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RUz(CO)9+, RU3(CO)12+, RU4(CO)14+,
Rus(CO)16" and Rug(CO)1g*) have been synthesized in the gas phase and subsequently characterized by

A series of saturated ruthenium cluster carbonyls (Ru(CO)s,

infrared spectroscopy. Their size-specific IR spectra in the region of the carbonyl stretch vibration
(1900-2150 cm™) and in the region of the Ru—C-O bending modes (420-620 cm™) are obtained by
infrared multiple photon dissociation spectroscopy. The structures of these cluster carbonyls are assigned
by comparison with results from density functional calculations. A multitude of differently activated CO
ligands are identified in these cationic cluster carbonyls, reaching from terminal, over non-symmetrically
bridging (semi-bridging) ligands with varying degrees of interaction to additional Ru atoms towards sym-

rsc.li/dalton metrically bridging CO ligands.

Introduction

Metal cluster carbonyls have been an important class of sub-
stances for developing a profound understanding of the
binding in polynuclear coordination compounds.’™ Much of
the knowledge on their structures is based on the characteriz-
ation of compounds that are stable and synthesizable often in
bulk quantities, e.g via X-ray crystallography. Other
approaches that can also be applied to less stable metal carbo-
nyls rely on their synthesis in (cryogenic) inert matrices®® or
molecular beams,'®"" where they are typically characterized by
infrared spectroscopy. The latter makes use of the often very
strong absorptions related to C-O stretch vibrations and the
pronounced sensitivity of its vibrational frequency, ¢(CO),
towards the binding environment.'*"?

Gas-phase studies that can provide - via combination with
mass spectrometry — direct information on the size and stoi-
chiometry of a cluster carbonyl are usually limited to charged
carbonyls, as the susceptibility to fragmentation during the
ionization process can add severe complications to the studies
of neutral metal cluster carbonyls. Only very recently the
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combination of IR excitation with ‘soft’ ionization using a
tunable vacuum UV free electron laser (FEL) opened up new
possibilities for gas-phase experiments on neutral metal
carbonyls.">™"” So far, the majority of such studies in the gas
phase, however, have focussed on charged mono and binuc-
lear carbonyls. Recently, also the synthesis and characteriz-
ation of certain polynuclear metal carbonyl cations (and dica-
tions) have been reported in the condensed phase, which
become accessible, inter alia, in the presence of weakly coordi-
nating anions."®2° A pertinent example is the formation of
dications M3(CO)4,>" (M = Ru, Os) with a linear-chain arrange-
ment of the metal skeleton.

Solution studies of metal cluster carbonyls, and in particu-
lar also of ruthenium carbonyls, have intensively utilized IR
spectroscopy in the range of v(CO) to study the dynamics of
such cluster compounds. Particular interest is, e.g., on their
photochemical or thermal disintegration, vibrational inter-
actions within the cluster complex or with the solvent, and the
reorganization of their ligand shells.>*** In these solution
phase experiments, intermediates may be detected based on
their spectral signature; however, their identification has not
always been straightforward.>® Furthermore, in contrast to
their fixed structure in the solid state, polynuclear carbonyls in
solution show often a pronounced fluxional behaviour due to
intramolecular CO exchange.>®?® For example, Rus(CO)y, is
well known to exhibit rapid scrambling between axial and
equatorial CO ligands with a low barrier of about 20 kJ
mol™".*” The exact reorganization mechanism and whether it
involves bridging CO ligands that have been found as struc-
tural units in the ground state structure of the lighter homol-
ogue Fe;(CO);, are still under discussion. However, intermedi-
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ates containing bridging CO ligands have been experimentally
detected during the photoinduced dissociation of
Ru;(CO)1,,>>*%*° and their possible role in the scrambling
process has been postulated based on quantum chemical
calculations.**3' As we will show later in this article, semi-
bridging CO ligands are present in cationic Ruz(CO),," and
other cationic Ru carbonyls isolated in the gas phase.

Ionic carbonyls in the gas phase have the advantage that
their composition can be precisely determined by means of
mass spectrometry. By applying infrared multiple photon dis-
sociation (IR-MPD) spectroscopy, size-selective structural
characterization becomes possible without the interference
through possible fragmentation products.'®*** Already in the
late 1980s, cationic polynuclear transition metal cluster carbo-
nyls were synthesized in the gas phase via reactions of tran-
sition metal clusters with CO and their compositions were ana-
lysed by means of mass spectrometry.’> At comparably high
CO partial pressure and sufficient reaction time, i.e. many reac-
tive collisions between cluster and CO molecules, character-
istic abundance patterns of metal cluster carbonyls are
observed, relating the nuclearity of the metal cluster core, 7, to
a particularly stable stoichiometry of the corresponding carbo-
nyl. In this way, cationic cluster carbonyls have also been syn-
thesized, and they do not have known neutral complexes as
stable counterparts. The experimentally observed stoichi-
ometries of these gas-phase carbonyl clusters are well under-
stood in the context of the Wade-Mingos rules,*®*” an exten-
sion of the 18 electron rule for transition metal complexes to
polynuclear compounds. Within this polyhedral skeletal elec-
tron pair theory (PSEPT), the cluster’s nuclearity, composition,
and electronic structure are related to predict the geometry of
the clusters.

The Wade-Mingos rules aim to describe the bonding and
topology of the metal skeleton in polynuclear, usually closed-
shell, complexes. They treat the ligand as a source of a given
number of electrons shared over all the valence orbitals of the
cluster complex and, therefore, cannot provide detailed struc-
tural information on the ligand arrangement in the complex.
Instead, usually space-filling arguments are used to rationalize
the arrangement of the ligand sphere. Infrared spectroscopy
offers additional information as it is sensitive to structural
details of a carbonyl complex, e.g., via the symmetry selection
rule for IR activity. Furthermore, as (CO) is a measure of the
activation of C-O through the metal-CO interaction, or more
specifically through the n back-bonding, it is particularly
useful to discern CO ligands in different metal coordination
sites and, in particular, to differentiate between terminal and
bridging CO ligands.

