Zuschriften
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Ultrafast X-Ray Solution Scattering Reveals an Unknown Reaction
Intermediate in the Photolysis of [Ru;(CO),,]**
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The triangular metal carbonyl cluster [Ru;(CO),,], which is
one of the simplest thermally stable metal carbonyls, has
served as an example for the photochemistry of transition
metal carbonyls. This complex is used in controlled photo-
activated synthesis whereby specific types of bonds in the
complex are broken at specific wavelengths.'? As the
mechanism leading to the cleavage of metal-metal bonds is
of great theoretical and practical interest,>*! photolysis of
[Rus(CO),,] has been extensively studied by spectroscopy in
solid matrices and in solution.>) With the exception of
ultrafast infrared spectroscopy, which has been most efficient
in identifying intermediates based on the detection of
bridging CO ligands, most techniques have failed to charac-
terize the structure of the intermediates. Recent ultrafast
infrared spectroscopic measurements have shown that when
solutions of [Ru;(CO),,] in noncoordinating solvents like
cyclohexane are excited with either an ultraviolet (266 nm) or
a visible (400 nm) optical pulse, competing reactions yield two
transient intermediates containing bridging carbonyl ligands:
[Ru3(CO),(1-CO)] (Intermediate 1) for the metal-metal
cleavage reaction channel and [Ru(CO),,(p-CO)] (Inter-
mediate 2) for the CO-loss reaction channel.'?! Figure 1a
shows the molecular structures of the parent molecule, known
Intermediates 1 and 2, and the newly identified intermediate
(Intermediate 3) from this study. The subsequent reactions
depend strongly on the properties of the solvent. In non-
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coordinating solvents like alkanes both intermediates relax to
the parent molecule, whereas more complex fragmentation
and complexation reactions occur in m-accepting solvents or
in the presence of n-backbonding ligands such as CO. Infrared
spectroscopy very specifically monitors the time course of the
concentration of these two intermediates via the absorption
bands of their bridging carbonyl ligands. This leaves the
possibility that other intermediates, especially those contain-
ing only terminal carbonyl ligands with absorption bands that
overlap with those of the parent molecule, would go
unnoticed.
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Figure 1. Molecular structures and their difference scattering intensi-
ties gAS(qg). a) Molecular structures of [Ru;(CO),,] and the principal
species formed after photolysis in noncoordinating or o-donating
solvents. Ru, C, and O atoms are colored in cyan, gray, and red,
respectively. To distinguish bridging carbonyl ligands, their carbon
atoms are colored in green. Intermediates 1 and 2 were identified
previously by ultrafast infrared spectroscopy based on the detection of
bridging carbonyl ligands. The new Intermediate 3 is the major
transient according to ultrafast X-ray scattering. b) Solute-only theoret-
ical difference scattering curves for each intermediate formation
channel (black: Intermediate 1, blue: Intermediate 2, red: Intermedi-
ate 3). The curves for other candidate species are shown in Figure S4.
Each curve has characteristic oscillations and can therefore be used to
fingerprint the reaction intermediate. c) Solute/solvent cross-term for
each reaction channel. In contrast to the solute-only curves, the low-q
signal dominates. Parts (b) and (c) are on the same scale.
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In contrast, the signal from time-resolved X-ray or
electron scattering contains contributions from all inter-
atomic distances in the volume probed by the incident
beam.*'*! As shown in Figure 1b, each intermediate species
gives its own scattering pattern, which can therefore be used
to follow the time course of its concentration. However,
except for the simplest cases, there is no unique solution to
recover the three-dimensional structural information from
scattering data, and this inverse problem can only be solved
by modeling based on theoretical calculations. The applica-
tion of this method to the photodissociation of [Ru;(CO);,]
dissolved in cyclohexane at a wavelength of 390 nm clearly
shows that the main photoproduct is one of the [Ru;(CO);]
complex isomers (Intermediate 3) with a {Rus} ring and only
terminal carbonyl ligands, which has a lifetime of tens of
nanoseconds. The other [Ru;(CO),,] isomers with bridging
carbonyl ligands do not match the time-resolved scattering
data.

