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Ruthenium n-diene carbonyl complexes have emerged as promising precursors for photo-assisted
chemical vapour deposition (PACVD), yet their photodissociation mechanisms remain unclear. Here we
use static quantum-chemical calculations to map the excited-state dissociation landscape of (n*-
diene)Ru(CO)z precursors (diene = BuD, MBuD, CHD, COT, CBuD). Ground-state DFT optimisations and
Ru-ligand scans are combined with TD-DFT excitations and adiabatic singlet potential energy surface
profiles to identify CO- and diene-loss pathways, while EDA-NOCV and natural transition orbital ana-
lyses rationalise the Ru—diene bonding and the character of the bright states that drive reactivity. Calcu-
lated UV-vis spectra reproduce experimental trends, including the markedly higher absorptivity and
extended wavelength coverage of the COT-containing complex. CO loss is generally enabled by a range
of ligand-field or charge-transfer excitations and internal conversion-assisted channels. In contrast,
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diene loss is strongly ligand dependent: BuD, MBuD, and CHD show accessible pathways, CBuD remains
resistant, and COT exhibits additional complexity due to ligand flexibility and coordination changes, all
consistent with experiment. These results outline favourable stepwise routes towards unsaturated
fragments and provide a basis for future non-adiabatic dynamics, irradiation-driven molecular dynamics,
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1 Introduction

Metal-carbonyl complexes are among the earliest and most
widely studied precursors for nanofabrication via chemical
vapour deposition (CVD)"> and, more recently, focused elec-
tron beam-induced deposition (FEBID).?>” Their successful use
in these established techniques has also been extended to
photo-assisted CVD (PACVD), a near-room-temperature deposi-
tion method in which precursors are activated by photons
rather than thermal energy." Conventional CVD of metals
and metal-containing compounds is widely employed in micro-
electronics, semiconductors, optoelectronics, and protective
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time-resolved spectroscopy, and multiscale simulations of PACVD processes.

coatings,®® where substrates can tolerate the high pyrolytic

temperatures typically required to activate precursors. How-
ever, many emerging technologies, including organic
photovoltaics,’® chemical sensors,"* and related electronic
devices,"" rely on thermally sensitive polymeric thin films
or self-assembled monolayers (SAMs). As such substrates can-
not withstand conventional CVD conditions, PACVD offers an
attractive alternative, enabling lower-temperature processing
with improved selectivity and energy efficiency. Therefore,
understanding the excited-state pathways responsible for pre-
cursor activation becomes essential.

Among the various metals of interest for nanofabrication,
ruthenium has received much attention in recent decades. It
has high thermal resistance (melting point 2273 °C), a high
work function (4.7 eV), low bulk resistivity (7.16 nQ cm), and its
only stable solid oxide, RuO,, is also a metallic conductor (with
a resistivity of 35.2 pQ cm).>'* This makes Ru a promising
metal for thin film technologies,'” next-generation capacitors'®
and dynamic random access memory (DRAM) devices.” It is
also an attractive choice for replacing or enhancing current Cu
interconnects in nanoelectronic devices.'®'® Previous techni-
ques for the preparation of ruthenium films, such as pulsed
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laser deposition, molecular beam epitaxy, lift-off methods, and
electrodeposition, have shown various limitations. CVD and
its variations are promising alternatives to overcome these
issues.>?%?!

A suitable precursor for PACVD must meet key require-
ments: (i) be highly volatile; (ii) be stable at vaporisation
temperatures; (iii) possess high photodissociation quantum
yields; and (iv) have facile thermal reactions on the substrate
surface for completion of ligand loss. Although many homo-
leptic metal-carbonyl compounds meet all these criteria while
also being simple and commercially available, Ru(CO); decom-
poses above —18 °C.> The introduction of hydrocarbon poly-
hapto ligands in place of one or more CO ligands is one strategy
to stabilise the complex while maintaining the remaining
desirable properties. Ru-carbonyl compounds containing both
n?® and n* ligands have recently shown promising performance
in PACVD.?*?*>* However, the detailed excited-state landscape,
the competition between CO and diene loss, and the ligand-
dependent accessibility of these channels remain unresolved.

Although the photochemistry of first-row transition metal-
carbonyl complexes has been extensively studied, investiga-
tions become markedly scarcer for heavier congeners. To the
best of our knowledge, the only study to date on the photo-
chemistry of (n*-diene)Ru(CO); complexes [diene = butadiene
(BuD), isoprene or 2-methyl-1,3-butadiene (MBuD), cyclooctate-
traene (COT), 1,3-cyclohexadiene (CHD), cyclobutadiene
(CBuD); Fig. 1] was reported by some of us.>** In that work,
3COT was excluded from the photolysis experiments because it
showed evidence of dissociation products in the dark. The
solution-phase investigation revealed loss of both CO and diene
upon UV irradiation with a Hg(Xe) arc lamp, identifying these
complexes as promising precursors for PACVD of ruthenium.
Primary CO loss was observed for all compounds, whereas
primary diene loss occurred only for 3BuD and 3MBuD. The
quantum yields for CO loss were wavelength dependent for all
compounds except 3BuD, and diene loss showed a similar
wavelength dependence for 3BuD and 3MBuD. Extended
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Fig. 1 (n*-Diene)Ru(CO)s compounds investigated in this study and pre-
viously in ref. 24.
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photolysis produced species consistent with loss of one CO,
loss of diene, loss of two CO, and combined CO/diene loss for
all complexes except 3BuD, for which only one- and two-CO loss
products were detected. With the exception of 3BuD, exhaustive
photolysis yielded colloidal Ru. DFT calculations indicated that
these photodissociation processes originate from ligand-field
(LF) excited states, and 3BuD and 3MBuD emerged as the most
promising candidate precursors.

