spectral signatures, but the ES geometries can be only inferred in an 

indirect way, on the bases of existing knowledge of the investigated system. In addition, specific limitations 

affect the application of OTA to photoactive metal complexes [85]. For instance, the spectral fingerprints of 

the active transition metal centres are often overshadowed by the more intense π → π* transitions of 

aromatic ligands. In addition, the MC states, which play a key role in photochemical processes, may be 

optically dark, or display absorption bands hardly distinguishable from those relative to other oxidation states 

of the metal. It is finally worth to note how IR transient spectroscopy of transition metal complexes mainly 

probes the time evolution of the vibration frequencies of specific functional group (e.g. carbonyls) 

coordinated to the metal centre. Hence, the technique applicability depends on the presence of suitable 

ligands, and the information derived on the metal centres is largely indirect. 

Thus, ultrafast X-ray techniques and optical/vibrational transient spectroscopies are highly complementary 

strategies, each showing specific advantages and disadvantages when applied to investigate photoactive 

metal complexes. The need for a multitechnique approach is even more compelling when, for instance, 

applications to real photocatalysis are envisaged. Here, the multiplication of coexisting intermediate species 

and reaction pathways and the structural complexity which is often associated to the highest catalytic activity 

are serious challenges for ultrafast structural characterization. 

Undoubtedly, most of the molecules investigated so far by TR-XSS and TR-XAS are, as cis-

[Ru(bpy)2(py)2]
2+

, model compounds, miming in a simplified way the functions of real catalytically or 

biologically-active systems. Nevertheless, few very recent studies are starting to face these difficulties, 

focusing on more complex (and catalytically relevant) molecular architectures. For instance, the Ru3(CO)12 

photocatalyst is among the most complicated systems investigated by TR-XSS: Kong et al. [87, 88] 

considered so much as 16 possible intermediate structure to fully interpret the experimental data. In addition, 

Canton et al. [161] employed TR-XAS to monitor the electronic and nuclear modifications triggered by light 

induced electron-transfer in the [(bpy)2Ru
II
(tpphz)

1
Co

III
(bpy)2](PF6)5 bimetallic complex (tpphz = tetrapyrido 

phenazine), representative of molecular photocatalysts employed in water splitting schemes. TR-XAS 

analysis, directly demonstrated that the photo-generated MLCT state of the Ru(II) unit acts as electron donor 

to the covalently bonded Co(III) moiety, which is reduced and undergoes an average bond elongation of 0.20 

± 0.03 Å, concomitantly to a spin flip. Another exciting application focused on the highly reactive Ir(IV) 

state of the Ir(III)-based water oxidation catalyst Cp
*
Ir(ppy)Cl (ppy = 2-phenylpyridine), captured by 

Vagnini et al. [162] by Ir LIII-edge TR-XAS at the, upon incorporation of in a covalent electron acceptor-

chromophore-Ir complex triad. In both these studies, X-rays methods were accompanied by DFT-based 

modelling and OTA characterization. 

Although still at the model compound level, these works represent the next step towards the characterization 

of real working photo-catalysts on the ultrafast scale, which is expected in the close future to foster the 

development of novel light-activated molecular devices with improved activity and selectivity. 
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DFT, Density functional theory; 
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