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ABSTRACT: Photophysics of the MLCT excited-state of
[Ru(bpy)(tpy) (OH,)]** (1) and [Ru(bpy)(tpy)(OD,)]**
(2) (bpy = 2,2'-bipyridine and tpy = 2,2":6',2"-
terpyridine) have been investigated in room-temperature
H,O0 and D,0 using ultrafast transient pump-probe
spectroscopy. An inverse isotope effect is observed in the
ground-state recovery for the two complexes. These data
indicate control of excited-state lifetime via a pre-
equilibrium between the *MLCT state that initiates H-
bond dynamics with the solvent and the *MC state that
serves as the principal pathway for nonradiative decay.

ustainable conversion of sunlight to chemical fuels demands

molecules and materials that can negotiate light absorption,
charge separation, energy storage, and multi-electron/proton
redox chemistry. At this stage it is critical that species with
promising functionality be characterized under visible light
excitation conditions in aqueous solvent to assess their potential
role in energy conversion and to guide future modifications.
Mononuclear Ru(II) metal-aquo complexes have been scruti-
nized as electrochemical water oxidation catalysts with [Ru-
(bpy)(tpy) (OH,)]** and derivatives receiving attention.'~” In
the Ru(II) oxidation state, complexes of this nature are highly
colored by their metal-to-ligand charge transfer (MLCT)
band,”~” and one can imagine their participation, by design or
as an unintended consequence of their absorption features, in
light harvesting and redox photochemistry. A characterization of
dynamics within the MLCT manifold, including the influence of
proton-motion coordinates,"*'* is required and is the subject of
this current work.

The visible absorption spectrum of [Ru(bpy)(tpy)(OH,)]*
dissolved in H,0 (1) (or [Ru(bpy)(tpy)(OD,)]** dissolved in
D,0 (2)) is dominated by an intense '"MLCT«'GS absorption
feature (Figure 1; £440 nm = 9600 M~'cm™") which serves as the
access point for our investigation of the charge-transfer excited-
state photophysics in this complex."”'> These compounds are
very weakly emissive at room temperature,'> and we have relied
on ultrafast pump-probe experiments to characterize their
photophysics. The transient absorption (TA) features observed
in the chirp-corrected magic angle spectra (see Supporting
Information (SI) for experimental details) collected at At =2 and
100 ps after excitation with pump pulses centered at 495 nm
(Figure 1 for 1; Figure S1 for 2) clearly establish that we are

-4 ACS Publications  ©2013 American Chemical Society

— 1: [Ru(bpy)(tpy)OH,** in H,0 -

-0.02}

0.02k == 2 [Ru(bpy)(tpy)OD,F" in D0 1 z

L - 13

12

[ =
000} 18
= 1z
> 1%
o

S

]

=

9]

1@

[[Ru(bpy)(tpy)OH 2 ¥

400 450 500 550 600 650
Wavelength/nm

-0.04

Figure 1. Right axis: Ground-state (GS) absorption spectra of 1 and 2
showing insensitivity of GS electronic properties to the isotopic nature
of the aqueous solvent. Left axis: TA spectra of 1 at At = 2 and 100 ps
showing *MLCT character. Data between the dashed vertical lines is
omitted due to contamination by pump scatter (495 nm excitation).

observing the *MLCT excited state. Most notably, the prominent
absorption feature peaked at 390 nm corresponds to reduced tpy
ligand 7* < 7* absorption and heralds the tpy-localized *MLCT
excited state.'®'” The weak absorption at 650 nm correlates well
with the ground-state absorption spectrum of the oxidized
species™'® [Ru(bpy) (tpy) (OH,)]*>" and is attributed to LMCT
from 7 orbitals to the hole on the metal center.'”"?

Detailed temporal evolution of the *MLCT of 1 was
monitored by collecting single wavelength kinetics at 400, 470,
and 650 nm as seen in Figure 2. While the TA spectra (Figures 1
and S1) were collected with an excitation wavelength of 495 nm,
the single wavelength kinetics used pulses centered at 525 nm.
Red-detuning minimizes the amplitude of vibrational cooling
dynamics®® and favors charge transfer to the low-energy tpy
ligand.*" Triplicate sets of data collected at each wavelength were
globally fit (see SI for details) leading to the observation of a
dominant decay of 270 + 18 ps present at all the probe
wavelengths (Table 1). The absorption data at A,,q,. = 400 nm
were found to be mono-exponential, while data collected at 470
nm and also at 650 nm (albeit more weakly) have an additional
early time component of 2 + 1 ps (highlighted in Figure 2 inset).
Additional spectra probing bluer wavelengths confirm these early
time dynamics (Figure S2).
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Figure 2. Magic angle kinetics (4, = 400 nm (top), 470 nm (middle),

and 650 nm (bottom); 525 nm excitation) for 1 (blue) and 2 (green)
showing evidence for an inverse KIE at all probe wavelengths. Solid lines
are the result of a global fit of data collected for each molecule at each
probe color (see Table 1).

