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Ultrafast spectroscopy of Ru II polypyridine
complexes in the gas phase and the liquid phase:
[Ru(2,20-bipyridine) 2(nicotinamide) 2]2+†

L. Schüssler,‡a R. G. E. Israil,‡b P. Hütchen,c W. R. Thiel, c R. Diller *a and
C. Riehn *bd

[Ru(bipyridine)2(nicotinamide) 2]2+ (1) and its monoaqua-complex [Ru(bipyridine) 2(nicotinamide)(H 2O)]2+

(2) were spectroscopically studied for the first time in the gas phase by static and time resolved UV

photodissociation spectroscopy, observing nicotinamide and H 2O ligand dissociation for 1 and 2,

respectively. Both processes and their ultrafast dynamics were investigated in parallel by transient

absorption spectroscopy in aqueous solution. The latter data were newly acquired for the long-

wavelength MLCT band excitation of 1 and provide novel ultrafast ligand dissociation results for 2,

confirming the gas phase results, i.e., exclusive H2O cleavage over nicotinamide loss. Similar apparent

time constants in the sub-ps and few ps ranges were obtained for 1 in both phases, whereas a larger

time constant of ca. two hundreds of ps for the ground state recovery was observed exclusively in the

solution phase. Our reaction scheme accounts for faster dissociation dynamics in the gas phase by

energetical lowering of the 3MC vs. the 3MLCT states by lack of solvent stabilization of the latter. Based

on the apparent time constants, we favour, for the solution dynamics, a fast bimodal vibrational

deactivation in the 3MLCT/3MC manifolds and a slow dissociation obfuscated by the ground state

recovery. This is substantiated by a similar reaction scheme proposed for the ultrafast dynamics of 2,

resulting in a new assignment for transient absorption features with l 4 550 nm to the 3MC manifold,

and a common kinetic description for 1 and 2. Computations at the TD-DFT/cc-PVTZ/MDF28 level

support our spectroscopic findings and the suggested deactivation pathways.

Introduction
RuII polypyridyl coordination compounds are versatile photo-
chemical tools applicable across a broad range of physical
processes and chemical transformations. Their usage extends
from photocatalysis over solar light harvesting to biomedical
and therapeutic purposes, and thus, they have been extensively
studied by static and time-resolved spectroscopy for decades.1

Depending on the scope of application, the polypyridine

ligands octahedrally coordinating the d 6-RuII core are tailored
by chemical synthesis in order to provide customized photo
properties, e.g. (i) strong absorbance in a defined wavelength
range, like in the so-called therapeutic window of 650…850 nm,
(ii) long excited-state lifetime for efficient sensitizing, or
(iii) solvability and stability in the chosen environment for high
durability of devices. As a further possible target property,
specific complexes (often containing monodentate ligands, like
pyridines) are designed to provide (iv) a high photodissociation
yield for their usage as caged compounds2 or photo-prodrugs,
with the latter in analogy to cis-platinum for crosslinking
nucleobases.3

The archetypical complex in this field, [Ru(bpy) 3]
2+ (bpy =

2,20-bipyridine), provides 1MLCT transitions at ca.450…550 nm,
accompanied by a fast and efficient (quantum yield nearly
unity 4) sub-100 fs intersystem crossing (ISC) and a triplet
metal-to-ligand charge transfer (3MLCT) state lifetime in the ms
region.5…7It was one of the first metal complexes studied for its
ultrafast excited-state dynamics8 which brought new impetus to
the field of inorganic photochemistry 9 and allowed further on
the detailing of relaxation pathways after photoexcitation in
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such systems,e.g., considering the interplay of charge, spin and
structural dynamics 10 or comparing the influence of metal
centers from different rows of the periodic table, such as Ru II

vs. FeII complexes.11,12

Early on in research on the photochemistry of Ru II polypyr-
idine complexes, it was established that their 3MLCT lifetimes
and related ligand photodissociation depend critically on the
type (and functionalization) of the ligands. 13 In particular,
temperature-dependent emission studies revealed the ther-
mally activated population of a non-radiatively decaying excited
state (denoted as the ligand field state, dd state or 3MC (metal-
centered) state), which shortens the observed emission lifetime
and moreover represents a major source of photoinstability by
leading to photoinduced ligand dissociation or exchange. The
dramatic influence of the 3MC state energetics on the photo-
dynamics of RuII complexes is exemplified for the [Ru(tpy)2]

2+

(tpy = 2,20:60,200-terpyridine) system, which is non-emissive
and exhibits an overall apparent excited state lifetime of only
124 ps.14 This is rationalized by the weaker ligand field of the tpy
ligands constituting a •non-optimal• octahedral environment
that downshifts the 3MC energy, reinforces the 3MLCT/3MC
coupling and finally also the 3MC/ground state (1GS) coupling.
It should be further noted that elongation of the Ru…N(py) (py:
pyridine) bonds was observed from quantum chemical geometry
optimizations leading to a crossing with the ground state surface
and, additionally, enabling ligand dissociation. 15,16

Spectroscopic identification and assignment of the elusive
3MC state by time-resolved methods proved to be di�cult
and is an ongoing task.17…19Even transient IR absorption
experiments gave no unique bands that could be attributed to
a defined structure.20,21 By quantum chemical calculations, the
3MC state was geometry optimized and characterized compre-
hensively, and its dissociation via a penta-coordinated inter-
mediate (PCI) was modeled.16,22,23 Calculations on related
systems lead to the characterization of two 3MC geometries
on the excited state surface: a •regular•3MChexa state and a
3MCpenta state, which shows one particularly long Ru…ligand
distance, almost anticipating the PCI configuration. 16,24

However, direct experimental characterization of both the
3MC state and the PCI species are scarce. Thus, new approaches
are highly required for providing additional data and charac-
terization of these photochemical gateways.

In a comprehensive research project, our encompassing goal
is to compare the ultrafast dynamics of identical molecular
systems (here: RuII polypyridyl complexes) in the gas phase and
solution and particularly to study the influence of ligand
functionalization by chemical substitution of both the bpy
and py ligands in general complexes of type: [Ru(bpy-X)2(py-Y)2]

2+

(X, Y: substituents). Here we combine chemical synthesis, gas
phase dynamics and solution dynamics with the objective to
study the influence of ligand field strength (tuned by systematic
chemical substitution on the b ipyridine (X) and pyridine (Y)
ligands) via relative shifts of the 3MLCT/3MC electronic states onto
the excited states lifetimes and dynamics of such complexes. In
particular, we apply a mass spectrometry-based gas phase metho-
dology predestined for analysis of ligand dissociation processes,
i.e., pump…probe photodissociation, that we have already success-
fully tested, e.g., on RuII/PdII and RuII/PtII dinuclear complexes25

and a RuII piano-stool complex.26 This method provides a gas
phase approach of time-resolved (t -PD) and static UV photodisso-
ciation (UV PD27) action spectroscopy in an ion trap on mass-
selected species at room temperature with the samples provided by
electrospray ionisation (ESI). The transients of ultrafast electronic
dynamics and UV PD spectra are obtained by recording (transient)
photofragment yields as a function of pump…probe delay or laser
wavelength, respectively. The strength of this approach lies in
obtaining intrinsic effects, under solvent-free conditions, ideal
for comparison to quantum chemica l electronic structure calcula-
tions and, above all, to spectroscopy and dynamics in the solution
phase for assessing the influence of solvation on photochemical
pathways.28 Cryogenic UV PD spectra on related complexes have
been recorded recently using the messenger technique.29

In this work, we concentrate on the nicotinamide (na)
binding in the complex [Ru(bpy) 2(na)2]

2+ (1) (Chart 1), i.e., X = H,
Y = CONH2 as an introductory example to test the comparison of
the gas phasevs. solution phase dynamics for such systems. The
complex is excellently suited for this purpose since it proved to
be experimentally addressable via our gas phase photodissocia-
tion method, and in addition, a detailed and fundamental
kinetic model for its photoinduced primary processes in aqueous
solution has been proposed by Greenough et al.30 Thus, together
with our own UV/Vis femtosecond transient absorption
(UV/Vis fs TA) measurements on1 and on its mono-aquated form
[Ru(bpy)2(na)(H2O)]2+ (2) (Chart 1), this kinetic model now serves as a
solid starting point to investigate and discuss the interplay of the excited
electronic states in a broader context, i.e. in solution and gas phase.