It is clear that photochemical studies of Ru-carbonyl com-
plexes remain scarce, and even the prototypical Ru(CO)s has
not been extensively investigated. In contrast, related iron
systems are much better characterised, and we briefly summar-
ise the most relevant findings for (n*-diene)Fe(CO); complexes
and M(CO); (M = Fe, Ru). Jaenicke et al>® examined the
solution-phase photolysis of several (n’-diene)Fe(CO); and
(n*-diene),Fe(CO) complexes, finding wavelength-dependent
CO loss that exceeds diene loss by roughly an order of magni-
tude and increases at shorter wavelengths; transient (n>-diene)
species were also detected. Bachler et al.>” observed similar
n* - n? photoisomerisation and cis-trans isomerisation in
(BuD)Fe(CO);, while Chang and Zink*® reported wavelength-
dependent CO and diene loss from (COT)Fe(CO)s with smaller
differences between the respective quantum yields. The homo-
leptic carbonyls M(CO); provide additional context: Fe(CO)s;
undergoes rapid loss of up to two CO ligands after single-
photon absorption, with further dissociation depending on
photon energy.>" Complete CO loss can occur in the gas
phase or inert matrices,” and the process is strongly wave-
length dependent.®” Dissociation generally proceeds stepwise,
though concerted multi-CO loss via multiphoton absorption
has been reported.>*> Vibrational quenching in solution
reduces overall dissociation,>*?'* and both experiment and
theory indicate that the first CO losses occur primarily on the
singlet manifold,*'** with possible triplet involvement in later
steps.®® Reactive fragments such as Fe(CO), and Fe(CO) can
further react with the parent complex to form polynuclear
species.”®

In contrast, photolysis of Ru(CO)s produces Ru(CO),, which
readily recombines with CO to regenerate the parent complex.*®
The compound is thermally unstable*> and can also form
Ru;(CO);, photochemically.’®*” A further distinction is that
unsaturated Fe(CO), fragments (n = 4-1) have triplet ground
states (GS),>**'** whereas the Ru analogues (Ru(CO) excepted)
are singlets.’®™® The heavier Ru centre is also expected to
exhibit stronger spin-orbit coupling, although quantitative
data remain limited.

In this work, we build upon the previous investigation®* of
the photochemistry of (n*-diene)Ru(CO); complexes (Fig. 1)
using static quantum-chemical methods to further elucidate
the photodissociation pathways of these precursors, in line
with established strategies for modelling excited states in
organometallic systems.*>*® A comparison of geometrical para-
meters, bonding descriptions, excited states, and energetic
profiles of the pristine complexes and their fragments, together
with selected ground- and excited-state potential energy surface
sections, helps clarify the mechanisms of ligand loss and
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provides guidance for the design of improved PACVD ruthe-
nium precursors. Where appropriate, we also compare the Ru
complexes to their iron analogues. An additional objective is to
establish a foundation for multiscale modelling of PACVD
through molecular dynamics simulations. A workflow pre-
viously developed for evaluating and selecting CHARMM
force-field parameters for realistic simulations of alkanethiol
SAM substrates®* will be extended here, and the present
results will support parametrisation of reactive CHARMM
(rCHARMM)** force fields for the precursors. Such parametri-
sation is required for future irradiation-driven molecular
dynamics (IDMD)**** simulations with the MBN Explorer*’
package within a broader multiscale framework for radiation—-
matter interactions,’® an approach already successfully
applied to FEBID processes involving related precursors such
as W(CO0)s,">*"*® Fe(CO)s5,>**° and other organometallic
compounds.’*™*?

2 Computational methods

For all compounds investigated here, geometry optimisation
and TD-DFT vertical transition calculations were performed
using the range-separated functional ©B97X>* with Grimme’s
D3 dispersion correction.”* The Weigend & Ahlrichs def2-TZVP
basis set with effective core potential (ECP) was used on the Ru
atoms, while the smaller def2-SVP basis set was used for all
other atoms.”® This level of theory was applied to all scans. To
perform a rigid scan of the Ru-diene bonds, we stretched and
contracted the equilibrium distance between the diene and the
Ru(CO),, moieties along the line joining the metal to the
centroid of the four carbon atoms involved in the n* (or the
six in the case of 1°) coordination. A contraction of 0.5 A was
used in all cases, while stretching was extended as far as
needed to reach the dissociation plateau. Steps of 0.1 A were
used in all scans. At each point in the scans, vertical excitations
via TD-DFT for 30 singlet and 30 triplet states were calculated.
These calculations were performed using Gaussian 16 Rev
A.03.°°

For the CBuD- and COT-containing complexes, Ru-diene
dissociation pathways were also explored using the nudged
elastic band (NEB) method.”” The initial structure corre-
sponded to the equilibrium geometry with the Ru-diene dis-
tance shortened by 0.5 A along the vector connecting Ru to the
centroid of the four coordinating carbon atoms. The final
structure was generated by elongating the same coordinate by
1.8 A from equilibrium and replacing the bound diene with the
optimised isolated ligand while keeping the centroid coinci-
dent. At each image point in the converged path, vertical TD-
DFT excitations were obtained for 30 singlet and 30 triplet
states. All NEB calculations were carried out with ORCA 5.0.3°®
using wB97X together with the D3 dispersion correction and
Becke-Johnson damping (D3B]).>° The split basis-set scheme
described above and the RIJCOSX approximation with def2
auxiliary basis sets were employed.®® Transition states asso-
ciated with possible changes in COT coordination (see Section
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3.1) were located using the NEB-TS variant®" at the same level of
theory, with reactant and product geometries optimised prior
to the NEB-TS calculations.

To aid in the interpretation of the electronic transitions, the
natural transition orbital (NTO) analysis®®® via the TheoDORE
package®® was used on the Gaussian 16-generated orbitals.
Simulated absorption spectra were obtained by applying artifi-
cial broadening® to the TD-DFT transitions (see Section S1, SI).

The energy decomposition analysis with natural orbitals for
chemical valence (EDA-NOCV)®® was performed using the
Amsterdam density functional (ADF)®” module of the Amster-
dam modeling suite (AMS)®® v 2024.101 to characterise the Ru-
diene interactions. The diene (BuD, MBuD, COT, CHD, or
CBuD) and the remaining fragment were treated as separate
moieties, and five fragmentation schemes were tested: (1)
neutral singlets, (2) neutral triplets, (3) doublet fragments with
charges +1, (4) singlet fragments with charges +2, and (5)
triplet fragments with charges £2. All calculations employed
the PBEO functional® with D4 dispersion,”® TZ2P basis set,”*
and scalar relativistic ZORA corrections.””

3 Results and discussion

This section is organised as follows. Section 3.1 presents
the equilibrium GS geometries of the precursors and their
fragments, followed by an analysis of Ru-diene bonding using
EDA-NOCV (Section 3.2). Computed UV-vis spectra and assign-
ment of key transitions via NTO analysis concludes the pre-
amble in Section 3.3.

