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Abstract

Determination of transient structures in light-iocdd processes is a challenging goal for time-
resolved techniques. Such techniques are becomingessful in detecting ultrafast structural

changes in molecules and do not require the presehprobe-like groups. Here, we demonstrate
that TR-WAXS (Time-Resolved Wide Angle X-ray Scattg) can be successfully employed to

study the photochemistry ais-[Ru(bpyk(py):]JCl,, @ mononuclear ruthenium complex of interest
in the field of photoactivatable anticancer agef®-WAXS is able to detect the release of a
pyridine ligand and the coordination of a solverdlecule on a faster time-scale than 800 ns of
laser excitation. The direct measurement of theqahissociation of pyridine is a major advance in

the field of time-resolved techniques allowing dgéiten, for the first time, of the release of a

multiatomic ligand formed by low Z atoms. Theseaddémonstrate that TR-WAXS is a powerful

technique for studying rapid ligand substitutiongesses involving photoactive metal complexes of

biological interest.



1. Introduction

The unique photophysical and photochemical propertif metal-diimine complexes have been
successfully exploited in numerous medi¢adnd technologicaf applications. Among these, we
are currently exploring the possibility of develogi photoactivatable Ru-diimine anticancer

agent&®*2

which can be selectively activated in cancer celslight. When irradiated, such
complexes can undergo ligand dissociation and suieseg coordination of a solvent (water)
molecule. The aqua derivative formed is highly te®c and can interact with target

macromolecules leading to cell death (Scheme 1).

I 0—. metal complex & rhotodissociable ligand @ solvent molecule macromolecule

Scheme 1. A photoactivation pathway for metal-based antiesmrugs.

The potential of these derivatives as cytotoxierdg is dependent on their excited-state
features which control, for example, the absorpporperties of photoactivatable metal complexes
and the nature of their photoreaction intermediates photoproducts'®*® Obtaining structural
information on transient species generated by letditation is therefore crucial to the field of
photoactivatable metal-based anticancer agentaritreveal the mechanism of activation of the
‘prodrug’ helping to understand the overall meckaniof action of the metal complex in cells.
Moreover, experimental determination of transienictures can be used to validate computational
methods which are accessible and powerful toolssfodying the photochemistry of anticancer
agents and improving their rational destgh’

In the last few years, time-resolved XAS (X-ray s@ption Spectroscopy) has been
successfully employed for studying excited-statecstires in solution, as demonstrated by the work
of several author®.%° Direct observation of structural dynamics withrato resolution can be also
obtained by TR-WAXS (Time-Resolved Wide Angle X-r@gattering). This young technique has
been used to characterize light-induced structama@inges in solution for a variety of systems
ranging from diatomic molecul®sto large biomolecule¥. TR-WAXS can capture, in one radial

dimension, all the transient structures preserthe laser-irradiated volume by collecting X-ray
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scattering patterns as a function of time delaytalanalysis of the diffraction patterns can then
reveal the structural evolution of different reantipathways, limited only by the signal-to-noise
ratio of the difference signal between excited aod-excited states. Unfortunately, this has so far
mainly limited the use of TR-WAXS to the study aght-induced structural dynamics for
molecules containing heavy atoms. For example, TR has succeeded in monitoring the
photochemistry of CHf® and Hgp* both of which can dissociate one or two | (Z = &&ms on
the subps timescale. In these examples and otffef%3? the heavy iodine atom has the role of
ensuring a sufficient scattering signal from thetplshemically active solute molecule. This helps
with extraction of the contribution of the solutegtochemistry from the whole diffraction signal,
which contains also all solvent-related terms (®sholvent and solvent-solvent).

A challenge for this emerging technique is to edtéts use to detect photoprocesses
involving the release of complex fragments formgddw Z atoms such as C, Nand O (Z =6, 7
and 8, respectively). This will provide a signifitancrease in the variety of molecules that can be
studied with TR-WAXS.

Herein we report a direct observation by TR-WAXSIight-induced ligand dissociation
from a mononuclear metal complex of interest inftakel of photochemotherapeutic agents, namely
cis-[Ru(bpyk(py):]Cl. (bpy = 2,2-bipyridine and py = pyridine). Upon excitation thie metal-to-
ligand charge-transfe!NILCT) band centered at 460 nm in the absorptiorcispm, this model
compound efficiently releases (photodissociatioeldjip = 0.2f° one pyridine ligand and

subsequently coordinates a solvent molecule (Scl®me

'MC
—
'MLCT Nigand
m— - /SC SMC dls(io; 'ﬁ;')"" n, oy
— o
SMLCT

A =400-540 nm

Scheme 2. Photodissociation scheme fais-[Ru(bpyh(py)s]*".