In short, this kinetic model developed by Greenough et al.30

(•model G• from here on) is based on UV/Vis fs TA data on1,
supported by theoretical calculations. In a •target analysis•
approach, a kinetic model was developed and fit to the data,
assuming specific basis spectra for the proposed molecular
ground and excited state species. After rapid (sub-100 fs) inter-
system crossing (ISC) from the excited1MLCT to the 3MLCT state,
vibrational relaxation (VR) in the latter allows, in a first phase of a
barrier imposed process, fast (0.4ps) internal conversion (IC) to a
3MC state, followed by a rapid loss of one na ligand and the
formation of a PCI. Geminate recombination of the dissociated na
ligand and its di�usional separation through the solvent shell

Chart 1 Molecular structures of cis-[Ru(bpy)2(na)2]2+ (1) and its photo-
product cis-[Ru(bpy)2(na)(H2O)]2+ (2).
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compete and lead back to the GS of1 with 155 ps, and to the rapid
formation of 2 with a quantum yield of f (2) = 0.36, respectively. In
a second, lower-energy phase,3MLCT vibrationally relaxes further
with 3.6 ps and replenishes, now decoupled from IC to 3MC, the
ground state of 1 with 180 ps.

Note first, that model G predicts apparent time constants,
e.g. resulting from a branching reaction with two constituting
rate constants, which have not been observed experimentally (cf.
discussion of model G). Second, ligand dissociation is found to
occur very fast (0.4 ps). Both results caught our attention.

Here, we present spectroscopic and dynamic gas phase
results, which are compared with theoretical calculations as
well as with extended data obtained in the solution phase.
Crucial for this comparison is the identity of the dicationic
chromophore units 1 and 2 in both phases. Isolated in the gas
phase of an ion trap, an e�cient photodissociation of 1 by loss
of one na ligand is observed. The PCI of 1 as a photofragment
and 2 could also be isolated in the ion trap, allowing the first
spectroscopic analysis of such species in the gas phase. Further-
more, the gas phase dissociation of 2 shows the preference of
H2O over nicotinamide cleavage, as also confirmed by our new
results obtained in the solution phase (see below). Density
functional theory (DFT) quantum calculations with geometry
optimization provide binding energies of these species (H 2O
vs. na binding) and prepare TD-DFT (time-dependent DFT)
calculations in order to characterize the involved singlet and
triplet excited states. The photodissociation action spectra in the
gas phase obtained by UV PD compare well with the absorption
spectra in the solution phase allowing the assignment of the
strongest transitions. Transient photodissociation ( t -PD) is used
to record the dynamics of 1, giving time constants for dissocia-
tion in the few ps range, which di�ers from the result of model
G. We propose a simplified kinetic scheme, in conjunction with
our results for solution dynamics (see below).

For a direct comparison of the gas phase and liquid phase, we
studied 1 in H 2O by UV/Vis fs TA spectroscopyvia long-wavelength
MLCT band excitation, and, for the first time, investigated like-
wise the primary photochemistry of photoproduct 2 in H 2O.
Interestingly, the spectro-temporal evolution of the TA data on 2
is, with a few but significant di�erences, very similar to those on
1. In contrast to ref. 30, we follow an approach of global and local
multiexponenti al analysis, yielding apparent time constants (as
for the gas phase data) and related decay associated spectra (DAS).
As our transient absorption data on 1 reproduce well the data in
ref. 30, together with our results on 2 our approach allows
complementary description an d interpretation. We show that
some, albeit important, aspects of model G30 are not compatible
with our analysis and that our experimental results on 1 and 2 are
consistent with di�erent kinetic schemes.

Methods
Calculations

To support the assignment of the obtained UV PD spectra, the
geometry of the complex was optimized, and single-point energy

calculations were performed using density functional theory (DFT)
and time-dependent (TD-)DFT at the B3LYP/6-31+G*/MWB28 or
B3LYP/cc-PVTZ/MDF28 (Stuttgart97) level using the Gaussian pro-
gram package.31 The excited states calculations were evaluated using
GaussSum 3.032 and the orbitals involved in the transitions were
visualized using GaussView 6.0.33

Gas phase experiments

The gas phase mass spectrometric and laser spectroscopic
investigations were performed using an amaZon speed ion
trap mass spectrometer (Bruker Daltonik) equipped with an
Apollo II electrospray ionization (ESI) source. The Paul-type
quadrupole ion trap was modified for the application of laser-
induced fragmentation spectroscopy.26,28,34

The dicationic [Ru(bpy)2(na)2]
2+ (1) complex was transferred

into the gas phase by ESI using a ca. 10� 6 M solution in
acetonitrile (ACN). Since the complex is photochemically active,
the solutions were stored in amber glass bottles to avoid photo-
induced decomposition by ambient light. Acetonitrile (ACN) and
other solvents were dried over a molecular sieve (4 Å). A syringe
pump continuously infused the sample solution into the ESI
source at a flow rate of 120mL min � 1. The spray needle was set to
4.5 kV, nitrogen, as a nebulizer and drying gas, was streaming at
a flow rate of 4 L min � 1 at 180 1C and 410 mbar (7 psi).

For static UV photodissociation (UV PD) and transient
photofragmentation ( t -PD) measurements, femtosecond pulses
were generated in a Wyvern 1000t cryogenic ultrafast regen-
erative oscillator/amplifier laser system (KMLabs) and directed
into the ion trap. The laser pulse duration was B 50 fs at
780 nm, with an average powerB 3.7 W at a repetition rate of
981 Hz (B 1 kHz). To produce pump and probe pulses of
tuneable wavelengths, the beam was divided to pump two
optical parametric amplifier oscillators of a white light con-
tinuum (TOPAS-C, Light Conversion).

UV PD was recorded in the range 236…480 nm with 3 nm step
size at an energy ofca. 2 mJ per pulse by one of the TOPAS-C
units. The laser beam was aligned and centered for the highest
ion fragment yield of the isolated ion cloud before each
measurement. Hereby, the fragmentation time was set to
100 ms, which results in ca. 100 pulses of irradiation per ion
cloud and was controlled by a laser shutter. On each wave-
length B 20 data points were taken, where each data point is
averaged by 7 mass spectra. The total fragment yield (TFY) was
calculated according to If/(If + Ip), where If and Ip are the sums
of the fragments f and parent ion p obtained by integrating over
their mass peak intensities. Additionally, the fragment yield
was normalized to the number of photons N (= Epulse�l /(h�c)).

For the time-resolved measurements (t -PD), the second
TOPAS-C system was used to generate the probe beam at
1200 nm with ca. 130 mJ per pulse and overlapped at a small
angle with the pump beam in the ion trap. The wavelength of
the pump beam was chosen according to an electronic transi-
tion obtained from the UV PD measurements and set at low
energy (ca. 1 mJ) to induce only a one-photon dissociation
signal. The time delay of pump and probe pulses was controlled
by a mechanical delay-stage (Physik Instrumente, PI) equipped
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with a retroreflector. To increase the signal quality, 12 scans
were averaged and the result was fitted by a sum of exponen-
tials (eqn (1)) using OriginLab 2019G, where erf (error function)
embeds by convolution the instrument response function (IRF)
stemming from the finite laser pulse width.

Y tð Þ ¼Y0þ

Xn

i¼1

Aie
0:5 w

t i

� � 2

�
t� t0

t i � 0:5 erf
t � t0ð Þ=w � w=t i���

2
p

� �
þ 1

� �2

4

3

5

(1)

where t is the time, Y0 is the o�set, Ai is the amplitude of
component i, t i is a lifetime of component i, t0 is the time zero,

and w is the FWHM = 2
�����������
2 ln 2

p� �
of Gaussian representing the IRF.

Liquid phase experiments

Static UV/Vis absorption spectra in the solution phase were
obtained using a JASCO V-670 spectrophotometer. For femto-
second (fs) transient absorption spectroscopy in the solution
phase (UV/Vis fs TA), a Ti:Sa regenerative amplifier laser system
(Coherent Libra, 1 kHz repetition rate, 4 mJ per pulse at
800 nm, 100 fs pulse duration (full width at half maximum,
FWHM)) was used. All experiments in the solution phase were
carried out at room temperature (295 K) and in the dark to
avoid photodegradation by ambient light. The pump pulses at
340 and 425 nm were generated by a commercial optical
parametric amplifier (Coherent TOPAS-Prime). The single pulse
energy was set toB 260 nJ at a focal width of B 100mm (FWHM)
at the sample position. Self-phase modulation in a moving
CaF2-window (5 mm thickness) was used to create a spectral
continuum for probe pulses in the spectral range from 350
to 700 nm. The probe beam was focused to a focal width of
B 50 mm (FWHM) at the sample position. After the sample, the
probe pulses were spectrally dispersed and then detected using
a 512-pixel integrated FFT-CCD device (Stresing Camera
Control FFTI24 with Hamamatsu FFT S7030-0906). The relative
polarization of probe and pump pulses was set to the magic
angle (54.71) at the sample position. A delay stage (Physik
Instrumente (PI) M-531.DG) was used to generate time delays
t of up to 1.1 ns between the pump and probe pulses. Every
second pump pulse was blocked by a chopper to obtain pump
induced di�erence absorbance spectra DA(l ,t). A global analysis
approach by the global multi-exponential fit function (eqn (2))

DA l ; tð Þ ¼A0 lð Þ þ
XN

i¼1

Aiðl Þ �e
� t
t i (2)

was used to analyse the di�erence spectra DA(l ,t), with the
decay associated spectra (DAS)Ai(l ) and the corresponding N
time constants t i, and A0(l ) representing components with
infinite lifetime compared to the maximum time delay. The
system response time was 230 fs and the fitting routine was
started for delay times larger than 0.25 ps.

