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ABSTRACT: Triruthenium dodecacarbonyl exhibits increased catalytic activity toward
hydrogenation reactions when encapsulated in alumina sol—gels. In this study, we demonstrate
structural and electronic changes induced by the encapsulation process. Fourier transform
infrared (FTIR) spectroscopy reveals that the carbonyl vibrational modes dramatically red shift
during aging in the sol—gel glass. These shifts are attributed to the formation of the metal
hydride: [HRuy;(CO),;]”. A comparison to the FTIR spectrum of synthesized [NEt,]-
[HRu;(CO),;] confirms this assignment. XPS studies show that the Ru 3ds, peak of
also shifts to lower binding energy, consistent with an increased electron
density on the Ru nuclei compared to Ruy(CO);, and confirmed by density functional
calculations. This study should open the door to further investigations into the hydride’s role in
the previously observed catalytic activity. To the best of our knowledge, this is the first study to

[HRus(CO)n]_

identify the presence of [HRu;(CO);;]™ in the alumina sol—gel.

riruthenium dodecacarbonyl (Ru;(CO);,) has a rich
history in chemical catalysis. As a homogeneous catalyst,
it has been shown to catalyze the water—gas shift reaction (CO
+ H,0 — H, + CO,),"* which plays an important role in the
Fischer—Tropsch process.* For this reason, Ruy(CO);, has
potential uses in hydrogen based fuel cells in the generation of
H, and scavengin§ of CO, which is often found to poison
electrode surfaces.””” Ru;(CO),, is also frequently used as a
catalyst in chemical synthesis," ">
catalytic cababilities."®
In the realm of heterogeneous catalysis, it is common to find
reports of performance enhancement by encapsulating
homogeneous catalysts in metal oxide sol—gels.'* One recent
study showed that entrapping Ru;(CO),, in an alumina sol—
gel greatly increased its catalytic activity toward alkene
hydrogenation reactions.'> Curiously, in the same study, it
was reported that entrapment of the same catalyst in silica did
not affect its catalytic behavior. Increases in catalytic activity
upon sol—gel entrapment are common, especially in alumina,"*
but the origins for this effect are not well understood.'® One
possible explanation put forth by the authors of the study is the
increased catalytic activity results from the formation of metal
hydrides during the sol—gel aging process. Metal hydrides are
an important class of catalytic molecules with a plethora of
applications in chemical synthesis.'”~'® However, proof of the
formation of [HRu;(CO);;]” during sol—gel aging was not
found. Herein we monitor the FTIR spectra of Ru;(CO),,
during sol—gel formation and report the formation of a new
molecular species, [HRu;(CO);;]~, which likely plays a role in
the increased catalytic activity. Our assignment of this species
is supported by a separate synthesis of [NEt,][HRu;(CO),,]
and by density functional theory (DFT) frequency calcu-
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lations. Complementary X-ray photoelectron spectroscopy
(XPS) measurements show that the ruthenium nuclei of
[HRu;(CO),;]” have increased electron density compared
with Ru;(CO);,.

Vibrational Analysis of an Entrapped Hydride. Prior to sol—gel
formation, Figure la shows that the FTIR spectrum of
Ruy(CO),, in THF exhibits three peaks centered at 2060,
2030, and 2005 cm™'. This spectrum is consistent with
previous reports and the features have been assigned to the E’
(axial), A2’ (axial), and E’ (radial) vibrational modes of the
carbon monoxide ligands on the complex.”’"** During the
sol—gel synthesis, Al(O-i-Pr); was hydrolyzed to form a
nanoporous alumina (Al,O;) network with entrapped
Ru,(CO),,. Previous work utilizing N,—BET analysis reported
pore sizes to be on the order of $ nm."* Upon entrapment, the
spectral peaks of Ruy(CO),, decrease while new features that
are red-shifted appear. After many hours, the FTIR spectrum in
the carbonyl region takes on the appearance shown in Figure
la (red line). This spectral evolution was monitored as a
function of reaction time with spectra obtained every 10 min
for 14 h (Figure S2). Comparing the spectra at times t = 0 min
and t = 840 min, an overall red shift of the spectrum by about
43 cm™! is observed with two new peaks present at 1952 and
1733 cm™". The kinetics of this transformation were quantified
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Figure 1. (a) Spectra of Ru;(CO),, in THF (black) and entrapped in
the alumina sol—gel (red). (b) Basis spectra coefficients as a function
of sol—gel aging time, as described in the text. Coefficient A (black) is
associated with Ru;(CO);, in THF while coefficient B (red) is
associated Ru;(CO)y, in the alumina sol—gel. (c) Spectra of state B
(red) and [NEt,][HRu;(CO),;] (blue), which confirms state B is
[HRu3(CO),, ]~

