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The photoactivation mechanism of Osz(CO);, at 400 nm is exam-
ined with time-resolved X-ray liquidography. The data reveal two
pathways: the vibrational relaxation following an internal conver-
sion to the electronic ground state and the ligand dissociation to
form Os3(CO);; with a ligand vacancy at the axial position.

Triosmium dodecacarbonyl, Os;(CO);,, has been an archetypal
model in metal carbonyl cluster chemistry. This molecule,
shown in Fig. 1a, has attracted considerable attention for its
chemical property: it is thermally stable owing to strong
chemical bonds but becomes highly reactive when exposed to
light.'> Employing the photochemical property, Os;(CO);, has
been utilized as an efficient photocatalyst for some reactions
such as hydrosilylation or hydrogenation.®” To understand
how and why Os;3(CO);, becomes reactive upon photoexcita-
tion, photoreaction of Os;(CO);, has been intensively investi-
gated using spectroscopic tools.>**? Especially, to understand
the origin of the photochemical behavior of Os;(CO),,, efforts
have been made to identify the reaction intermediates of
Os3(CO)4,. For example, a time-resolved infrared spectroscopy
(TRIR) study of the complex revealed that a ligand elimination
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reaction occurs to produce Os;(CO),; species by both 400 and
267 nm light, which excites the first- and the third-lowest
electronic transition of the complex."?

According to the assignment of the TRIR study, two major
species are involved in the photoreaction pathways of Os3(CO);,
at 400 nm, which corresponds to the lowest electronic transi-
tion of the complex (Fig. 1b)."* A notable point is that a short-
lived intermediate with a lifetime of 150 ps was observed. The
authors assigned the short-lived intermediate to a metal-metal
bond cleavage intermediate (MMBC intermediate), which has
two or three elongated Os-Os distances (about 4.4 A, compared
with the Os-Os distance in the parent Os3(CO);, of about
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Fig.1 (a) Molecular structure of Osz(CO);p. Os, C, and O atoms are
colored in blue, white, and red, respectively. Each Os atom has four CO
ligands, but in this view perpendicular to the triangular Os plane, one CO
ligand is not visible as it is on the other side. (b) Absorption spectrum of
Os3(CO);, dissolved in cyclohexane. The red vertical line indicates the
excitation wavelength (400 nm) used in this study. (c) Photoreaction
pathways of Os3(CO);, proposed in the TRIR study. The molecular struc-
tures of the two assigned intermediates, the short-lived metal-metal bond
cleavage intermediate (MMBC intermediate) and the long-lived intermedi-
ate with an axial ligand vacancy (Os3(CO)y(ax)), are shown.
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2.8 A).*>"3 Here, we revisited the previous assignment of the
photoreaction intermediates via a complementary tool, time-
resolved X-ray liquidography (TRXL), which is also known as
time-resolved X-ray solution scattering. TRXL has proven to be
an excellent tool for identifying the molecular structure of
transient species in solution."*” In the case of Os3(CO)is,
the TRXL signal is sensitive to the metal-metal distances in
the transient species, which are key structural parameters
of the metal complex, in contrast to TRIR, which is sensitive
to the chemical environment of the CO ligands. Accordingly, if
the proposed MMBC intermediate is formed, such a change in
the Os-Os distance should be evidently manifested in the
measured TRXL signal.

By applying TRXL, we identify two major pathways following
the photoexcitation of Os3(CO);p: (1) photoinduced ligand
dissociation that yields an axial-vacant photoproduct, and (2)
vibrational relaxation that follows an internal conversion of
photoexcited Os3(CO);, to its electronic ground state. We note
that the reaction mechanism suggested by the TRIR study'**?
is not supported by our TRXL data. Specifically, the TRXL data
does not show any signature of the short-lived transient MMBC
intermediate with elongated Os-Os distances.