A pump-probe experiment was performed on beamline
ID09B of the European Synchrotron Radiation Facility with
femtosecond laser pulses (390 nm) for excitation and 100-
picosecond X-ray pulses for probing the transient structures
from the photolysis of [Ruz(CO);,] in solution. The difference
X-ray scattering intensities gAS(g,¢) illustrating the structural
changes due to the laser excitation are shown in Figure 2a as a
function of the momentum transfer g = 4msin6/4, where 26 is
the scattering angle and A the average wavelength (0.69 A) of
the polychromatic incident X-ray beam with 3% band-
width.'” They were obtained by subtracting the pattern
measured at —3 ns (i.e., before excitation) from all others in
the time series, as described previously.'*'* The experimental
qAS(q.t) curves were globally fitted with theoretical differ-
ence scattering intensities containing three contributions
associated with 1) the structural changes of the solute(s),
2) the changes in the solvation cage caused by solute/solvent
interactions, and 3) the response of the bulk solvent to heating
and thermal expansion.!'*'! The results of the fit are also
shown in Figure2a. Contribution1 from the structural
changes of the solutes is calculated from the difference
between the Debye scattering curves of models of putative
intermediates and the parent molecule obtained by DFT. The
solute/solvent interaction (contribution 2) for each putative
intermediate is calculated by molecular dynamics (MD)
simulations with a single molecule in a solvent box of fixed
size. The bulk solvent response (contribution 3) is deduced
from the measured impulsive heating of the pure solvent
excited by near-infrared laser photons.!"® The total theoretical
curve is the sum of these three components, as shown in
Figure 2b for the data at 100 ps. In fact, due to weak
intermolecular forces between the cyclohexane solvent mol-
ecules, the high-q signal can be approximated as originating
from naked solutes only.'"' For comparison with the
experimental data the theoretical curves were convoluted
with the wavelength profile of the X-ray beam (i.e., the
incident beam after correction for absorption).

Initial attempts at fitting the curves with only the known
Intermediates 1 and 2 did not give satisfactory results
(Figure S6 in the Supporting Information) and suggested the
presence of a third intermediate. As Intermediates 1 and 2 are
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Figure 2. Experimental and theoretical difference scattering intensities
qAS(q.t) and data analysis. a) Time-resolved difference scattering
intensities gAS(q,t) as a function of time delay after photolysis of
[Ru3(CO);] in cyclohexane. The black dots correspond to the exper-
imental data and the red curves to the theoretical least-squares fits
(global fitting analysis). The time delays from top to bottom are

—100 ps, 42 ps, 60 ps, 75 ps, 100 ps, 200 ps, 300 ps, 500 ps, 1 ns,

3 ns, 5ns, 10 ns, 30 ns, 50 ns, 100 ns, and 300 ns. The values in the
low-q region of the first 13 curves and the last three curves have been
divided by 3 and 6, respectively, for clarity. b) Time-resolved data at
100 ps. The theoretical model (red curve) has three contributions: the
transient solute (blue), the solute/solvent interaction (magenta), and
the response of the bulk solvent to thermal expansion and temperature
change (green). The solute signal is calculated from the Debye
scattering of the putative solutes, the solute/solvent interaction (cage)
is calculated by MD simulation, and the solvent signal is deduced
from impulsive heating of pure cyclohexane excited with a near-infrared
pulse. c) Determination of the photoproducts at 30 ns and character-
ization of Intermediate 3. Experimental (black) and theoretical (red)
difference scattering intensities gAS(q,t) for various candidate reaction
channels (top: Intermediate 1, middle: Intermediate 2, and bottom:
Intermediate 3) are shown. The channel for Intermediate 3 gives the
best agreement between experiment and theory.

known to have decay times on the order of 150 ps and 5 ns,
respectively,'? the signal from the new intermediate should
dominate at longer times. To characterize the new intermedi-
ate, the experimental gAS(q,t) profile at 30 ns was compared
with those of a series of candidate molecules. The reaction
channel [Ru;(CO);,]—[Ru3(CO);]+2CO matches almost
perfectly the experimental data over the entire g range
(Figure 2¢). [Ru;(CO),] has three isomers, but only one of
them (Intermediate 3) has no bridging carbonyl ligands
(Figure S2). Since the g region above 2.4 A~' is dominated
by the solute-only term, we fitted this region at 10 ns with the
three candidate intermediates. Intermediate 3 gives the best
agreement with the experiment (Figure S7). When the three
intermediates are included in the fit, the concentrations of the
other two intermediates converge to zero. This finding
suggests that previous time-resolved infrared spectroscopic
studies missed this [Ru;(CO),] intermediate due to the
absence of any bridging carbonyl ligand. Then, to obtain the
overall kinetics, the data from all time delays were fitted
simultaneously by means of a global fitting analysis!'“% by
including the parent molecule, Intermediate 1, Intermedi-
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ate2, and Intermediate 3 (Figure 2a). As illustrated in
Figure 2a, the introduction of [Ru;(CO);,] as a new inter-
mediate in the global least-squares refinement considerably
improves the fit, not only for longer time delays, but also for
shorter times, that is, this intermediate is formed at the onset
of the reaction. In addition, the fact that the curves at 42, 60,
75, and 100 ps are almost identical once normalized to the X-
ray flux (see Supporting Information) indicates that all
intermediates form within 42 ps. In terms of energy, one
photon at 390 nm provides sufficient energy for the detach-
ment of two CO ligands to produce Intermediate 3. Whether
Intermediate 3 is formed directly from the excited parent
molecule or sequentially via a [Ru;(CO)y,] species could not
be established here.

