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Initial metal—-metal bond breakage detected by fs
X-ray scattering in the photolysis of Ruz(CO),, in

cyclohexane at 400 nmt PSTAR
Q. Y. Kong, ®*' M. G. Laursen,” K. Haldrup,” K. S. Kjzer, ©° D. Khakhutinc [881-2019

E. Biasin,” T. B. van Driel,* M. Wulff," V. Kabanova," R. Vuilleumier,%" S. Bratos,
M. M. Nielsen, ©° K. J. Gaffney,? T. C. Weng* and M. H. J. Koch®

Using femtosecond resolution X-ray solution scattering at a free electron laser we were able to directly
observe metal-metal bond cleavage upon photolysis at 400 nm of Ruz(CO);,, a prototype for the photo-
chemistry of transition metal carbonyls. This leads to the known single intermediate Ruz(CO);(u-CO)*,
with a bridging ligand (pCO) and where the asterisk indicates an open Rus-ring. This loses a CO ligand on
a picosecond time scale yielding a newly observed triple bridge intermediate, Ruz(CO)g(p-CO)s* This
loses another CO ligand to form the previously observed Rus(CO);o, which returns to Ruz(CO)4, via the
known single-bridge Ruz(CO);o(u-CO). These results indicate that contrary to long standing hypotheses,
metal-metal bond breakage is the only chemical reaction immediately following the photolysis of
Ruz(CO);, at 400 nm. Combined with previous picosecond resolution X-ray scattering data and time
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Introduction

Free electron lasers with intense ultrashort X-ray pulses of a
few tens of femtoseconds (fs) offer unique opportunities to
investigate the kinetics of the very early steps of photochemical
reactions using pump-probe methods. These methods have
recently been used in tracking excited-state electronic struc-
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resolved infrared spectroscopy these results yield a new mechanism for the photolysis of Ruz(CO);».

tural dynamics," direct observation of bond formation,* ato-
mistic characterization of solvation dynamics,’ visualization of
non-equilibrium dynamics,* and in favorable cases, obser-
vation of chemical bond dynamics of hot molecules,>® as well
as conformational transitions in biological macromolecules.”®
These experiments thus concentrated on physical rather than
chemical processes. We used fs X-ray solution scattering to
study the photolysis of Ruz(CO);,, a thermally stable metal car-
bonyl which serves as a prototype for the photochemistry of
transition metal carbonyls. Ru;(CO);, is not only a useful cata-
lyst, but also a precursor and building block in controlled
photo-driven syntheses, whereby a specific chemical bond is
broken at a specific wavelength.” "' The UV-visible spectrum of
Ru;(CO);, has two prominent absorption bands (Fig. 1A). The
first at 390 nm originates from a metal bonding to antibond-
ing (4do — 4do*) transition which has long been hypothesized
to result in heterolytic cleavage of a metal-metal (M-M) bond
upon excitation. The second band at 238 nm is attributed to a
metal to ligand charge transfer (MLCT) associated with the
loss of a CO ligand.">™*

Due to its theoretical and practical interest, the cleavage of
an M-M bond in the photolysis of Ruz(CO);, has been exten-
sively studied.””™® The signals from ultrafast infrared (IR)
spectroscopy following excitation of Ruz(CO);, at 400 nm in
non-coordinating solvents like CgH;, were interpreted as
arising from two competing reactions, one involving metal-
metal cleavage and the other resulting in the loss of a CO
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Fig. 1 Schematic diagram of ultrafast X-ray solution scattering on the metal-metal bond breakage of Rus(CO);, after 400 nm excitation. (A)
400 nm excitation of the UV/vis absorption spectrum of Ru3(CO);, in cyclohexane corresponds to the metal bonding to antibonding (4dc — 4dc*)
transition, resulting in Ru—Ru bond cleavage. The green mesh in the inserted molecular orbital of Ruz(CO);, represents the metal-metal ¢ bond. (B)
Femtosecond laser pump and X-ray probe experimental setup at the LCLS. The Rus(CO);2/CgHs> liquid jet with a thickness of 100 pm is excited by a
30 fs laser pulse at 400 nm. A synchronized 40 fs X-ray pulse at 9.5 keV arrives after a set time delay and is scattered by the excited solution. The
scattered signal is collected by the CSPAD CCD detector. (C) The X-ray scattering intensity is obtained by azimuthal integration of the 2D scattering
pattern. Subtraction of the scattering intensity before laser excitation from that after excitation yields the difference X-ray scattering intensity used

to determine the transient molecular structure.