Cationic Rh cluster carbonyls, for instance, have been inves-
tigated by IR-MPD spectroscopy, which then allowed for a com-
parison between structures of the cations and those of the
known stable neutral Rh carbonyls. As a result it was con-
cluded that ionization leads to a destabilization of the p, brid-
ging CO ligands in Rh,(CO)g (2 p,-CO) and Rh,(CO);, (3 p,-CO)
such that the cations only contain terminal CO ligands, while
the structure of Rhe(CO)¢" fully resembles that of the neutral
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octahedral species and contains 4 p3 face-capping CO
ligands.?*

Gas-phase synthesis of cationic Ru carbonyls has been
reported before for the tetra to hexanuclear carbonyls of Ru
and their structures as derived via application of the Wade-
Mingos rules have been compared to those predicted by
means of density functional theory calculations.*® Here, we
substantiate these structural assignments by comparing gas-
phase IR-MPD spectra observed for the full series of saturated
cationic Ru carbonyls Ru(CO)s’, Ru,(CO),", Ru;(CO),",
Ru,(CO)14", Ru;(CO)y6" and Rug(CO)y 5 with IR spectra calcu-
lated using DFT for the putative ground-state isomers of these
carbonyls.*®

Experimental and theoretical methods
Experimental methods

Ruthenium carbonyl cluster cations are produced in the gas
phase via laser vaporization of metallic Ru in the presence of
He and CO. The initially formed ruthenium cluster cations
react with CO gas at ~30 °C in the high pressure region of the
cluster source before the mixture expands into a vacuum
forming a molecular beam. The distribution of cationic
species embedded in the cluster beam is analysed by reflectron
time-of-flight mass spectrometry. The clusters are produced at
10 Hz; on alternate shots, the beam is exposed to the focussed
infrared beam of the FHI-FEL* that acts as an intense and
tunable IR source. Upon resonant excitation and absorption of
multiple IR photons, a carbonyl complex can fragment,
leading to a reduction of its detected ion intensity. This inten-
sity change, normalized by the intensity in the ion pulses that
are not exposed to IR, is converted to relative IR cross sections.
Thereby, also the variation of IR fluence over the tuning range
of the FEL is taken into account. Typical IR pulse energies in
these experiments were 3 m] in the region of »(CO) and
8-16 mJ at longer wavelengths (here generally called far-IR) at
a pulse duration of 5-8 ps. The accuracy of the evaluated band
positions in the IR spectra is limited by the step-size of IR fre-
quencies at which separate mass spectra have been recorded
that is in the ©(CO) region 5 cm™" and in the far-IR region
2 em™ . Further details on the experiment and data evaluation
have been reported elsewhere.*"*?

Theoretical methods

Structures of the Ru cluster carbonyls, their relative energies,
and IR spectra were calculated using density functional theory
(DFT) within TURBOMOLE V6.4.*’ Initial guess structures were
taken from the known structures of a variety of stable neutral
carbonyl compounds and from structures generated via a
modified basin hopping algorithm®* that treats CO as a
pseudo-atom. Basin hopping was performed using RI-DFT
with the PBE functional and def-SV(P) basis sets as well as the
def-ecp effective core potential for Ru as implemented in
TURBOMOLE. Further optimizations and frequency calcu-
lations made use of the PBEO hybrid functional and the larger

This journal is © The Royal Society of Chemistry 2023
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def2-TZVP/def2-ecp combination.”®™*® Calculated harmonic
vibrational frequencies were scaled by factors of 0.955 and
0.933 in the region of 1(CO) and in lower frequency modes,
respectively, which have been optimized for the herein dis-
cussed carbonyls. This scaling also shows excellent agreement
between calculated and experimental values® for the most
intense »(CO) band in Ru(CO);, (ESI, Fig. S1t). For a better
visual comparison between experimental and calculated
spectra, the latter were folded with a Gaussian line shape func-
tion with a full-width at half maximum of 1% of the centre
frequency.

Initial structural optimizations were performed without any
symmetry constraints; however, the optimized structures were
carefully checked for the presence of any point group sym-
metry and, if appropriate, re-optimized within the resulting
symmetry. All of the structures reported below are true
minima, and only for the lowest here reported state of
Rue(CO)15" (Cy, *B) a small imaginary frequency (8.1 cm™)
remained; due to the size of the system we refrained from
further optimizations.

Results and discussion
Structure of Ru carbonyls

Neutral Ru carbonyls. Before discussing the insights for the
saturated cationic Ru cluster carbonyls obtained from their sat-
uration compositions, IR-MPD spectra, and comparison with
the results of DFT calculations, we summarize the knowledge
available for the known neutral carbonyls of Ru. Mononuclear
carbonyl Ru(CO)s has a trigonal bipyramidal structure of Djp,