To prepare 1, the [Ru(bpy)2(na)2]
2+ 2(PF6)

� (1(PF6)2) salt was
dissolved in HPLC-grade H2O and the [Ru(bpy)2(na)(H2O)]2+ (2)

sample was prepared as described below. The fs time-resolved
measurements were performed in a rotating CaF2-cell (1 mm
optical path length, 25 mm diameter) or in a flow cell system with
ca.100-fold sample volume as compared to the rotating cell, both
systems providing fresh-sample condition with respect to the
shot-to-shot (1 ms) exchange of excited sample volume. The flow
cell setup consisted of a peristaltic pump (Masterflex L/S Econ-
omy, Model 7554-95 with the Easy-Load II, Model 77200-50 pump
head) and Masterflex L/S 13 Viton tubing, which connected a
30 ml sample reservoir with the flow cell (Harrick Scientific,
Model TFC-S13-3, 1 mm optical path length). For the rotating cell
measurements, the optical density (OD) of the sample was
0.58 and 0.73 for 1 excited at 425 and 340 nm, respectively, and
0.67 for 2 excited at 340 nm. For the flow cell measurement on 1,
the OD was 0.42 for excitation at 340 nm. The composition of the
samples was frequently evaluated by static UV/Vis absorption
spectra during ongoing fs TA measurements.

Due to photoinduced mono-aquation ( cf. Experimental
results), formation of 2 is unavoidable during the ongoing
measurements on 1. In the flow cell system with a much higher
sample volume, this e�ect is safely negligible. In contrast, in the
rotating cell accumulation of 2 is observed after the first few out
of up to 10 measurement cycles (total sweep of delay line).
However, it was possible to clearly and quantitatively distinguish
between the photoinduced fs-dynamics of 1 and of the accumu-
lation of 2 by a thorough analysis of the data, and by comparison
with a flow cell experiment on 1 and a rotating cell experiment
on exclusively 2. This procedure is described in the ESI† and
clearly shows that the first measurement cycle (as shown in
Fig. 6a) in the rotating cell represents the photoinduced
dynamics of 1 without a significant contribution of excited 2.

The sample for the fs measurements on 2 was prepared by
exposing a rotating cell with 1 in H 2O to ambient light su�ciently
long to achieve its basically complete photo-transformation into
the former but avoiding the formation of [Ru(bpy) 2(H2O)2]

2+. This
process was controlled via static UV/Vis absorption spectroscopy
(Fig. 4 and ESI,† Fig. S28) as described earlier.30 Besides 2,
the dissociated free na ligands remain in the sample solution.
However, as free na does only absorb below 300 nm,35 it can be
neglected for these investigations. Since the sample has not
shown further photodegradation during fs TA on 2 (cf. Experi-
mental results and ESI,† Fig. S28), it was possible to average the
five measured cycles for the analysis.

Synthesis

The synthesis of [Ru(bpy)2(na)2](PF6)2 (1(PF6)2) was performed
according to published literature procedures. 30,36,37

Experimental results
Mass spectrometric analysis of [Ru(bpy)2(na)2]

2+ (1) and
[Ru(bpy)2(na)(H2O)]2+ (2)

The compound salt 1(PF6)2 was solved in acetonitrile (ACN,
10� 6 M), transferred by electrospray ionization (ESI) into the
gas phase and the positive ions were stored in an ion trap mass
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spectrometer. The resulting overview mass spectrum is given in
Fig. 1 (upper black trace). The main mass peaks are located at
m/z 329 (1, [Ru(bpy)2(na)2]

2+), m/z 268 ([Ru(bpy)2(na)]2+) and
m/z 803 ([Ru(bpy)2(na)(PF6)]

+), with the m/z values referring to
rounded monoisotopic mass. Magnification of this spectrum by
a factor of 10 reveals additional mass peaks (Fig. 1, red trace),
with assignments listed in Table 1. Simulations of the isotope
patterns were used for identification (Fig. 1, lower trace).

The peaks at m/z 207, m/z 216 and m/z 225 are assigned to
[RuII (bpy)2]

2+, [RuII (bpy)2(H2O)]2+ and [RuII (bpy)2(H2O)2]
2+/

[RuII (bpy)2(HCl)]2+, respectively. The signal atm/z 268, resulting
from the loss of one na ligand from the molecular ion, appears
at a relatively high intensity in the overview spectrum. This
indicates a weak coordinative bond between RuII and na. The
ligand loss could occur already in the solution phase but is also
likely to be enhanced during the electrospraying process and
the ion transfer towards the ion trap. The addition of one H 2O
molecule to such an undercoordinated complex is often
observed in ion traps and leads here to the broad mass peak
centered at m/z 277. This signal extends significantly to higher
m/z values and probably results from the multiple addition/
dissociation of an only weakly bound water molecule. Its
broadness could also point to its dissociation during the
detection process in the ion trap, where collisions with He
are important. Note that both, the penta-coordinated inter-
mediate (PCI, [Ru(bpy)2(na)]2+) and the monoaqua species (2,
[RuII (bpy)2(na)1(H2O)]2+) are observed here in the gas phase.30

In order to investigate the fragmentation pathways, we have
isolated the main species obtained from the overview MS
(Fig. 1) and investigated their fragmentation behaviour by
collision-induced dissociation (CID, ESI, † Fig. S5 and S6) and
photoinduced dissociation (UV PD, see below). Here, CID of1
leads to [Ru(bpy)2(na)]2+ (PCI) by loss of one na ligand as the

main fragment, with concurrent formation, although at low
intensity, of [Ru(bpy)2(na)(H2O)]2+ (PCI…H2O, 2). In turn, the
isolation of [Ru(bpy)2(na)]2+ (PCI) also immediately resulted in
the formation of its water adduct (PCI…H2O) and another not
assignable broad feature atm/z 310 (ESI,† Fig. S8). Very similar
fragment patterns have been obtained from UV PD.

Since monoaqua-complex2 is an important intermediate in
the photoactivation process of 1 in aqueous solution, 30 we
tested its direct preparation from solution by starting with a
10� 4 M aqueous solution of 1, which was then diluted in ACN to
10� 6 M and electrosprayed. In this way, a well-structured, sharp
peak pattern in the m/z range of 2 was obtained. However,
close inspection of the isotope pattern (ESI,† Fig. S9) lead us to
assign the species• composition to [RuIII (bpy)2(na)(OH)]2+ and
[RuIV(bpy)2(na)(O)]2+, in roughly a 4 :1 ratio (ESI,† Fig. S9). We
assume oxidation of 1 to RuIII/IV in the electrospray process using
water as a solvent. The stability and acidity of RuIII hydrates and
their water exchange reactions have been described in the
literature. 1,38 Additionally in the ESI †, we report on the UV PD

Fig. 1 Top: Overview (ESI) mass spectrum of [Ru(bpy)2(na)2](PF6)2 (1(PF6)2) from acetonitrile solution (black trace). In order to present the characteristic
isotope patterns of the observed mass signals and for comparison to the corresponding simulation a magnification by a factor of 10 is displayed
(red trace). Note: interrupted intensity scale from 0.14 to 0.95; di�erent m/z scaling m/z 200…334, 428…572, 788…812. Bottom: Simulations of mass
signals with distinct isotope patterns which lead to assignments given in Table 1. Note: the intensity of the simulated peaks is set to an arbitrary, constant
value. For a magnified view (simulation, experiment) of the signals at m/z 329, 277 and 268, see the ESI,† Fig. S4 and S8.