with the use of basis spectra defined by fitting the spectral
features between 1950 and 2060 cm™" at t = 0 min and t = 840
min (the first and last spectra obtained) to a sum of eight
pseudo-Voigt peak profiles. Each experimental FTIR spectrum
in the time lapse data set was then fit to a linear combination of
these two basis spectra. The only fit parameters used were the
weighting coefficients A (for Ru;(CO);,) and B (for the red-
shifted spectrum), whose values were forced to be between 0
and 1 (0 < A < 1and 0 < B < 1). The time traces of these
coefficients along with their global fits are plotted in Figure 1b.
The global fit used a biexponential plus a constant offset as its
functional form and clearly captures the interconversion
dynamics between the two states. The time constants are
100 + 12 and 1200 =+ 200 min. This shows that state A
proceeds to state B at two different rates over the course of the
sol—gel aging reaction. The source of these two rates is not
immediately clear but could be a consequence of environ-
mental effects on the interconversion process. For example,
some molecules may find themselves in an environment within
the sol—gel matrix where they are more likely to undergo the
change from state A to state B compared to others. Such
heterogeneous kinetics are complex and warrant further
investigation beyond the scope of this work.

Concurrent with the spectral changes in Figure 1, the growth
of the peak at 1733 cm™ occurs on a very similar time scale as
those observed for the formation of state B (see Figures S2¢,d).
We conclude that this new peak, which is not observed in the
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Ru;(CO),, spectrum, belongs to the same molecular species
that produced the spectrum associated with state B.

The spectral changes upon entrapment in the sol—gel are
evidence that Rus(CO),, molecules undergo a structural
change concomitant with the formation of the sol—gel. The 43
cm™! red shift of the carbonyl vibrational peaks is too large to
be attributed to a solvatochromic effect.>~2¢ Instead, both the
red shift and the addition of the two new peaks can be
attributed to the formation of [HRu;(CO);,]”, a metal hydride
anion. The increased electron density in the ruthenium d-
orbitals from the addition of a hydride ligand could increase 7-
backbonding with the carbonsyl ligands, thereby red-shifting the
carbonyl vibrational modes.”> The fact that [HRu;(CO),;]™ is
a less symmetric molecule than Ru;(CO);, should increase the
number of carbonyl vibrations observable in the IR spectrum.
This is consistent with the formation of the two new peaks at
1952 and 1733 cm™". To confirm that the spectrum of state B
belongs to [HRu;(CO),;]”, we synthesized [NEt,]-
[HRu;(CO);;] as a model molecule.”” Figure Ic shows that
the vibrational spectrum of state B and [NEt,][HRu;(CO),,]
are identical, confirming the assignment of state B to
[HRu,;(CO),,]”. For completeness, vibrational frequency
computations of Ruy(CO);, and [HRuy(CO),;]” were also
performed. These results are consistent with experiment and
can be found in the Supporting Information.

The structure of the ruthenium hydride, as determined
previously bgf X-ray crystallography”’ is similar to that of
Ru,(CO),,.>* The DFT-optimized structures of both mole-
cules are displayed in Figure 2. The structural changes most

b. @

Figure 2. Optimized structures of (a) Ru;(CO),, and (b)
[HRu3(CO) ]~

relevant to this work are the presence of the bridging carbonyl
and bridging hydride between ruthenium nuclei 2 and 3 (Ru-2
and Ru-3) in [HRuy(CO),;]”. As previously shown, the
bridging carbonyl in [HRu;(CO),,]” is red-shifted from the
other carbonyl modes to around 1700 cm™.*” This is also
consistent with our frequency calculations that predict the
bridging carbonyl mode to be red-shifted from the other
carbonyl modes (see Supporting Information). On the basis of
these findings, the peak at 1733 cm™ is likely the bridging
carbonyl. We further support this claim by ruling out the
possibility it could be the Ru—H—Ru stretch mode. We
performed sol—gel entrapment using D,O and synthesized
[NEt,][DRu;(CO);;]. Spectra of both samples contain the
peak at 1733 ecm™' (Figure S4). Therefore, we assign this peak
to the bridging carbonyl. For completeness, we have included
the spectrum of [NEt,][DRuy(CO);;], which is identical to
the spectrum for [NEt,][HRu;(CO),;] in the region from
1600 to 2060 cm™" (Figure S5).