We then examine the photodissociation pathways through
(TD-)DFT potential energy surface scans for Ru-ligand bond
cleavage, presented in the adiabatic picture with excited states
referenced to their ordering at the GS equilibrium geometry.
Fig. 2 summarises all pathways from the pristine precursors to
bare Ru and serves as a guide for the discussion. Section 3.4
addresses diene loss from pristine precursors and fragments
(steps 2, 2.1, 2.3, and 2.5 in Fig. 2), followed by CO loss from
diene-containing species (steps 1, 2.2, and 2.4) in Section 3.5.
Section 3.6 examines CO loss from the Ru(CO), fragments
(steps 1.1-1.3). The section concludes with the proposed
exhaustive dissociation pathways for the three most thoroughly
analysed systems, 3COT, 3BuD, and 3CBuD as supported by the
current method (Section 3.7). In the ensuing discussion, the
proposed pathways should be regarded as a subset of the
channels accessible within the coordinates explored here.
Additional geometrical degrees of freedom may open alterna-
tive routes that require more detailed dynamical investigations
beyond the scope of this work.

3.1 Equilibrium geometries of pristine precursors and their
fragments

Before analysing the photodissociation pathways, we briefly
summarise the GS equilibrium geometries of the precursors
and their fragments. For 3COT, 3BuD, and 3CBuD, full
dissociation sequences to bare Ru were explored through
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total dissociations. For 3MBuD and 3CHD, only the primary dissociations of diene and CO (i.e. steps 1 and 2) were considered.

Ru-ligand bond scans, whereas for 3MBuD and 3CHD, only the
first CO and diene losses were considered. Fig. 3 shows the
optimised geometries of all species. With the exception of
Ru(CO) (1), all have singlet GS well below the lowest triplets if
they exist (see also Table S1, SI); the smallest gap is 3.4 kcal
mol ™" (0.15 eV) for C,, Ru(CO), (vide infra). All pristine pre-
cursors except 3MBuD adopt C; symmetry, as do most frag-
ments, with a few notable exceptions discussed below.

Loss of the diene at any stage of the dissociation sequence
generates Ru(CO), fragments, common to all precursors. Frag-
ment 1 (n = 1) adopts the expected linear triplet GS (C..), with
the singlet lying 24.7 kecal mol™' (1.07 eV) higher in energy.
Fragment 2 (n = 2) has a singlet C,, GS with a small singlet-
triplet gap to the lowest-lying triplet state (C,,) of 3.4 kcal mol "
(0.15 eV). In turn, fragment 3 (n = 3) adopts a singlet C; GS with
a 7.8 kcal mol ™" (0.34 eV) gap to the lowest triplet (C,,). These
trends contrast markedly with the Fe analogues: all unsaturated
Fe(CO), fragments have triplet GS and Fe(CO), is linear (D),
as established by experiments and theory.>**'*3* From our
calculations, even the triplet state of the Ru analogue 2 has C,,
symmetry. These differences are consistent with established
trends between first- and second-row transition metals, where
the greater spatial extent and polarisability of 4d orbitals,
together with relativistic effects, can lead to distinct metal-
ligand bonding patterns and structural preferences.”>”>

Fragment 3 and its analogue Fe(CO); are interesting cases.
In both cases, the triplet C,, and Cj, geometries are nearly
degenerate, differing by 0.9 kcal mol™* (0.04 eV) for Fe(CO);
and only 0.3 kcal mol~" (0.01 eV) for 3. Our calculations favour
the C,, geometry in both cases, although a triplet C;, GS has
previously been assigned for Fe(CO);.>**" Given the very small
energy separation, such assignments are uncertain. Indeed,
Trof3 et al.> argued that the two structures for Fe(CO); inter-
convert readily and likely coexist in equilibrium, with DFT and
CCSD(T) results differing on the preferred geometry. This
ambiguity is unlikely to affect the Ru-containing precursors
considered here. Table 1 summarises the singlet and triplet
geometries and relative energies of the Ru(CO), fragments and
their Fe analogues.

For the diene-containing fragments, two points are worth
noting. First, the CBuD ligand is a perfect square in 0CBuD and

Phys. Chem. Chem. Phys.

1CBuD, but becomes slightly deltoid (kite shaped) in 2CBuD
and 3CBuD owing to the out-of-symmetry-plane carbonyl
groups. In 3CBuD, adjacent C-C bonds measure 1.44 A and
1.46 A, while in 2CBuD they are 1.43 A and 1.48 A. Second, n*-
coordinated dienes may in principle convert to n> coordination
under UV irradiation, as observed experimentally for (n’-
diene)Fe(CO);. However, rapid reversion to n* prevents trap-
ping of such intermediates in solution.>® For this reason, these
structures were not considered here.

The remaining structural nuance concerns the COT-
containing species, whose ligand offers greater flexibility in
metal coordination. Because of the four double bonds, three
coordination modes are possible for the singlet GS of

x

>@
&

3coT 2COT 1COT ocoT
nic,|s n®ic,Is n®lc,Is n*1C,, 18
3BuD 2BuD 1BuD 0BuD
n*ic s n*Ic,|s n*Ic,|s n*Ic,|s
3CBuD 2CBuD 1CBuD 0CBuD
n*ic,Is n*lc,Is n*lc,Is n‘lc,,Is
3CHD 3MBuD

n*Ic,ls n*ic,Is cs|s czV|s cw|1'

Fig. 3 Optimised GS geometries of the precursors and fragments at the
DFT/wB97X-D3/def2-SVP,def2-TZVP(Ru)+ECP level of theory. Labels indi-
cate diene coordination (except for the Ru(CO),, fragments), point-group
symmetry, and electronic multiplicity (S = singlet, T = triplet).
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Table 1 Calculated relative SCF energies, in kcal mol™ (eV) and (S?) (for
triplets), for the various geometries and electronic multiplicities of M(CO),,
fragments (M = Ru, Fe; n = 3, 2, 1) at the DFT/wB97X-D3/def2-SVP,def2-
TZVP(M)+ECP level of theory

Ru(CO),, Fe(CO),

n  Symm. Mult. Energy (s?) Energy (s
3 G Singlet  0.00 (0.00) 20.66 (0.90)

Dan Singlet  49.92 (2.16) 31.05 (1.35)

Cay Triplet  7.79 (0.34)  2.010  0.00 (0.00)  2.062

Cav Triplet  8.13 (0.35)  2.008  0.90 (0.04)  2.107
2 Gy Singlet  0.00 (0.00) 34.87 (1.51)

Doon Singlet  31.46 (1.36) 32.01 (1.39)

Cyy Triplet 3.41 (0.15) 2.013 20.03 (0.87) 2.378

Don Triplet  6.70 (0.29)  2.020  0.00 (0.00)  2.097
1 C.., Singlet  24.66 (1.07) 35.56 (1.54)