We show here that TR-WAXS is able to capture m dhbattering images the release of the
pyridine ligand from the metal centre and the sgbeat coordination of a water molecule within
800 ns from laser excitation (the shortest timexgelcquired). The experiment provides a snapshot
of the final stage of the ruthenium complex phaedciation. TR-WAXS captures two molecular
events, the release of py and the coordinatiomd#,® molecule, and records them as a function of
the inter-atomic radial distribution function. TA&R-WAXS signal is extracted as the difference
between the scattering profile before and aftegrlaxcitation. Consequently, the technique detects
the differences in the radial distribution functioetween the un-reacted and the reacted states.

The structural information in our TR-WAXS experiniés unprecedented and shows that
the technique can be successfully used to moniterphotorelease of a heterocyclic fragment
formed by low Z atoms. Interestingly, information second and third sh&latoms around the
metal center is also obtained. This result is eveme remarkable if the small difference in the
diffraction signal of the reacted and un-reactedai=omplex is considered.

The subps temporal resolution of the experiment is deteedirby the choice of the
excitation method (see the Results and Discussemtios)), and still needs to be improved to
capture the excited-state dynamics of the py reléasn cis-[Ru(bpy)x(py)2]Cl. (1-10 ns) and the
water coordination that follows. Nevertheless, thasults reported here establish TR-WAXS as a
new tool for the study of photoactive metal compeXWe demonstrate how TR-WAXS can probe
bond cleavage between the Ru center and the lowrdsaof the leaving pyridine ligand, as well as
the formation of a new Ru—O bond due to the coattitim of a solvent molecule.

In the field of metal-based anticancer agents WWRXS structural determination of short-
lived transient species generated from such systemsunder physiological conditions) could lead

to new discoveries about their mechanism of action.

2. Experimental Section

2.1. Sample preparation. cis[Ru(bpyk(py):](ClO,), was synthesized according to the literature
procedure® To increase its water solubility, the chloride idative cis[Ru(bpy)(py)s]Cl, was
prepared by anion exchange of a methanol solutfonissiRu(bpy):(py)2](ClO4), on a Dowex
weakly basic anion exchanger resin (purchased faddrich). The 20 mM solution ofcis-
[Ru(bpyk(py)2]Cl, was prepared dissolving 5.14 g (8.00 mmol) ofdtmaplex in 400 ml of water.

2.2. Computational details. All geometry optimization calculations were perfmd with the
Gaussian 0% (G03) program package employing the DFT methoch wite Becke's three-

parameter hybrid functioridland the Lee-Yang-Parr's gradient corrected caiosisfunctionaf®



(B3LYP). The LanL2DZ basis set and effective coomptiai39 were used for the Ru atom and the
split-valence 6-311& basis séf was applied for all other atoms il andM 2, while the 3-21G
basis set was employedlih3 (see Results and Discussion section, 3.2. TR-WAXSsurements).
In M3, the structure of the photoprodwis-[Ru(bpy)k(py)(H20)]*" was optimized by adding three
explicit water molecules in proximity of the coandied water to simulate the solvent effect. The
conductor-like polarizable continuum model meth6®CMY**3with water as solvent was used to
take into account the solvent effect. The naturalb$tationary points was confirmed by normal-

mode analysis.

2.3. EXAFS data collection and data analysis. X-ray absorption experiments, at the Ru K-edge
(22117 eV), were performed at the BM26A of the ESRility (Grenoble, Ff* The white beam
was monochromatized using a Si(111) double cryktaimonic rejection was achieved by using Pt-
coated Si mirrors. An EXAFS cell, specifically désd to liquid samples, was filled with a 50 mM
aqueous solution dfis-[Ru(bpyk(py).]Cl.. Due to low concentration of complex, EXAFS spactr
were acquired in fluorescence mode, by means ofekerient germanium monolithic detector,
collecting the Ru I3 fluorescence lines in the 18500-19500 eV range iftensity of the
incident beam was monitored by an ionization chamble pre-edge region and XANES part of
the spectra were acquired with a constant enemgy ot 10 and 1.3 eV respectively, while the
EXAFS part (from k = 2 A up to 14 AY) was collected with @k = 0.05 A?, resulting in a
variable sampling step in energy. The integratiovetper point was 2 s for the pre-edge region, 5 s
in the XANES region, and linearly variable fromdb30 s in the EXAFS part of the spectrum.