Population analyses of Ruy(CO);, and [HRuy(CO),,]~
were performed on the DFT optimized structures. The results
are displayed in Table 1. The net Mulliken charge on the
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Table 1. Net Mulliken and APT Charges on the Nuclei and
Ligands in Ru;(CO),, and [HRu,(CO),,]”

Ru3(CO);, [HRu;(CO)y, ]~
Mulliken APT Mulliken APT
Ru-1 —-0.22 —-1.59 —-0.15 —-1.90
Ru-2 —-0.22 —1.59 -0.25 —1.63
Ru-3 —-0.22 —1.59 —0.25 —1.63
CcOo” 0.67 4.76 —0.61 4.04
H 0.15 0.12

“For the CO ligands, instead of listing out the Mulliken charges for
every carbon and oxygen nuclei, we list the summed net charge on all
of the carbon and oxygen nuclei combined.

carbonyl ligands changes by —1.28 while the atomic polar
tensor (APT) changes by —0.72; the electron density on the
carbonyl ligands increases upon transformation from
Ru,(CO),, to [HRuy(CO),,]~. When z-backbonding occurs,
electron density from the metal is donated to the #*
antibonding orbital of the CO ligand, which weakens the
CO bonds and causes the carbonyl vibrational modes to red
shift. The increased electron density exemplified by the
Mulliken and APT charge analysis confirm z-backbonding is
the source of the red shift of the carbonyl modes.

This work provides the first conclusive experimental
evidence that Ruy(CO);, is spontaneously converted to
[HRu;(CO)y;]” in an alumina sol—gel. Although this finding
is remarkable, it is not necessarily surprising. Ruthenium metal
hydrides have also been suggested to form when Ru;(CO)y, is
adsorbed onto the surface of alumina supports.””*" In these
cases, the formation of the hydride was correlated with
whether or not the alumina surfaces had been dehydroxylated.
Formation of the ruthenium hydride was hypothesized to
occur when alumina surfaces retained their hydroxyl groups.
Therefore, it is possible in this case that the formation of OH
groups on the sol—gel surface during the sol—gel process are
responsible for the formation of [HRu;(CO);,]™.

The formation of a ruthenium hydride undoubtedly has
consequences regarding the increased catalytic activity of the
sol-entrapped ruthenium molecule. In homogeneous catalysis,
ruthenium hzdrides play an important role in hydrogenation
reactions.”** It is possible that the ruthenium hydride here is
the catalytically active species responsible for the previously
observed increased catalytic activity in the entrapped
ruthenium molecule. At the very least, the fact that it is
observed to form during the sol—gel aging process places it as
an important precursor in the catalytic reaction. If it is, indeed,
the catalytically active species, it is worth noting this could lead
to faster reaction kinetics compared to processes requiring
catalyst activation as a necessary step in the chemical reaction.

Electronic Redistribution Inside the Sol—Gel Matrix. To better
understand how the electronic distribution changes upon
formation of [HRu;(CO);;]™, XPS spectra of Ruy(CO);, and
[HRu;(CO),,]” entrapped in the alumina sol—gel were
collected (Figure 3). Because Ru 3d peaks overlap with C 1s
peaks, the conventional method using adventitious carbon as
the energy reference was not applicable. We chose to add a
small amount of CaF, in the samples and used the Ca 2p;), at
349.0 eV> as the reference. The high-resolution spectra of
CaF, in all samples exhibited well-defined doublets for Ca 2p
and singlets for F 1s and nearly identical peak locations,
indicating there was no measurable interaction between CaF,
and the samples and that this referencing method was valid.
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Figure 3. XPS spectra of Ru 3d and C 1s orbitals for (a) crystalline
Ru;(CO)y, and (b) [HRu;(CO)y;]™. In both spectra, the green peaks
are the Ru 3ds/, and the yellow peaks are the Ru 3d;/,; the purple
peaks are adventitious carbon, and the light blue peaks are the C 1s
peaks associated with the CO ligands.