Coov Triplet  0.00 (0.00)  2.033  0.00 (0.00)  2.531

(COT)Ru(CO), precursors: edge n* (1, 2, 3, 4), centre n* (1, 2, 5,
6), and n° coordination, although not all fragments support all
arrangements. We therefore identify which of these geometries
are relevant for the subsequent analysis of the dissociation
pathways. Fig. 4 shows the lowest-energy singlet structures and
their respective nearest minima, with Fe analogues included for
comparison. The pristine 3COT precursor admits two C; n*
isomers (edge and centre), with the edge form lower in energy

&

A

bt

n*lIc,Is ntIc T nelc,IT n*1C, 1T
12.7 9.3 1.2 12.3
n*Ic Is nfic,|s nflic,IT nelc T
nIc,Is n*ic,Is n*Ic,Is nelc T
10.8 6.9 1.1 5.2
n*lcgls nfic,Is nfic,Is n*IC, 18
3coT 2coT 1COT ocoT

Fig. 4 Optimised global minimum and lowest-lying geometries of the
COT-containing precursors and fragments at the DFT/wB97X-D3/def2-
SVP,def2-TZVP(M)+ECP level of theory (M = Ru, Fe). Top: Fe complexes.
Bottom: Ru complexes. Labels indicate diene coordination, point-group
symmetry, and electronic multiplicity (S = singlet, T = triplet). Relative
energies (in kcal mol™) are given with respect to the corresponding global
minimum structure for each species, which is set to zero (first row in each
series).
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by 10.8 kcal mol ™" (0.47 eV), consistent with crystallographic
data for (COT)Fe(CO);**7® and with our calculated separation
of 12.7 keal mol ™" (0.55 eV) for the iron analogue. Although
COT-Ru complexes can be fluxional,”” only the lowest-
energy structures were retained for the dissociation analysis.
No triplet n* minima were located for either metal, though n>-
coordinated structures (not shown) exist.

After loss of one CO from 3COT to form 2COT, the initially
unstable n*-coordinated fragment relaxes to an n® C, structure;
NEB calculations indicate this conversion is barrierless (Fig. S1, SI).
The alternative centre-coordinated minimum lies 6.9 kcal mol "
(0.30 eV) higher in energy and is distorted (C; symmetry). The Fe
analogue (COT)Fe(CO), also has a singlet n° C; GS, but in contrast
to the Ru system, the next-lowest energy structure is a triplet n*
edge-coordinated species, reflecting the greater energetic competi-
tiveness of triplet states in the Fe series.

Further CO loss from 2COT yields 1COT, which retains an n°
Cs GS; a centre-coordinated n* minimum lies 11.1 keal mol™*
(0.48 eV) above. The Fe analogue instead adopts a distorted
triplet n* edge-coordinated GS (C; symmetry), with a triplet n°
structure only 1.2 kcal mol™" (0.05 eV) above. Final CO loss
gives 0COT, which undergoes a further rearrangement: the
unstable 1n® structure converts to a centre-coordinated n®* Cs,
minimum via a small barrier of 2.9 keal mol~* (0.13 eV) (Fig. S2, SI).
The closest higher-energy structure is the triplet n° (5.2 kcal mol *,
0.23 eV above). The Fe analogue remains a triplet n° C, species, with
a triplet centre-coordinated n* structure 12.3 kecal mol ™" (0.53 eV)
higher. Complete structural and energetic data for all Ru and Fe
complexes are provided in Fig. S3 in the SI.

3.2 The diene-Ru bonding

While M-CO bonding has been extensively investigated in
transition-metal chemistry,”®’® the nature of the Ru-diene
interaction is less well established. To characterise this inter-
action, we performed EDA-NOCYV fragment analyses in which
each complex was partitioned into the diene ligand and the
remaining Ru(CO); unit. Several coupling schemes were
explored (see Section 2), but in all cases the bonding is best
described in terms of neutral fragments combined either as
singlets or as triplets. Within the EDA-NOCV framework, the
most appropriate description corresponds to the scheme yield-
ing the smallest absolute total orbital interaction energy.®**"
This indicates that the selected fragmentation scheme provides
a description of the fragments that is closest to the electronic
structure in the bonded system, as it requires the smallest
orbital reorganisation upon bond formation, and therefore
offers the most appropriate representation of the bonding
pattern. This criterion assigns 3COT and 3CBuD to a triplet-
fragment description, whereas the remaining complexes are
better described by singlet fragments (see Section S3, SI for
numerical values). This difference can be rationalised in terms
of the ligand’s HOMO-LUMO gaps (see Table S4, SI). COT and
CBuD are the ligands with the smallest HOMO-LUMO gaps
when isolated, both in their relaxed and in their bonded
geometries, making their triplets closer in energy to their
singlets in comparison with the others. A more detailed
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Fig. 5 EDA-NOCV deformation densities (p) describing the interaction
between diene and Ru(CO)s fragments. Contributions to the total orbital
interaction energy (kcal mol™! and percentage) are given below each
density. For triplet-fragment cases (3COT and 3CBuD), percentages refer
to each spin component. 3MBuD is similar to 3BuD and is omitted. Charge
flows from red to blue. Isovalues: 0.002 a.u. Level of theory: SR-ZORA-
DFT/PBEO-D4/TZ2P.

discussion of the energy decomposition will be presented else-
where; here, we focus on qualitative features relevant to the
photochemistry.

The deformation densities in Fig. 5 show that, in all com-
plexes, the Ru-diene interaction is dominated by the frontier
orbitals of the two fragments. On the ligand side these corre-
spond to  orbitals formed from the sp” carbon p orbitals, while
on the metal fragment they are Ru d orbitals with some
contribution from the CO ligands. In the systems best
described by triplet fragments (3COT and 3CBuD), the inter-
action follows an electron-sharing pattern, with complementary
transfer of electron density between singly occupied orbitals on
the diene and metal fragments. For the remaining complexes,
described by singlet fragments, the interaction instead follows
a donor-acceptor pattern, involving donation from the diene
HOMO to a metal-centred orbital and backdonation from a
metal-centred orbital into the diene LUMO. In both cases, the
dominant contributions arise from frontier and low-lying orbi-
tals, so electronic excitation from these orbitals is expected to
weaken or disrupt the Ru-diene interaction.