Experimental difference scattering curves measured with
excitation at 400 nm are shown in Fig. 2a. The difference
scattering curves have distinct oscillatory features, which indi-
cate transient structural changes of the osmium cluster upon
photoexcitation. These oscillatory features are visible even at
the earliest time delay of the measurement, indicating that the
primary photoreaction occurs much faster than the time reso-
lution (100 ps) of our measurement. Here, it should be noted
that only a minute change was observed in our TRXL data in the
time range of 100 ps to 10 ns. Representatively, as shown in

@ — Exp. —Theory (b)
V™ 100 ps §
<
a 316ps °
—100 ps —1ns
S s 573 4 5 6 7
<4 () q/ A
SN 3.16 ns
S
10 ns &
<
—100 ps —1ns
1 234567 2 3 4 5
q/ A1 rl A

Fig. 2 (a) Time-resolved difference X-ray scattering curves of Osz(CO);»
in cyclohexane measured with photoexcitation at 400 nm. The experi-
mental difference scattering curves (black) are plotted together with their
theoretical fits (red). The theoretical fits were obtained by using linear
combination fitting (LCF) of AS(qg, t) for each time delay. The difference
scattering intensities at low g values (@ < 2 A™Y are scaled down by a
factor of 2 for better visualization of high scattering intensities at low g
values. (b and c) Comparison of experimental (b) difference scattering
curves, gAS(q), and (c) difference radial intensities, r2AS(r), at two repre-
sentative time delays, 100 ps (black) and 1 ns (red).
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Fig. 2b, when the difference scattering curves at 100 ps and 1 ns
time delays are compared, it can be confirmed that the two
curves are almost identical. The minute change in the TRXL
signal indicates that only a subtle change in the molecular
structure occurs during this time range. To confirm this, we
converted the data into difference radial distribution functions
(RDFs) in real space by performing Fourier sine transformation.
The comparison of the RDFs at 100 ps and 1 ns time delays
again confirms that only a subtle structural change, rather than
a significant change in Os-Os distances, occurs in this sub-
nanosecond time region (Fig. 2c).

To extract quantitative, detailed information regarding the
photoactivation pathways of Os;(CO),, we applied singular
value decomposition (SVD) analysis to the measured data.
The resulting left- and right-singular vectors (ISVs and rSVs)
are shown in Fig. S2 (ESIT) together with their singular values
and autocorrelation values. Here, to focus on the kinetics
related to the structural change of solute rather than the
hydrodynamic response of solvent, only the high g region
(g > 3.0 A™") where the contribution of the solvent response
is negligible (Fig. S3, ESIt) is subjected to the SVD analysis. The
result of the SVD analysis shows that there are two major signal
components, indicating that two different species are involved
in the reaction pathways. To extract their kinetics, the first two
major rSVs were globally fitted as a sum of an exponential decay
function sharing a common time constant and a constant. As a
result, we obtained a single time constant of 340 + 40 ps.

We examined whether these observations using TRXL are
consistent with the kinetic model proposed in the TRIR
study.’®™ In the proposed kinetic model, two different species
including a short-lived intermediate and a long-lived intermedi-
ate are involved in the reaction pathway (see Fig. 1c). The long-
lived intermediate, which is assigned as Os;(CO),; species with
a ligand vacancy at the axial position, Os3(CO);4(ax), exists at
longer (about 1 ns) time delays.">"® The short-lived intermedi-
ate, which is assigned as the MMBC intermediate, decays to the
parent species, 0s;(CO);,, with a lifetime of 150 ps.>'® In
terms of the number of species involved in the reaction (two
species for both TRIR and TRXL) and the time constant
(150 and 340 ps for TRIR and TRXL, respectively), the kinetic model
proposed in the TRIR study is consistent with our observations.