Cyy 27y Dy, 2E' Gy 2R
+1.48 eV
RU(CO).* ( ) Ru,(CO),*
Dy 2B, C.2A
Ru,(CO),,* Rug(CO), 6"
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symmetry, similar to its lighter homologue, the well-known
iron pentacarbonyl.*® Ru nonacarbonyl Ru,(CO), exists only as
a comparably unstable intermediate that can be produced, e.g.,
by irradiation of Ru(CO)s in solution, and it contains a single
bridging CO ligand.*>*' More recent computational studies
find for the C, symmetric ground state a Wiberg bond order
for Ru-Ru of only 0.1 suggesting the absence of significant
metal-metal bonding in Ru,(CO)s.>> The most stable neutral
Ru carbonyl, triruthenium-dodecacarbonyl Rujz(CO),,, is
usually reported to have a D}, structure (Fig. 1) with only term-
inal CO ligands which is in the solid, however, slightly dis-
torted by intermolecular interactions. Nevertheless, quantum
chemical calculations (including ours) identify a distorted pro-
peller-shaped version of D; symmetry lying 0.05-0.12 eV lower
in energy depending on the method.*!**** Comparing the cal-
culated bond lengths using the DFT:PBE(O/def2-TZVP combi-
nation for the D; and Dy, structures and those resulting from
the crystal structure of Ru;(CO);, >° shows good agreement for
both. Only the axial d(C-O) is slightly overestimated in the cal-
culated results by ~1% and the corresponding d(Ru-C) is too
small by the same value, while the deviations for the other
atomic distances are smaller (see the ESI, Table S17).

Cationic Ru carbonyls. The putative global minima struc-
tures as obtained by our global optimization approach are
shown in Fig. 1. The detailed structural information, calcu-
lated harmonic vibrational frequencies, and IR intensities can
be found in the ESI.} All these cations possess a doublet elec-
tronic state. For the smallest sizes, for which neutral counter-
parts exist, these calculated structures clearly differ from those
of the neutral ones, while the structures of the tetra to hexa-
nuclear carbonyls agree very well with the predictions from

Cp2A Dy 1A, Dy, 'Ay
Ru,(CO),," Rus(COY, (000V)
&\} Q

C, 2B

D4h' ZBWQ
(+0.54 eV)

Rug(CO);g*

Fig. 1 Ball and stick representations of the putative global minimum structures for cationic ruthenium carbonyls and for neutral Ruz(CO);, with
point group symmetries and electronic states given. For Ru(CO)s* and Rug(CO)g* also a higher energy isomer is shown. The colour scheme is as
follows: Ru — teal, C — grey, O — red (terminal CO), C — light grey, O — orange (semi-bridging CO), C - lightgrey, and O — yellow (symmetrically brid-
ging CO). For better clarity, some of the longer Ru—C bonds for semi-bridging ligands are depicted as dashed lines only.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Composition of stable cationic ruthenium cluster carbonyls,
number of valence electrons in the corresponding neutral (VE), counting
rule and assignment to structural class, and structural assignment for
the metal skeleton according to PSEPT

VE Rule Structure class Skeleton structure
Ru(CO);* 18 — Atom
Ru,(CO)," 34 — Dimer
Ru3(CO);," 48  16m Ring Triangle
Ruy(CO)y," 60 15m Three-connected Tetrahedron
Rus(CO);¢" 72 14n+  Closo deltahedral ~ Trigonal bipyramid
2
Rug(CO)ys" 84 14n Hypercloso Capped trigonal
deltahedral bipyramid

Lang et al.>® Minor differences relate to details of the ligand

arrangement, in particular to the assignment of semi-bridging
CO ligands. The metal skeleton of all putative global minima
conforms to the predictions according to PSEPT (Table 1).
Lang et al. reported the calculated average CO binding energies
for Ruy(CO)14", Rus(CO)¢" and Rug(CO)ys' of 1.89, 1.83 and
1.79 eV, respectively.*® We refrain here from a more detailed
analysis of the energetics as the actual gas-phase structures,
spin states, and related energetics of the corresponding bare
Ru cluster cations are experimentally unknown and the
difficulties of DFT based methods in describing small Ru clus-
ters have been addressed before.*®>” It shall be noted,
however, that small ligand-free Ru clusters are found to exhibit
rather unusual structures based on cubic motifs.”*"

The structural representations in Fig. 1 distinguish between
terminal, symmetrically p,-bridging, and non-symmetrically
bridging or semi-bridging CO ligands. This differentiation
between binding modes is based on the bridge asymmetry
parameter « as introduced by Curtis.*®

(0]
d(C-0)
»(Ru-C-0) c
g, “\di
Ru—Ru

d,-d

2 1

o= (d,>d))

1

In this scheme, d; is the shortest Ru-CO bond length for a
given carbonyl ligand, while d, is the distance to the next-
nearest Ru atom in the cluster complex, irrespective of the
actual bonding interactions. Naturally, a is not defined for
mononuclear complexes. According to Curtis, a value of «
below 0.1 represents a (close-to) symmetric CO bridge, while
up to a value of 0.6 the ligands can be characterized as semi-
bridging.®’ The somewhat arbitrary and certainly system-
specific transition from semi-bridging to terminal CO-ligands
for a > 0.6 has been recently questioned and re-analysed based
on a large number of crystallographic structures. Based on
these studies, a somewhat larger value of a = 0.7 has been
suggested for the semi-bridging/terminal transition.®” In the
following, however, we use the original values of Curtis.
Clearly, this still remains an arbitrary definition and in fact
there is a rather smooth structural transition from ‘true’ terminal
to bridging CO ligands which goes along with a lowering of the
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Ru-C-O bond angle, a lengthening of the C-O bond, and a red-
shift of the corresponding ¢(CO), as discussed below.

