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The character and dynamics of the low-lying excited states of [Ru(X)(X′)(CO)2(iPr-dab)] (X ) X′ ) Cl or I; X )
Me, X′ ) I; X ) SnPh3, X′ ) Cl; iPr-dab ) N,N′-diisopropyl-1,4-diazabutadiene) were studied experimentally by
pico- and nanosecond time-resolved IR spectroscopy (TRIR) and (for X ) X′ ) Cl or I) computationally using
density functional theory (DFT) and time-dependent DFT (TD-DFT) techniques. The lowest allowed electronic transition
occurs between 390 and 460 nm and involves charge transfer from the Ru(halide)(CO)2 unit to iPr-dab, denoted
1MLCT/XLCT (metal-to-ligand/halide-to-ligand charge transfer). The lowest triplet state is well modeled by UKS-
DFT-CPCM calculations, which quite accurately reproduce the excited-state IR spectrum in the ν(CO) region. It
has a 3MLCT/XLCT character with an intraligand (iPr-dab) 3ππ* admixture. TRIR spectra of the lowest triplet
excited state show two ν(CO) bands that are shifted to higher energies from their corresponding ground-state
positions. The magnitude of this upward shift increases as a function of the ligands X and X′ [(I)2 < (Sn)(Cl) <
(Me)(I) < (Cl)2] and reveals increasing contribution of the Ru(CO)2f dab MLCT character to the excited state. The
lowest triplet state of [Ru(Cl)2(CO)2(iPr-dab)] undergoes a ∼10 ps relaxation that is followed by CO dissociation,
producing cis(CO,CH3CN),trans(Cl,Cl)-[Ru(Cl)2(CH3CN)(CO)(iPr-dab)] with a unity quantum yield and 7.2 ns lifetime
and without any observable intermediate. To our knowledge, this is the first example of a “slow” CO dissociation
from a thermally equilibrated triplet charge-transfer excited state.

Introduction

There is an ever-increasing demand for new chromophores
and luminophores for photonic devices, photosensitizers,
radical initiators, or light-harvesting applications. Ruthenium
carbonyldiimine complexes of the type [Ru(X)(X′)(CO)2(R-
diimine)] constitute an important group of chromophores and
catalysts, with diverse photochemistry and photophysics.1–4

Depending on the nature of the X and X′ ligands and the
R-diimine, their excited states can be long-lived, emissive,
and unreactive,5–8 can undergo homolysis of Ru-X bonds
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producing radicals,5,6,9–11 or can lose CO,12–15 leading to
coordinatively unsaturated species, which have been stud-
ied16–18 in relation to a catalytic water-gas shift reaction or
CO2 reduction and can undergo interesting structural reor-
ganization and isomerization reactions.10,15

Photochemical CO dissociation from [Ru(X)(X′)(CO)2(R-
diimine)] is very interesting mechanistically. It presents a
rare case of dissociation of an equatorial CO ligand, which
lies in the Ru(diimine) plane. In contrast, in the case of metal
tri- or tetracarbonyldiimine complexes,19,20 it is always the
axial CO ligand that dissociates. Recently, we have studied
the mechanism of the photochemistry of cis(CO,CO),trans-
(X,X)-[Ru(X)2(CO)2(bpy)] (X ) Cl, Br, I), whose stationary
irradiation leads to dissociative isomerization, producing
cis(CO,SolV),cis(X,X)-[Ru(X)2(Solv)(CO)(bpy)].12–14,21,22 Us-
ing time-resolved IR spectroscopy (TRIR) spectra, we have
shown15 that, for X ) Cl or Br, the CO dissociation is an
ultrafast process that is followed by a 13–15 ps rearrangement
to the cis(X,X) isomer. Essentially the same mechanism, but
with a parallel population of a lower-lying unreactive triplet
state, operates for X ) I. Ultrafast CO dissociation coupled
with structural reorganization was found also for analogous
[Ru(I)2(CO)2(dcbpy)] (dcbpy ) 4,4′-dicarboxy-2,2′-bipyri-
dine).23,24

Herein, we have investigated photochemical CO dissocia-
tion from cis(CO,CO),trans(Cl,Cl)-[Ru(Cl)2(CO)2(iPr-dab)]
(Figure 1) using pico- and nanosecond TRIR. For compari-
son, we have also studied picosecond TRIR spectra of
analogous complexes [Ru(I)2(CO)2(iPr-dab)]25 and the pho-
tostable5,6,8–10,26 [Ru(Me)(I)(CO)2(iPr-dab)] and [Ru(SnPh3)-
(Cl)(CO)2(iPr-dab)], characterizing their lowest excited states.