ligand. These reactions were concluded to both yield inter-
mediates with bridging CO ligands: Ruz(CO);4(p-CO)* for the
M-M cleavage channel and Ruz(CO);o(p-CO) for the CO-loss
channel (where the asterisk indicates a broken Ru-Ru bond)."”
The CO-bridged intermediate Ruz(CO);4(p-CO)* was first observed
by time-resolved IR.*® X-ray solution scattering with 100 ps resolu-
tion following 400 nm excitation of Rus(CO);, in C¢H;, unam-
biguously confirmed the existence of Rujz(CO);o(p-CO) but not
Ru3(CO)44(p-CO)* and revealed an additional major intermediate
Ru;(CO)yo with terminal CO only.”" The existence of Ru,(CO)qo
was independently confirmed by X-ray transient absorption
spectroscopy with 100 ps resolution.”

In previous ultrafast IR'” and 100 ps resolution X-ray scat-
tering studies'">" mixtures of CO loss and M-M bond break-
age intermediates were observed. These measurements lacked
the structural sensitivity or time resolution to determine
whether 400 nm excitation only leads to Ru-Ru bond dis-
sociation with CO loss the product of a secondary process or if
direct CO dissociation can be achieved with 400 nm excitation.

The origin of the major photoproduct at 100 ps, Ruz(CO),
also remained unclear. Successive single CO loss from
Ru;3(CO);, has been proposed,® because simultaneous loss of
two CO from Ruz(CO);, in solution following single photon
absorption at 400 nm is unlikely*®> and has not been experi-
mentally proven.

In the present study we used the fs time resolution of the
XPP end station®* at the LCLS X-ray Free Electron Laser™ to
determine the species formed about 100 fs after photo-

320 | Photochem. Photobiol. Sci., 2019, 18, 319-327

excitation. Fig. 1 displays the X-ray solution scattering pattern
of the Ru-Ru bond breakage intermediate Rus(CO)g(p-CO)s*
after laser excitation of Ruz(CO);, at 400 nm. Details of the
experimental procedures and data reduction are provided in
the Materials and methods section. The conditions of the pre-
vious experiments are summarized and compared with the
present ones in Table S1 in the ESI.}

Results

Our analysis relies on difference scattering patterns obtained
by subtracting the pattern measured without laser excitation
from all other patterns in the time series, as described in the
data reduction section. Selected difference patterns (gAS(g, t))
illustrating the structural changes due to the laser excitation
are shown in Fig. 2A as a function of the momentum transfer
q = 4nsin 6/4, where 26 is the scattering angle and A the X-ray
wavelength (1.305 A).

The kinetics of the reaction is modelled by analysing the
experimental difference scattering patterns at different times
using linear combinations of the difference scattering patterns
of the equilibrium structures of putative intermediates
obtained by DFT calculations. Note that only the fraction of
molecules which does not return to the ground state in the
first 100 fs contributes to the signal. This fraction was
obtained by scaling the scattering data and the simulated
Debye scattering of the intermediates and Ru;(CO);, to one

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Fig. 2 Time-resolved difference X-ray scattering intensities gAS(q, t) at various time delays and structural reaction dynamics of Ruz(CO);, in CgH1»
5.16 ps after excitation. (A) gAS(qg, t) (dots) and least-square fits (red lines) between 100 fs and 50 ps. Every 14th delay out of 170 used in the data
analysis is presented. The curves are shifted vertically for better visualization. (B) Contributions to the total theoretical signal (red curve) of the transi-
ent solute (blue), solute/solvent interaction (magenta), and response of the bulk solvent due to heat release from hot intermediates (orange). The
solute signal is calculated from the Debye scattering of putative solutes and the solute/solvent interaction (cage) from MD simulations, and the
solvent signal is deduced from laser heating of a dye molecule in CgHy, excited at 400 nm.2® The strong negative feature at g = 1.3 A~ and signals
below this value arise mainly from solvent heating.2® The positive shoulder at 1.4 < g < 1.8 A™* is a combination of the solute and cage with a small
contribution from the solvent, while signals at g > 2 A arise mainly from changes in the solute structure. Signals at g > 1.4 A can be used as a

fingerprint of the transient structure.

solvent molecule. The simulated Debye scattering was divided
by 4628, corresponding to the number of solvent molecules
surrounding one Ruj(CO);, molecule at a concentration of
2 mM. Linear combination fitting of the data at 100 fs gives a
fraction of 0.26 (or 9.83 x 10° molecules in the irradiated
volume) for Ruz(CO);4(p-CO)* and 0.74 for Ruz(CO);, in the
ground state.

