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ABSTRACT: Ultrafast transient absorption spectroscopy
serves to identify the *dd state as intermediate quencher
state of the *MLCT luminescence in the non-luminescent
ruthenium complexes [Ru(m-bpy);]** (m-bpy = 6-methyl-
2,2 -bipyridine) and [Ru(tm-bpy),;]** (tm-bpy = 4,4',6,6'-
tetramethyl-2’,2"-bipyridine). For [Ru(m-bpy),]**, the
population of the *dd state from the *MLCT state occurs
within 1.6 ps, while the return to the ground state takes
450 ps. For [Ru(tm-bpy),]**, the corresponding values are
0.16 and 7.5 ps, respectively. According to DFT
calculations, methyl groups added in the 6 and 6’ positions
of bipyridine stabilize the *dd state by ~4000 cm™" each,
compared to [Ru(bpy),]**.

he effect of excited ligand-field states on the photophysical

properties of ruthenium(II) polypyridyl complexes has
been widely discussed.'™> For photovoltaic applications, the
lowest energy ligand-field state has to be at higher energy than
the luminescent triplet metal-to-ligand charge-transfer
(*MLCT) state.® However, a recently proposed strategy to
develop drugs for anticancer therapy based on light-induced
ligand dissociation via ligand-field states has led to renewed
interest in the fundamental questions regarding their role.>”*
In the strong ligand field of 4d" metal ions with polypyridyl
ligands, the first excited ligand-field state, the *T,(t,,’¢,') state,
is at an energy comparable to that of the lowest energy MLCT
state. As Van Houten and Watts’ proposed some 4 decades
ago, for [Ru(bpy);]*" (bpy =2,2'-bipyridine) in H,O, the
lowest component of the *dd manifold, 3600 cm™" higher in
energy than the *MLCT multiplet, is held responsible for the
thermally activated quenching of the MLCT luminescence.
This is still the accepted explanation not only for the parent
[Ru(bpy);]** complex but also for the large class of
ruthenium(1I) polypyridyl complexes,">>' as it explains the
large variation in quenching rates observed for chemically quite
similar systems. With the advent of ultrafast laser spectroscopy,
the excited-state dynamics of [Ru(bpy);]** became a prime
target, and it has been established that, after initial excitation
into the intense '"MLCT band, intersystem crossing (ISC) takes
the complex to the corresponding *MLCT state within ~50
fs,""' followed by vibrational relaxation on the 5—10 ps time
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scale.®'* In this system, even though thermal quenching
becomes important above room temperature, the signature of
the dd state is not accessible experimentally because its
population as a short-lived transition state is never sufficiently
high. Except for attributing short luminescence lifetimes in
multidentate systems to the quenching by the short-lived *dd
manifold,">'® to date there is no spectroscopic study of the
corresponding ISC and internal conversion processes. In this
Communication, we present ultrafast transient absorption
spectra of [Ru(m-bpy);]** (m-bpy = 6-methyl-2,2’-bipyridine)
and [Ru(tm-bpy);]** (tm-bpy = 4,4,6,6'-tetramethyl-2',2'-
bipyridine) and compare them to those of [Ru(bpy),]**, thus
identifying the °dd state in the two complexes as an
intermediate state in the relaxation cascade.