Stationary irradiation of [Ru(Cl)2(CO)2(iPr-dab)] leads to
straight CO photosubstitution by a solvent molecule.18 Unlike
the bpy complex, the primary product does not undergo any
structural rearrangement and the photosubstitution preserves
the trans configuration of the halide ligands.18 Surprisingly,
the TRIR experiment has uncovered [Ru(Cl)2(CO)2(iPr-dab)]
as the first case of a slow CO dissociation from a thermally
equilibrated triplet charge-transfer excited state, which takes
place with a quantum yield of unity.

Experimental Section

Materials. [Ru(SnPh3)(Cl)(CO)2(iPr-dab)],27 [Ru(CH3)(I)(CO)2(iPr-
dab)],25,28 [Ru(I)2(CO)2(iPr-dab)],28 and [Ru(Cl)2(CO)2(iPr-dab)]29

were prepared according to published procedures and characterized
by comparing their FTIR and 1H NMR spectra with literature data.

Time-Resolved IR Spectroscopy (TRIR). TRIR measurements
used the equipment described in detail previously.30–32 In short,
the sample solution was excited (pumped) at 400 nm, using
frequency-doubled pulses from a Ti:sapphire laser of ∼150 fs
duration (fwhm). TRIR spectra were probed with IR (∼150 fs)
pulses obtained by difference-frequency generation, which cover a
spectral range ca. 200 cm-1 wide. Pumping with 355 nm, 1 ns pulses
and electronic control of the time delay between the pump and probe
pulses were used in the nanosecond range.32 The pump and probe
laser beams were focused to a spot of a maximum diameter of 200
µm. About 30 mL of sample solutions in CH3CN was flowed
through a CaF2 IR cell, which was continuously moved in a raster
pattern in two dimensions to minimize sample photolysis. Optical
path lengths of 0.5–1 mm were used. The sample concentration
was adjusted to achieve an IR absorbance in the ν(CO) region of
about 0.3. All spectral and kinetic fitting procedures were performed
using Microcal Origin 7.1 software.

Quantum Chemical Calculations. The ground-state electronic
structures were calculated by density functional theory (DFT)
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Figure 1. Schematic structure of the investigated complexes cis(CO,-
CO),trans(X,X′)-[Ru(SnPh3)(Cl)(CO)2(iPr-dab)], [Ru(CH3)(I)(CO)2(iPr-
dab)], [Ru(I)2(CO)2(iPr-dab)], and [Ru(Cl)2(CO)2(iPr-dab)], shown with the
chosen orientation of axes. Hereinafter, the prefix cis(CO,CO),trans(X,X′)
is omitted for brevity.

[Ru(X)(X′)(CO)2(N,N′-diisopropyl-1,4-diazabutadiene)]
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methods using Gaussian 03,33 the Perdew, Burke, and Ernzerhof
hybrid functional PBE034 with 25% HF exchange. Low-lying
excited states were calculated by time-dependent DFT (TD-DFT).
The geometry of the lowest-lying triplet state was optimized by an
unrestricted Kohn–Sham calculation. Vibrational frequencies were
calculated at optimized geometries corresponding to the functional
and basis set used. The polarizable conductor calculation model
(CPCM)35 was used for modeling of the solvent influence. 6-311G*
polarized valence triple-� basis sets36,37 (geometry optimization)
or aug-cc-pvdz,38 correlation-consistent polarized valence double-�
basis sets augmented by diffuse functions (TD-DFT), were used
for H, C, N, O, Cl, and I atoms. The quasi-relativistic effective
core pseudopotentials and the corresponding optimized set of basis
functions were employed for Ru.39