As the catalyst works in a cycle, the intermediates must
remain close to equilibrium and one may assume that the
time and spatially averaged structures of these intermediates,
the only ones accessible by X-ray scattering, do not differ too
much from those of the putative intermediates. The total scat-
tering signal arises from three contributions, scattering from
the solute, solvent and solute-solvent interactions (cage)'"*'
as described in Fig. 2B and S2, S3 in the ESLt{ These model
difference X-ray scattering intensities (Fig. S2b and S2cf)
confirm that each species generates a distinct signal making
ultrafast X-ray scattering a tool enabling the detection of all
transient structures including optically silent ones.""*"

As in previous studies we considered an extensive set of
potential  reaction  intermediates (Fig. S1f). Only
Ru;3(CO);0(p-CO) and Ruz(CO)yo were found indispensable to
fit the experimental data at times above 50 ps. In order to
obtain a good fit at time delays below 10 ps in the present
study, it was necessary to include Rus(CO);4(p-CO)*, which had
so far only been characterized from its IR signature,'”*® and

This journal is © The Royal Society of Chemistry and Owner Societies 2019

additionally a new intermediate, the triple-bridge
Ru;(CO)g(p-CO)3* (Fig. S2at) with a broken Ru-Ru bond. The
other intermediate with a similar structure Rus(CO)o(p-CO)3s*
(isomer 2 in Fig. S17) did not give a good fit. Rus(CO);; with
terminal CO only was initially assumed to be the precursor of
Ru3(CO)10(u-CO)>" and included in the fit, but rejected as it
did not improve the fit as illustrated in Fig. 3B and C. Fig. 3A
displays a set of difference signals, gAS(g, t), representing key
features at fs and ps time delays. As illustrated in Fig. 2B, the
strong negative feature at ¢ = 1.3 A™* and signals below this
value arise mainly from solvent heating;*® the positive
shoulder at 1.4 < g < 1.8 A™* is a combination of the solute and
cage with a small contribution from the solvent, while signals
at g > 2 A™! arise mainly from changes in the solute structure.
These signals display distinct features revealing that different
transient structures are formed. In Fig. 3A the significant posi-
tive feature at g = 4 A™" at ¢ = 100 fs is split at 5.16 ps, following
which the difference signal evolves to a broad oscillation from
g=2.3A"toq=4.5A"" at 45 ps. A comparison of the experi-
mental gAS(q, t) with those arising from different transient
structures illustrate that Ruz(CO);1(p-CO)* (M-M broken,
single bridge) is the only species at the onset of the reaction
(Fig. 3B), while the gAS(q, t) arising from Rusz(CO)g(p-CO)s*
best describes the data at ¢ = 5.16 ps (Fig. 3C). When all inter-
mediates were included in the fit, only Ru;(CO)q;(p-CO)* and
Ru;(CO)g(p-CO)5* remained at 100 fs and 5.16 ps, respectively,

Photochem. Photobiol. Sci., 2019, 18, 319-327 | 321
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Fig. 3 Difference X-ray scattering intensities, gAS(qg, t). (A) gAS(q, t) at 100 fs, 5.16 ps and 45 ps. Distinct features are evidence that different transi-
ent structures dominate at different time delays. (B) gAS(q, t) at 100 fs (black) compared with the simulated signal (red) of individual candidate mole-
cular structures used in the linear combination fit. Best agreement between experiment and theory at 100 fs is obtained with Ruz(CO)4;(pu-CO)*. (C)
For gAS(q, t) at 5.16 ps (black) compared with the simulated signal (red) the best agreement is obtained with Ruz(CO)g(pu-CO)s*. When all intermedi-
ates were included in the fit, only Ruz(CO)4;(p-CO)* and Ruz(CO)g(p-CO)s* remained at 100 fs and 5.16 ps, respectively, while the contribution of
other intermediates converged to zero. (D) The data at 45 ps are consistent with 50 ps data of previous time-resolved X-ray scattering studies where
Ruz(CO),0 was determined to be the major product.?! Since both excitations are in the linear region, the difference of the negative feature at g =
1.3 A~ is most probably due to the use of a pink X-ray beam (AE/E = 3%) at the ESRF and a monochromatic X-ray beam (AE/E = 0.1%) at the LCLS.