Table 1 Assignment of fragments observed in the overview ESI mass
spectrum of [Ru(bpy) 2(na)2]2+ (1). Molecular ion peak at m/z 329 (bold)

Monoisotopic m/z Assignment

(207) [RuII (bpy)2]
2+

216 [RuII (bpy)2(H2O)]2+

225 [RuII (bpy)2(H2O)2]
2+ or [RuII (bpy)2(HCl)]2+

268 [RuII (bpy)2(na)1]
2+ (PCI)

277 [RuII (bpy)2(na)1(H2O)]2+ (2)
285 [RuII (bpy)3]

2+

329 [RuII (bpy)2(na)2]
2+ (1)

433 [RuII (bpy)2F]+

477 [RuII (bpy)2(Cl)(CO)]+

535 [RuII (bpy)2(na)1]
+-H

555 [RuII (bpy)2(na)1F]+

803 [RuII (bpy)2(na)2(PF6)]
+
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spectra and associated quantum chemical calculations for the PCI-
OH/PCI-O species, which might play a role in water splitting
applications as recently reviewed.39

UV spectroscopy

UV PD spectra and assignment of electronic transitions.
Using an ion-trap mass spectrometer, molecules can be selected
and isolated and then exposed in this solvent-free environment
to UV radiation of a tuneable laser system, enabling the record-
ing of UV/Vis photodissociation (UV PD) action spectra. These
spectra are obtained by scanning the laser wavelength point-by-
point at constant pulse energy and detecting the resulting
fragment yield. As long as a one-photon excitation process is
ensured (see energy dependence, ESI,† Fig. S21), the spectra are
representing the UV spectra of the corresponding chromophores
in the gas phase. Additionally, the experimental UV PD spectra
are here compared to computed spectra obtained from TD-DFT
(at the B3LYP/cc-PVTZ level) quantum chemical calculations,
whose transitions were analysed orbital-wise and used for
assignment of the main bands.

Molecular complex ion [Ru(bpy)2(na)2]
2+ (1). The overall shape

of the UV PD spectrum of 1 resembles its absorption spectrum
in the solution phase (Fig. 2). It only di�ers by a small
additional shoulder at 305 nm in the UV PD spectrum and a
general blueshift of ca. 1200…1500 cm� 1 in the gas phase,
obtained by comparing the bands at 330…340 nm or the peak
maxima at 280…290 nm.

For supporting the assignment and characterization of the
observed transitions, the involved molecular orbitals (MOs)
(ESI,† Table S4) of the corresponding calculated transitions
(Sx) were visualized (ESI,† Fig. S31). The transitions S5 and S6

show a charge transfer (CT) from RuII onto the bpy ligands.

The transitions S12…25at 362, 346, 326 and 325 nm show MLCT
character with a weight of 33…82% of CT onto the na ligands.
S52…57lead to the strong band at 280 nm and are mainly
composed of bpy and na ligand centered (LC) type, i.e., pp*,
transitions within these ligands. With smaller MO weight, the
latter states show interligand CT from na towards the bpy
ligand or from NH 2 towards the na ligand. The experimentally
observed shoulder in the gas phase at 305 nm could not be
assigned, since we have obtained from quantum chemical
calculations in this wavelength region only a few transitions
of very low oscillator strength with the lack of clear, dominating
MO contributions.

Penta-coordinated intermediate (PCI), water adduct (PCI…H2O, 2)
and [Ru(bpy)2(na)2]

2+(PF6)
� . The PCI complex does not show any

fragmentation upon UV PD in the region 240…480 nm. This could
be due to a high activation barrier for the loss of the second na
ligand to produce [RuII(bpy)2]

2+. We calculated the (adiabatic)
dissociation energy for: [RuII(bpy)2(na)]2+ - [RuII(bpy)2]

2+ + na
to approx. 185 kJ mol� 1 (ESI,† Fig. S29), which could obviously not
explain this behaviour, since the UV absorption (photon energy:
500…250 kJ mol� 1) would provide enough energy for this process
so that indeed kinetic aspects (high barrier, fast dissipation of
excitation energy) have to be invoked.

However, the species atm/z 277 (PCI…H2O, 2) and m/z 310,
obtained after mass-spectrometric isolation of PCI at m/z 268
(ESI,† Fig. S8), dissociate after UV irradiation, forming again
PCI. So, at certain resonant wavelengths, the signal of PCI
(m/z 268) increases, which leads to a •depletion spectrum•, if
one plots the fragment yield vs.wavelength (ESI,† Fig. S11). For
instance, if the laser wavelength is set to 275 nm (a resonance
of PCI…H2O), the intensity of m/z 277 (broad peak) decreases
and the corresponding intensity at m/z 268 (PCI) increases. For
comparison and confirmation of this analysis, a UV PD spec-
trum of the isolated broad signal at m/z 277 (PCI…H2O) is also
recorded and plotted in the ESI,† Fig. S11 together with the
inverted spectrum for m/z 268. The similarity of both spectra
(based on either the isolation of m/z 268 or m/z 277) further
supports our conclusion that not the UV PD spectrum of PCI
but rather the one of PCI…H2O was obtained. In Fig. 3, we plot
now the inverted trace of the fragment yield of the isolated
mass at m/z 268 (blue trace) as a representation for the UV
spectrum of PCI…H2O (2). In comparing this experimental UV
PD spectrum to the calculated one for 2 (Fig. 3, black dotted
line), particularly at the maxima at 280, 310 and 420 nm (Fig. 3),
an acceptable agreement can be observed. From the quantum
chemical calculations, we assign the experimentally observed
band at 380…460 nm to the transitions S5…6(ESI,† Table S5),
which represent MLCTs onto the bpy ligands. The shoulder
band at 300…350 nm is represented in the calculations by the
transitions S11 and S23, which show MLCT character involving a
na ligand and bpy ligands, respectively. The strong band at
280 nm is reproduced by the calculated transitions S38 and S40,
which result mostly from LC states.

In summary, we were able to obtain the UV PD spectrum of
PCI…H2O 2 in the gas phase and compare it to spectra obtained
from quantum chemical calculations and the solution phase.

Fig. 2 Gas phase UV PD spectrum (blue) and liquid phase absorption
spectrum in ACN (red) of [Ru(bpy)2(na)2]2+ (1). Calculated transitions (stick
spectrum) were obtained at the TD-DFT/B3LYP/cc-PVTZ level of theory
and convoluted with 1500 cm � 1 FWHM Gaussian functions (black). The
molecular orbitals HOMO, LUMO, and LUMO+1 are depicted, showing the
MLCT of S6 and S5.
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In general, for species 2, again (as for 1) a blueshift for the gas
phase spectrum with respect to the solution spectrum is
observed. The main differences to the spectrum of 1 are a
slightly red-shifted long-wavelength MLCT region (400…450 nm)
and a stronger shoulder band region (300…350 nm). The latter is
not observed in the solution spectrum and we suggest that its
distinctly higher intensity in the gas phase results from a high
dissociation yield owing to the low binding energy of H 2O
compared to the na ligand and a better coupling to the
dissociation coordinate for the transitions in this region
(assigned to the 1MLCTna type). This effect is already indicated
in the spectrum of 1 in this region ( cf. band structure at 305…
310 nm, Fig. 2) and also observed for the counterion complex
[Ru(bpy)2(na)2]

2+(PF6)
� (see ESI,† Fig. S13). The latter•s spectrum

is interestingly close to the solution spectrum of 1, which means
that the counterion attachment mimics already the solvation
induced spectral redshift.

In order to expand the theoretical analyses, we have addi-
tionally calculated the gas phase absorption spectra by TD-DFT
using B3LYP/cc-PVTZ level of theory of some fragments of1,
namely: [Ru(bpy)2(na)]2+ (PCI), [Ru(bpy)2]

2+ and the na ligand,
as well as for the related aqua adducts: [Ru(bpy)2(H2O)2]

2+ and
[Ru(bpy)2(H2O)]2+ (ESI,† Fig. S14…S16). The characterization
of the corresponding orbitals is given in the ESI, † Tables S6,
S8…S10 and correspondingly depicted in the ESI,† Fig. S35, S39,
S41 and S43.

Furthermore, although not the focus of this work, we have
spectroscopically investigated the higher oxidized Ru species
[RuIII (bpy)2(na)(OH)]2+ and [RuIV(bpy)2(na)(O)]2+ as obtained by
electrospraying 1 from aqueous solution (see mass spectro-
metric analysis above). Their experimental UV PD spectrum
(ESI,† Fig. S17) is compared to the calculated absorption

spectra of PCI-OH and PCI-O and a weighted sum of both
calculated spectra of 4 : 1 for PCI-OH/PCI-O, but the agreement
is not satisfying. However, we report the results here in order to
demonstrate that also elusive oxidation states of metal com-
plexes or intermediates could be generated and spectroscopi-
cally interrogated by the used ion trap gas phase methodology.