The extraction of the(k) function was performed using Athena progrdm$hree consecutive
EXAFS spectra were collected, resulting in thggr) spectra being obtained by integrating the
counts of the 9 elements of the fluorescence dmte€orresponding %kweightedyx (k) functions
were averaged and Fourier Transformed inAke= 2.00-14.00 A interval. The quality of the
averaged % (k) data can be appreciated in Figure 1a. EXAF®@ daalysis was performed using
the Arthemis softwaré The fits were performed in R-space in th® = 1.00-5.00 A range
(2AkAR/mT ~ 30). Phase and amplitude functions of each patte calculated by FEFF8.4 c4e
using the structure obtained from DFT calculatiassinput (B3LYP/LanL2Dz/6-311G). Due to
the complexity of the structure, more than 200 Isirsgattering (SS) and multiple scattering (MS)
paths are generated by the code. According toritexia described in the Supporting Information,
we selected 30 main paths that were sufficienetomstruct the overall EXAFS signal. To limit the
number of optimized variables, all paths were oftid with the same amplitude factop{Sand

with the same energy shifAE) parameter. Moreover, both the two py and two liggnds were
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considered as rigid molecules whose only degrefregidom is the radial translation along the
corresponding Ru—N axis. The two pyridine ligandsavassumed to behave in the same way and
the same action was inferred for the two bpy ligaas well. Consequently, the only two structural
parameters optimized in the fit were the distari@sn(y) and Rru-nmpy; the lengths of all the other
paths were calculated starting from these two &laecording to geometrical constraints imposed
by the rigidity of the py and bpy ligands. Concamithe Debye-Waller (DW) factors, only two
parameters were optimizediry-n(py) and Oru-nppyy associated with Ru-N bonds for py or bpy
ligands, respectively. For SS and MS paths invghatoms of the same ligand, we imposed the
corresponding DW factor to b = O'ZRU_N(L) V(Re/Rru-nq) (L = py or bpy). In this way, when the
mean free path length { increases, we roughly take into account the eegeproportional
expansion of its standard deviatias).(Several almost co-linear MS paths involve twatdms of
two opposite L and L’ ligands. In these cases tB§if factors were computed adus = [OrunN) +
ORU_N(L')]Z. Summarizing, the fit runs over 6 independent petars only. A similar approach to
validating a complex structure by EXAFS (known byRIX or by ab initio calculations),
maintaining a limited number of optimized paramgtdras already been successfully employed in
the case of [Ru(bpyAP)s_2]Cl2 (AP = 4-aminopyridine, n = 1, 2, 3)* of CrCp (Cp =

cyclopentadienyl) hosted in different porous massf*°and metal organic framework%>?
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Figure 1. a) Experimental &(k) EXAFS spectrum otis-[Ru(bpy)(py),]Cl, (violet curve) compared with its best fit

(magenta curve)) Corresponding phase uncorrected FT moduluscaimdaginary part. Optimized parameters of the
fit are reported in Table 1.

24. TR-WAXS data collection. A full account on the ID0O9B beamline architectuaed
instrumentation is provided elsewhé&feThe sample solution was continuously circulateidgis
liquid jet apparatus. The liquid enters from abawel is collected in a funnel below the interaction
point. The pumping speed of the circulating solui®set such that the sample is replaced between
two laser pulses (ca. 1 ms apart) and to guarank@®inar regime of the falling liquid, necessary t
maintain a constant sample thickness crossed byuhging and probing beam. The scattering
pattern is collected on a CCD detector centerethenncident beam. A Photonics Industries Laser
“DM50” was used to photoexcite the sample. Therlasgetition rate was identical to that of the X-
rays (~ 986 Hz). Using a diode current of 8.6 80® ns pulse was obtained. The laser energy on
the sample was 195 mW and a transmission (thrduglsample) of about 60% was measured. The
laser beam was focus to 0.8.19 (horx ver) mnf. The estimated percentage of photodissociated
molecules per laser pulse is ca. 6% in the irradiatolume (2.¥102 mn?) (see Supporting
Information)?* We benefited from the new fast readout FReLoN Qfgffector. The raw images