Monochromatic X-ray scattering gives a sharp and stronger signal at a low q. Broken lines indicate the zero level of each curve in A, B, C and D.

while the contribution of other intermediates converged to
zero within fitting uncertainties. The qAS(g, t) at ¢ = 45 ps is
fully consistent with our previous X-ray scattering data at 50 ps
(Fig. 3D), where Ru3(CO);, was determined to be the major
photoproduct.*

To elucidate the kinetics a two-step approach of single-
point and global analysis was applied (detailed in the ESIY).
The experimental gAS(g, t) at 170 different time delays were
fitted (Fig. 2A) to obtain the kinetics. The single-point pro-

322 | Photochem. Photobiol Sci., 2019, 18, 319-327

cedure yields the concentration of each species at each time
delay as shown by the individual markers in Fig. 4. Deviations
from the equilibrium structures of the intermediates due to
vibrational excitations (“hot molecules”) mainly influence the
data below 1-3 ps as illustrated in Fig. S4t by the poorer fits at
short times. Even though the results of this analysis have sig-
nificant uncertainties, as is evident from the scatter in Fig. 4,
they allow the identification of a potential kinetic model that
can be applied within a global fitting analysis. In this second

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Fig. 4 Evolution of the population of the transient species as a function
of time: Ruz(CO)y(p-CO)* (black), Ruz(CO)g(u-CO)s* (blue) and
Ru3z(CO)yp (red). Scatter plots are the result of the analysis of individual
time delays while the solid curves correspond to global fitting. The
dashed and dotted lines represent the time course of the concentrations
for reaction rate constants on two sides of the 95% confidence level.
The 170 points in the complete data set were rebinned in groups of
three and for clarity only one resulting point in two is shown here with
the error bar calculated from the standard deviations of the experi-
mental data. The maximum concentration of Ruz(CO);1(p-CO)*
(0.52 mM) corresponds to 26% conversion in the photolysis.

step of the analysis, the time evolution of each transient
species is constrained to conform to a kinetic model allowing
robust determination of the reaction constants. The global
fitting is described in detail in the ESI and in Fig. S5.1 The full
lines in Fig. 4 illustrate the time evolution of each species fol-
lowing this more quantitative analysis.

Laser irradiation at 400 nm selectively excites the 4dc —
4dec* transition in Ru which triggers the cleavage of one of the
Ru-Ru bonds and subsequent redistribution of charge. As a
result one of the equatorial CO ligands rebinds in the bridge
location between another pair of Ru atoms forming the
Ru;3(CO);4(p-CO)* transient at the onset of the reaction. This
loses one CO ligand to form the triple-bridge species
Ru;(CO)g(p-CO)5* at 1.5 ps with a reaction rate constant of
6.6 £0.5x 10" s7".

It is possible that this intermediate does not form at low
radiant fluence. Another possibility is that it escaped detection
in time-resolved IR studies.'” Indeed, according to DFT calcu-
lations the triple-bridge Rus(CO)g(u-CO);s* has three IR absorp-
tion bands originating from the stretching mode of bridging
CO which either overlap with the absorption of
Ru;(CO);4(p-CO)* or the terminal CO, as illustrated in Fig. S6.7
If the intermediates are independent of the radiant fluence the
present results and those of our previous 100 ps X-ray scatter-
ing studies'"*' would provide a good example illustrating the
potential of ultrafast X-ray scattering in the detection of opti-
cally silent transient structures during a chemical reaction.
Ru;(CO)g(p-CO)3* transforms into Ruz(CO)qp at 10 ps with a
reaction rate constant of 1 + 0.2 x 10" s™' by the loss of a

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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second CO. Ruj(CO),, becomes the major transient structure
after 10 ps.