Results

Electronic Excited States. The lowest electronic absorp-
tion band of the complexes [Ru(X)(X′)(CO)2(iPr-dab)] has
a maximum at 395 nm (X,X′ ) I,I),25 435 nm (SnPh3,Cl),9

463 nm (Me,I),6,9 and 469 nm (Cl,Cl),40 with one or two
shoulders at slightly longer wavelengths. Irradiation at 400
nm, used in this study, excites predominantly the lowest
allowed electronic transition, whose origin was intensively
studied both experimentally and theoretically.2,9,40–44 Previ-
ous results are confirmed and made more precise by present
DFT and TD-DFT calculations that include the solvent and
use the PBE0 functional (Tables S1–S8 and Figure S1 in
the Supporting Information). The lowest allowed transition
originates in a HOMO-1f LUMO excitation whereby the
electron density is transferred from the Ru(halide)(CO)2

moiety to the iPr-dab ligand. Most of the transferred electron
density originates at the Ru and halide atoms; these transi-
tions are often denoted as MLCT/XLCT, where MLCT and

XLCT stand for the Ru(dπ) f dab(π*) and X(pπ) f
dab(π*) excitations, respectively. (Alternative abbreviations
MLLCT (metal–ligand to ligand) and MLCT/LLCT are also
used in the literature.) Mixing of MLCT and XLCT
characters can be traced down to mixing of the Ru 4d(π)
and halide p(π) orbitals in the depopulated HOMO-1. The
XLCT contribution increases on going from the chloride to
the iodide from ∼54% to ∼79%, as can be estimated from
the HOMO-1 composition.

The lowest triplet state of [Ru(Cl)2(CO)2(iPr-dab)] was
calculated by TD-DFT at 2.45 eV and characterized as a
mixed MLCT/XLCT/IL transition, where IL stands for an
intraligand dab-localized π f π* excitation (Table S4 in
the Supporting Information). This is best visualized by the
difference electron-density map shown in Figure 2. The
lowest triplet state of [Ru(I)2(CO)2(iPr-dab)] has a similar
mixed character (Figure 2, right). The XLCT contribution
in the iodo complex is much larger at the expense of MLCT.
Optimization of the triplet structures (Table S9 in the
Supporting Information) and subsequent vibrational analysis
yielded excited-state CtO stretching, ν(CO), energies, which
are in excellent agreement with experimental data (Table 1),
validating the triplet DFT calculations.

TRIR Spectra of [Ru(SnPh3)(Cl)(CO)2(iPr-dab)], [Ru-
(CH3)(I)(CO)2(iPr-dab], and [Ru(I)2(CO)2(iPr-dab]. Ground-
state FTIR spectra of these complexes show two strong bands
due to symmetric (A1) and antisymmetric (B1) ν(CO) vibra-
tions, which occur higher and lower in frequency, respec-
tively (Table 1). [The A1 and B1 labels assume the C2V

symmetry of the equatorial Ru(CO)2(iPr-dab) moiety. This
is strictly valid only for [Ru(X)2(CO)2(iPr-dab], while A′ and
A′′ respectively would be more correct for [Ru(SnPh3)-
(Cl)(CO)2(iPr-dab)] and [Ru(CH3)(I)(CO)2(iPr-dab].] Ground-
state ν(CO) energies are much higher for the dichloro and
diiodo species [Ru(X)2(CO)2(iPr-dab)] than for the mixed-
ligand complexes. This is caused by strong σ donation (and,
possibly, also by π donation through hyperconjugation) from
the CH3 or SnPh3 ligands, which increases the electron
density on the Ru and strengthens the π back-donation to
CO.
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(42) Vlček, A., Jr.; Záliš, S. Coord. Chem. ReV. 2007, 251, 258.
(43) Daniel, C. Coord. Chem. ReV. 2002, 230, 65.
(44) Daniel, C. Coord. Chem. ReV. 2003, 238–239, 143.