were corrected in order to take into account sévenavoidable effects: i) pixel/optical fibers
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connection; ii) fluorescent screen non-homogeneiiy; X-ray beam polarization (in plane,
lineary®>*** jv) X-ray to visible photon conversion efficiencue to thed-dependence of the
optical path through the fluorescent screen; v)aX-extinction due to sample absorptid (
dependent because of the path length). Afterwatis, azimuthal averaging procedure was
performed, to obtain thel) and thus 1(q) curves using the peak of the nakadistribution of the
spectrum emitted by the U17 undulator. This procedwas repeated for each time delay

Differential Al(q, T) = I(g, 1) — I(g, To = —1200 ns) curves were calculated between adjacen

acquisitions and then averaged over 530 acquisitsreported in Figure 2c.

29 C 01(g,t=300 ns)
4 = 1(q,7, =—2000 ns) L
44
43 5
T ©
S =2
= 8
2 E 0 L/\r‘] i @FQ o
d x,? v L
1 f e Al(9,300 ns) = 1(q,300 ns) — 1(q,—2000 ns) e
_2 T T T 1X1 0

4 6

q/A”’ °
Figure 2. Experimental setup and raw data collectigrExperimental setup. From left to right: optical beroperating
with aA = 532 nm laser (pulse length 800 ns); liquid-glt;dReLoN 2D CCD detectoh) 2D X-ray scattering image
from the FReLoN 2D CCD detector, collected withipes time delay between pump and probea ef 800 ns. The top
(large) and the bottom (small) dark parts are thedews from the nozzle in the liquid-jet cell (qeat @), central
picture). The two dark circles are due to the X-aayl laser beam-stops needed to protect the CC@reach Left
ordinate axis: superimposition of I(g,= 800 ns) and I(qr, = —1200 ns) curves (open violet circles and pioksd
respectively) both obtained by azimuthal averagifighe single 2D image similar to that shown intp@). Right
ordinate axis: difference signal(qg, T = 800 ns) = I(qr = 800 ns) — I(qro = —1200 ns), green curve.

3. Resultsand Discussion

3.1. Structure refinement of cis[Ru(bpy)2(py)2]JCl. in aqueous solution by EXAFS
spectroscopy. The EXAFS spectrum was simulated starting from iR -optimized geometry of
cis-[Ru(bpyk(py):]Cl.. The quality of the obtained fit in both R- andpaces can be appreciated in
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Figure 1 and is further confirmed by the very loalues of both R-factor and errors associated to
the fitting parameters (see Table 1). It is woriphhghting that bpy units contribute to the high
distance paths almost twice as much as the py. dritrefore, distances and Debye-Waller factors
were determined with a better precision for the lggnds. Accordingly to the lower mass, py units
of the complex exhibit a Debye-Waller factor highiesin bpy. The nitrogen atom of the py units is
located at a distance of 2.09 + 0.01 A from Ru,deed.08 A shorter than the value predicted by
DFT calculations (Table 1). Also the experimental-R(bpy) distances are 0.03 A shorter than the
theoretical ones. Curiously, the optimizeguRppy) and Reu-nepy) distances become equivalent
taking account of the associated errors. This behaeems to be typical of the EXAFS technique;
when several neighbors of the same chemical nateelocated at close distances, there is a
tendency to allow such distances to converge toranwon valué!*”*° The higher correlation
among parameters occurs fogRipyfRru-nwppy) = —0.73. All other correlations are below 0.5 in
absolute value. Summarizing, we conclude that EXAfaga analysis fully confirms the overall
structure optimized in the DFT calculations. Theutts reported in Table 1 are in good agreement
with previous studies performed on similar ruthemioomplexes™*’ (For more details regarding

the most relevant paths contributing to the EXAk®a&l, see Supporting Information).