The preference for a triplet-fragment description in 3CBuD
is consistent with the electronic structure commonly attributed
to cyclobutadiene in transition-metal complexes. Singlet cyclo-
butadiene is antiaromatic in a square geometry and therefore
tends to distort, whereas a square or near-square geometry can
be stabilised by coordination and is often rationalised in terms
of triplet (Baird-type) aromaticity.*>”®* The near-square CBuD
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ligand in 3CBuD, together with its small HOMO-LUMO gap, is
therefore compatible with a triplet-fragment description of the
Ru-CBuD interaction. The corresponding result for 3COT is
less straightforward because COT is conformationally flexible
and can avoid simple planar antiaromaticity through structural
distortion. Nevertheless, its extended m system and small
HOMO-LUMO gap may also bring the ligand triplet closer in
energy to the singlet and favour an electron-sharing description
in the EDA-NOCYV analysis. For present purposes, it suffices to
note that, irrespective of whether the interaction is best
described in donor-acceptor or electron-sharing terms, the
Ru-diene bonding in all cases involves frontier orbitals that
are susceptible to electronic excitation, supporting the expecta-
tion that photoexcitation will facilitate diene dissociation.

3.3 Absorption spectra of the pristine precursors

It is also useful to consider the absorption spectra of the
pristine precursors and the character of their main transitions
when discussing dissociation pathways. The top panel of Fig. 6
shows the calculated gas-phase spectra. Experimental spectra
in heptane have been reported previously.”**> Although no
solvent effects were included in the calculations, qualitative
comparisons with solution spectra remain possible given the
close match between experimental and calculated spectra. We

Energy / eV
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Fig. 6 Top: calculated spectra for the pristine (n*-diene)Ru(CO)s con-
sidered in this work. The spectral envelopes are Gaussians with ¢ = 0.4 eV.
Bottom: NTOs for selected electronic transitions representing distinct
characters (see Table 2). Values over the arrows are the occupation
transfer of each orbital pair in the transitions. NTOs are represented as
80% of the density. Level of theory: TD-DFT/wB97X-D3/def2-SVP,def2-
TZVP(RuU)+ECP.
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expect solvent effects to minimally shift transition energies
and, given the PACVD context, gas phase spectra are more
realistic tools. The most striking feature is the distinct spec-
trum of 3COT, which displays substantially higher absorptivity
across the whole wavelength range and is the only complex with
absorption extending into the visible region. This enhanced
absorptivity can be attributed to the extended n-conjugation of
the COT ligand, which increases electronic delocalisation
and leads to a larger number of allowed transitions with higher
oscillator strengths, consistent with the experimentally
observed higher molar absorptivity of (COT)Ru(CO); relative
to the other (n*-diene)Ru(CO); precursors.®> The remaining
precursors show similar spectral profiles among themselves,
with 3BuD having the most compact absorption range, consis-
tent with experiment.

The main transitions are summarised in Table 2 and
assigned from NTO analysis (full set in Section S4, SI). Transi-
tions with oscillator strength below 0.01 were treated as for-
bidden. Because the PACVD experiments employed a 500 W
Hg(Xe) arc lamp,>*®* only transitions above 225 nm were
considered relevant and are highlighted in bold. With the
exception of 3COT, the active transitions are predominantly
ligand-field (LF) in character, involving Ru d orbitals together
with CO and diene n/c orbitals. The relative ligand contribu-
tions vary: in 3CHD and 3CBuD, CO orbitals dominate at lower
energy and diene contributions increase at higher energy,
whereas the opposite trend is found for 3BuD and 3MBuD.
For this latter pair, an additional charge-transfer transition
appears near 210-215 nm. In 3BuD, this transition has
ligand-to-ligand charge-transfer (LLCT) character between
diene and CO orbitals, whereas in 3MBuD it combines LLCT

Table 2 Summary of relevant excitations for the pristine precursors
considered in this work. Only transitions with oscillator strength above
0.01 (cross sections > 1 x 107*® cm?; molar absorptivities > 286 L mol™*
cm™) are included. Transitions in bold lie above the 225 nm wavelength
cut-off of the Hg(Xe) arc lamp. In the Character column, ligands in italics
have the major contributions. LF = ligand field; MLCT = metal-to-ligand
charge transfer; LLCT = ligand-to-ligand charge transfer

Wl/nm f State Character
3COT 310 0.0453 S,  LF (COT)
264 0.0403 S,  MLCT (COT), LLCT (COT to COs)
251 0.1197 S¢  LF (COT)
245 0.0163 S,  LF (COT)
243 0.0424 Sg  LF (COT)
233 0.1078 S;; LF (COT)
220 0.0388 S;4 LLCT (COT to COs), LF (COs)
206 0.1150 S,, LF (COT and COs), LLCT (COT to COs)
194 0.2274 S, LF (COT and COs)
3CHD 248 0.0516 S, LF (CHD and COs)
237 0.0132 S; LF (CHD and COs)
216 0.0124 S;; LF (CHD and COs)
206 0.0134 S,;; LF (CHD and COs)
3BuD 246 0.0627 S, LF (BuD and COs)
211 0.0100 S;;3 LLCT (BuD to COs; COs to BuD)
206 0.0123 S;5 LF (BuD and COs)
3MBuD 248 0.0616 S, LF (MBuD and COs)
205 0.0133 S;; LF (MBuD and COs)
3CBuD 227 0.0571 S; LF (CBuD and COs)
217 0.0109 S;o LF (CBuD and COs)
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with LF contributions. No clear metal-to-ligand charge-transfer
(MLCT) transition is found for 3BuD, in contrast to suggestions
for the analogous iron complex.>®

Precursor 3COT differs markedly. Its lower-energy transi-
tions are mainly LF but involve strong diene contributions with
little CO participation. The S, transition (Fig. 6, bottom panel)
promotes electron density from an orbital bonding all ligands
to one antibonding for the Ru-diene interaction. A further
transition at 264 nm (S,) shows mixed MLCT (to COT) and
LLCT character, comparable to the MLCT feature reported for
(COT)Fe(CO);.>% At higher energy, LLCT contributions become
more prominent. 3COT also exhibits a larger number of
allowed transitions above 225 nm (six versus one or two for
the other precursors). Overall, these assignments are consistent
with previous analyses.>**

The relevance of these transitions to photodissociation
becomes apparent when compared with the EDA-NOCV
description of the bonding. Most LF excitations promote elec-
tron density from orbitals contributing to metal-ligand bond-
ing into antibonding combinations, thereby weakening the Ru-
ligand interactions. As a result, excitation can lower dissocia-
tion barriers and, in some cases, access nonbonded or directly
dissociative states, as discussed in the following sections.