UV/Vis absorption spectra of [Ru(bpy)2(na)2]
2+ (1) and

[Ru(bpy)2(na)(H2O)]2+ (2) in solution. In Fig. 4, the static UV/
Vis absorption spectra of 1 (grey line) and its mono-aquated
photoproduct 2 (red line) in H 2O are compared. The maxima of
the broad MLCT-dominated features are located at 420…445 nm
for 1. For 2, a redshift of the maximum to 465 nm is observed
and only a shoulder is present around 430 nm. 1 and 2 both
show another MLCT band centered around 344 nm.

Ultrafast dynamics of [Ru(bpy)2(na)2]
2+ (1) in the gas phase

Pump…probe photodissociation spectroscopy (t -PD)25 is applied
in an ion trap on mass-selected isolated complex ions of 1 in
order to obtain intrinsic ultrafast dynamics in the gas phase.
Hereby, the (total) fragmentation yield (dominated in this case
by na ligand dissociation) is recorded as a function of the time
delay between the pump and the probe laser pulse. Resonant
pump wavelengths of 340, 410 and 430 nm, within the two
lowest energetic absorption bands of 1, were chosen and the
non-resonant probe wavelength was fixed to 1200 nm. The probe
laser serves to enhance the fragment yield by transferring the
pump-excited complex ions by multiphoton excitation into
higher electronic states leading to an increase in the fragment
yield due to higher internal energy of the ions, and accordingly
faster and more efficient dissociation. The probe laser irradia-
tion alone does not generate fragment ions but enhances the
fragment ion yield induced by the pump laser by a factor of 3…7
(at time zero). With the assumption that the probe laser absorption
cross section depends on the vibronic states in which the molecular
system is located, it is expected that the ultrafast dynamics of
excited states are reflected in their transient fragmentation yields.

Fig. 3 Gas phase UV PD spectrum (blue) recorded on isolated m/z 268
(PCI) but assigned to the species PCI…H2O (2) (explanation, see text).
Liquid phase absorption spectrum of 2 (red) in ACN/H2O. Calculated
transitions (stick spectrum) were obtained at the TD-DFT/B3LYP/
cc-PVTZ level of theory and convoluted with 1500 cm � 1 FWHM Gaussian
functions (black).

Fig. 4 Static UV/Vis absorption spectrum of [Ru II(bpy)2(na)2]2+ (1) (grey
line, ca. 1.2 mM) and of [RuII(bpy)2(na)(H2O)]2+ (2) (red line) in solution
(H2O) … extended view and further information in ESI,† Fig. S28.
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It should be noted that the actual formation of the fragment
ions could take place on a different, often ms, time scale and is
not directly accessible, since already the MS analysis of the
irradiated sample lasts several ms. However, still the fragment
yield represents a marker for the ultrafast electronic dynamics
supposing that it is proportional to the population of the
excited states and to the internal energy of the correspondingly
probed ions. In this way, the technique was already successfully
applied towards fast IC (back to the electronic ground state) for
Ru piano-stool complexes26 and towards the formation of long-
lived 3MLCT states of Ru…Pd/Pt,25 mono- and dinuclear pyridyl-
triazole/DPEPhos-based Cu(I) complexes40 and Au(I)/Ru(II )
cyclophanyl photocatalysts.41

The pump and probe laser pulse energies were here set to
1 mJ and 130 mJ, respectively, to achieve the highest pump…
probe gain at time zero. In order to further improve the signal
quality, 10…15 transient scans were averaged and the transient
decay curves, as depicted in Fig. 5, were obtained. These
transients were evaluated by a biexponential fit using eqn (1)
(see Methods), which resulted in the time constants listed in
Table 2.

In summary, the transients could be fitted very well by one
sub-picosecond time constant t 1 (ca. 0.6 ps) and one time
constant of a few ps t 2 (ca. 3 ps). The total fragment yield
decays for all excitation wavelengths to zero within ca.10…12 ps.
This obviously means that no long-lived (longer than a few ps)

excited states are formed in the gas phase. Thus, this decay to
zero is attributed to a fast internal conversion (IC) back to the
electronic ground state followed by dissociation or a fast direct
dissociation from the excited state. This is supported by the
almost exclusive detection of the PCI complex as fragment
ion and is also in accordance with the paradigms of Ru-
polypyridine dissociation. 13,16…18Note that we can rule out the
exclusive direct fragmentation within the system response time
(ca. 150 fs), which would result in the cross-correlation signal
only. This observation contrasts the reported ultrafast dissocia-
tion dynamics of 0.36 ps30 and emphasizes the shift in dis-
sociation pathways in the gas phase.

Moreover, the overall excited state dynamics of1 in the gas
phase clearly show an acceleration with decreasing pump
wavelength, i.e., with increasing excess energy (cf. order a, b,
c in Fig. 5). This mainly manifests in the shortening of the
dominating time constant t 2 by nearly a factor of 2 from 430 to
340 nm, whereas the t 1 values do not show a clear trend.

More details of the mechanism will be discussed below, in
conjunction with the results and interpretation obtained for the
solution dynamics in this work.

Ultrafast dynamics in solution

UV/Vis fs TA of [Ru(bpy)2(na)2]
2+ (1) in H 2O. Fig. 6a and d

show the di�erence spectra at selected delay times for 1 in H 2O,
excited at 425 nm (Fig. 6a) and at 340 nm (Fig. 6d), respectively.
Note that all signals, positive and negative, rise instantaneously
within our system response of 230 fs, and decay, with few
exceptions, on long time scales. Overall, the di�erence spectra
are very similar for excitation at 425 and 340 nm. In both cases,
the observed di�erence spectra are typical for RuII -polypyridine
complexes after 1MLCT-excitation with rapid (sub-100 fs) ISC
into a 3MLCT state, represented by the excited state absorption
(ESA) band in the region 350 to 390 nm with a maximum at
370 nm.8,17,20,30,42…45In the range from 392 to 485 nm, ground
state bleach (GSB) is observed, superimposed with ESA on both
sides. The spectral shape of the GSB signal resembles the static
UV/Vis absorption spectrum in Fig. 4, with a minimum at
around 445 nm and a distinct shoulder at around 420 nm.
Above 485 nm, a plateau-like behaviour arises instantaneously
and comprises two different sections: (i) a part of the 3MLCT-ESA
band17,20,30,42 and (ii) above around 550 nm possibly different
additional contributions, depending on the energy-gap between
the 3MC- and 3MLCT-excited states. In long-living, luminescence
dominated RuII-polypyridine complexes, the plateau has been
observed and assigned to3MC-ESA.17,20,42 In photodissociation
dominated RuII-polypyridine complexes, like the investigated 1,
the plateau is also apparent despite the (partially very fast)

Fig. 5 Normalized transient fragment ion intensity of [Ru(bpy) 2(na)2]2+ (1)
recorded at l pump = 430 nm (a), l pump = 410 nm (b) and l pump = 340 nm
(c); bi-exponential fit (black) is given along the fit decomposition (green
and red).

Table 2 Time constants of [Ru(bpy)2(na)2]2+ (1) resulting from fitting the
t -PD transients in Fig. 5 to eqn (1)

l pump/nm A1/% t 1/ps A2/% t 2/ps

1 430 33 0.5 � 0.1 67 3.0� 0.1
1 410 36 0.8 � 0.1 64 2.8� 0.1
1 340 14 0.42 � 0.09 86 1.67� 0.02
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dissociation of a ligand ( via a repulsive 3MC-excited state). In
consequence, Liuet al. suggested for [Ru(bpy)2(CH3CN)2]

2+, that
in the region above 550 nm, the signal can be assigned to the PCI
[Ru(bpy)2(CH3CN)]2+.22 This suggestion is supported by the
investigations on 1 from Greenough et al., where TD-DFT
calculations on the PCI, i.e. [Ru(bpy)2(na)]2+, revealed absorption
of the PCI in this spectral region. 30 Sun et al. reported the
spectral signature of the 3MLCT state for [Ru(X-bpy)3]

2+ com-
plexes (X = H, 6-methyl), which also shows a plateau-like
behaviour above 500 and up to 700 nm.17,20,42 Therefore, con-
tributions of the 3MLCT-, the 3MC-excited states and the PCI
are considered possible above 550 nm. Interestingly, our results
on 2 suggest a more accurate assignment (cf. discussion of
model G).

For long delay times, all signals decay to zero except a
residual negative band in the GSB region, and a new, positive
band at 475 nm, which is assigned to the formation of the
mono-aquated photoproduct 2 via coordination of H 2O to the
PCI.30 A simulation of the di�erence spectrum at the latest
delay time (1090 ps) with the static UV/Vis absorption spectra of
1 (as bleach signal) and 2 (as product signal) confirms this
assignment (cf. ESI,† S5c).