Table 1. Summary of the optimized parameters in the EXAB& ditting (Figure 1). The fits were performedRa
space in the 1.0-5.0 A range ovémkeighted FT of the(k) functions performed in the 2.0-14.0"Anterval. A single
AE, and a single @ were optimized for all SS and MS paths. Optimibedd distances are compared to the average
values obtained from DFT calculations.

cis-[Ru(bpyk(py)ICl>

parameters EXAFS DFT
Nind 30 -

N 6 -
Riactor 0.032

S 0.72+0.05

AE (eV) 2.5+ 0.6 -
Reu-npy (A) 2.073+ 0.007 2.112
Oru_N(bpy) (A%) 0.0027+ 0.0006

Rru-npy (A) 2.09+0.01 2172
Oru_ny) (A%) 0.004+ 0.001

3.2. TR-WAXS measurement. TR-WAXS experiments onis-[Ru(bpy)k(py)]Cl. were performed
at the European Synchrotron Radiation Facility (ESBn the IDO9B beamlin&, which offers a
unique setup for ultrafast pump-and-probe experiméupporting Information).

All the data were collected using a 20 mM aquesnlgtion ofcis-[Ru(bpyk(py),]Cl, and
excitation, with an 800 ns-long pulse of 532 nnhijgn the red tail of théMLCT band in the

visible part of the absorption spectru@is-[Ru(bpyk(py).]Cl, does not show any emission in



agueous solution at 298 K, nevertheless variabhpégature studies showed that emissiop(~
630 nm) from the®MLCT of the complex can occur at lower temperat(e248 K) in an
ethanol/methanol solution. The extrapolated emiskfetime at 298 K for the same solution is 2.7
ns>® in agreement with the value of 5 ns measured byeWlet al. in dichloromethane at 298 K
(Amax ~ 630 nm, quantum yield < 0.000f)The lack of emission in aqueous solution of the
complex is due to a low-lyingMIC (metal-centered) oiLF (ligand-field) state, which deactivates
the®MLCT state and is also responsible for the py disgion®

The relatively long laser pulse was used to enhdhe fraction of excited molecules thus
increasing the difference signal. 2D diffractionaipes were taken at four different positive time
delays t= 800, 1000, 1500 and 5500 ns) between laser-puntXaray-probe and then azimuthal-
averaged to give the corresponding fjgcurves?® Laser source features and the time delays were
selected to allow exploration of TR-WAXS faris-[Ru(bpyk(py)]Cl2, considering both its
structural and photochemical properties and the lacquisition time required to obtain a good
signal-to-noise ratio. Excited-state structuralres were lost using the chosen excitation method
since the reactive state has a much shorter lieetiompared to the laser pulse length. Instead, a
quasi steady-state population of photochemicallgifred molecules was obtained and the changes
in the structure otis[Ru(bpy)k(py):]Cl. were captured by measuring the variation in sdage
intensity. Thus, a structural snapshot of the phmtduct cis-[Ru(bpyk(py)(H.0)]*" is taken
simultaneously with the footprint left by the reded pyridine fragment. A negative time detay
—1200 ns was used to collect diffraction imagesefasrence for the ground-state structurecisf
[Ru(bpyx(py)ICl,. This non-excited image is necessary in TR-WAXSd&ermine structural
changes upon irradiation, since the techniquesalethe difference between the X-ray scattering
signal of the sample after (positive delays) anibige(negative delay) laser irradiation. Therefore,
differential intensities were defined a$(q, 1) = I(g, T) — I(g, Tp). Due to the very low signal-to-
noise ratio of a singlal(g, 1), whose magnitude is < 0.1% of the single I{gacquisition, 530
images for each time delay were collected and theespondingAl(g, T) were averaged, giving a
significant improvement in the signal-to-noise agfrigure 3a). At this stage in the data processing
measurements resulted in four identical curveshiwithe signal-to-noise ratio, indicating that the
photochemical process was already complete af@m8Qas expected). All the acquired data were
then further averaged to improve the signal-to-@o#io (see\l(q) green curve in Figure 3b). The
g-weighted Fourier Transform (FT) af(q) resulted inAl(r) (see green curve in Figure 3c) which
represents the difference in the overall radiarithigtion function of all components in the sample,