3.4 Loss of diene from pristine precursors and fragments

Having established the equilibrium geometries and absorption
features of the precursors, we now examine diene-loss pathways
(steps 2, 2.1, 2.3 and 2.5 in Fig. 2). The discussion is restricted
to singlet excited states, as scans on the triplet surfaces rarely
reveal accessible dissociative channels and generally involve
barriers too high to compete under the present conditions. For
related iron carbonyl systems, the involvement of triplet mani-
folds in ligand dissociation is also minor.>® In addition, no
phosphorescence was observed in solution-phase photochemi-
cal experiments for the present precursors,>* indicating limited
population of long-lived triplet states. These observations sug-
gest that, even if accessed via spin-orbit coupling, triplet states
are unlikely to provide competitive dissociation pathways due
to the associated barriers. Accordingly, the dominant photo-
dissociation pathways are expected to proceed on the singlet
manifold under conditions relevant to PACVD. A complete
assessment of the role of triplet states, however, would require
explicit treatment of spin-orbit coupling and non-adiabatic
dynamics, which lies beyond the scope of the present work.
Substitution chemistry has been reported for 3COT in the
dark in the presence of phosphites,** motivating consideration
of thermal diene loss. In the intact complex, the COT ligand
adopts a chair conformation, whereas the free ligand relaxes to
a boat structure; dissociation therefore involves substantial
conformational reorganisation. Rigid Ru-COT scans reflect this
distortion showing GS instabilities at larger separations, con-
sistent with near-degeneracies with low-lying singlet excited
states. NEB calculations connecting the equilibrium structure
to a geometry with an elongated Ru-COT distance and a relaxed
boat COT ligand yield excited-state curves with lower dissocia-
tion energies compared to the rigid scans (see Fig. S8, SI),
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Table 3 Selected bond dissociation energies (BDEs) for all fragmentation pathways investigated in this work. The numbers below each species indicate
the dissociation step as defined in Fig. 2. GS = ground state, GS BDE obtained from the optimised geometries of reactants and products; ZPE = zero-point
energy; BS = bright state; Dy = dissociation energy from the bottom of potential energy curve to dissociation plateau; NA = not available, meaning no
alternative lower energy pathway including internal conversion exists. All values are SCF energies in kcal mol™*. Except when indicated otherwise, Do

values were obtained from rigid scans

GS GS (+ZPE) GSD, LowestBS D, Lowest effective Dy GS GS (+ZPE) GS D, LowestBSD, Lowest effective D,
3COT 3CBuD
1 63 60 212 10 (S,)* NA 1 107 104 234 54 (S5)" NA
2 39 36 44 9 (S,) 0 (S¢-S3) 2 49 46 50 23 (Ss) 0 (S5-S3)
21 65 63 102 36 (S,)" NA 21 99 97 154 49 (Sg)* NA
22 37 34 44 26 (Ss) 0 (S-S4) 2.2 50 47 49 9 (Se) 0 (Sg-S4)
2.3 76 74 137 80 (53) NA 2.3 97 94 227 73 (81 @ NA
24 54 51 74 44 (S;) NA 24 54 52 53 36 (S1o 0 (S10-Ss)
2.5 88 88 161 95 (Sg) NA 2.5 109 107 187 82 (Se)” NA
3BuD 3CHD
1 71 68 138 64 (S,) 46 (S,-GS) 1 67 65 141 68 (S,) 47 (S,-GS)
2 48 45 47 0 (Sy) 0 (S2) 2 48 45 47 0 (Sy) 0 (S5-Sy)
21 64 62 94 46 (Sg) 22 (S4-S1)
2.2 43 40 50 23 (Ss) 0 (Ss=S-) Ru(CO);
23 68 66 149 97 (S4) 71 (S4-GS) 1.1 41 39 44 20 (S4) 12 (S12-So)
24 57 55 60 25 (Sg) 0 (Sg=Ss) 1.2 47 44 70 31 (S12) NA
25 77 76 169 100 (S16) NA 1.3 67 65 72 23 (To) 0 (To-GS)
3MBuD
1 72 69 141 67 (S2) 45 (S,-GS)
2 47 45 40 0 (Ss) NA

“ Values estimated from NEB MEP (see Section 5, SI).

highlighting the importance of ligand relaxation during dis-
sociation. When it is possible to safely infer on D, values from
NEB MEP, this has been included in Table 3.

Besides the low BDE for Ru-diene from 3COT’s S, state, the
Ru-diene and Ru-CO GS BDEs in 3COT are among the smallest
in the series (Table 3), which may explain its observed reactivity
in the dark. While photodissociation of 3COT has not been
explored experimentally in solution owing to this instability,>*
the precursor performs exceptionally well in PACVD,* plausibly
reflecting its markedly larger absorption cross section across
the relevant spectral range (Fig. 6). Among the secondary
channels, loss of COT from 2COT (step 2.1) is also predicted
to be a favourable route from the bright S, state (Table 3).

Precursors 3BuD and 3MBuD show the best PACVD perfor-
mance alongside 3COT,*” while 3CHD displays very similar
photochemistry in solution studies® but somewhat poorer
PACVD performance. The computed primary dissociation path-
ways for these three precursors are likewise closely related and
are therefore discussed together. In contrast to the 3COT (and
3CBuD) cases, no substantial ligand relaxation is expected
during Ru-diene elongation, and rigid scans show no instabil-
ity of the GS wavefunction. The Ru-diene scans for 3BuD
and 3CHD (Fig. 7) are nearly identical, consistent with their
n>-1,3-diene coordination, similar Frontier-orbital descriptions
(Section 3.2), and common C, symmetry (Fig. 3). The additional
ring closure in CHD and the methyl substituent in 3MBuD
introduce only minor perturbations, as confirmed by scans and
structures.

The GS Ru-diene BDEs for these three precursors (Table 3)
are all close to 70 kcal mol™" (3.0 eV). No diene loss in the dark
was observed in solution photochemistry experiments,
although 3MBuD showed minimal deposition in the dark

Phys. Chem. Chem. Phys.

under PACVD conditions.®® This is more plausibly attributed
to thermal CO loss, as 3MBuD also has the lowest Ru-CO BDE
among the three, close to that of 3COT.

Considering now the singlet excited states, only one relevant
diene-loss pathway (step 2 in Fig. 2) emerges from the pristine
precursors. For both 3BuD and 3CHD, the vertical excitation
from the S, minimum (purple lines in Fig. 7) populates the
bright S, state, which is the only allowed transition in the
accessible spectral range. The Franck-Condon region lies at a
slightly contracted Ru-diene distance from equilibrium, lead-
ing to excess vibrational energy. Near this region, S; and S,
approach and cross (see insets in Fig. 7), as confirmed by NTO
analysis (Fig. S11 and S13, SI). Rapid internal conversion can
therefore populate S;, which becomes nearly degenerate with
the GS near the dissociation plateau. Although the NTOs do not
evidence state inversion, the geometry may lie close to a cross-
ing, and with sufficient vibrational energy the system is
expected to proceed toward dissociation rather than deactiva-
tion. The effective pathway—photoexcitation to S,, internal
conversion to S;, further Ru-diene elongation, and crossing
to the GS surface—yields an effective dissociation barrier of ca.
45 keal mol ™" (2 eV) (Table 3).