The absorbance transients for selected wavelengths are
shown in Fig. 6b and e with fits resulting from global analysis
(eqn (2)), which yields the decay associated spectra (DAS) shown
in Fig. 6c and f and time constants in Table 3.

As observed for the di�erence spectra, the global analysis
(DAS and time constants) shows that the entire spectro-temporal

Fig. 6 Di�erence spectra at selected delay times (a and d), absorbance transients at selected wavelengths (b and e) and decay associated spectra (DAS)
(c and f) for [Ru(bpy)2(na)2]2+ (1) in H2O, excited at 425 nm in a rotating cell (a…c) and at 340 nm in a flow cell (d…f). Solid black line in (b and e) and DAS in
(c and f): result of global analysis according to eqn (2).
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evolution for excitation at 425 nm (Fig. 6b and c) and for
excitation at 340 nm (Fig. 6e and f) is very similar (Table 3).
Thus, it is concluded that in solution excitation at 340 nm leads
to similar dynamics as excitation at 425 nm. This is possible via
ultrafast (within our system response time) internal conversion
and ISC to a 3MLCT-excited state after photo-excitation into a
higher-lying 1MLCT-excited state, in accordance with the
literature. 8,43…45We thus here confirm by experiment the con-
jecture by Greenoughet al.30 who excited at 340 nm exclusively.

Inspection of the absorbance transients at 370 and 380 nm
(Fig. 6b and e) reveals that at least three time constants are
required for a su�cient description of the data: a very fast but
small increase is followed by a slower decay, which obviously is
composed of at least two processes on di�erent timescales
(t 1, t 2 and t 4 in Table 3). A fourth-time constant ( t 3 = 12 ps)
leads to an improved fit result … especially in the range of the
GSB signal around 444 nm. A proper unequivocal fit result with
a corresponding fourth time constant could not be obtained for
the rotating cell measurements with excitation at 340 nm
(see the ESI,† Fig. S1), most likely owed to the small amplitude
of A3 and the smaller signal-to-noise ratio. But it was clearly
required in the low-noise flow cell measurements with excita-
tion at 340 nm (Fig. 6e).

A0 in Fig. 6c and f represents the signal for infinite delay
time and is basically identical with the di�erence spectrum at
1090 ps (cf. above).

A1 and A2 (Fig. 6c and f) strikingly resemble each other … with
A2 being blue-shifted for B 8 nm compared to A1 … thus
indicating similar processes. Their characteristic difference
band-like shape and localization in the red edge of the UV
3MLCT-ESA band suggest vibrational relaxation (VR) of this
state, with a signal rise in the higher and simultaneous signal
decay in the lower energy region, indicating a VR-typical
narrowing of this band ( cf. difference spectra on this time
scale). Note however that the observation of two such features,
associated with different time constants t 1 and t 2, implies the
existence of two kinetically independent processes, e.g.conse-
cutive or in parallel ( cf. discussion below). In addition, a
comparison of A1 (l pump = 425 nm) (Fig. 6c) with A1 (l pump =
340 nm) (Fig. 6f) reveals a redshift of the minima and maxima
of B 8 nm for 340 nm excitation, and for A2 an analogous
redshift of B 5 nm. This is in accordance with the assignment
to VR, because more excess (vibrational) energy as in the case of
340 nm excitation leads to a larger band broadening and to
correspondingly red-shifted features in the DAS. Furthermore,
it is noted that for wavelengths above roughly 550 nm, both A1

and A2 (as well as A3) basically are of zero amplitude. This is
equally evident in the absorbance transient at 690 nm (Fig. 6b
and e), which shows no change for the early timescales. It
should be kept in mind that for A1 and A2, with the single time
constants t 1 and t 2, we cannot exclude morecomplex, underlying
processes such as intramolecular vibrational redistribution, struc-
tural rearrangements or vibrational cooling. However, they are not
analysable with our means here, and thus we apply, pragmatically,
single time constants.

A3 (Fig. 6c and f) is non-zero and of small positive ampli-
tudes only around 365 and 430…460 nm,i.e. the region of
ground state absorption of 1 and 2 (Fig. 4).

A4 (Fig. 6c and f) is non-zero in the entire spectral range, i.e.
ground state recovery (GSR,A4 neg.) and ESA-decay (A4 pos.).
Assuming that the involved di�erent electronically excited
states (3MLCT, 3MC, PCI) and processes might contribute to a
di�erent extent in di�erent spectral regions and in preparation
for the discussion on the kinetic model(s) below, a more
detailed analysis of the TA data was performed, such that local
multi-exponential analysis was applied to distinct spectral
regions instead of the entire spectral region (cf. ESI,† S5a).
Interestingly, no deviations (within error limits) were found for
the time constants and DAS as compared to the global analysis.
It is thus concluded that GSR and decay of ESA, possibly
comprising contributions of 3MLCT, 3MC and PCI (cf. above),
occur simultaneously with solely t 4. This holds in particular for
the region above 550 nm, where A4 is the only DAS with a
significant amplitude, and thus the states contributing to the
absorption change in this region are populated within the
system response and decay witht 4.

The formation of 2 is not distinctively assignable to any of
the DAS, although it could contribute to A4, meaning that it
would be formed with t 4. However, our analysis shows as well
that the spectral shape of the red edge of the negative GSB
(region of photoproduct absorption around 475 nm) in the
di�erence spectrum at 0.3 ps is compatible with a positive
contribution of 2 with a quantum yield of up to roughly 35%,
suggesting its (possible) formation within the system response
time (cf. discussion below and ESI,† S5c).

UV/Vis fs TA of [Ru(bpy)2(na)(H2O)]2+ (2) in H 2O. The photo-
induced dynamics of 2 in H 2O was investigated with excitation
at 340 nm, the corresponding di�erence spectra are shown in
Fig. 7a. The spectral evolution is very similar to 1 and thus
corresponding assignments of the observed signals are
obvious: (i) 3MLCT-ESA around 370 nm, (ii) GSB red-shifted
with a minimum at 465 nm (in accordance with the static UV/
Vis absorption spectra in Fig. 4), (iii) ESA above 540 nm as a
possible superposition of 3MLCT-, 3MC-excited states and the
PCI. However, no product band is observed for long delay times
and all absorbance signals decay completely to zero.

Absorbance transients at selected wavelengths are shown in
Fig. 7b and the decay associated spectra (DAS) resulting from
global analysis (eqn (2)) are shown in Fig. 7c, with corres-
ponding fit curves in Fig. 7b and time constants in Table 3.

The pattern of A1 in the 3MLCT-ESA region around 370 nm is
basically identical to 1, with t 1 roughly twice as large for 2.

Table 3 Time constants resulting from global analysis (eqn (2)) of femto-
second transient absorption data of [Ru(bpy) 2(na)2]2+ (1) (Fig. 6) and
[Ru(bpy)2(na)(H2O)]2+ (2) (Fig. 7) in H2O … corresponding decay associated
spectra in Fig. 6c, f and 7c

l pump/nm t 1/ps t 2/ps t 3/ps t 4/ps

1 425 0.3 � 0.1 3.2 � 0.7 B 12 187 � 10
1 340 0.3 � 0.1 3.2 � 0.2 12 � 2 180 � 10
2 340 0.6 � 0.1 3.0 � 0.3 83 � 5
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However, in contrast to 1, the ESA above 550 nm increases with
t 1 (negative A1 in Fig. 7c). It can hardly be associated with
3MLCT ESA since the characteristic band of the latter around
370 nm rises instantaneously.

Note that A2 and t 2 are very similar to 1. A3 represents GSR
(Fig. 7c) and decay of the ESA in the complete spectral range,
more than twice as fast as in 1 (cf. Table 3). As for 1, a local
analysis yields a single long time constant, i.e., only B 83 ps for
the complete spectral range (within error limits). An additional
(fourth) time constant, as for 1, was not clearly identifiable.

It is noted that neither in the di�erence spectra nor in the
DAS indications are found for (transient) photoinduced disso-
ciation of the remaining na ligand of 2: (i) no significant A0

amplitude (Fig. 7c) and (ii) no change in the static absorption
spectra before and after the measurement occurred, i.e. all
excited molecules return to the initial electronic ground state
and no formation or slow accumulation of a photoproduct is
observed, (iii) in particular, no product band arises around
480 nm, i.e. the peak of the [Ru(bpy)2(H2O)2]

2+ absorption
spectrum30 (cf. ESI,† Fig. S28). This result is in line with the
gas phase data that likewise do not show significant dissocia-
tion of the remaining na ligand.