Table 1. Global Fitting for Data Collected at Room
Temperature for 1 and 2

lprobe/nm TI/PS(ZG) AI(ZO') TZ/PS(ZO-) A2(26)
1 270(18) 1.00(0.01) - -
400
2 220(12) 1.00(0.02) - -
1 270(18) —1.00(0.06) 2(1) 0.06(0.02)
470
2 220(12) —1.00(0.02) 1.4(0.5) 0.05(0.02)
650 1 270(18) 1.10(0.06) 2(1) —0.03(0.06)
2 220(12) 0.99(0.06) 1.4(0.5) —0.03(0.04)

A brief discussion of the 2 ps decay component will follow.
Here we note that the dominant 270 ps recovery of the ground
state is comparable to the 250 ps lifetime reported for
[Ru(tpy),]** in neat water."® Broadly speaking, the MLCT
excited state in both complexes are similar, with a reduced tpy
ligand proximal to a formal Ru(III) metal center. Both systems
have weak ligand fields compared to the tris-analogue [Ru-
(bpy);]** due to the hindered bite angle of the tpy ligand****
causing the MLCT manifold to be energetically proximal to
triplet ligand field excited states (*MC). This is supported in
computational work by Jakubikova et al. regarding 1 that includes
treatment of explicit water solvation effects.'> There are two
simplified excited-state decay pictures which can explain the
short 270 ps ground-state recovery while observing *MLCT
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character in the TA spectra, both of which are based on the
following reaction (eq 1) for loss of the *MLCT state (these
ignore the slower’ direct MLCT to 'GS interconversion
commonly tied to the rate constant k).

k K
SMLCT = *MC = 'GS
k 1

(1)

In the first, k, > k, and k_, and thermal activation to the MC
would rate limit ground-state recovery. The second involves a
pre-equilibrium between the MLCT and *MC?® (i.e., (k; + k_;)
> k,) such that ground-state recovery is rate limited by thermal
activation from *MC to 'GS and the overall excited state decay
(and ground-state recovery) would have a rate constant kg, =
(ky/k_y) ke = K,y k- We have recently argued17 that the second
decay mechanism is relevant for [Ru(tpy),]** based on the
observation of additional early time decay dynamics. Given the
similar state and energy structure of 1 (and 2) to [Ru(tpy),]*" as
well as the isotope effect discussed below, we expect this second
decay mechanism to be most relevant here as well.

A similar suite of pump-probe experiments were performed on
the isotopologue 2. We note that the labile nature of the aquo
ligands precludes conducting experiments with a deuterated
ligand and a proteated solvent or vice versa (see SI for detail).
The TA spectrum of 2 collected at 100 ps after excitation (Figure
S3) overlays closely with that of 1. Temporal evolution of the
*MLCT in 2 was also monitored via single wavelength kinetics at
400, 470, and 650 nm (Figure 2). As was seen for the H,O data,
global fitting of triplicate sets of D,O data reveals a dominant
longer decay component at all wavelengths and a weak, faster
component at 470 nm and at 650 nm (Table 1).

Most striking is the shortening of the observed lifetime 7, =
1/kgps = 220 ps for the D,O isotopologue to be compared with
the 270 ps measured for 1. This indicates the presence of an
inverse kinetic isotope effect (KIE) where the ratio of observed
rate constants in H,O versus D,O is 0.81. It is emphasized that
the ground-state absorption spectra of the two isotopologues are
superimposable (Figure 1) signifying no obvious changes in
Franck—Condon state energetics that might explain the inverse
KIE.

It is noted that normal KIEs have been observed in the
nonradiative decay of related d° metal polypyridyl systems>®~2®
including [M(bpy),]** and [M(phen),]** (where, M = Ru and
Os) solvated in H,O versus D,0. These have been ascribed to
quantum mechanical effects involving overtones of high-
frequency solvent O-H(D) vibrations acting as energy-transfer
acceptors and where a higher overtone is needed for D,0.***’
For completeness, we have looked at the analogous Ru(II)
complex, [Ru(tpy),]**, which has an excited-state lifetime
comparable to 1 and 2 but obviously no bound aquo ligand.
Compared to 1, [Ru(tpy),]** stores a very similar amount of
excited-state energy in the "MLCT state based on nearly identical
emission maxima measured in room-temperature water."> Our
study was not exhaustive, and we report only bleach recovery
dynamics collected in H,O and in D,0O at 470 nm (Figure S4)
where fitting reveals a normal, albeit weak, KIE (7, o =234+