One of the distinct advantages of TRXL over other time-
resolved techniques is that time-resolved X-ray scattering sig-
nals contain direct structural information of transient reaction
intermediates. Especially, for metal complexes with multiple
metal centers such as Os;(CO);,, TRXL can be used to precisely
measure the metal-metal distances, which are key structural
parameters of the metal complex.>®*” To fully utilize the
advantage of TRXL, we extracted species-associated difference
scattering curves (SADSs) from the measured TRXL data based
on the kinetic model shown in Fig. 3a which follows those
proposed in the TRIR study (Fig. 1c) except for the time
constant. We determined the identity of the species by analyz-
ing the SADSs and then performed further structural refine-
ment to obtain the detailed structural parameters of the parent
species, Os;(CO)q,, and the reaction intermediates. The details
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Fig. 3 (a) Kinetic model used for the principal-component analysis (PCA)
of gAS(q, t)'s. The kinetic model follows those proposed in the TRIR study
(shown in Fig. 1c) except for the time constant. (b) Species-associated
difference scattering curves (SADSs) obtained from the PCA. The experi-
mental SADSs (black) are plotted together with their theoretical fits (red).
The theoretical difference scattering curves corresponding to
Os3(CO)y1(ax) and vibrationally hot Os3(CO);, (hot Os3(CO)y,) give satis-
factory fits to the 1st and 2nd SADSs (SADS1 and SADS2), respectively. The
theoretical difference scattering curve corresponding to MMBC intermedi-
ate does not fit either of the two SADSs. Note that SADS2 is scaled up by a
factor of 2 for better visualization of weak oscillatory features of the SADS.
(c) Molecular structures of the two assigned intermediates, hot Osz(CO);»
and Os3(CO)yy(ax), determined in this study. The Os-Os distances (in
angstrom) of the intermediates retrieved from the structural refinement
are shown together with the molecular structures. (d) Time-dependent
changes in the concentrations of assigned intermediates.

of the structural analysis are described in ESI.{ The best fits of
the experimental difference scattering curves, AS(q, t)’s,
obtained by linear combination fitting (LCF) are displayed in
Fig. 2a. The best-fit curves were obtained by fitting AS(q, ¢) at
each time delay as a linear combination of four components,
two theoretical SADSs calculated from the refined structures
and the two components from the hydrodynamic responses
((8s/071),, and (35/0p)1)*>*° of bulk solvent. The comparison of
the best-fit theoretical SADSs to the experimental SADSs is
displayed in Fig. 3b. The structural parameters of the inter-
mediates obtained from the structural refinement are shown in
Fig. 3c and are compared with the theoretical structures
optimized by DFT calculations in Table S1 in ESIL.{ The time-
dependent concentrations of the two intermediates obtained
from LCF are displayed in Fig. 3d. The details of LCF are
described in the section “Structural refinement” in ESIL.}
According to the structural analysis of the first SADS (1st
SADS or SADS1), the long-lived intermediate (1st species in
Fig. 3a) turned out to be Os3(CO);4(ax). As Fig. 3b shows, the
theoretical SADS1 calculated for the reaction, Os;(CO);, —
Os3(CO);1(ax) + CO matches the experimental SADS1. The key
structural feature of the Os3(CO);q(ax) is the symmetric
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shortening of two Os-Os bonds around an Os atom with the
axial vacancy (see Fig. 3c). Since the Os atom that loses an axial
CO ligand becomes electron-deficient, it would withdraw elec-
trons from its neighboring Os atoms to relieve the electron
deficiency, leading to the contraction of the two Os-Os bonds
around it. Compared with the Os-Os bonds (2.84 A length) in
the parent Os3(CO);,, two Os-Os bonds in Os;(CO)4;(ax) are shorter
by 0.19 A, whereas the other Os-Os bond stays nearly intact. The
formation of the long-lived intermediate with an axial vacancy is in
agreement with the results of the TRIR spectroscopic study'>'* and
the IR spectroscopic study® of photoinduced ligand dissociation of
0s3(CO);,. The recovery of Os3(CO),4(ax) to Osz(CO);, is not visible
within the time range (¢t < 10 ns) investigated in this work, as
Fig. 3d shows, indicating that it takes much longer than 10 ns.