On the other hand, analogous to 1, excited state deactivation
via ligand dissociation can be expected for 2 in H 2O, and in
fact, in the gas phase UV PD experiments, H2O-loss was found
for 2 (cf. above). This is in line with theoretical results on
[Ru(bpy)2(CH3CN)(H2O)]2+,46 for which dissociation of the H 2O
ligand was found to be preferred to that of the CH 3CN ligand,
resulting in the reformation of the monoaqua-complex.

Thus, based on the comparison and great similarities with 1,
we here propose very similar deactivation processes for2, with
the di�erence that in the latter, the H 2O- and not the na ligand
dissociates. After dissociation of the H2O ligand, recombina-
tion with an H 2O solvent molecule to the PCI leads back to2,
and no distinguishable photoproduct is formed. These recom-
bination processes are not distinctively observed in our data.

Discussion
Ultrafast dynamics in solution

Based on these observations, in the following, we propose and
discuss generalized reaction schemes for 1 and 2, shown in
Fig. 8a and b.

Two possibilities for the formation of the photoproduct 2
from 1 that are compatible with our data are with t 4, as part of
A4 (model A, slow variant), or within the system response
(model B, ultrafast variant). The similarity of the chemical
structure of 1 and 2 and their similar observed dynamics
strongly suggest analogous deactivation schemes. For both
models, we follow the common paradigms, that first, ligand
dissociation and exchange are considered to proceedvia 3MC
states13,16…18(although exceptions have been proposed, e.g.
nitrile dissociation from 3MLCT without population of
3MC47), and second, the decay of3MLCT to GS occurs on the
ms time-scale,7 but is strongly accelerated by the coupling with a
3MC state. In consequence, our observation of synchronous
GSR and ESA decay at 370 nm (3MLCT) and above 550 nm,
requires corresponding strong kinetic coupling of the partici-
pating states (i.e. boundary conditions for the rate constants
involved).

Model A (slow variant). Equally for both 1 (Fig. 8a) and 2
(Fig. 8b):

… Ultrafast ISC from 1MLCT to 3MLCT (within system
response).

… VR witht 1 and t 2 in two consecutive (or parallel), kineti-
cally separated3MLCT states.

… Fast equilibria between the3MLCT states and a3MChexa (cf.
Introduction 16,24), that, together with VR, constitute the

Fig. 7 Di�erence spectra at selected delay times (a), absorbance transi-
ents at selected wavelengths (b), and decay associated spectra (DAS) (c) for
[Ru(bpy)2(na)(H2O)]2+ (2) in H2O excited at 340 nm (rotating cell). Solid
black line in (b) and DAS in (c): result of a global analysis according to
eqn (2).
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apparent t 1 and t 2. This relates to and is justified by the
observation of the single slow time constant for the decay of
the ESA above 550 nm, assigned to3MC contributions ( cf.
discussion of model G).

… In particular, the energetically lowest equilibrium is fast
with respect to the slowest time constant ( t 4 in 1, t 3 in 2) and
thus facilitates the joint decay (as observed) of global ESAvia
distinct channels and the simultaneous GSR with the slowest
time constant.

Specifics for 1:
… Consistent with not observing the build-up of absorption

above 550 nm would be an ultrafast (within system response)
formation of 3MC via branching in 3MLCT or in 1MLCT (blue
dashed arrow in Fig. 8a). Branching in the former, in turn,
requires three 3MLCT states instead of two, for kinetic decou-
pling reasons.

… The apparent rate 1/t 4 is the sum of the rates for GSR and
for dissociation (formation of PCI).

… From PCI, mono-aquation occurs rapidly with respect tot 4.
This corresponds to the formation of 2 with t 4 in the slow time
regime. Owed to its fast decay, PCI does not build up kinetically
and is therefore not directly observed.

… Furthermore, we cannot exclude geminate recombination
and thus GSR as another fast decay channel from PCI.

… Indications for the kinetics of mono-aquation and gemi-
nate recombination with the common time constant t 3 emerge
from A3. The shape of A3 is consistent with the absorption
spectrum of 2, possibly including a contribution from the
absorption spectrum of 1. Note that in this case, the faster
kinetic step (t 3) follows the slower one (t 4), and A3 therefore
appears with the opposite sign for mathematical reasons (i.e.,
the apparent positive A3 indicates the formation and not the

decay of a state (cf. ESI,† S5e)). The ratet 3
� 1 is consistent with

quantum chemical simulations predicting H 2O-ligation in a
range less than 10 ps48 and the observation of spontaneous
attachment of H 2O on PCI in our gas phase experiments.

Specifics for 2:
… The3MChexa is formed with the t 1 process, as observed for

the signal build-up in the long-wavelength region.
… As for1, the 3MLCT/3MChexa equilibrium decays slowly

(with t 3).
… Subsequent processes such as dissociation, H2O-co-

ordination and geminate recombination are expected as in 1,
but elude observation (mostly due to degenerate exchange of
H2O/H2O and thus no distinct photoproduct). If they occur, the
kinetic arguments apply as for 1. However, as stated above, an
additional, fourth time constant could not be clearly identified.
This is reasonable since here the suspected ligand exchange
(H2O/H2O) occurs probably faster than for 1 (na/H2O), where a
bulkier na ligand may slow down the H 2O ligation.

Model B (ultrafast variant). Equally for both 1 and 2:
… Dissociation including subsequent processes (mono-

aquation and geminate recombination) occurs in a branching
reaction from 1MLCT or 3MLCT via 3MC• within the system
response, and thus, is kinetically not resolved.

… Kinetically decoupled from this process, VR occurs witht 1

and t 2 (cf. above).
… As in model A, the3MLCT/3MChexa equilibrium decays with

the slowest time constant, however exclusively to the ground
state, i.e. only via one decay channel.

Discussion of model G30. In light of the relatively high
number of involved states and processes anticipated for the
observed ligand exchange reaction, our transient spectra as well
as the DAS yield surprisingly little complexity. This may be due

Fig. 8 Reaction schemes for [Ru(bpy)2(na)2]2+ (1) (a), and [Ru(bpy)2(na)(H2O)]2+ (2) (b) in H2O. Solid: states and pathways as indicated by our
observations. Dashed: pathways not directly indicated by our observations. Black: states for both model A and B. Blue: within system response. Red:
model A. Green: model B. For a detailed explanation cf. main text.
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to extensive spectral similarity of related species or to kinetic
reasons. Both aspects are found or required in our models.
Interestingly, this is also the case for model G about the
primary photoreaction of 1,30 which furthermore also includes
aspects of both model A and model B:

(i) According to model G, dissociation and formation of a
•caged• PCI-na-complex is indicated by the long-wavelength
absorption signal and occurs very fast, with 0.36 ps. However,
we do not observe the related signal build-up (cf. above).

(ii) In model G, •caged• PCI-na decaysvia branching with a
slow apparent time constant of 155 ps (cf. ESI,† S5b) to the GS
and, via the •separated• PCI, to the product2. Together with the
GSR from the relaxed 3MLCT with 180 ps, this generates two
feeding processes for GS, that we cannot confirm (cf. ESI,† S5b).
In particular, following model G, the decay of absorbance
4 550 nm should be solely determined by the time constant
155 ps, in contrast to the 180 ps (187 ps), we observe for the
complete spectrum investigated. In fact, it is not surprising that
in model G, the fit reveals the time constant 155 ps close to the
180 ps found for GSR, since the GSR is clearly dominated by the
latter. The similarity of these values of two kinetically indepen-
dent rates could be accidental. However, our results on 2,
including likewise a single time constant for GSR ( t 3), strongly
suggest kinetics very similar to 1. Thus, if one were to apply the
same model of two independent feeding channels for GSR for
the photochemistry of 2, an equivalent •accident• would be
required, now with t 3 = 83 ps and the hypothetical second time
constant. This again makes this aspect of model G unlikely.

(iii) First, (i) and (ii) raise the question of the assignment of
the long-wavelength absorption signal (4 550 nm). Based on
the results on 2 and their similarity with 1, 3MLCT can be
excluded, owed to the delayed signal rise (in2), as compared to
the instantaneous rise around 370 nm. Second, since in 2,
ligand (H 2O) dissociation is expected to occur faster than in 1
(na) (cf. gas phase results) and both lead to the same species
(PCI), again the delayed signal rise in 2 contradicts its spectral
assignment to PCI. Thus, we assign this long wavelength signal
to 3MC.

(iv) In order to achieve kinetic decoupling for •fast• (0.36 ps)
and •slow• (3.6 ps) VR, model G invokes a barrier in3MLCT.
However, this kinetic separation is not included in the set of
di�erential equations that are the quantitative basis for
model G.