Figure 2. Electron-density difference between the lowest triplet excited
stateandthegroundstateof[Ru(Cl)2(CO)2(Me-dab)](left)and[Ru(I)2(CO)2(Me-
dab)] (right). Regions populated and depopulated upon excitation are shown
in violet and blue, respectively.
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Excitation produces within the 2 ps experimental time
resolution two negative bleach bands, which are due to
depletion of the ground-state population, and two positive
excited-state bands at higher wavenumbers (Figure 3 and
Table 1). Small dynamic shifts of the excited-state bands to
higher energies and narrowing, which are apparent during
the first 1–20 ps in the spectra of [Ru(SnPh3)(Cl)(CO)2(iPr-
dab)] and [Ru(CH3)(I)(CO)2(iPr-dab)], manifest vibrational

relaxation and solvent cooling.45–47 These effects are neg-
ligible for [Ru(I)2(CO)2(iPr-dab)]. Later, the spectra show
neither any significant decay of the IR intensity nor a change
in the ν(CO) spectral pattern until the end of the examined
1000 ps time window, indicating long excited-state lifetimes
(Table 1).

TRIR Spectra of [Ru(Cl)2(CO)2(iPr-dab)]. Excitation of
[Ru(Cl)2(CO)2(iPr-dab)] in CH3CN produces two negative
bleach bands at 2062 and 2000 cm-1 due to depletion of the
ground state and two broad positive bands at 2105 and ∼2057
cm-1, which belong to the excited state (Figure 4). The latter
band strongly overlaps with the bleach at 2062 cm-1, decreasing
its relative intensity. The 2105 cm-1 band undergoes a dynamic
shift to higher wavenumbers by ∼13 cm-1 with a principal
lifetime estimated as 2 ps, plus a smaller 11 ps contribution.
This is caused by vibrational relaxation and solvent/solute
cooling, respectively.45–47 On a longer time scale, the intensity
of both excited-state bands decreases, while a new band due to
a photoproduct grows in at 1969 cm-1. This band is attributed
to cis(CO,CH3CN),trans(Cl,Cl)-[Ru(Cl)2(CH3CN)(CO)(iPr-
dab)], based on a close similarity with the spectra of ana-
logous complexes cis(CO,MeOH),cis(Cl,Cl)-[Ru(Cl)2-
(MeOH)(CO)(bpy)] (1967 cm-1),18 cis(CO,CH3CN),trans(I,I)-
[Ru(I)2(CH3CN)(CO)(iPr-dab)] (1975 cm-1),25 or polymeric
[Ru(Cl)2(CO)(iPr-dab)]n (1972 cm-1).29 The decay of the
excited-state IR band at 2105 cm-1 mirrors the rise of the
photoproduct band at 1969 cm-1 (Figure 5) occurring with a
common lifetime of 7.2 ns.
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J. H.; Vlček, A., Jr.; Gray, H. B. J. Am. Chem. Soc. 2006, 128, 4365.
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Table 1. ν(CO) IR Bands of [Ru(X)(X′)(CO)2(iPr-dab)] in the Ground
State and the Lowest Triplet Excited Statea

ground state excited state ∆

complex B1 A1 B1 A1 B1 A1 av ∆ diff ∆

[Ru(I)2(CO)2

(iPr-dab]
1998 2054 2018 2072 +20 +18 +19.0 -2

[Ru(I)2(CO)2

(Me-dab] calcde
2001 2056 2033 2077 +32 +21 +26.5 -11

[Ru(SnPh3)(Cl)
(CO)2(iPr-dab)]

1973 2032 2003 2051 +30b +19b +24.5 -11

[Ru(CH3)(I)
(CO)2(iPr-dab)]

1966 2030 2011 2064 +45c +34c +39.5 -11

[Ru(Cl)2(CO)2

(iPr-dab)] exptl
2000 2062 2057d 2105 +57 +43 +50 -14

[Ru(Cl)2(CO)2

(Me-dab)] calcde
1999 2063 2053 2102 +54 +39 +46.5 -15

[Ru(Cl)2(CH3CN)
(CO)(iPr-dab)]

1969

a ∆ ) shift of the IR band upon excitation, av ∆ ) average shift upon
excitation ) 1/2(∆(A1) + ∆(B1)), diff ∆ ) change in the splitting between
A1 and B1 upon excitation. All values are in cm-1. b Measured in CH2Cl2.
Shifts of +30 and +17 cm-1 were reported9 from nanosecond TRIR, after
excitation at 355 nm. c Shifts of +40 and +26 cm-1 were determined7 in
CH2Cl2 at 5 ns after excitation at 532 nm. d Estimated, the bleach and excited
state bands strongly overlap. e UKS DFT G03/PBE0/CPCM (CH3CN),
calculated values scaled by 0.9574.