Saturation composition and implications from PSEPT

The reaction of gas-phase Ru cluster cations with CO mole-
cules in the cluster source leads, at sufficiently high CO partial
pressures and under stabilizing multiple collision conditions
with background He gas, to a distribution of cationic carbonyl
complexes (Fig. 2). The relevant partial pressures of He and CO
in the source are difficult to quantify as they are both intro-
duced by separate pulsed valves, but by comparison with the
conditions in similar cluster sources a total pressure of a few
tens of mbar can be deduced, consisting mostly of He carrier
2as.®*® The reaction time can be approximated by the time
the complexes spend in the cluster source, which is on the
order of 100 ps. Under such conditions, for a given nuclearity
of the metal cluster, a carbonyl with a specific stoichiometry
(marked as n,m in Fig. 2) is formed as the major product. The
mass spectrometric signals appear rather broad which is due
to the natural isotopic distribution of Ru, but their position
and overall width agree well with the distributions expected for
the given carbonyl compositions. Furthermore, the resolution
of the mass spectrometer of m/Am = 1000 is sufficient to
resolve all mass signals for the lighter carbonyls showing no
obvious additional signals other than those from the isotopes
of Ru and C.

Similar mass spectrometric results have been reported
before for mass selected Ru,*, Rus" and Rug" reacted with CO
in a gas-filled radio frequency ion trap, leading to the same
complex compositions.*® These experiments showed that
complex formation proceeds via fast successive addition of CO
molecules with the saturated complex being the only observa-
ble product. While Fig. 2 includes complexes up to Rug(CO),, ",
the following discussion will be limited to mono to hexanuc-
lear carbonyls as for the larger complexes no insightful IR
spectra have been obtained.

(3,12) Ru,(CO),*

m

1 (2.9)

(4,14)

intensity (arb. u.)

(1,5)

T T T T
800 1000 1200 1400 1600
m/z(u)

T T T
0 200 400 600
Fig. 2 Mass spectrum of saturated Ru cluster carbonyls Ru,(CO),*.
Compositions of particularly intense, i.e. stable, Ru carbonyls are indi-
cated as (n,m). Additional minor signals are from less stable CO
complexes.

This journal is © The Royal Society of Chemistry 2023
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The composition of saturated cluster carbonyls as derived
from the mass spectrum is listed in Table 1 together with
the structural predictions according to PSEPT.'>*3%%% Ag
discussed by Lang et al, the saturated cationic carbonyls
observed in their study follow the PSEPT concept as applied
to the neutral species, i.e. a half-filled valence orbital can
be treated as fully occupied.®® In this scheme, ruthenium
with its [Kr}4d’5s' configuration of the neutral atom is
assumed to contribute 8 valence electrons to the total
valence electron counts, while a single CO ligand acts here
as a 2 electron donor. We note that this may not be a
general rule as shown for the bridging CO ligands in a
recent, very detailed comparative bonding analysis for
M,(CO)y (M = Fe, Ru, Os).>> The total number of valence
electrons for the respective neutral cluster carbonyls and the
deduced assignments are shown in Table 1. The last
column of this table contains the structure derived for the
metal cluster skeletons of these carbonyl clusters.

IR-MPD spectra and structural assignments

Experimental IR spectra. The IR-MPD spectra obtained for
the cationic Ru carbonyls are shown in Fig. 3. Upon IR mul-
tiple photon excitation, successive loss of CO molecules is
seen as a dominant fragmentation channel for all the carbo-
nyls. For Ru,(CO),", Ru(CO)s" is observed as a fragment also.
This indicates a comparably weak Ru-Ru bond in the binuc-
lear carbonyl, which is in agreement with earlier theoretical
findings for the neutral species.®” The direct fragmentation of

3(M-C-0) bridging terminal  v(CO)
sym./semi
N V""/V\—\A-/\ Ru(CO)g*
o O o

g
\‘E’ +
= Ru,(CO),,
k%)
5
g J\ /‘/"/X Rus(CO)s6"
v 504
x x 0.1
% 0+ ,,«.n—vv—/\'»« RUS(CO)18+
o

e [
400 450 500 550 600 1900 2000 2100 2200
wavenumber (cm)

Fig. 3 Overview of IR-MPD spectra of Ru,(CO),,*. The coloured areas
highlight typical ranges for terminal (blue), symmetrically bridging
(orange) and non-symmetric semi-bridging CO ligands. Bands observed
at longer wavelengths are assigned to delocalized Ru—C-O bending
modes. In the gap between 640 and 1900 cm™ no vibrational funda-
mentals are expected for these complexes. The intensities in the high
frequency range above 1900 cm~ are multiplied by a factor of 0.1 for a
better visualization on a common intensity scale. For penta and hexa-
nuclear carbonyls IR-MPD spectra obtained with twice the IR intensity
are included in the far-IR range (grey lines) which shows additional

minor features below 500 cm™.

This journal is © The Royal Society of Chemistry 2023
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Ru,(CO)s" into Ru(CO);" causes an apparent negative absorp-
tion in the IR-MPD spectrum of Ru(CO)s" at around
2040-2010 cm ™. Evidently only a small fraction of Ru,(CO)o"*
fragments into Ru(CO)s", however, so that the changes in the
intensity in the Ru(CO);" mass channel can be neglected.