In summary, model G comes close to our model in that it
suggests very fast and very slow processes for dissociation and
the GSR, decay of 3MLCT as well as the formation of 2,
respectively, and intermediate time scales for VR. However, it
contains aspects that should show with our approach of global
analysis in both 1 and 2, but which we cannot confirm. Note
that both target analysis30 and global analysis have advantages
and disadvantages, but global analysis clearly yields, without
any model assumptions (as in target analysis), the apparent
time constants that are constituted by the underlying rate
constants of any kinetic model, including model G.

With regard to model G, our models A and B incorporate
several new aspects that have to be introduced on grounds of

our experimental results on 1 and 2. They include the imple-
mentation of multiple 3MLCT states to allow kinetically inde-
pendent processesA1 and A2, as well as kinetic equilibria to
satisfy the global singular time constant for 3MLCT decay, GSR,
mono-aquation and geminate recombination. It is noted that
these aspects concerning time scales as well as the participa-
tion of several 3MLCT states and their coupling to 3MC states
are compatible with and have been broadly discussed in the
highly diverse literature on the photochemistry of Ru II -
polypyridine complexes. For a more detailed survey and dis-
cussion of the literature cf. ESI,† S5f.

Ultrafast dynamics in gas phase/ion trap

The scheme for the ultrafast dynamics of [Ru(bpy)2(na)2]
2+ (1)

in the gas phase is based on the following main experimental
observations and results of theoretical calculations: (i) only two
time constants in the few ps range (t 1 = 0.5 ps, t 2 = 3.0 ps;
@430 nm) are necessary to fit the decay curves, (ii) the transient
signal decays to zero within a few ps, i.e., no long(er)-lived
components are detectable, (iii) the mass spectrometric analysis
revealed only one major fragment ion signal, namely
[Ru(bpy)2(na)]2+ (PCI), after irradiation in the ion trap, confirm-
ing an e�cient na ligand photodissociation in the gas phase, (iv)
the time constant t 2 exhibits a monotonic shortening as function
of decreasing excitation wavelength (430…340 nm), which sug-
gests an acceleration of the underlying process upon increase of
internal energy of the complex, and (v) finally we assume, backed
by calculations,15 that the 3MLCT states are up-shifted in energy
(relative to the 3MC states) in the gas phase, due to the lack of
solvent stabilization of the charge separation.

These results lead us to propose the following scenario
(Fig. 9): after photoexcitation (in the 340…430 nm region),1 is
prepared by metal-to-ligand-charge-transfer in a singlet excited
(1MLCT) state, which interconverts by ISC within the experi-
mental system response (o 100 fs) to the according triplet
manifold ( 3MLCTs). These states could be located on the bpy
as well as na ligands (see our calculations/literature) and allow
for fast internal vibrational redistribution (IVR) of the excess
energy resulting from the IVR process by t 1. Subsequent to
this process, we propose that a strong coupling (IC) to the
metal-centered 3MC state takes place, which is often invoked
for explaining the photolability of these systems. 13,17 This LF
(ligand field) or dd state is characterized by a long Ru…N
distance equilibrium value and intersects at elongated Ru…N
distances both the ground state as well as a dissociating state.
Recently, Go¨ ttle et al. could locate a hexa as well as a penta
coordinated 3MC minimum on the electronically excited state
surface.24 These results further suggest that (in dependence on
the type of ligand and thus LF strength) a direct dissociation,
via the 3MChexa, is feasible, so that we assign this process here
to the time constant t 2 (consistent with the literature, where a
clear structure was not attributable to 3MC by spectroscopy).
Since we cannot rely on additional structural or spectroscopic
information tied to the time constants observed in the gas
phase, this scenario cannot be proven beyond doubt and
(slightly) different pathways might be possible. For instance
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(marked in yellow in the scheme of Fig. 9), one could suggest
that the IC to the 3MC proceeds already from energetically
higher levels (with t 1), but is slowed down at the 3MChexa

intermediate due to a barrier (as discussed in ref. 24) towards
the 3MCpenta (t 2). This pathway might explain easier the energy
dependence of t 2, since the surmounting of the barrier is
facilitated from higher energetic levels. Moreover, we cannot
exclude the possibility of a contribution of a direct, very fast
(within system response) ligand dissociation (dashed green
arrow in Fig. 9), but the gas phase transients do not indicate
a significant portion of 1 decaying in this way.

Although an unambiguous classification of the dissociation
pathway cannot be given, it is obvious that the time constants
obtained from gas phase experiments could be mainly ascribed
to the dissociative part of the dynamics and energetic deactivation
by VR is not active here. This could be mainly attributed to the
lack of solvent acting as a cooling bath and the energetic upshift
of the relevant charge-transfer states funnelling population
towards the metal-centered state and subsequent dissociation.

Conclusions
In this contribution, we present the comparison of the gas
phase and aqueous solution phase ultrafast photodynamics of
[Ru(bipyridine) 2(nicotinamide) 2]

2+ ([Ru(bpy)2(na)2]
2+, (1)), which

allows assessing molecule…solvent interactions and their con-
sequences for na ligand dissociation and mono-aquation

kinetics as well as for according pathways. Additionally, we
present the first results on the primary photoinduced dynamics
of the photosolvation product ([Ru(bpy) 2(na)(H2O)]2+, (2)) in
aqueous solution.

The values for the apparent time constants obtained for 1 in
the gas phase and solution are similar in the sub-ps and few ps
ranges. However, the slower ground state recovery (GSR) on the
scale of ca. 180 ps was exclusively observed in the solution
phase. This is substantiated by the, theoretically predicted,15

energetical downshift of the 3MC relative to the 3MLCT mani-
fold in the gas phase compared to the solution phase due to the
lack of solvent stabilisation of the latter. As a result, no long-
lived (4 few ps) states were observed and the photoinduced
processes are clearly altered in the gas phase. With the high
yield of the penta-coordinated intermediate (PCI) as the single
photofragment, the processes of the apparent time constants in
the gas phase (ca.0.5 ps and ca.3 ps) are strongly connected to
the dissociation steps of 1. In contrast, the observations in the
solution phase on these time scales are assigned to vibrational
relaxation (VR) in the 3MLCT manifolds. As the dissociation in
the gas phase is anticipated to be accelerated in comparison to
the solution phase and takes place in the range of a few ps, a
substantial part of the dissociation in the solution phase is
expected to be slower as the previously reported30 sub-ps regime.
Thus, for the solution phase, we favour our model A, containing
the dissociation alongside the GSR with the slow time constant
(180 ps for 1 and 83 ps for 2) in contrast to the previously
proposed30 ultrafast dissociation as featured in our model B.

We investigated 1 in H 2O for the first time under excitation
in the lower energy MLCT bands (425 nm) and confirm the
often-used assumption that excitation in the higher energy
bands (340 nm) does not significantly alter the observed
dynamics due to the fast ISC (1MLCT - 3MLCT). Note however
that the wavelength-dependency found for the few-ps time
constant in the gas phase stands as a warning for a general-
ization of this assumption.

Even if it is common knowledge from static irradiation
experiments and theory, we show, for the first time by direct
inspection of the photoinduced primary dynamics of 2 in H 2O,
that the biaqua species [Ru(bpy)2(H2O)2]

2+ is formed via a
fundamentally di�erent mechanism as the monoaqua species.
This is further corroborated by the dissociation behaviour of 2
in the gas phase, where exclusively H2O- instead of na loss was
observed.

In this regard, 2 in aqueous solution furthermore proved as
a valuable reference system for 1. Their similar apparent
dynamics suggest an analogous model for both 1 and 2 in
solution with na- and H 2O-dissociation and exchange, respec-
tively. This is supported by the gas phase results (H2O loss for 2
more e�cient as na loss for 1). As an important consequence, our
results on 2 yield the assignment of the spectral region 4 550 nm
to the often elusive 3MC state for 1 and 2, which is here for the
first time reported for this dissociation-prone type of complexes.
In addition, this leads to prop osing the equilibrium of the
3MLCT/3MC manifolds, which enables the slow dissociation
synchronously with GSR and subsequent fast product formation.

Fig. 9 Reaction scheme for [Ru(bpy)2(na)2]2+ (1) in gas phase. Blue: within
system response. Black/yellow/green: pathways consistent with our
observations. Dashed: states/pathways not directly indicated by our obser-
vations. For a detailed explanation cf. main text.
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In summary, our strategy of combined investigation of the
gas and solution phases clearly shows the impact of solvent
interactions on photoinduced ligand dissociation for 1 and 2.
Future studies of chemically substituted ligands of 1 and 2 (as
presented in the Introduction section) will allow testing the
kinetic model and ligand dissociation pathways presented here.
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