Figure 3. Difference TRIR spectra of [Ru(I)2(CO)2(iPr-dab)] in CH3CN
(top), [Ru(SnPh3)(Cl)(CO)2(iPr-dab)] in CH2Cl2 (middle), and [Ru(Me)-
(I)(CO)2(iPr-dab)] in CH3CN (bottom) measured at selected time delays
in picoseconds after 400 nm excitation. Experimental points are separated
by 4–5 cm-1.

Figure 4. Difference TRIR spectra of [Ru(Cl)2(CO)2(iPr-dab)] in CH3CN.
Top: picosecond spectra measured at selected time delays after 400 nm
excitation. Bottom: nanosecond spectra measured at selected time delays
after 355 nm excitation. Experimental points are separated by 4–5 cm-1.

[Ru(X)(X′)(CO)2(N,N′-diisopropyl-1,4-diazabutadiene)]
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Discussion

The TRIR experiments and DFT calculations presented
above report on the character of the lowest excited states of
the complexes [Ru(X)(X′)(CO)2(iPr-dab)] and reveal a
uniquely “slow” CO dissociation from a relaxed excited state.
In all experiments, the studied photoprocesses were triggered
by excitation at 400 nm, which is directed to the lowest
allowed CT transition. As discussed above, this transition
entails an extensive shift of the electron density from the π
system of the Ru(halide)(CO)2 moiety to the π* orbital of
the iPr-dab ligand (Figure S1 in the Supporting Information).
Optical excitation is followed by intersystem crossing into
the lowest triplet state, which is expected48,49 to occur on a
femtosecond time scale. The TRIR spectra measured from
2 ps onward thus report only on the behavior of the lowest
triplet excited state.

Excited-state ν(CO) bands of [Ru(X)(X′)(CO)2(iPr-dab)]
are shifted to higher energies from their ground-state
positions. This is typical for excited states with a Ru(CO)2

f dab MLCT component,7,9,15,42,50–53 which depopulates
the CO π* orbital, strengthening the CtO bond. XLCT
excitation affects the ν(CO) energies much less because it
does not involve the π*(CO) orbitals directly. Contributions
from intraligand ππ* excitation decrease the ν(CO) energies
because of the diminishing π-acceptor strength of the dab
ligand.54 The magnitude of the ν(CO) shift upon excitation
increases depending on the ligands X,X′ in the order (I)2 <
(Sn)(Cl) < (Me)(I) < (Cl)2, which reflects the increasing

contribution of the MLCT excitation to the lowest excited
state. It can be concluded that the lowest triplet excited state
has a mixed MLCT/XLCT character, where the relative
contribution of the MLCT and XLCT excitations strongly
depends on the ligands. Indeed, DFT calculations clearly
demonstrate the decreasing XLCT and increasing MLCT
contributions on going from [Ru(I)2(CO)2(iPr-dab)] to
[Ru(Cl)2(CO)2(iPr-dab)] (Figure 2). The ν(CO) energies of
excited [Ru(Cl)2(CO)2(iPr-dab)] are very high even in
absolute terms, indicating that the Ruf CO π back-donation
is very weak. The difference between the excited-state ν(CO)
bands, which is related to the CO-CO interaction force
constant,55 is much smaller for [Ru(I)2(CO)2(iPr-dab)] than
the other three complexes. TRIR spectra also show that the
vibrational and solvent relaxation (i.e., thermal equilibration)
is completed within a few tens of picoseconds, at most.