XPS data on ruthenium-containing molecules is not exten-
sive;>* there are no previously reported spectra of
[HRu3(CO),,]". The ruthenium 3ds,,, 3d;,, and carbonyl C
1s peaks are observed at binding energies of 281.8 and 281.3
eV, 286.0 and 285.5, and 287.8 and 287.0 eV for Ru;(CO),,
and [HRu;(CO);,]7, respectively (for a complete list of peak
positions see the Supporting Information). This red shift in
binding energy between Ru;(CO);, and [HRuy(CO),,]™ is
consistent with the idea that the hydride increases the electron
density on the ruthenium atoms and carbonyl ligands. More
electron density on a nucleus decreases the binding energy of
the electrons because of an increase in the repulsion among the
electrons on the nuclei. Interestingly, the population analyses
(Table 1) show that the charge is unevenly distributed among
the Ru nuclei with Ru-1 (not associated with the bridging
hydride in Figure 2) being different from Ru-2 and Ru-3. For
[HRu;(CO),;]” the Mulliken charges on the two equivalent
Ru-2 and Ru-3 nuclei decrease (slightly) compared to
Ru;(CO),,; however, the Mulliken charge on Ru-1 increases,
indicating less electron density on that atom. This would
necessitate a second Ru 3ds, peak in the [HRu;(CO),,]~ XPS
spectrum that is blue-shifted from the Ru 3ds,, peak observed
in the Ruy(CO),, spectrum. This is not observed exper-
imentally. In contrast to the Mulliken charge analysis, the APT
charges on the Ru nuclei all decrease compared to Ru;(CO);,,
indicating an increase in electron density. This electronic
change is confirmed by the experimental XPS results.
Comparing the APT charges on the Ru nuclei to the net
charge density on the CO ligands, it is striking that more
electron density from the hydride is donated to the CO ligands
than ends up on the Ru nuclei. Concomitant with an increase
in catalytic activity upon sol—gel entrapment, we conclude that
there is a disproportionate distribution of excess charge onto
the peripheral ligands rather than the ruthenium atoms.

We also note that the Ru 3d and carbonyl C 1s peaks
associated with [HRuy(CO);;]” in the sol—gel are broader
than for Ruy(CO)y,. This is certainly a consequence of the fact
that the atoms are electronically more heterogeneous in the
hydride structure but may also be influenced by an increase in
heterogeneity of solvation environments within the sol—gel.
We hypothesize that this is related to the multiexponential
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kinetics observed in the FTIR evolution described above. We
will address this solvation heterogeneity as it pertains the IR
spectrum of the carbonyl ligands in a forthcoming publication.

In closing, we find here that entrapment of Ru;(CO)y, in an
alumina sol—gel causes distinct spectral shifts of the carbonyl
modes and the addition of two new peaks that are assigned to
the formation of [HRu;(CO),;]”. To the best of our
knowledge, this is the first direct evidence of ruthenium
hydride formation in a sol—gel film. The kinetics of the sol—gel
aging process were followed via FTIR and show that there are
two distinct pathways to formation of the entrapped
[HRu;(CO)y;]™. This is likely a manifestation of heteroge-
neous environments in the sol—gel that affect the rate of
conversion from Ru;(CO);, to [HRu;(CO);,]”. Future work
should identify whether [HRu;(CO);,] " is the catalytic species
responsible for the observed increase in hydrogenation activity.
In addition to the FTIR analysis, XPS spectra of Ru;(CO);,
and [HRu;(CO);;]” entrapped in the alumina sol—gel were
obtained for the first time. Paired with computational results,
we show that the increased electron density from the hydride is
distributed unevenly onto the carbonyl ligands and ruthenium
nuclei. This is fully consistent with the red-shifted spectral
features of the FTIR and XPS data. This work provides
conclusive identification of reactive intermediates that form in
the interior of alumina sol—gel pores and is an important step
toward understanding enhanced activity of catalysts entrapped
in sol—gel materials.

B EXPERIMENTAL METHODS

Materials. Ruz(CO),,, aluminum isopropoxide (Al(O-i-Pr);),
and tetrahydrofuran (THF) used for alumina sol—gel studies
were purchased from Millipore-Sigma and used as received.
Ru;(CO),,, sodium borohydride (NaBH,), and sodium
borodeuteride (NaBD,) used in the air and moisture sensitive
synthesis of [NEt,][HRu;(CO),;] and [NEt,][DRu;(CO),,]
were purchased from Millipore-Sigma and dried in vacuo prior
to use. The solvents used in the synthesis of [NEt,]-
[HRu;(CO),;] (THF, pentane, dichloromethane, and Et,O)
were dried through activated alumina on a Pure Process
Technology solvent purification system.