The main distinction among these precursors is in the
position of the S;-S, crossing relative to the S, equilibrium
geometry: for 3BuD (and 3MBuD) the crossing occurs ca. 0.1 A
shorter than the equilibrium Ru-diene distance, whereas for
3CHD it appears further away (ca. 0.2 A). This difference results
in a somewhat higher-energy crossing from the Franck-Condon
region for 3CHD, though whether this significantly alters
relative reactivity remains unclear. Further insight will require
non-adiabatic dynamics and time-resolved spectroscopy
studies.
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Fig. 7 Rigid scans of the Ru—=BuD bond in 3BuD and the Ru-CHD bond in
3CHD corresponding to loss of diene via step 1 in Fig. 2. The scans were
performed by distancing the diene from the metal along the line joining
the metal to the centroid of the four carbon atoms connected to Ru. In
each plot, a purple vertical line indicates vertical excitation from the GS
equilibrium geometry. Black curve is the GS PES. Orange curves denote
bright excited states, and grey curves denote dark excited states. Level of
theory: TD-DFT/wB97X-D3/def2-SVP,def2-TZVP(Ru)+ECP.

Subsequent diene-loss steps in the exhaustive dissociation
of 3BuD were also examined. After CO loss (step 2.1 in Fig. 2),
rigid Ru-BuD scans reveal multiple crossings among S;-Ss and
the GS near the dissociation plateau (Fig. 8). NTO analysis
(Fig. S14, SI) confirms that the state labelled S5 at the equili-
brium geometry evolves into the lowest excited state at large
Ru-diene distances. Although Ss is dark, S,-S, are bright and
can lead to low-barrier dissociation through these crossings;
the lowest effective barrier (from the S, minimum) is ca.
22 kecal mol™' (1 eV). Diene loss from more CO-depleted
fragments (steps 2.3 and 2.5) is unlikely owing to significantly
higher barriers (Table 3; scans in Section S5.3, SI).

Finally, regarding 3CBuD, this precursor shows no detect-
able diene loss in either extended photochemical experiments™*
or PACVD studies.?® As discussed in Section 3.1, the coordi-
nated ligand adopts a deltoid geometry in 3CBuD and 2CBuD
but becomes square in 1ICBuD and 0CBuD, while the free ligand
is rectangular (D,;). Elongation of the Ru-CBuD coordinate
therefore leads to instabilities in rigid scans, with dark S; and
S, states falling below the GS at larger distance (Section S5.5,
SI). This occurs not only for the intact precursor but also for
fragments formed after CO loss (steps 2.1, 2.3 and 2.5). NEB
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Fig. 8 Rigid scan of the Ru—BuD bond in 2BuD corresponding to loss of
diene via step 2.1 in Fig. 2. The scan was performed by increasing the Ru—
diene distance along the line connecting the metal centre to the centroid
of the four carbon atoms of the diene. The purple vertical line marks the
vertical excitation from the GS equilibrium geometry. The black curve
corresponds to the GS PES. Orange curves denote bright excited states,
and grey curves denote dark excited states. Level of theory: TD-DFT/
®wB97X-D3/def2-SVP,def2-TZVP(Ru)+ECP.

calculations connecting the intact structures to geometries with
elongated Ru-CBuD bonds and relaxed D, ligands do not
remove these instabilities but yield lower D, values than rigid
scans overall (Fig. S17, SI). Given the rigidity of the CBuD
ligand, alternative low-energy pathways appear unlikely, con-
sistent with the absence of diene loss under both thermal and
photochemical conditions.

3.5 Loss of CO from diene-containing fragments

The pathways for CO loss from pristine precursors and their
diene-containing fragments (steps 1, 2.2, and 2.4 in Fig. 2) are
influenced by the inequivalence of the CO ligands imposed by
molecular symmetry. In the Cg precursors, one CO lies on the gy,
plane while the remaining two are out of plane and equivalent
to each other. These small geometric differences lead to dis-
tinct PES profile and reactivities.

Three general scenarios emerge: (1) dissociation via a bright
state that is dissociative or has a negligible barrier; (2) dissocia-
tion through an effective pathway involving internal conversion
(IC) between excited states; and (3) absence of accessible
excited-state channels, in which case thermal dissociation from
the GS may compete. These situations are discussed below.

Direct CO loss through dissociative bright states (case 1) is
found only for 3COT and 3BuD. In 3BuD, any CO can dissociate
through the low-lying S, state reached by an LF transition
(Table 2). Fig. 9 shows a representative scan for an out-of-
plane CO. The associated NTOs (Fig. 6) indicate a redistribution
of density away from the Ru-CO bonding region, weakening the
bond despite the absence of a strongly antibonding acceptor
orbital. In 3COT, only the CO lying in the o}, plane dissociates
via a bright state (S,), populated by a mixed MLCT/LLCT
transition (Table 2). The remaining two CO ligands lack dis-
sociative bright states and therefore follow case 2 (see SI
for scans). The NTOs (Fig. 6) reflect this asymmetry: the
dominant excitation weakens the in-plane Ru-CO bond while
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Fig. 9 Rigid scans of representative Ru—CO bonds in diene-containing
molecules. The Ru—CO distance was contracted by 0.5 A and elongated to
~5.0 A from the GS geometry in 0.1 A increments. The purple vertical line
marks vertical excitation from the GS equilibrium geometry. Black curves
denote the GS PES. Orange curves denote bright excited states, and grey
curves denote dark excited states. Level of theory: TD-DFT/wB97X-D3/
def2-SVP,def2-TZVP(Ru)+ECP.

maintaining or even reinforcing bonding for the out-of-plane
CO ligands.

For 2COT and 1COT, CO loss does not proceed via dissocia-
tive excited states. In particular, dissociation of the CO adjacent
to the out-of-plane ethylene moiety in 2COT (step 2.2; Fig. 9,
middle) and CO loss from 1COT (step 2.4) correspond to case 3.
In these systems, only relatively low barriers on the ground
or excited state surfaces suggest possible thermal release
(Table 3).

All remaining systems fall into case 2, where effective dis-
sociation occurs through IC between excited states. Some
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channels require population of higher excited states. For exam-
ple, removal of the CO opposite the ethylene unit in 2COT
requires excitation to S,, followed by a cascade of IC steps
leading to S,, from which dissociation becomes accessible
(Fig. 9, bottom). This contrasts with the lower-energy channel
for the other CO in the same molecule discussed above (Fig. 9,
middle).