A reduced kinetic model without the triple-bridge inter-
mediate was evaluated against the full model involving
Ru;(CO)g(p-CO)3* using a statistical F-test. We conclude with
99.7% confidence that the full kinetic model represents the
experimental data better. The F-test evaluation is described in
the ESL, T and the result is shown in Fig. S7.7 A direct compari-
son of the experimental difference X-ray scattering intensity
qAS(q, t) at 5.16 ps with the reduced and the full model also
confirms the formation of Ru;(CO)g(p-CO);* (Fig. S8 in the
ESI}). The reduced model is also less likely because it implies
the simultaneous loss of two CO in its first reaction step. The
fact that the dominating intermediate Ruz(CO)q;(p-CO)* is the
same in the IR experiments performed at low radiant fluence'”
and in our experiments strongly suggests that significant
multiphoton excitation can be ruled out.

Femtosecond X-ray solution scattering clearly demonstrates
the selective Ru-Ru breakage in Ru3(CO);, excited at 400 nm
and excludes any competing primary reactions. The origin of
the major photoproduct Rusz(CO),, previously observed in
100 ps X-ray studies'"*"** is also simply explained by the full
model. It is formed through successive CO loss from
Ru3(CO);, via two intermediates Ruz(CO)qy(p-CO)*  and
Ru;(CO)g(p-CO)3*. The time course of the weights of the two
solvent components is also obtained from the data fitting and
is shown in Fig. S9.1 A detailed description of the solvent con-
tribution is given in the ESL{

To gain direct information about the molecular structure of
the reaction intermediates and infer the reaction mechanism,
the solute-only difference signal was obtained by subtracting
the contribution from bulk solvent response and changes in
the solvation cage structure (by MD simulations) from the
measured signals.'"

In Fig. 5A the solute-only difference signals at three key
time delays are compared with the difference signal of the
intermediates determined to be dominating at those time
delays and in each case good agreement between the model
and the data is observed. Whereas in spectroscopy the signa-
tures of particular intermediates correspond to specific ener-
gies, in solution scattering the structural information is spread
over the entire g-range. A more intuitive picture of the struc-
tural rearrangements is therefore provided by the difference
Radial Distribution Function (DRDF) rAR(r, t) ie. the sine
transform of gAS(g, ¢) (described in the ESIf), which rep-
resents the atom-atom pair distribution function during the
course of the reaction. A positive peak in the DRDF indicates
the presence of a new characteristic correlation length in the
molecule, while a negative peak indicates loss of such a corre-
lation length, often representative of a broken chemical bond.
The experimental and theoretical rAR(r, t) values at 100 fs,
5.16 ps and 45 ps shown in Fig. 5B provide structural infor-
mation about Ruz(CO)y4(p-CO)*, Ruz(CO)g(p-CO)5* and
Ru;(CO),p, which are the dominant solute species at these
time delays. Strong positive peaks at 5.2 A at 100 fs and 5.4 A
at 5.16 ps are observed, which disappear at 45 ps. These arise

Photochem. Photobiol. Sci, 2019, 18, 319-327 | 323
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Fig. 5 Solute-only difference scattering intensities and radial distribution functions. (A) Solute-only experimental (black) and theoretical (red) differ-
ence scattering intensities gAS(q, t) at 100 fs, 5.16 ps and 45 ps. (B) Solute-only difference radial distribution functions rAS(r, t), obtained by Fourier
sine transform of (A). (C) Selected experimental solute-only difference radial distribution functions rAS(r, t) at different time delays: from top to
bottom -1 ps, 100 fs, 195 fs, 760 fs, 1.23 ps, 3.79 ps, 5.16 ps, 6.51 ps, 6.94 ps, 9.87 ps, 41 ps, and 45 ps. Broken lines indicate the zero level of each

curve in A, Band C.

from the newly formed long Ru---Ru distances in
Rug(CO)n(p CO)* and Ru;(CO)g(p-CO)3*. The negative peaks at
2.9 A at 100 fs, 3.5 A at 5.16 ps and 3.3 A at 45 ps correspond
to the broken Ru-Ru bond compared to the parent molecule.
Some caution is, however, necessary when interpreting
DRDFs, as both a limited g-range and peak overlap may lead to
shifts in peak positions (Fig. S101). The different negative
peaks in Fig. 5B arise from differently overlapped Ru-Ru dis-
tances in Ruz(CO);4(p-CO)*, Ruz(CO)g(p-CO)s* and Ruy(CO)qq
with that in the parent molecule. The positive peaks of the
long Ru---Ru distance in  Ruz(CO);;(p-CO)*  and
Ru,(CO),(p-CO),* are also shifted by about 0.2 A compared to
the molecular structures used to simulate the curves. With this
offset in mind, the structural changes of the Ru; cluster follow-
ing photolysis can be clearly visualized from the DRDFs pre-
sented in Fig. 5C, illustrating the appearance of the positive
peak at 5.2 A at the onset of the reaction, its gradual shift
towards longer distances in the middle of the reaction and its