4 PS j Tops p,0 = 254 = 5 ps). Its weakness compared to related

tris-complexes is presumed to be a result of the higher rate of
nonradiative decay which competes more effectively against
resonance energy transfer to O-H or O-D solvent overtones.
These observations in [Ru(tpy),]** argue against an explanation
for the inverse KIE in 1 and 2 involving energy transfer to solvent
overtones via either the MLCT or the energetically proximal
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*MC which have been calculated in 1, with inclusion of explicit
water molecules, to be 2 kcal/mol lower in energy.15

To explain the inverse KIE seen here, one could possibly
invoke differences in electronic coupling between states involved
in the rate limiting of ground-state recovery (*MC and 'GS for
the second mechanism discussed above). Such an argument
would presumably need to take advantage of known differences
in spectral densities between H,O and D,O for h'ogher—frequency
librational motions and/or stretching motions.’® However, the
fact that the KIE’s seen for [Ru(tpy),]** versus the aquo
complexes oppose each other argues against this explanation or
at the very least, significantly raises the bar in explaining the
source of a frequency-dependent electronic state coupling. It is
noted that Hammes-Schiffer et al. have recently used new
theoretical tools to show that a weak inverse KIE can manifest in
ultrafast highly exergonic proton-coupled electron-transfer
(PCET) reactions due to changes in vibronic coupling.3’1
While, a direct *MLCT—'GS conversion may be expected to
have PCET character (given increased proton-donor ability of
the aquo-ligand in the SMLCT, vide infra), the fact that the MC
kinetically controls ground-state recovery leads us to believe that
such mechanisms are not at play in our observations.

In the context of eq 1, an inverse KIE for ground-state recovery
would manifest if the pre-equilibrium shown preferentially
shifted toward the *MLCT state in H,O compared to D,O. It is
possible to rule out electrostatic (Born) effects causing this for
two reasons. First, the room-temperature dielectric constants for
H,0 and D,0 as well as the coefficients that determine their
temperature dependence are nearly identical.*> Second, in
contrast to the experimental observation, one would again
expect the sign of the KIE to be the same as that seen for
[Ru(tpy),]**. The appropriate shifting of this equilibrium
constant can, on the other hand, be understood in the context
of solvent isotope effects on transition-metal coordination
complex redox potentials as well as electron-transfer (ET)
cross reactions. In particular, we point to work by Weaver et al.*
who showed, using a wide range of compounds, that n + 1/n
couples (e.g, 3+/2+) of metal complexes containing aquo
ligands exhibit large positive shifts on transferring from H,O to
D,0. For example, E,;, (versus SCE) is 495 mV for
[Fe(H,0),]**/** while 538 mV for [Fe(D,0)s]**/**. In terms
of one-electron reduction half reactions, this means that the
oxidized form of the complex is more stable in H,O than it is in
D,0. Such effects are born out in numerous ET cross reactions
such as between [Co(NH,),]** and aqueous Cr*" ions where the
ratio of equilibrium constants in H,O versus D,O is of order
ten’” (i.e., the reaction proceeds further toward the oxidized form
of the aqueous ion in H,O than it does in D,0). When, on the
other hand, the coordination sphere of the metal complex is
saturated by ligands that do not engage in hydrogen bonding
with the solvent, these couples are largely invariant to aqueous
solvent isotope changes.*

There is, of course, no formal ET reaction in the equilibrium
shown in eq 1. However, with respect to the ruthenium center
proximal to the water ligand and its H-bonding network, the
conversion from *MC to *MLCT represents a formal change in
oxidation state from 2+ to 3+. Therein, we expect the *MLCT to
be preferentially stabilized for 1 compared to 2. Given that
ground-state recovery proceeds via the *MC reaction channel,
this will manifest in the observation of an inverse KIE.

We emphasize, in analogy to Weaver’s work, that the aquo
ligand is an essential component to our observation. As the
formal oxidation state of the ruthenium center shifts from 2+

(®MC) to 3+ (®MLCT)), the force constant for stretching within
the bound H,O or D,0O will decrease due to increased electron
donation to the metal center.** As well, this force constant in
proximal solvent molecules will decrease as the oxygen atoms
become more engaged in H(D) bonding.** This means that the
zero-point energy difference between 1 and 2 is expected to be
larger in the *MC state (where the force constant for stretching in
the aquo ligand is larger) than in the MLCT state (where it is
smaller). In enthalpic terms, then, there would be a relative shift
in the pre-equilibrium toward the *MLCT from the *MC in H,0
versus D,0 (see TOC graphic). Entropic terms are also expected
to be at play.*"*® As the MLCT is formed in either 1 or 2, the
acidity of the aquo ligand increases, which would initiate the
formation of more H-bonding structure within proximal solvent
environs. Considering that D,0O is known to engage in hydrogen
bonding with other solvent molecules to a larger degree than its
lighter isotopologues,”” it stands to reason that a more ordered
solvent environment would arise for the *MLCT state in 2
compared to 1. Thus an entropic contribution would act to shift
the pre-equilibrium toward the *MC for 2 relative to 1.
Preliminary temperature-dependent studies indicate a constant
inverse KIE over the range 277-343 K. This suggests that
entropic contributions are important and that more detailed
explorations are warranted.