Figure 3b shows the time course of the populations of the
three intermediates and the parent molecule determined with
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Figure 3. Reaction pathways and concentration changes. a) Photo-
chemical reaction pathways of the photolysis of [Ru;(CO),,] in cyclo-
hexane and their associated rate constants determined in this study.
Within the available time resolution, three intermediates form and
return to the parent species. b) Concentration changes of the relevant
chemical species during the photoreaction as a function of time (cyan:
Intermediate 1, blue: Intermediate 2, red: Intermediate 3, black: parent
molecule).

the fitted rate constants from the global fitting based on the
schematic reaction mechanism (Figure 3a) used in this study.
The concentrations obtained by time-resolved scattering
depend to some extent on the choice of the fitting range
and on the exact geometry of the models. Since the X-ray
pulse width is 100 ps (full width at half-maximum) and the
earliest time delay is 42 ps, our data is more sensitive to the
decay time than to the rise time of the intermediates.
Intermediate 1 presumably decays exponentially to the initial
[Rus3(CO),,] with a unimolecular rate constant of (3.36 +
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338)x10’s™". As it is a very minor species, the error
associated with its decay time is rather large. In fact, a
reasonably good fit can be obtained without including this
intermediate. By contrast, the [Ru;(CO),(u-CO)] Intermedi-
ate 2 was necessary to obtain a reasonable fit. According to
the result of the fit, it recombines nongeminately with a CO
ligand to return to the parent molecule [Ru;(CO),,] with a
bimolecular rate constant of (6.5340.38) x 10'°m~'s™'. Inter-
mediate 3 dominates at all time delays. It decays to Inter-
mediate 2 with a bimolecular rate constant of (3.75+ 0.16) x
10°m~'s7!. Since the decay rate of Intermediate 3 is much
slower than that of Intermediate 2, the latter does not
accumulate from the decay of Intermediate 3. Hence, any
intermediate with the formula [Ru;(CO),;] is a candidate for
the actual intermediate formed from nongeminate recombi-
nation of Intermediate 3 and CO. The exact structure of this
intermediate connecting Intermediate 3 and the parent mol-
ecule could not be determined in this study. The simultaneous
formation of binuclear [Ru,(CO)y], [Ru,(CO)g], or
[Ru,(CO)g] species by loss of one of the mononuclear units
{Ru(CO);}, {Ru(CO),}, or {Ru(CO)s}, although thermody-
namically favored (Table S1), is not observed.

As the Ru—Ru distances contribute more than 90 % of the
coherent scattering signal, we attempted to optimize the
initial DFT geometries of [Ru;(CO);,] and the transient
intermediates by refining a single scaling parameter applied
to all Ru—Ru distances calculated by DFT. The optimized
experimental bond lengths in Table 1 are shorter by a factor
of 0.983 than those obtained by DFT, which is consistent with
the general tendency of DFT to overestimate metal-metal
distances."

Table 1: Ru—Ru bond lengths [A] obtained by least-squares refinement of
the time-resolved X-ray scattering data and DFT calculations.

Species Experiment(*®! DFT
[Ru3(CO)4,) Rul—Ru2: 2.88 2.93
Rul—Ru3: 2.88 2.93
Ru2—Ru3: 2.88 2.93
Intermediate 1, [Ru;(CO);; (1-CO)] Rul—Ru2: 2.86 291
Rul—Ru3: 5.05 5.14
Ru2—Ru3: 3.12 3.17
Intermediate 2, [Ru;(CO);,(1-CO)] Rul—Ru2:2.76 2.81
Rul—Ru3: 2.89 2.94
Ru2—Ru3: 2.79 2.84
Intermediate 3, [Ru;(CO);) Rul—Ru2: 2.66 2.71
Rul—Ru3: 2.89 2.94
Ru2—Ru3: 2.68 2.73

[a] A single scale factor was refined and used to scale all DFT values.
[b] The actual errors associated with the fits are smaller than the last
digit.

The results reported here strikingly illustrate the comple-
mentary nature of ultrafast X-ray scattering!>'®2*?l and
ultrafast spectroscopy,” which will be a key factor in the
successful use of advanced X-ray sources.”” Indeed, a good fit
to the experimental X-ray scattering data can only be
obtained if Intermediate 3, which does not contain a bridging
carbonyl ligand and is thus invisible to infrared spectroscopy,
is included in the refinement. X-ray scattering alone, how-
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ever, could not have established the existence of the minor
intermediate [Ru;(CO);;(pu-CO)], because its contribution to
the overall scattering curve is much smaller than that of
[Ru3(CO),] (Figure S6). This would, however, contradict the
spectroscopic results, which unequivocally establish the
existence of two intermediates containing bridging carbonyl
ligands."? In conclusion, the results of the two techniques
clearly indicate the existence of at least three intermediates
with very different molecular structures.

Experimental Section

[Ru3(CO);,] (99 %) (Sigma-Aldrich) and spectroscopic-grade cyclo-
hexane (Sigma-Aldrich) (>99.5%) were used without further
purification to prepare an approximately 3 mm solution, which was
filtered before the measurements. The experimental setup of the
ID09B beamline at the European Synchrotron Radiation Facility
(ESRF) is described in detail elsewhere!*'® and in the Supporting
Information.
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