The complexes [Ru(SnPh3)(Cl)(CO)2(iPr-dab)] and [Ru-
(CH3)(I)(CO)2(iPr-dab)] are stable under continuous irradia-
tion5,6,8–11,26 with excited-state lifetimes6,9 of 700 and 127
ns, respectively. Accordingly, the TRIR spectra show only
the two bands of the 3MLCT/XLCT states, which do not
decrease in intensity during the first 1 ns. Both dihalide
complexes [Ru(X)2(CO)2(iPr-dab)] (X ) Cl, I) were reported
to undergo photochemical substitution of one CO ligand by
a solvent molecule, which occurs with retention of the
configuration (eq 1).18,25

cis(CO,CO),trans(X,X ′)-[Ru(X)2(CO)2(iPr-dab)]

98
hν, > 400 nm

Solv
cis(CO,SolV),trans(X,X ′)-

[Ru(X)2(Solv)(CO)(iPr-dab)]+CO (1)

In the case of [Ru(I)2(CO)2(iPr-dab)], TRIR spectra measured
up to 1 ns do not provide evidence for photoproduct
formation, except for an extremely weak absorption feature
at ∼1972 cm-1, which can be seen from about 10 ps onward
and stays constant until the end of the time interval
investigated, 1 ns. No mechanistic conclusions can be drawn
from the present experiments. On the other hand, TRIR
spectra of [Ru(Cl)2(CO)2(iPr-dab)] clearly show direct
conversion of the 3MLCT/XLCT excited state into the
[Ru(Cl)2(CH3CN)(CO)(iPr-dab)] photoproduct, which occurs
with a 7.2 ns lifetime, with no observable intermediates. The
absence of any ground-state recovery suggests that the initial
quantum yield is (nearly) unity. This behavior indicates a
predominantly dissociative or Id interchange mechanism,
where the primary product is very rapidly (,7 ns) stabilized
by solvent coordination.

Photochemistry of [Ru(Cl)2(CO)2(iPr-dab)] presents a
special case of a “slow” CO photosubstitution from a relaxed
3MLCT excited state. This is a remarkable reaction indeed,
considering that CO photodissociation from carbonyldiimine
complexes in most cases occurs from optically excited singlet
MLCT states with femtosecond rates.15,19,20,31,56–59 Even the

(48) Cannizzo, A.; van Mourik, F.; Gawelda, W.; Zgrablic, G.; Bressler,
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(52) Kuimova, M. K.; Alsindi, W. Z.; Dyer, J.; Grills, D. C.; Jina, O. S.;

Matousek, P.; Parker, A. W.; Portius, P.; Sun, X.-Z.; Towrie, M.;
Wilson, C.; Yang, J.; George, M. W. Dalton Trans. 2003, 3996.
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Figure 5. Time profiles of the maximum intensity of the excited-state (blue)
and photoproduct (red) IR bands of [Ru(Cl)2(CO)2(iPr-dab)] in CH3CN.
The curves correspond to single-exponential fits: 7.2 ( 0.3 ns at 2103.9
cm-1 and 7.3 ( 1.3 ns at 1968.8 cm-1.
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closely related [Ru(Cl)2(CO)2(bpy)] loses CO from its
1MLCT/XLCT excited state on a subpicosecond time
scale.15,23,24 Triplet MLCT or MLCT/XLCT states of car-
bonyldiimine complexes are usually unreactive, and their
population provides an efficient deactivation pathway to the
ground state, preventing any further CO dissociation. Such
“trapping” triplet CT states have been described in detail15,58

for [Cr(CO)4(bpy)] or [Ru(I)2(CO)2(bpy)]. The only reactive
3MLCT states are known for [M(CO)4(diimine)] (M ) W
or Mo), which undergo CO substitution by an associative
mechanism.19,60–62 However, this reaction requires the pres-
ence of strong nucleophiles in high concentrations and occurs
with very low quantum yields, at most 0.04, measured for
[Mo(CO)4(1,10-phenanthroline)].60–62

To understand the slow dissociative CO photosubstitution
in [Ru(Cl)2(CO)2(iPr-dab)], we need to ask why the optically
prepared 1MLCT/XLCT state is unreactive and what the
origin of the triplet-state reactivity is. Singlet MLCT and
XLCT states gain their photoreactivity through interaction
with higher-lying, usually ligand-field [i.e., d(π) f d(σ*)]
or M f CO MLCT excited states, which are dissociative
with respect to the M-CO bond.15,19,56,59,63–67 Avoided
crossing, which occurs along the M-CO reaction coordinate,
then mixes the dissociative state with the optically populated
singlet CT state, changing its electronic parentage and the
shape of the potential energy surface. The UV–vis absorption
spectrum40 and excited-state calculations of [Ru(Cl)2(CO)2(iPr-
dab)] show that its lowest allowed 1MLCT/XLCT transition
is relatively isolated in energy. Moreover, close-lying higher
states mostly involve excitations to π*(dab) or Cl-Ru-Cl
σ* orbitals. Such states are not expected to be dissociative
and interact with 1MLCT/XLCT at longer Ru-CO distances.
Instead of bond breaking, the optically populated 1MLCT/
XLCT state undergoes intersystem crossing to the lowest
triplet state 3MLCT/XLCT.