324 | Photochem. Photobiol. Sci., 2019, 18, 319-327

final disappearance at the end, which correspond to the Ru;
ring opening and closing in the course of the reaction. In our
previous synchrotron study with higher g-space coverage, the
DFT calculated structures of Ruz(CO);, and Rus(CO),, were
optimized by direct structural fitting and a scaling factor for
the DFT prediction was determined (Table S21).>' Applying the
same scaling factor to the DFT optimized structure of
Ru;(CO)g(p-CO)3* yields Ru-Ru distances of 2.73, 2.83, and
5.18 A.

Discussion

Although our results have some similarities with those of IR
spectroscopy'” they also differ significantly. With IR, the signal
attributed to Rus(CO);4(p-CO)* increases during the first 50 ps
and then decreases between 50 and 250 ps whereas here it con-

tinuously decreases up to 10 ps. The signal for

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Ru;(CO);o(1-CO)

Ru;3(CO);( 10 ps - 100 ns

Fig. 6 Reaction pathway of the photocleavage of Ru3(CO);, in CgH1, following 400 nm excitation, Laser excitation breaks one Ru—Ru bond to form
Ruz(CO)4;(p-CO)*, which loses one CO to form Ruz(CO)g(u-CO)s* at 1.5 ps. The latter loses another CO and yields Rus(CO);o at 10 ps. Ruz(CO)1o
dominates from 10 ps to 100 ns, and rebinds one CO to form Ruz(CO);0(p-CO) which eventually relaxes to the starting molecule by binding another

CO. Ru: cyan, C: gray, O: red.

Ru;(CO);0(p-CO) is not observed here during the first 45 ps
whereas IR suggests that it decreases up to 30 ps and then
increases.’” In our previous study at 390 nm (ref. 21) it was
necessary to include this intermediate to obtain a good fit, but
this was not the case at 260 nm."" Combining the information
from time-resolved IR results'” with that of our previous study
from 50 ps to 300 ns,'"*" and the current one from 100 fs to
50 ps, we propose a complete mechanism for the photofrag-
mentation of Ru(CO),, in C¢H;, following 400 nm laser exci-
tation at high radiant fluence in Fig. 6. Excitation selectively
breaks a single Ru-Ru bond to form Ruj(CO);4(p-CO)*. No
competitive CO loss reaction is detected. Rusz(CO);4(p-CO)*
loses one CO forming Rusz(CO)g(u-CO);* with a characteristic
timescale of 1.5 ps, which in turn loses another CO and also
reconstitutes the Ru-Ru bond to yield Rus(CO);, on a time
scale of 10 ps. Ru;(CO),, dominates from 10 ps to 100 ns," ">
and rebinds one CO to form Ru;(CO)0(p-CO),""*”*' which
eventually relaxes to the starting molecule by binding another
CO.

Materials and methods
Experimental procedures

Our experiments were conducted during three 12 h shifts dis-
tributed over consecutive days. Fresh samples of Ruz(CO);, in
CeH,, with a concentration of 2 mM were prepared around
every 6 hours in order to minimize possible sample degra-
dation. In the pump-probe experimental setup the sample was
continuously flowed through a 100 pm diameter capillary