The IR spectra show clear signals in two ranges. The bands
experimentally detected in the upper far-IR (460-570 cm™") all
can be assigned, by comparison with the results of DFT calcu-
lations, to strongly delocalized Ru-C-O bending modes, 5(Ru-
C-0), each involving many or even all carbonyl groups. Other
modes at longer wavelengths have much lower IR intensities
and are not experimentally observed as they do not lead to
enough energy absorption to induce CO losses. Calculations
locate the Ru-CO stretch vibrations in the 370-450 cm™
range. They are highly coupled with bending and other defor-
mation modes of the carbonyl network. Vibrations involving
the Ru cluster are found below 180 cm™, which is also well
below the region of skeleton vibrations of bare Ru clusters
which reach up to ~290 ecm™" for cationic Ru,” (n = 7-9) clus-
ters.>® For further comparison, ¢(Ru-Ru) of the isolated dimer
has been measured at 347 cm™" via Raman spectroscopy in a
cryogenic argon matrix.”® The intense bands seen between
1920 and 2130 cm™" correspond to ¥(CO) modes. Note that in
the region of »(CO) the intensity in the IR spectra is scaled by
a factor of 0.1. The average position of the »(CO) bands
shifts with increasing nuclearity to lower frequencies which
reflects an increase of C-O bond activation in the carbo-
nyls. This can be related to a more effective n back-
donation in the larger cluster complexes due to the decreas-
ing CO/Ru ratio (5 in Ru(CO)s" vs. 3 in Rue(CO),5') together
with a better delocalization of the charge in the larger clus-
ters.®® More detailed assignments can be based on a com-
parison with the results of DFT calculations. In short,
bands above 2040 cm™' are seen for all of these cationic
carbonyls and can be related to terminal (p;) CO ligands.
The range between 1980 and 2040 cm™' is characteristic for
non-symmetrically bridging (semi-bridging) CO with clear
signals present, e.g., for Ruz(CO);," and Rug(CO);5'. At even
lower frequencies (~1920-1960 cm™"'), bands related to sym-
metrically p,-bridging CO are found, with Ruy(CO);,"
showing the most prominent signal. Rus(CO);s" shows weak
signals for both symmetrical and non-symmetrically
bridging CO ligands. No bands are observed at a lower fre-
quency and therefore the presence of higher coordinated,
i.e. ps-face capping, CO ligands can be excluded for the car-
bonyls studied here. The range between 640 and 1900 cm™*
is not shown, but has been measured partially: the far-IR
measurements extend up to 750 cm ' and the higher fre-
quency range has been studied from 1800 cm™
but no additional signals are seen in these regions.

Ru(CO);". The smallest Ru cluster carbonyl is found to have
a square-pyramidal (C,,) geometry, in contrast to the D;p, sym-
metric neutral complex. A cation of D3, symmetry is found to
be significantly (1.48 eV) higher in energy than the C,, struc-
ture. In the experimental IR spectrum, bands are observed at
535 and 2130 cm ™", As can be seen in Fig. 4, the latter agrees

upwards,
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Fig. 4 Experimental IR-MPD spectra (black) of saturated cationic Ru
cluster carbonyls compared to the predicted harmonic IR spectra
(green) of the putative global minima as obtained using DFT. For Ru
(CO)s* and Rug(CO)sg*, calculated spectra of higher energy isomers
(orange) are included for comparison. The experimental and calculated
intensities in the frequency range above 1900 cm™ are multiplied by a
factor of 0.1 for a better visualization on a common intensity scale. For
penta and hexanuclear carbonyls IR-MPD spectra obtained with twice
the IR intensity are included in the far-IR range (grey lines).

very well with the (unresolved) predicted IR-active (CO) bands
at 2122.7 (a;) and 2124.4 cm™" (e) of the C4 ground state,
while the lower frequency band appears to relate to two 5(Ru-
C-0) bands at 540.6 (e) and 556.3 cm™" (a;). Although the
experimental spectrum does not show a splitting of the §(Ru-
C-0) bands, the overall position fits to the prediction for the
C,y structure, while the higher energy isomer shows two bands
significantly shifted from the observed value. In addition, the
predicted shape of the bands in the v(CO) region does not fit
for the Ds}, isomer. The structural transitions upon ionization
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of Ru(CO); thus involve a change from a trigonal bipyramidal
to a square pyramidal structure.

o g g
c.] % | .
: ,Leizco — /;le’co *e
Oo/(l: oCE=-->
¢}

For comparison, salts containing an octahedral Ru(CO)s>* have
been characterized before. The IR active (Ty,) vibrational
modes of this species in [Ru(CO)s][SbFs], are measured at
2198 em™ (1(C0O)), 556 cm™' (§(Ru-C-0)), and 335 cm ™"
(v(Ru-C0)).”°

Ru,(CO),". For the dimer the 1(CO) region contains three
partially overlapping bands with maxima at 2061, 2094 and
2127 em™, which fit well to the predicted pattern of the non-
bridged C; symmetric structure with 4 and 5 terminal CO
ligands bound to the Ru atoms, respectively. There is no sign
of bands related to bridging CO ligands that have been seen
for its neutral counterpart.”’®" In the lower frequency range,
two bands are observed at 561 and 585 cm™'. Their position
and intensities fit nicely to the predictions for the delocalized
5(Ru-C-0) vibrations. The calculated Ru-Ru distance is 291.2
pm which is slightly longer than 287.6 pm calculated for the
neutral, CO-bridged dimer of C; symmetry by Pan et al.>> The
similarity in Ru-Ru bond length is surprising, as the neutral
dimer is suggested to be held together essentially via the
single bridging CO ligand, as the Wiberg bond order for Ru-
Ru is only 0.1. The cation does not contain a bridging CO, and
thus it should be bound merely by Ru-Ru interaction.

2, 8 20 @
ce &
O 8 CO O
C\R|u/ \Rlu/ e OC/F\ié—:Au—CO +e
C/| |\CO | OC ’
o g o c c
o} o} o ©

The weaker Ru-Ru bonding in Ru,(CO)," compared to the
larger Ru carbonyls gets reflected in the appearance of Ru
(CO)5" as a fragment during IR-MPD.