[Ru(bpy);](PEs),, [Ru(m-bpy);](BE,),, and [Ru(tm-bpy);]
(BE,), were prepared according to standard methods (see
Supporting Information (SI)). Their absorption spectra are
almost identical, with the intense !MLCT band centered at
~454 nm. The only difference is that, for [Ru(m-bpy),]** and
[Ru(tm-bpy),]**, the extinction coefficients at the band
maximum are smaller. Whereas [Ru(bpy);]** in CH,CN
solution at 295 K shows intense luminescence from the
SMLCT state (4,,, = 610 nm, 7; ~ 850 ns, 75, & 9%),"” the
other two complexes show no luminescence at the sensitivity of
the spectrometer used. Figure 1 shows the transient absorption
spectra of the three compounds recorded in deoxygenated
CH;CN solutions following pulsed irradiation at 400 nm (pulse
duration 80 fs, instrument response 150 fs). The series
measured for [Ru(bpy);]** shows the build-up of the transient
spectrum during the pulse, with a bleaching of the 'MLCT
band at 454 nm (to be compared with the absorption spectrum
included in Figure 1) and excited-state absorptions (ESAs)
centered at 360 nm and above 500 nm. The ESA bands at 360
nm and above 500 nm have been attributed to a transition
centered on bpy~, that is, on the formally reduced ligand, and a
ligand-to-metal charge-transfer (LMCT) transition from one of
the neutral ligands to the formally oxidized Ru** ion of the
SMLCT state, respectively.">*'*'® This spectrum decays mono-
exponentially at all wavelengths with the same time constant as
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Figure 1. Transient absorption spectra at selected time delays of (a)
[Ru(bpy);]*, (b) [Ru(m-bpy);]**, and (c) [Ru(tm-bpy);]**, ¢ = 2 x
107> M, A, = 400 nm, 3.1, 1.2, and 3.1 yJ/pulse focused on ¢ = 300
pum in CH;CN at 295 K. For direct comparison, the corresponding
absorption spectra are shown in gray (right axis).

the luminescence decay, indicating that *MLCT decay and
ground-state recovery go hand in hand.

For [Ru(m-bpy);]*" and [Ru(tm-bpy);]**, the spectra at
short delays are similar to that of [Ru(bpy);]*'; that is, they
show the characteristics typical of the *MLCT state. However,
the band at 360 nm decays much faster than the ground-state
recovery. The fast disappearance of the 360 nm signal indicates
a depopulation of the *MLCT state. The fact that ground-state
recovery is orders of magnitude slower indicates an almost
quantitative population of an intermediate state.

Figure 2 shows the experimental transient profiles at 370,
454, and 630 nm for all three complexes and the results of
multi-exponential global fits performed using all spectra and
taking into account the instrument response function of 150 fs
via iterative reconvolution. The corresponding decay-associated
difference absorption spectra (DADS) are shown in Figure 3.
For [Ru(bpy);]*, the fit function is f(t) = A; exp(—t/7,) + Ay
because the MLCT does not decay noticeably within the time
window of t < 1 ns."*® The fast component with the time
constant 7, = 1.8 ps corresponds to a combination of the
ultrafast 'MLCT—3MLCT ISC, charge localization on one of
the lilgands,13 solvent reorganization, and vibrational relax-
ation.' ""3*'® The A, ; component corresponds to the ESA of
the MLCT state and ground-state bleaching as discussed
above. For [Ru(m-bpy),]**, the fit function is f(t) = A,exp(—t/
7,) + Asexp(—t/7,). The DADS show that the 360 nm ESA
characteristic for the *MLCT state decays with 7, = 1.6 ps,
whereas the ground-state recovery occurs with 7, = 450 ps. For
[Ru(tm-bpy),]**, a global fit to the transient absorption spectra
was not possible, as, in addition to the electronic processes,
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Figure 2. Time profiles at different wavelengths for (a) [Ru(bpy);]**,
(b) [Ru(m-bpy);]**, and (c) [Ru(tm-bpy);]**. Insets: corresponding
ground-state recovery at 454 nm. Symbols, experimental; lines, least-
squares fits.
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Figure 3. Decay-associated difference absorption spectra from global
analysis of the transient spectra for (a) [Ru(bpy);]**, fit function f(t) =
Ay exp(—t/7)) + Ayp and (b) [Ru(m-bpy),]*, fit function f(t) =
Ay exp(—t/7)) + A, exp(—t/7,).