The CO dissociation from the relaxed 3MLCT/XLCT state
of [Ru(Cl)2(CO)2(iPr-dab)] can be explained in two ways,
which can be discriminated upon by considering the energet-
ics and structural changes upon excitation:

(a) The energetic minimum of the 3MLCT/XLCT state lies
above the energy barrier of the ground-state Ru-CO
dissociation. The reaction occurs by intersystem crossing
from 3MLCT/XLCT onto the ground-state surface through
a conical intersection, followed by fast CO dissociation. This
possibility can be clearly excluded by the energetics: The

energy of the relaxed triplet was calculated as 1.52 eV above
the ground-state minimum ()E00) and 1.35 eV vertically
above the ground-state potential energy surface. The differ-
ence between these values, 0.17 eV, is clearly much smaller
than the Ru-CO bond dissociation energy, estimated to be
at least 1 eV. The excited-state minimum thus lies above
the strongly bound region of the ground-state potential energy
surface, and intersystem crossing to the ground state would
simply restore the original geometry (Scheme 1).

(b) Instead, we propose that the CO loss is caused by the
electron deficiency of the Ru center and a weakening of
Ru-CO bonds in the excited state. The high ν(CO) frequen-
cies show that the electron density on Ru is rather low already
in the ground state. TRIR shows a very large increase of
ν(CO) upon triplet excitation, which manifests further
weakening of the Ruf CO π back-donation and a decrease
of the electron density at the Ru(CO)2 moiety, which
becomes susceptible to attack by neighboring solvent mol-
ecule(s). Calculated elongation of Ru-CO bonds upon
excitation to the lowest triplet by 0.082 Å (Table S9 in the
Supporting Information) indicates weakening of Ru-CO
bonds and easier steric accessibility for the incoming solvent
molecule. As a result, the potential energy surface of the
lowest triplet state along the Ru-CO dissociation coordinate
is only weakly bound because of a small dissociation energy
and a gradually strengthening interaction with a solvent
molecule during the reaction (Scheme 1).

Conclusions

[Ru(Cl)2(CO)2(iPr-dab)] presents the first case of a kineti-
cally characterized “slow” (7.2 ns) photochemical CO
dissociation from a thermally relaxed 3MLCT/XLCT excited
state, which acts as an excitation energy reservoir. Excitation
activates the complex both thermodynamically, by increasing
the energy above the dissociation limit, and kinetically, by
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Scheme 1. Proposed Model of Excited-State Dynamics and
Photochemistry of [Ru(Cl)2(CO)2(iPr-dab)]a

a The wavy arrows denote intersystem crossing and triplet-state
relaxation. S stands for a solvent molecule from the first solvation sphere.
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weakening the Ru-CO bond and making the Ru atom
susceptible to solvent coordination by electronic depopulation
and by increasing its sterical accessibility.

The lowest triplet state of [Ru(X)(X′)(CO)2(iPr-dab)] (X
) X′ ) Cl or I; X ) Me, X′ ) I; X ) SnPh3, X′ ) Cl) has
a mixed MLCT/XLCT character. The XLCT contribution is
much larger for the iodo than the chloro complexes. For the
bishalide complexes, the lowest triplet also contains a
significant admixture of an intraligand ππ*(dab) character.
The intraligand admixture is absent for the lowest two
singlets.

DFT and TD-DFT calculations model very well the low-
lying singlet electronic excited states and the lowest triplet
state of this class of complexes, provided that the solvent is

included in the calculation. Triplet UKS-DFT calculation
predicts the excited-state IR spectra with a good accuracy.
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