after and before photoexcitation (solvent, metahplex and its fragments).
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An important contribution tal(r) is the solvent response to the heat-releasa the solute
molecules excited by the laser puidén particular, due to the limiting dissociatioreld (20%§°
and the use of the long laser pulse to generatéipieuchances of dissociation, we expect the
solvent response to play an important role. Aceueadiraction of the solvent contributidmsq(q)
and its correspondingilsoi(r) (black curves in Figure 3b and 3c) from theragedAl(q) curve was
therefore investigated. This was achieved by perilog the same data acquisitions, but with the Ru
sample replaced by a solution containing a phoctaigiinert solute (KMn@) able to transfer a
similar amount of heat to the solvent per lases@uThis heat-removal procedure is critical for the
present system, since only a small fraction ofgbleite reaches the photoactive excited state per
laser-pulse and the information relevant to thecstral changes in the molecule is very difficolt t
isolate from the total signal. The thermal relaxatilecay time was estimated to be ca. 260sing
the method of Fadéf. Since this value is greater than time-scale of tREWAXS experiment, a
contribution from the decay of thermal effects @ present in the TR-WAXS curves. Théo(Qq)
curve was scaled (scaling factor of 1.5) to minanike difference betweekl(q) andAlseq) in
the region 1.5 A-2.95 A*, where the signal is dominated by the thermalraegement effects of
the bulk water structure (Supporting Informatiofe scaled\lso(q) was thus subtracted from the
overall signalAl(q), to give the differenc&[Al(q)] = Al(q) — Also{q) (bottom purple curve in
Figure 3b) which, despite being slightly noisy, éxis well defined maxima and minima. In r-
space the differences betwealfr) and Alsq,(r) are appreciable up to 5 A, and result in algice

structuredA[AI(r)] curve (bottom purple line in Figure 3c).
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Figure 3. Experimental dataa) Differential intensities focis-[Ru(bpyx(py).JCl, in aqueous solution defined A{q,

1) = (g, 1) — (g, T0), Where 1(q,;T) are signals collected at different time delays @00, 1000, 1500, 5500 ns) and I(q,
To) is the non-excited reference for the system leekaser excitation. Top curve is obtained fromnglei acquisition at

T = 800 ns; the other curves are averaged over 3D ihagesb) Top: comparison between averaging the i{g,

T) curves reported in parg) and the data obtained repeating the same experinsgng KMnQ as photochemically
inert solute. Bottom: difference between the tléq) curves reported in the top pac). Top: Al(r) curves, obtained
from g-weighted FT (in 0-9 A interval) of correspondingl(q) reported in parth). Bottom: difference between the
two Al(r) curves reported in the top part, equivalengteighted FT ofA[Al(q)] bottom curve in parth). The grey
horizontal lines correspond to the zero on theig.ax

A[AI(r)] intuitively represents the difference in eflemn density around the main scattering
center, i.e. the Ru atom, as a function of interat distance ° In the case ofcis-
[Ru(bpyk(py)z]*", the Ru atom has the highest X-ray cross-sectimhtAusA[Al(r)] can picture
bond cleavage or bond formation around the metaltreeas negative and positive peaks,
respectively.

As shown in Figure 4a, the experimentdl(r)] curve (black circles) shows two well-
defined negative peaks at 3.14 and 4.69 A, and euldér around 2.50 A. Focis-

[Ru(bpyk(py)2]Cl2, the presence of these negative peaks is conisigiitnthe movement of several
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atoms of the molecule out of the Ru coordinationesp compared to their ground-state positions.
In particular, the peaks at 3.14 and 4.69 A sugtiest TR-WAXS is able to detect, for the first
time, the release of low Z atoms from the secortthind shells.