Sol—Gel Formation. Rus(CO),, alumina sol—gels were
prepared according to a previous procedure.'® Approximately
0.02 mmol of Ru;(CO),, was dissolved in 1 mL of THF and
stirred. Separately, approximately 6 mmol of Al(O-i-Pr); was
dissolved in 4 mL of THF, which was then decanted into the
stirring Ru;(CO),, solution. The mixture was then stirred for
20 min. For the FTIR kinetic study, approximately 1 mL of
deionized water was added to the stirring Ruy(CO),,/Al(O-i-
Pr); mixture. Upon addition of the water, the mixture went
from a transparent yellow to an opaque yellow. Immediately
after adding water, a small aliquot of the mixture was
transferred to a sample cell composed of two CaF, windows
separated by a S0 ym Teflon spacer. The assembly was then
sealed together with epoxy resin along its edges. The epoxy
was allowed to dry for 20 min before any measurements were
performed.

Synthesis of [NEt,][HRu;(CO),,]. [NEt,][HRu;(CO);;] and
[NEt,][DRu;(CO);;] were synthesized via a modified
literature procedure.”’ In a glovebox, Ru;(CO);, (106 mg,
0.166 mmol), NaBH, (33 mg, 0.87 mmol), and 17 mL of THF
were added to a 20 mL scintillation vial along with a small stir
bar. The reaction was then sealed with a Teflon screw cap and
stirred for 40 min at room temperature. [Et,N]Br (42 mg, 0.20
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mmol) was then added to the solution, and the reaction was
stirred for another 1 h. The solution was filtered through a
pipet plug and concentrated to 2 mL by vacuum. Fifteen
milliliters pentane was added to the solution, forming a
precipitate. The resulting suspension was filtered, and the
precipitate was washed with 2 mL of pentane. The precipitate
was then dissolved in CH,Cl,, and crystallization of [NEt,]-
[HRu;(CO),;] was achieved by vapor diffusion of Et,O into
CH,Cl,, yielding [NEt,][HRu;(CO),,] as reddish-brown
crystals. Yield: 95 mg (0.13 mmol, 77%). A similar procedure
using NaBD, (stirred for 2 h instead of 40 min) yielded
[NEt,][DRu;(CO);;] (65 mg, 0.087 mmol, 53%). See the
Supporting Information for the '"H NMR spectrum.

FTIR Measurements. FTIR spectra were collected using a
Nicolet 6700 FTIR spectrometer (Thermo Scientific). The
resolution was 1 cm™' with an average of 16 scans. The
spectrum of Ruy(CO);, in THF was collected with THF as the
background. The spectra of Ru;(CO),, entrapped in the
alumina sol—gel as well as [NEt,][HRu;(CO),] were
collected with a background of air. For [NEt,][HRu;(CO)y,],
because the synthesis is air sensitive, the FTIR sample was
prepared in a glovebox and then brought quickly to the FTIR
spectrometer to avoid degradation.

XPS Measurements. XPS measurements were performed on a
PHI Versa Probe III XPS system (ULVAC-PHI) using a
monochromated Al Ka X-ray source (1486.6 eV). The base
pressure was 4.0 X 107® Pa. During data collection, the
pressure was ca. 2.0 X 107 Pa. The crystalline and sol—gel
samples included a small amount of CaF, powder to serve as
an internal reference. All samples were mounted on the holder
using a piece of sticking tape. The measurements were
conducted using an X-ray spot size of 0.1 X 0.1 mm” with a
power of 25 W under 15 kV. Charge neutralization was used.
The survey spectra were measured using 280 eV pass energy
and 1.0 eV/step. The high resolution spectra were collected
using S5 eV pass energy and 0.1 eV/step. The data processing
used the Multipak software. Energies were referenced to the
Ca 2p;,, peak at 349.0 eV.”

Computations. DFT geometry optimizations, frequency
computations, and population analyses were performed using
B3LYP as the functional. The LanL2DZ pseudopotential basis
set was used for the Ru atoms while the 6-31G(d) was used for
C, O, and H atoms. The frequencies were multiplied by a DFT
scaling factor (0.960).>**° All computations were performed
with Gaussian.””
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