vibrational cooling on the same time scale results in slightly
time-dependent band shapes. However, bi-exponential fits at
the wavelengths of the transient maxima and minima were
satisfactory. In particular, the decay of the 360 nm signal as well
as the ground-state recovery at 454 nm are even faster than for
[Ru(m-bpy);]**, with values of 7, = 0.16 ps (comparable to the
instrument response function) and 7, = 7.5 ps, respectively.
The conclusion is that, for [Ru(m-bpy);]** and [Ru(tm-
bpy);]**, the depopulation of the *MLCT state to an
intermediate non-luminescent state occurs within a few
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picoseconds. From the latter the system returns to the ground
state more slowly. Two possibilities for this state offer
themselves: (a) partial ligand dissociation and re-chelation, or
(b) the *dd state. The former is not very likely, as this would
also result in ESA signals in the region of the ground-state
bleach®® and re-chelation would be expected to be slower for
the tm-bpy ligand because of higher steric hindrance. The
rationale for the *dd state as intermediate state is the following:
for [Ru(m-bpy);]**, the methyl group in the 6 position forces a
slightly longer Ru—N bond to the corresponding N atom. This
results in a reduction of the effective ligand-field strength, like
in the analogous Fe(Il) complex, which, in contrast to low-spin
[Fe(bpy);]**, is a well-known spin-crossover complex.”’ A
similar stabilization is expected for the *dd state in [Ru(m-
bpy);)** since, even though the metal—ligand bond length
difference between the ground state and the *dd state is smaller
than that between the low-spin and the high-spin states in
iron(II) complexes. The effect of a bond length change in
ruthenium complexes is enhanced due to the overall stronger
ligand-field strength for 4d metal ions.

For [Ru(tm-bpy),]** with methyl groups in both the 6 and
the 6’ positions, the reduction of the ligand-field strength and
therefore the stabilization of the *dd state are even larger. With
this in mind, the qualitative diagram for the potential energy
surfaces shown in Figure 4 can be proposed. For [Ru(bpy);]*,

lAl

Figure 4. Schematic representation of the potential energy surfaces of
the ground state and the relevant excited states of [Ru(bpy);]*,
[Ru(m-bpy);]**, and [Ru(tm-bpy);]** (from left to right). Radiative
and non-radiative processes are indicated by smooth and wavy lines,
respectively.

the 3dd state is, as is well accepted in the literature,>**> higher
in energy than the MLCT state. For both of the other two
complexes, the *dd state lies lower in energy than the MLCT
state, but more so for [Ru(tm-bpy);]**. In all cases, the ISC
from the initially excited 'MILCT to the *MLCT state is
assumed to take ~50 fs, as determined for [Ru(bpy),]**.'""
For this complex, thermally activated quenching of the *MLCT
luminescence at higher temperatures is possible, during which
the population of the *dd state remains negligible at all times.
Therefore, the absorptions characteristic of the *MLCT state
and the §r0und—state recovery occur with the same time
constant.'”” For [Ru(m-bpy);]** and [Ru(tm-bpy);]*, the
*MLCT signature disappears with 7, = 1.6 and 0.16 ps,
respectively. This is attributed to internal conversion from the
SMLCT to the *dd state, which is now exergonic. The crossing
points of the potential energy surfaces are such that it is in the
strong vibronic coupling limit. Therefore, the internal
conversion is faster for the more exergonic case, that is, for
[Ru(tm-bpy);]**. In the latter case, 0.16 ps reflects a
combination of the '"MLCT to *MLCT ISC, charge localization,

solvent reorganization, the onset of vibrational relaxation, and
the internal conversion to the *dd state. The ISC process, by
which the complex reverts back to ground state, is in the
intermediate to weak coupling limit. It thus obeys the classic
energy gap law, and therefore it is again faster for [Ru(tm-
bpy);)** than for [Ru(m-bpy);]**.

The DADS for [Ru(m-bpy);]** (Figure 3b) reveal another
interesting point. The amplitude A; of the fast component is
very similar to that of the long component A, ¢ for [Ru(bpy);]**
in the region of the characteristic absorptions of the MLCT
state, that is, between 350 and 400 nm and above 500 nm. The
amplitude A, of the slow component also shows absorption of
the intermediate state in the form of a weak and broad band
above 530 nm in addition to the ground-state bleaching. This is
attributed to ESA from the 3Tl(tzgsegl) state. With an intensity
roughly 1 order of magnitude smaller than that of the '"MLCT
transition, this band can be attributed to a spin-allowed MLCT
transition of the 3dd state. It is weaker and broader than the
'MLCT transition because in the *dd state the Ru—N bond
distances are significantly longer than in the ground state.