In order to correctly assign each peak to theesponding atoms of the released ligand,
three TR-WAXS simulated curves were calculated gisirsimplified scattering modéland DFT-
optimized structures of all the species involvedhia photoprocess (Figure 4B)In the first case
the {[Ru(bpyx(py)]** + py} and [Ru(bpyXpy).]* structuresi 1) were used to model the transient
and the unperturbed complex, while in the seconsk cihe structures of the photoproducts
{[Ru(bpy)a(py)(H-0)]** + py} and the unperturbed system {[Ru(bgpy):]*>* + HO} (M2) were
employed, respectively. In the third modeM3), the structure of the photoproduct
[Ru(bpyk(py)(H.0)]** was optimized by adding three explicit solvent ewoles (water) H-bonded
to the HO ligand coordinated to the Ru center. TM& strategy was aimed at determining a
different photoproduct structure and assessingdiffarent Ru—O bond length, as well as solvent-
cage effects, could result in a better simulatedWWRXS curve. In our raw model the role of the
counterion was neglected since the Ru—Cl distaaetikely to be> 5.5 A and they do not change
noticeably between laser-on and laser-off. Moreower coordination of Clis observed for the
agueous solution of the complex at the end of migeal light irradiation of the sample. An EXAFS
experiment performed on an aqueous solutiorcief{Ru(bpyk(py)2]Cl. confirmed the overall
validity of the DFT structures, which neverthelebave RuN bond distances slightly
overestimated. Comparison between the three sieuilatirvesM1-M 3, and the experimental
curve gives insights into the structural changesuoing to cis-[Ru(bpyk(py):]Cl. during the
investigated photoreaction time-range (800 ns u5)5Simulations confirm the dissociation of one
pyridine ligand upon excitation. The well-defineegative peaks at 3.07-3.09 and 4.42—-4.58 A in
M1-M3 are in very good agreement with the loss of saatesignal observed in the experimental
curve (peaks at 3.14 and 4.69 A). Such negativ&spearrespond to the contributions of the two
ortho (3.07-3.09 A) and twmeta(4.42—4.58 A) C atoms of the py (Figure 4b). Thatdbution of
the para C atom at ca. 5 A from the Ru is not well defindde to the longer Ru—C distance (the
signal decreases with a 4/dependence) and to the presence of only a singi&o@® in this

position.
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O experimental
1 simulation of py dissociation (M1)
( ) === simulation of H,O coordination (M2)
== simulation of H,O coordination (M3)

A[AI(r)] / a.u.

O experimental
simulation of py dissociation (M1)
=== simulation of H,O coordination (M2)
== simulation of H,O coordination (M3)

‘ A[Al(Q)] / a.u.

1 2 3 4 5 6 7 8

Figure 4. Interpretation of experimenta[Al(r)]. a) Experimental (black circles) and simulated (lilaM4, pink =M 2
and light-blue =M 3) A[AI(r)] curves. The three simulated curves are okthinsing different models for the final
photoproducts: for the lilac curvé() only the py dissociation is taken into accourg, {[Ru(bpy:(py)]** + py},
while for the pink M2) and light-blue ¥3) curve also the coordination of a water molecdeiricluded, i.e.
{[Ru(bpy)2(py)(H.0)]** + py}. All the structures employed in the simuteis are obtained from DFT-optimized
geometry calculations in water. M3, the structure of the photoprodugis-[Ru(bpy)(py)(H,0)]** was optimized by
adding three explicit water molecules to simul&ie $olvent main effects (these three water molscaie included in
the simulation of the TR-WAXS signal). Vertical baare placed in correspondence of the Ru-N and Rlist&nces
obtained from the DFT structure cis-[Ru(bpy)(py).]*". b) Representation of DFT-optimized ground-state $tmacof
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cis-[Ru(bpy)(py).]*", showing the distances where it is expected temiesa decrease in the radial distribution function
upon pyridine ligand release by photodissociatgmtoproduct modelingRu(bpy)(py)]** structure used iM 1 (from
DFT-optimized structure dfis-[Ru(bpyy(py),]*) andDFT-optimized structures of [Ru(bpgpy)(H,0)]** used inM 2
andM 3. c) Experimental (black circles) and simulated (lifaM 1, pink =M 2 and light-blue =M 3) A[AI(q)] curves.

In the 1.6-2.7 A regiony11 and the experimental curve differ significantipstead of the
shoulder observed experimentaliy,1 has a negative peak which corresponds to thedbsise
pyridine N atom (2.17 A). This worse agreement eetmM 1 and the experimental curve in the
1.6—-2.7 A region is, in principle, unexpected asekperimental signal decreases as However,
theM 2 simulation is able to clarify such result. In fashen HO is included in the model structure
of the photoproduct —replacement of the pyridinatbin with the almost isoelectronic O atom of a
coordinated water molecule (Ru-O distance of 2.2 Ahe DFT optimized structure used for
M 2)— the simulated signal in the 1.6-2.7 A regiondmees a shoulder on the low-r side of the peak
relative to theortho C atoms. A further improvement in the simulatidntioe A[Al(r)] curve is
obtained withM3. In this case, also the experimental positive paak = 1.95 A is better
reproduced, sinc®l 3 shows a maximum at 1.87 A.