Ruz(CO),,". According to PSEPT the trimer is ring-shaped,
which agrees with the identified putative ground state struc-
ture. Compared to the carbonyls discussed before, it comprises
a more red-shifted band at ~2000 cm™" that can be assigned to
1(CO) of non-symmetrically bridging CO ligands. More intense
peaks centred at 2077 and 2110 cm™' relate to terminally
bound CO ligands. The multitude of predicted bands in the
far-IR region is not resolved in the experimental spectrum that
shows a single broad band at 544 cm™' with a shoulder
towards higher frequencies (~570 cm™"), but it fits in position
and shape to the predictions. The two semi-bridging CO
ligands spanning a Ru-Ru unit form a compensating pair of
CO ligands” and have slightly longer C-O bond lengths (113.5
and 113.9 pm) compared to the average of the terminal CO
ligands (113.0 pm) in this carbonyl. This clearly reflects a

This journal is © The Royal Society of Chemistry 2023
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stronger activation of the semi-bridging CO ligands due to an
enhanced n back-bonding caused by the interaction with a
second Ru atom. These interactions are also seen in the
Ru-C-O bonds deviating significantly from linearity with bond
angles of 171.5° and 163.7° within the compensating pair,
respectively. A third semi-bridging CO ligand, pointing along a
Ru-Ru edge, also appears to be slightly activated with d(C-O) =
113.4 pm and £(Ru-C-0) = 171.3°. Notably, semi-bridging CO-
ligands have not been identified in neutral Rus(CO);, but only
during its decomposition.***"”* The calculated average Ru-Ru
bond length is 285.9 pm which is similar to that of the neutral
one (see the ESI, Table S1}), but whereas in the neutral the
three Ru-Ru bonds are (nearly) equivalent, there are stronger
deviations in the cation. Here the longest Ru-Ru distance is
found to be 287.9 pm for the Ru pair spanned by two semi-
bridging CO ligands, followed by the Ru pair spanned by the
semi-bridging CO-ligand discussed last (287.7 pm). The third
edge has a significantly shorter Ru-Ru distance of 282.1 pm.
Overall, the principal change of the CO coordination upon
ionization of neutral Ruz(CO);, can be illustrated by:

8(00)4 IF

Ru(CO), Ru

P N\F

(OC),Ru Ru(CO), — (OC),Ru Ru(CO), + e
(all terminal CO) 8

showing the semi-bridging CO ligands in the cationic structure
in red.

Ru,(CO);,". The ground state structure of Ruy(CO)y,' is
based on a nearly tetrahedral metal skeleton which is covered
by two symmetrically p,-bridging CO ligands. Furthermore,
each face of the metal tetrahedron is covered by a close-to face-
capping ligand which just fulfils Curtis’s criterion for semi-
bridging ligands (a = 0.59); however, it interacts not with one
additional Ru atom, but with two equally. It is somewhat
unusual to refer to those as bridging ligands, and this displays
the limitation of Curtis’s approach which is originally applied
to binuclear complexes only.®>®" The remaining CO ligands
are equally distributed such that each Ru atom is bound to
two terminal and one symmetrically bridging ligand and
forms a short bond with one of the close-to face-capping
ligands. This results in the cluster carbonyl having perfect D,q
symmetry. The presence of bridging CO ligands is indicated in
the IR-MPD spectrum by a band at the low-frequency side of
the 1(CO) region at 1949 cm™". The calculations predict the IR
active antisymmetric stretch of the two p,-CO ligands at
1945.5 ecm ™' (b,). Due to the D,q symmetry of the complex
there are three types of symmetry-equivalent CO ligands, two
symmetrically bridging ones, which have a calculated C-O
bond length of 114.5 pm, eight terminal ones with d(Ru-C) of
113.0 pm and four more with an intermediate bond length of
113.7 pm. The latter also shows a Ru-C-O arrangement that
deviates significantly from linearity with £(Ru-C-0) = 172.2°.
While their Ru-C bond length is 189.9 pm which is similar to
the other terminal CO ligands (d(Ru-C) = 190.9 pm) in this car-
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bonyl, each of them clearly points towards one face of the Ru
tetrahedron suggesting further interactions with two more Ru
atoms. The band experimentally seen at 2029 cm™" contains
the IR active modes of these slightly more activated CO ligands
at 2029.5 cm™" (e) and 2036.4 cm™" (b,). The two higher fre-
quency bands experimentally detected at 2075 and 2100 cm™*
can be related to three (CO) modes of the terminal ligands at
2073.3 (e), 2096.6 (b,) and 2098.0 cm™" (e). The two bands
seen at lower frequencies, at 518 and 550 cm™ ", coincide nicely
with the location of the predicted IR-active 5(Ru-C-O) bands
that are each actually composed of unresolved close-spaced e
and b, symmetric modes.

Ru5(CO),6". Its structure consists of a trigonal bipyramidal
Ru skeleton covered by CO ligands. As indicated in Fig. 1, we
identify one p,-symmetrically bridging CO-ligand spanning
one edge of the base of the bipyramid, while a semi-bridging
CO ligand (a = 0.25) is seen on the opposite side of the cluster
spanning a Ru-Ru edge towards a vertex. Three more ligands
can be characterized as semi-bridging according to the Curtis
criterion with a &~ 0.5. The remaining CO ligands are in a term-
inal configuration and distributed such that - when ignoring
the symmetrically bridging CO - each Ru atom is bound to
three CO ligands. This structure is very similar to the one
reported by Lang et al. who report also two more closely
related structural isomers within 0.36 eV.*® The IR-MPD spec-
trum of Ru;(CO)y6" is less resolved and shows fewer clear fea-
tures compared to the other cluster carbonyls discussed here,
although it has been measured in parallel to those. A compar-
ably broad band centred at 2090 cm™" is followed towards
lower frequencies by a number of overlapping features with
maxima at ~1984 and ~1933 cm™". The latter band is at a posi-
tion close to the »(CO) value of the predicted symmetrically brid-
ging CO ligand at 1928.3 cm™". The next higher feature is related
to the semi-bridging CO ligand with a predicted »(CO) at
1972.6 cm™'. These symmetrically and non-symmetrically brid-
ging CO ligands have predicted bond lengths of 114.8 and 114.4
pm, respectively. In Rus(CO),6", two more semi-bridging ligands
with elongated d(C-O) of 114.1 and 113.9 pm, respectively, can
be identified (the average d(C-O) of the remaining CO ligands is
113.3 pm). Each of these points along an edge of the bipyramid’s
base, similar to the symmetrically bridging CO ligand, and they
also show clear deviations of the Ru-C-O angle from 180° to
168.6° and 168.4°, respectively. These ligands have their 1(CO) at
2003.8 and 2012.9 cm™", respectively. Similarly, also the CO
ligands pointing directly along the edges connecting the base
and vertex show slightly elongated d(C-O) of 113.4-113.6 pm and
Ru-C-O angles in the range of 172-177°. Combined stretches of
the CO ligands least disturbed by additional Ru interactions, i.e.
the true terminal ligands, contribute to the highest frequency
peak, with the most intense mode being predicted at
2084.3 cm™'. The far-IR spectrum of Rus(CO);s" shows an
intense peak at 554 cm™" and, only at a higher IR fluence (grey
lines in Fig. 4), a weaker feature around 479 cm™*, which reason-
ably agrees with the spectrum predicted in that spectral range.