This journal is © The Royal Society of Chemistry and Owner Societies 2019

nozzle, after which it was collected and recycled. This pro-
cedure produces a free flowing circular liquid jet of 100 um
diameter with the flow direction perpendicular to both the
laser-pump and X-ray probe pulses. The flow speed of the jet
was set to 1.5 ml min~" yielding a flow velocity of 3 m s™*
ensuring that the sample is renewed between each laser-pump
and X-ray probe event. The optical laser system at the XPP
station of LCLS provided femtosecond pump pulses (~14 pJ) at
400 nm with a full width at half maximum (fwhm) of 30-40 fs.
These optical pulses were focused to ~100-150 pm> on the
liquid jet. This corresponds to a radiant fluence of 1.28-3.85
TWem™2, which is much higher than those in previous experi-
ments as indicated in Table S1 in the ESI.T More accurate laser
parameters are difficult to estimate with the complex experi-
mental setup, but they represent an upper limit. To ensure
that the experiment was performed in the linear laser fluence
regime, a set of power titration experiments were performed.
Briefly, the difference signal for a range of laser fluences was
acquired and analyzed in terms of a linear combination of
solute and solvent contributions to the signal. The ratio of
these two contributions was monitored as a function of the
fluence and was found to deviate from linearity at higher flu-
ences. No multiphoton excitation of the solvent could be
detected at the radiant fluence used for the experiment. The
weak solute signal could not be investigated in detail. The
14 pJ pulses represent a compromise to avoid multiphoton
excitation while still obtaining a reasonable signal within the
allocated duration of the experiment. X-ray probe pulses were
focused down to a spot size of ~20 pm? using beryllium lenses
and set to spatially overlap with the laser pulses on the liquid
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jet. The experiment was operated in beam-sharing mode with
only the diamond (111) monochromatized part of the full
LCLS beam going to the XPP instrument. The X-ray probe
pulses (~ 40 fs fwhm) had ~5 x 10'® photons per pulse with
the energy centered at 9.5 keV (relative bandwidth <10™*) and a
repetition rate of 120 Hz. Due to the group velocity mismatch
between the visible light and the X-rays in liquid CsH;,, which
displaces the temporal overlap of the pump and probe pulses,
the actual time resolution with a 100 um liquid jet is ~100 fs.
To correct for the temporal jitter in the relative arrival times of
the pump and the probe pulses a dedicated timing tool*” was
used throughout the measurements.

Data reduction

The X-ray scattering data were reduced following the method-
ology described in detail in previous work (ESI of ref. 3). The
2D X-ray patterns of laser-pumped/unpumped Rujz(CO);, in
Ce¢Hy, were recorded on a CSPAD detector developed at the
LCLS.?® For every seventh shot the scattering pattern of the
solution was recorded without pump; from these scattering
patterns the laser-off signals were constructed as described
below. Each scattering pattern was corrected for the solid
angle, flat field and X-ray polarization. In addition, the output
of the detector was corrected to reduce common mode fluctu-
ations. A mask was then applied to the corrected 2D patterns
to remove bad pixels and shadowed regions of the detector.
Subsequently, the 2D images were azimuthally integrated into
eleven slices, each spanning an angle of ~32.5°, giving 11 S(q)
scattering curves for every X-ray shot as required to separate
the isotropic and anisotropic components of the signal. The
azimuthally integrated curves, S(g), were corrected for the non-
linear detector response.”® The intensity corrected S(gq) was
scaled to the theoretical scattering of a liquid unit cell of a
2 mM solution of Ruz(CO);, in CgH;, containing one
Ru;(CO),, surrounded by 4628 CgH;, molecules, in the
g-region between 0.7 and 4.0 A™'. The average of the six
nearest unpumped patterns was subtracted from each S(q)
curve with laser pump to create the difference signals, AS(q).
Each AS(g) was time stamped with 10 fs fwhm resolution
using the XPP timing tool®” and sorted into time bins each
containing ~2000 curves. The AS(q) values in a given time bin
were averaged after outlier rejection based on the in-set
median of the AS(g). This resulted in 10-20% of the curves
being discarded. This procedure was carried out for each of
the eleven S(g, ¢) producing eleven AS(g, t), which were used
to separate the isotropic and anisotropic components of the
signal.>® Only the isotropic component of the signal was used
for further analysis. In linear combination fitting analysis, the
difference scattering curve gAS(q) was further scaled to one
solvent molecule, which enables the determination of the exci-
tation fraction of the solute and quantification of the energy
release to the solvent.

From the point of view of scattering our data are very over-
sampled (400 points for 11 Shannon channels) with concomi-
tantly high noise. It has been shown, however, that this does
not prevent the recovery of accurate scattering curves.*'
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Conclusions

We demonstrated that fs X-ray solution scattering is a robust
tool to observe the transient structural kinetics of chemical
bond cleavage at the very early stage of a photochemical reac-
tion and possibly reveals optically silent intermediates.
Further study with 267 nm excitation of Ru;(CO),,, which
results in the loss of CO, will be interesting to confirm the
selective Ru-C bond breakage at higher excitation energies.
Possible differences between mechanisms at high and low
radiant fluences also remain to be investigated.
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