Overall, CO loss from diene-containing species is generally
accessible under photoexcitation, although its efficiency
depends on the accessibility of bright states and IC pathways.
This trend is consistent with solution-phase photochemistry,
where higher CO yields are observed at shorter irradiation
wavelengths.>*%°

3.6 Total fragmentation of Ru(CO);

We end our survey discussing the loss of CO from Ru(CO),, (n =
1, 2, 3). For 3 (step 1.1; Fig. 2), dissociation is facilitated by
several low-lying excited states, with S, providing the lowest
direct barrier. An additional effective pathway originates from
S1, and proceeds through So via multiple internal conversions,
yielding an overall barrier of only 12 kcal mol™' (0.52 eV;
Table 3). Subsequent CO loss from 2 (step 1.2) is less favour-
able. The lowest barrier from a bright state is 31 kcal mol ™"
(1.34 eV), accessed from S;,, and no lower-barrier effective
pathway involving internal conversion was identified. Although
this barrier remains accessible at elevated temperatures, dis-
sociation is expected to be slower than for 3. For 1 (step 1.3),
which has a triplet GS, dissociation proceeds through the
lowest bright triplet state, To. This state connects to lower
dark states and eventually to the GS near the dissociation
plateau, where an unavoidable GS instability appears. The Ty
surface also provides the lowest direct dissociation barrier
(23 kcal mol™', 1 eV). Its oscillator strength is modest (f =
0.0185), suggesting limited population and therefore a relatively
slow dissociation rate if this channel dominates. Full scans for CO
loss from all three fragments are provided in Section S5.6 in
the SI.

3.7 A proposal of exhaustive dissociation pathways

This study provides a static analysis of the photodissociation
landscape. Processes involving sequential ligand loss from
fragments formed within a single photoabsorption event are
not considered, as these require an explicit dynamical
treatment. Such pathways may nonetheless contribute to the
overall fragmentation pattern, as shown for iron carbonyl
systems,??*%323% particularly for CO loss where several high-
energy bright states with low barriers are available. Diene loss
generally becomes less favourable at higher excitation energies,
making cascading dissociation less likely. As some of the
pathways involve internal conversion, their realisation depends
on the probability of non-adiabatic transitions at crossing
regions, which cannot be quantified within the present frame-
work. While this may affect the relative probabilities of compet-
ing channels, the overall trends identified here, including the
accessibility of low-barrier pathways, are expected to remain
qualitatively valid. A more complete assessment would require
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Fig. 10 Proposed dissociation channels derived from the present analysis. For 3COT and 3BuD, complete fragmentation to bare Ru can proceed
through two main pathways: initial diene loss followed by successive CO loss, or initial CO loss followed by diene loss and further CO loss. These
pathways correspond tosteps1 - 1.1 - 1.2 - 1.3and 2 - 2.1 - 1.2 - 1.3, respectively. The most favourable dissociation pathways follow step 2 — 2.2
— 2.4, terminating in (diene)Ru fragments (OCOT and OBuD, respectively). In contrast, for 3CBuD, only the sequence 2 - 2.2 — 2.4 is accessible,
leading to (CBuD)Ru, with no viable route to complete fragmentation to bare Ru. See text for details. Numerical labels follow the definition in Fig. 2; *
indicates channel also accessible via thermal dissociation from the ground state, consistent with experiment.

explicit treatment of non-adiabatic couplings and quantum
dynamical simulations, which lies beyond the scope of the
present work and will be addressed in future studies. The
summary below therefore reflects only the pathways supported
by the present analysis.

Fig. 10 collects the accessible channels leading to bare Ru or
partially stripped fragments for 3COT, 3BuD, and 3CBuD. In all
cases, formation of (diene)Ru is the most accessible endpoint.
For 3CBuD, this is the only viable termination. Complete
fragmentation to bare Ru is predicted for 3COT and 3BuD
through similar sequences. For 3COT, the pathway starting
with step 1 may also proceed thermally as suggested by the
lowest GS BDE and experimental observations. Along the alter-
native route, step 2.4 is more favourable for 3BuD than for
3COT, in line with the barriers in Table 3. Loss of diene from
fragments containing one or no carbonyl is unlikely in all cases.

4 Conclusions

In this work, ground-state DFT scans and TD-DFT excited-state
analyses were combined to examine the photodissociation
pathways of (n*-diene)Ru(CO); precursors relevant to PACVD.
For three representatives (3COT, 3BuD, and 3CBuD), complete
fragmentation sequences towards bare Ru were mapped,
enabling direct comparison of Ru-CO and Ru-diene cleavage
channels within a consistent framework. The joint use of EDA-
NOCV and NTO analyses connects the frontier-orbital character
of the Ru-diene interaction with the accessibility of dissociative
excited states and clarifies why certain ligands are preferentially
lost under irradiation whereas others are retained. The calcu-
lated UV-vis spectra reproduce the overall position and inten-
sity of the bands observed in solution-phase measurements.
The transition assignments are consistent with previous ana-
lyses and provide a coherent basis for interpreting the photo-
chemical trends across the series.

The results indicate that 3COT and 3BuD can access path-
ways leading to bare Ru under photoactivation, with closely
related routes likely for 3CHD and 3MBuD, whereas 3CBuD is
expected to terminate at a stable (CBuD)Ru fragment. These
differences can be traced to the topology of the low-lying excited
states and to the degree of structural relaxation along the Ru-
diene coordinate, which together control access to internal
conversion regions and effective dissociative pathways, in line
with photochemical and PACVD observations. The general

This journal is © the Owner Societies 2026

conclusions are consistent with current experimental evidence
and indicate that the participation of triplet states is likely to be
minor, if any. In a strict sense, however, the results apply to the
singlet manifold. A complete assessment of the role of triplet
states would require explicit treatment of spin-orbit coupling
and non-adiabatic effects.

Although the present treatment is static and does not
address the full excited-state dynamics, the mapped potential
energy surfaces delineate the regions where bond weakening
and cleavage become accessible. The use of NEB calculations
accounts for the principal structural relaxation of the COT and
CBuD ligands beyond rigid bond stretching, although addi-
tional nuclear degrees of freedom are not explicitly explored.
The dissociation profiles obtained here therefore provide an
initial map and quantitative basis for future dynamical simula-
tions for parametrising multiscale models of PACVD growth,
helping bridge molecular-level photochemistry with predictive
descriptions of photo-assisted nanofabrication processes that
can be directly compared with deposition experiments.
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