Ru,(CO)y5". The putative global minimum structure is based
on a single-capped trigonal bipyramid as predicted by PSEPT.
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Structures based on different metal cluster arrangements are
found to be comparably low in energy, e.g. the Dy, symmetric
structure with an octahedral metal core (+0.54 eV) included in
Fig. 1 or one with a trigonal prismatic core 0.53 eV above the
ground state isomer as reported by Lang et al*® It is note-
worthy that the dianion, Rug(CO);s>”, has a structure similar
to that of the predicted (higher-energy) D,, isomer of the
cation with an octahedral metal core, two p,-symmetrically
bridging and two ps-face-capping CO-ligands, respectively.”®
The IR-MPD spectrum of Rug(CO);5" in the 1(CO) region does
not show evidence for the presence of symmetrically bridging
CO ligands; therefore the D4, symmetric structure can be
excluded. Instead, the band pattern in the »(CO) region fits
well to the predicted spectrum of the putative global
minimum. The most red-shifted band seen at 2000 cm™" is
due to 1(CO) of semi-bridging CO ligands and corresponds to
several overlapping bands in the predicted spectrum. The
double-peak structure with maxima at 2071 and 2096 cm ™" can
be assigned to the overlapping ¢(CO) modes of terminal CO
ligands. At a longer wavelength, i.e. in the region of the Ru-C-
O bending modes, a peak at 555 cm™" is seen and some fea-
tures of low intensity that extend to about 450 cm™" are also
observed. In the predicted IR spectrum the most intense band
in that region is observed at 577.1 cm™", and is slightly blue-
shifted compared to the experimental band, but overall there
is reasonable agreement between measured and predicted
data. As for the other cluster carbonyls mentioned before there
are clear differences in the predicted C-O bond length and
Ru-C-O angles for the terminal and semi-bridging CO ligands.
The semi-bridging CO ligands shown in Fig. 1 have d(C-O) of
114.0 and 114.0-114.1 pm with £(Ru-C-O) of 164.4-171.7°,
respectively. The remaining ‘true’ terminal CO ligands have an
average d(C-O) of 113.3 pm and an average £(Ru-C-O) of
177.9°.

Terminal, semi-bridging and symmetrically bridging carbonyl
ligands

The presented assignments of the IR spectra based on DFT cal-
culations reveal that the cationic ruthenium cluster carbonyls
provide diverse examples of coordinated CO ligands reaching
from terminal, over semi-bridging to symmetrically p,-brid-
ging CO and, thereby, allow for a comparison of these struc-
tural elements with chemically very similar compounds. They
are all homoleptic Ru carbonyls, while the former comparisons
usually invoke complexes containing different transition
metals and also other types of ligands which may account for
additional steric and electronic constraints affecting the CO
coordination. At this point, we do not intend to analyse the
electronic structure of the cluster carbonyls further but rather
discuss the resulting Ru-C-O binding geometries that can be
related to the IR spectroscopic data. However, due to the open
shell structure of the here discussed carbonyl cations, one may
expect Jahn-Teller type distortions leading to overall symmetry
reductions. This may provide the basis for a larger variation of
CO coordination in the cations compared to closed shell struc-
tures of higher symmetry.
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More detailed discussions of the structural parameters of
differently coordinated CO ligands and the consequences for
their electronic structures, in particular the M-M interactions,
have been given elsewhere.””*® According to Crabtree
et al” one can distinguish four coordination types for CO
interacting with a pair of metal atoms, (i) terminal ligands
which essentially interact only with one of the metal atoms in
a nearly linear M-C-O arrangement and (ii) symmetrically
bridging ligands with two equivalent M-C bonds and the CO
axis standing (close to) perpendicular to the bridged M-M
pair. Bent semi-bridging (iii) ligands with one short and one
long M-C distance and an M-C-O angle significantly deviating
from linearity are formed by = back-bonding into the CO’s 2n*
orbital from the more distant metal atom via interaction with
an M-M antibonding orbital. They are seen as intermediates
between the terminal and symmetrical-bridging CO ligands. A
linear semi-bridging CO (iv) indicates, however, according to
Hall’®”” & back-bonding from a filled  orbital along the M-M
entity, i.e., it stabilizes the M-M bonding orbital, while the
bent semi-bridging carbonyl stabilizes an antibonding orbital.
In both cases the C-O bond is more weakened compared to
the terminal CO ligands due to back-bonding from two metal
centres which increases the electron density in the CO’s 2x*
orbital. Similar binding schemes can be discussed for CO
interaction, e.g., with the three metal atoms of a triangular
face, with the limiting cases of terminal CO binding and
central face-capping (p;-bridging).”® The structural difference
between linear and bent semi-bridging CO ligands can be visu-
alized according to Curtis by plotting £(Ru-C-0) vs. the bridge
asymmetry parameter. In the case of the here studied Ru
cluster carbonyls (see Fig. 5a), however, the consistent decrease
of £(Ru-C-0) for a < 0.6 indicates that only bent semi-bridging
ligands are present.