We return to a discussion of the weak short time-scale (~2 ps)
decay components observed at 470 and 650 nm in 1 and 2. While
an inverse KIE is also seemingly apparent (Table 1), the fit
uncertainty and the convolution of dynamics with the establish-
ment of the *MLCT<*MC equilibrium (vide supra) precludes a
meaningful interpretation at this time. A more detailed study of
the evolution of spectra will likely be needed. We wish to focus
here on whether the observed ~2 ps features are consistent with
the photophysical picture that has been put forth. First, we rule
out vibrational cooling® and interligand ET"” (bpy* —tpy)
within the *MLCT manifold as the source. For both processes
one would expect growth of absorption intensity at 400 nm, in
contrast to our observations. A scenario that is consistent
involves shifting of LMCT absorption features in response to the
H-bond dynamics discussed above. Berlinguette et al.* and Sakai
et al.'® have measured the absorption spectrum of the one-
electron oxidized [Ru(bpy)(tpy)(OH,)]*" in H,O. Their data
show evidence for two LMCT features that would be present in
the spectral window of our TA experiment. The first is a weak,
broad absorption centered near 700 nm attributable to LMCT
originating from the tpy ligand.'” The second is the tail of a
relatively stronger absorption extending from 350 to ~500 nm
assigned to LMCT transitions involving the bpy ligand."®

As noted above, these LMCT transitions involve promotion of
an electron from a ligand 7 orbital to the hole in the metal center
dr orbitals. Concomitant with partial proton donation to solvent
by the aquo ligand within the *MLCT state, hydroxyl character
will develop in the coordination sphere of the metal. Given its 7-
donor character, such a ligand environment is expected to raise
the energy of the metal dz orbitals leading to LMCT blue
shifting. Consistent with these predictions, we observe a slight
increase in absorption at 650 nm that may be ascribed to blue
shifting of the tpy-based LMCT as hydroxyl character develops
on a 2 ps time scale. It is interesting to note that this time scale
matches well with the orientational relaxation time of liczluid
water determined by both theory®®*® and experiment.**~* As
well the magnitude of the bleach at 470 nm increases. This can
only occur if the total signal that is interrogated includes
absorptive components (i.e., is not exclusively bleach in nature)
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and that these components decrease in intensity as the system
evolves. Here the transient blue shifting of the higher energy bpy-
based LMCT (vide supra) helps to explain the observation.
Based on this same discussion, one might also predict that early
time picosecond rise dynamics should be observed in the 400 nm
absorption feature in contrast to our observation. This absence of
dynamics can be accounted for by also considering the spectral
intensity changes associated with equilibration between the
*MLCT and *MC states (vide supra). We have shown previously
in [Ru(tpy),]** that the hallmark of such equilibration is loss of
reduced ligand absorption at early times without concomitant
recovery of the bleach.'” For 1 and 2 such dynamics would
include a transient decrease in intensity of the absorption feature
centered at 380 nm* which in turn would offset the rise at 400
nm that is expected from the blue shifting of the bpy-based
LMCT. Thus, overlapping and offsetting spectral changes
associated with proton motion of the coordinated aquo ligand
and *MLCT-*MC equilibration may explain the absence of
observed early time dynamics at 400 nm.

In summary, ultrafast TA spectroscopy has been used to probe
the MLCT reactivity of 1 and 2 in room-temperature H,O and
D,0, respectively. The observation of an inverse KIE highlights
the mechanistic importance of the water molecule in the
coordination sphere of the metal in determining excited-state
properties. It suggests fast H-bond dynamics initiated from the
*MLCT state having Ru(III) character, which competes with
facile recovery of the ground state via population of the *MC
(with Ru(Il) character). Partial proton motion and the response
of the solvent preserves MLCT electronic character while
simultaneously increasing the time available to engage in redox
chemistry and/or oxygen-activation chemistry. Provided that
excited-state energies are carefully managed, architectures
exploiting endogenous or exogenous basic sites, above and
beyond the solvent, may have enhanced ability to direct useful
photochemistry.
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