The introduction of three water molecules H-bondedthe coordinated water significantly
improves the agreement between the simulated ddi¥e&nd the experimentai[Al(r)], and this
can be quantified/evaluated using the R factoiipddfby eq. 1, wherg s A[AI(r)] or A[AI(Q)]. In
the ideal case of a perfect agreement of the siroualavith the experimental curve, the R factor is
equal to zero.
p- O

i P)? (eq. 1)

The R factor obtained foM3 is 0.31, while forM1 andM2 it is 1.37 and 1.41, respectively,
indicating thatM 3 better reproduces the global shape (position afadive intensity of the peaks)
of the experimentah[Al(r)]. This trend is obviously observed also in tiiepace (see Figure 4c); in
this case the R factor fiM 1, M2 andM 3is 1.66, 1.03 and 0.57, respectively.

Despite the limitations due to the simplified modshployed in the description of the X-ray
scattering signal and the intrinsic errors in tHelbond distances, the agreement betwd&mand
the experimental curve indicates tlas-[Ru(bpy)k(py).]Cl. dissociates the pyridine ligand and
coordinate a solvent molecule within 800 ns of &tmn. Furthermore, this result indicates that the
O atom in the Ru—Okbond of the photoproduct is at a shorter distgdRee-O = 2.12 A according
to the DFT optimized structure used fok3) than the N atom in the Ru—N(py) bond @é

[Ru(bpyk(py)2]Cl2 (Ru-N(py) = 2.17 A).
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Conclusions

Although limited by the excitation source and by thignal-to-noise ratio, the structural and
temporal information obtained in this experimerg anique due to the relatively complex nature of
the photoreleased ligand. Conversely, more is knmmnthe femtosecond timescale of the
photorelease of ligands such as && On the basis of this first exciting result, futaeplications

of TR-WAXS to photoactivatable metal anticancerragean now be envisaged, including study of
their photochemistry on shorter time-scales (1-18), in biological conditions (e.g., salts,
peptides, metabolites), and in the presence ofetangacromolecules relevant to tumor cells.
Preliminary new data suggest that the time scaleth® py photodissociation focis-
[Ru(bpy)(py)]Cl; is in the 100 ps-5 ns range (Supporting Infornmtio

This work reports the first direct observation BR-WAXS of light-induced ligand
dissociation from a mononuclear metal complex inegqs solution. Furthermore, to the best of our
knowledge, this is the first successful applicatdhis emerging technique to detect the reledse o
a multiatomic fragment formed by low Z atoms. TheeaerimentalA[Al(r)] curve shows features
assignable to atoms not only in the first coordorashell of Ru, but also in the second and third
shells as well. Detection of such a weak and higliyctured signal opens up exciting prospects for
the technique. Future advances could allow detall@®dWAXS studies of the dynamics of
photochemical processes under biologically- andlgttally-relevant conditions and involve
characterization of three-dimensional reorientattbrorganic ligands around metal centers. A full
treatment in the modeling of solvent-related tefarsWAXS curves of such systems is required to
achieve these challenging goals. Although difficalddressing these aspects can lead to the full
comprehension of the solvent behavior in photochahgrocesses involving metal complexes. This
aspect of TR-WAXS gives complementary informatiathwespect to TR-XAFS, which in contrast
is atom-selective using the photoelectron as prdlms implies that TR-XAFS provides better
evidence for differences in the first shell arotimel absorbing atom, whilst missing what happens at
larger distances.

Summarizing, these findings have a wider signifaeain coordination chemistry. Riis
usually considered to be a relatively inert matalwith ligand substitution reactions occurringaon
ca. kilo-second or greater timescale (as is alsc#se for Rl). Whilst this is true for ground-state
thermally-induced ligand substitution processess #vident that substitution reactions of excited
states can take place on a micro-second or legsdtae, a timescale usually associated with ligand
substitution reactions of some first-row transitiometals and s-block metals. Photoactivation
therefore is potentially a very powerful additiostdategy for varying the kinetic reactivity of rakt

ions.
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Figurefor the TOC

Time-Resolved Wide Angle X-ray Scattering is sustdly employed to study the photochemistry
of cis-[Ru(bpy)(py),]JCl.. This technique is able to directly capture the dtral changes in the
metal complex due to the release of a pyridinentigand the coordination of a solvent molecule
within 800 ns of laser excitation.
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