The above is supported by the experimental determination of
the crystal structures, in particular the Ru—N bond lengths of
the three complexes, and by results from density functional
theory (DFT) calculations (see SI for computational details).
As the Xray structure of [Ru(tm-bpy);]** could not be
determined because of insufficient quality of the crystals, that of
[Ru(dm-bpy),]** (dm-bpy = 6,6'-dimethyl-2,2"-bipyridine) is
reported instead. DFT calculations on both complexes indicate
that the peripheral methyl groups in [Ru(tm-bpy);]** have a
minor influence and that therefore [Ru(dm-bpy);]** is a good
model for the former with respect to the relevant structural and
energetic parameters. Experimental and calculated ground-state
geometries show good agreement (see SI for details).
Furthermore, the DFT results agree well with recently
published high-level computational results on ruthenium(II)
tris-diimine complexes.”® Table 1 shows the average Ru—N

Table 1. Experimental” and DFT? Optimized Average Ru—
N Bond Lengths (A) of [Ru(L);]** (L = bpy, m-bpy, dm-bpy,
tm-bpy) in the S, and dd States, and Calculated Excited-
State/Ground-State Zero-Point Energy Differences AE°
(em™)

bpy m-bpy dm-bpy tm-bpy
d(Ru—N)  Sy/exp 20652 2.089% 21277
S,/ calc 2.090 2.122 2.154 2.153
3dd/calc 2227 2235 2.306 2.307
SMLCT/cale  2.090 2.121 - -
AE° € SMLCT 15007 14521 - -
3dd 17932 14101 11218 11034

“For full structure reports see S “Computational geometries with
CP2K; similar results are obtained with G09. “Gas-phase values;
inclusion of solvent does not change these significantly (for details see
sI).

bond lengths for experimental and calculated geometries,
illustrating that the ground-state bond lengths are indeed
slightly longer for the Ru—N bonds with an adjacent methyl
group. Also, the bond-length difference between the ground
state and the *MLCT state is very small, in agreement with
experiment,”* whereas that between these two and the *dd state
is substantial. The 3dd state, with its unpaired electron in the e
orbitals, is Jahn—Teller active, as becomes evident from the
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strongly distorted optimized structures in this state with one
Ru—N distance of as much as ~2.9 A for [Ru(dm-bpy);]** and
[Ru(tm-bpy),]** (see SI for details). Although DFT is sensitive
with regard to absolute energy differences for states of different
spin multiplicities, it provides very good relative energies for the
same spin state in different compounds.*® Thus, DFT predicts a
stabilization of the *dd energy on going from [Ru(bpy);]** to
[Ru(m-bpy);]** by ~4000 cm™" and by another ~3000 cm™*
on going to both [Ru(dm-bpy);]** and [Ru(tm-bpy);]*,
putting it definitely below the *MLCT state for those two
(Table 1).

The above is also consistent with photo-dissociation
experiments performed on the three complexes for irradiation
at 405 nm (for details see SI). The quantum efficiencies for
ejection of a ligand are 2.4 X 107* for [Ru(bpy);]*", 2.7 X 1073
for [Ru(m-bpy);]**, and 2.5 X 107 for [Ru(tm-bpy);]**. The
value for the parent [Ru(bpy);]** complex is consistent with
data from the literature." The quantum efficiency is related to
the lifetime of the transient *dd state. It is 1 order of magnitude
higher for [Ru(m-bpy),]**, with a lifetime of 450 ps for the *dd
state, as compared to 7.5 ps for [Ru(tm-bpy);]*".

In conclusion, we have identified a comparatively long-lived
intermediate state in the relaxation cascade of non-luminescent
ruthenium(I) tris-bipyridyl complexes, and we attribute it to
the lowest energy *dd state. This is quite an important finding,
as to date it has been tacitly assumed that the lifetime of this
state was much shorter than the internal conversion process
feeding it. This is of even greater significance, for instance, in
the optimization of the photo-decomposition in the proposed
application of ruthenium(II)-based polypyridyl complexes in
anticancer therapy.”®
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Details of the structure determination, computational results,
and photo-dissociation experiments. This material is available
free of charge via the Internet at http://pubs.acs.org.
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