Fig. 5b displays the gradual change in the CO coordination
geometries for the cationic Ru cluster carbonyls by plotting the
calculated C-O bond length as a function of the Ru-C-O bond
angle. As discussed before in the assignments for the specific
carbonyls, the presence of these ligands with different d(C-O)
has been verified based on their characteristic absorptions in
the 1(CO) region. Terminal CO, where the & system extending
over the Ru-C-O unit stabilises a linear arrangement (£(Ru-
C-0) = 175.5-180°), has the shortest d(C-O) ranging from
112.6-113.7 pm. The closest to linear Ru-C-O units are found
in Ru(CO)s", where no interaction with further metal atoms
can occur. In the carbonyls of higher nuclearity, however, such
interactions can provide additional & back-donation leading to
a further increase of d(C-O). Accordingly, the longest C-O
bonds are found for the symmetrically p,-bridging ligands in
Ru,(CO);," and Rus(CO),¢" with d(C-O) of 114.5 and 114.8 pm
and £(Ru-C-0O) of 139.7 and 141.0°, respectively. In between
those are the bent semi-bridging ligands with d(C-O) ranging
from 113.4 to 114.4 pm and £(Ru-C-0O) = 172.5-156.4°.

Both plots in Fig. 5 also include the CO ligands in the pre-
dicted D; ground state of neutral Rus(CO);, (black crosses).
Structurally, the (close to) equatorial CO ligands (a = 0.96)
clearly fall into the class of terminal CO ligands, while the

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Curtis plot of the Ru—C-O angle vs. the bridge asymmetry

parameter a. (b) Distribution of C—O bond lengths in cationic saturated
Ru cluster carbonyls, Ru,(CO),,* (n = 1-6), as a function of the Ru—C-0O
angle calculated using DFT. In both plots, the values for the calculated
D+ structure of neutral Rus(CO)j, are given for comparison (black
crosses).

axial ones are very similar to semi-bridging ligands, in particu-
lar to the ones identified in the structure of the corresponding
cation Ru;(CO)y,". This is illustrated also by the values of their
bridge asymmetry parameter of a = 0.63, which is slightly
above the cut-off of 0.6 for semi-bridging carbonyls according
to Curtis et al,** but still in the range suggested later by
Parmelee and Mankad which reaches up to a = 0.7.°* In the
cation, three semi-bridging CO ligands have a bridge asymme-
try parameter o between 0.34 and 0.51, and two more ligands
fall into the range of a between 0.6 and 0.7 (see Fig. 5a). The
strong structural similarities of the D; structure of Ruz(CO),
and that of Ruz(CO);," can be realized from Fig. 1, despite the
lower symmetry of the cation.

Conclusions

The IR spectra of saturated cationic ruthenium cluster carbo-
nyls containing 1-6 Ru atoms have been obtained via infrared
multiple photon dissociation spectroscopy and assigned by
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comparison with the spectra calculated using DFT for the
putative global minima as obtained by a basin hopping global
optimization algorithm. The metal skeletal arrangements of
the assigned structures follow the predictions according to the
polyhedral skeleton electron pair theory for the corresponding
closed-shell neutral species. This supports the conclusions
already drawn by Lang et al.*® that, at least for the Ru carbo-
nyls under study, within PSEPT counting schemes a half-filled
valence orbital (in the cation) can be treated as fully occupied.

The smallest carbonyls, Ru(CO);" and Ru,(CO),", only
contain terminal CO ligands. The larger ones contain a variety
of differently coordinated carbonyl ligands including terminal
CO ligands, semi-bridging CO ligands, and symmetrically brid-
ging CO units. The corresponding C-O stretch vibrations
follow the well-known trend of y(CO) showing the highest
values for terminal CO ligands and gradually decreasing with
increasing interaction of the CO ligand with additional Ru
atoms. This gradual change goes along with a lengthening of
the C-O bonds and a bending of the Ru-C-O units which is
in-line with the effect of the Ru — CO = back-donation mecha-
nism for classical transition metal carbonyls.

The large variety of differently coordinated CO ligands in
the Ru carbonyl clusters analysed in this study allows for a
more systematic structural comparison of the ligand environ-
ment in these carbonyls including also the most stable struc-
ture of neutral Ru;(CO);,. As a result, we notice a strong simi-
larity between the predicted D; symmetric ground state of
neutral Ru;(CO);, and its cation in terms of the coordination
geometry of the ‘axial’ CO ligands. One may speculate if the
weakly semi-bridging character of these ligands is related to
the dynamical properties of Ruz(CO);,.

More direct information on the binding interactions between
transition metal atoms and CO ligands and the transition
between terminal, semi- and symmetrically bridging configur-
ations can be obtained by analysing the electron density distri-
butions in related compounds, although the major focus of these
studies often is on the metal-metal interaction. However, these
experimental studies are typically performed via X-ray diffraction
on crystalline samples, where, taking the example of neutral
Ru;(CO);,, the molecular structure and dynamical behaviour may
significantly differ from that of the isolated molecule due to sub-
stantial intermolecular interactions in the crystal. Similarly, the
binding interactions may be further analysed theoretically, i.e.
using the atoms-in-molecules approach,”® but such analysis
would go well beyond the scope of this study.
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