For the short-lived intermediate, however, the intermediate
identified in this work has discrepancies with those reported in
the TRIR study.'>'® Here we note again that only a subtle
structural change occurs in the sub-nanosecond time region
as the comparisons in Fig. 2b and ¢ show. This observation is in
stark contrast to the expectation based on the assignments from the
TRIR study that an MMBC intermediate with a lifetime of 150 ps is
formed. As mentioned in our motivation for this TRXL study, if the
proposed MMBC intermediate is formed, such a substantial change
in the Os-Os distance (from about 2.8 to 4.4 A) would be manifested
in the TRXL signal as a considerable change in its shape. To the
contrary, such a change is not observed in our TRXL data, indicating
that an intermediate with long metal-metal distances (4.4 A) is not
formed in detectable quantities. Considering the high sensitivity of
TRXL to the changes in bond lengths between heavy atoms, we
propose that the changes in the reported TRIR spectra should not
be attributed to the formation of the MMBC intermediate with the
elongated Os-Os bonds.

From the observed lifetime of hundreds of picoseconds and
the subtle structural change, we considered vibrational cooling
to be the most plausible candidate for the observed sub-
nanosecond process. A time-resolved mid-IR(MIR)-pump-MIR-
probe experiment reported that the vibrational relaxation of
Os3(CO);, shows a decay time constant in the range of a few
hundred picoseconds in addition to two faster time
constants.'” Considering this, we considered the vibrational
cooling of two different species, Os3(CO);, and Os;(CO)44(ax),
for the candidates of the process observed in the sub-
nanosecond time scale. We calculated the theoretical SADSs
for the vibrational relaxation process of Os;(CO);, and
Os3(CO)y4(ax) and compared them to the experimental SADS
for the short-lived intermediate (2nd SADS or SADS2) (Fig. 3b).
The comparison shows that the vibrational cooling of Os3(CO);,
best fits the experimental SADS2. Thus, we assign the short-
lived intermediate to the vibrationally excited Os;(CO);,, which
must have been formed via internal conversion from the
photoexcited state to the ground state (Fig. 4). According to
our kinetic analysis, the vibrationally excited Os;(CO);, shows
an exponential decay of 340 ps time constant, giving the rate of
vibrational cooling.

In conclusion, the photoreaction pathways of Os;(CO);,
excited at 400 nm were identified via TRXL. The reaction

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Photoreaction pathways of Os3(CO);, retrieved from the TRXL
data. There are two competing pathways: internal conversion (middle)
and ligand dissociation (right). The two pathways yield hot Os3(CO);, and
Os3(CO)yy(ax) as the reaction intermediates, respectively. The hot
Os3(CO)12 undergoes vibrational relaxation with a 340 ps time constant.
Contrary to the assignment in the TRIR study, the formation of the MMBC
intermediate (left) was not observed in the TRXL data.

pathways determined with TRXL showed a considerable dis-
crepancy with those proposed based on TRIR.">** Specifically,
the TRXL signal, which is highly sensitive to the Os-Os dis-
tances, directly shows that the previous assignment of the
short-lived intermediate to the MMBC intermediate from the
TRIR study is not supported. We emphasize here that the TRXL
signal is capable of distinguishing vibrationally excited parent
molecules and the transiently formed MMBC intermediate,
while such discrimination has been difficult when relying
solely on the TRIR signal. Considering this, our work demon-
strates that TRXL provides decisive structural information
complementary to TRIR when examining the photoreaction
pathways of organometallic complexes, especially those con-
taining multiple metal atoms.*® Considering that the genera-
tion of the short-lived MMBC intermediate suggested from the
TRIR studies has been proposed as a common pathway in the
photoreaction of several metal carbonyl dimers and clusters,"
our work shows that these assignments of the MMBC inter-
mediate might need to be revalidated using experimental
means that are directly sensitive to the molecular
structure,®'** such as TRXL.
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