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Energy transfer and formation of long-lived
3MLCT states in multimetallic complexes with
extended highly conjugated bis-terpyridyl ligands¥

Maria Wachtler,? Joachim Kubel,?® Kevin Barthelmes,“® Andreas Winter,*®
Alexander Schmiedel,® Torbjérn Pascher,” Christoph Lambert,® Ulrich S. Schubert™®
and Benjamin Dietzek*"

Multimetallic complexes with extended and highly conjugated bis-2,2":6’,2”-terpyridyl bridging ligands,
which present building blocks for coordination polymers, are investigated with respect to their ability to
act as light-harvesting antennae. The investigated species combine Ru(i)- with Os(i)- and Fe(i)-terpyridyl
chromophores, the latter acting as energy sinks. Due to the extended conjugated system the ligands are
able to prolong the lifetime of the *MLCT states compared to unsubstituted terpyridyl species by delocalization
and energetic stabilization of the 3MLCT states. This concept is applied for the first time to Fe(n) terpyridyl
species and results in an exceptionally long lifetime of 23 ps for the Fe() SMLCT state. While partial energy
(>80%) transfer is observed between the Ru(n) and Fe(i) centers with a time-constant of 15 ps, excitation
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Introduction

The design of artificial antennae systems for efficient collection
of solar radiation, ie., multicomponent systems in which several
molecular components absorb the incident light and channel the
energy to an acceptor unit, is an active field of research.”® The
ultimate goal is to build systems, which are capable of harvesting
light over a large part of the visible spectrum. In this respect a
number of systems containing transition metal complexes have
been prepared and studied."*>°7'® Multimetallic complexes
containing several metal centers connected via large conjugated
ligands can show photoinduced energy and/or electron transfer
processes between the individual chromophoric centers.'***'”
A challenge in the design of such systems is to control the
direction of the energy/electron transfer, to transport the
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energy is transferred completely from the Ru(i) to the Os(i) center within the first 200 fs after excitation.

excitation over large distances, e.g., in wirelike structures.'”°

This can be achieved by structural and electronic variations of
the bridging ligands and/or by changing metal centers and their
coordination environment to create a gradient for energy or
electron transport in the system.'® In this respect, hierarchically
structured coordination polymers are interesting systems for
the design of artificial light-harvesting antennas. Especially,
low-spin d® polypyridyl transition metal complexes play an
important role in this field due to their strong absorption of
light in the visible spectral range and the favorable and tunable
photophysical properties of their charge-transfer states.'*'”*'~>3

In this contribution bi- and trimetallic systems are investigated,
which may serve as building blocks for coordination polymers.
For this purpose a bis-2,2:6',2"-terpyridyl ligand L bearing a
conjugated spacer, which is closely related to the widely used
poly[phenylene-vinylene] and poly[phenylene-ethynylene] con-
jugated polymers (Fig. 1), is used.”*® The strong conjugation of
the bridging ligand together with the tridentate coordination
site enables to build linear, rodlike structures and no stereo-
isomer mixtures are formed upon complexation, as it is the case
for bidentate ligands.'*"'7*%*%?” The herein investigated species
combine Ru(u) and Fe(u) (RuFeRu) or Ru(u) and Os(u) (RuOs)
centers, which are coordinated by the terpyridyl units. This
combination of metal centers in the supramolecular assembly
is advantageous due to their complementary absorption features:
both Fe(u) and Os(u) complexes absorb at wavelengths longer than
the "MLCT (metal-to-ligand charge transfer) absorption band
of Ru(u)-terpyridyl centers: Fe(u) terpyridyl complexes possess a

This journal is © the Owner Societies 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c5cp04447b&domain=pdf&date_stamp=2015-09-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp04447b
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP018004

Open Access Article. Published on 21 September 2015. Downloaded on 6/27/2026 10:38:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP

(b)

()
<_—

RuOs

Fig. 1 Structures and synthesis of the investigated polynuclear complexes RuFeRu and RuOs and the mononuclear reference complex Ru. Legend:
(a) [Ru(tpy)(acetonitrile)s](PFg), DMF, 160 °C, 3 h; (b) FeSO4-7H,0, dichloromethane/methanol, room temperature, 2 h; (c) (i) Os(tpy)Cls, AgBF,4, acetone,

70 °C, 2 h, (i) DMA/ethylene glycol, 160 °C, 24 h.

'MLCT transition at ca. 560 nm**>° and the Os(u) terpyridyl

chromophore shows, besides a "MLCT absorption band in the
same wavelengths range as the Ru(u) "MLCT transitions, a
*MLCT absorption band spanning the entire visible range of
the absorption spectrum'” extending the overall absorption
spectrum of the assembly far into the red up to 700 nm. In
these assemblies the Ru(u) centers are expected to serve as
excitation energy donor while Os(i1) and Fe(u) centers possess
lower lying excited states and serve as potential energy accepting
units.13,15,17,18,28,31733

A critical property for future applicability of such structures
is the excited state lifetime of the acceptor centers, which can be
a crucial efficiency determining factor for subsequent reaction
steps, e.g., charge separation and generation of redox-equivalents.
The *MLCT states of Os(u)-bis(terpyridyl) chromophores possess
sufficiently long lifetimes in the range of 200 ns in aerated solution
at room temperature.'” Due to the high ligand-field strength in Os
complexes the energy gap between *MLCT states and metal-
centered (MC) ligand field states, which offer an efficient route for
radiationless deactivation, is large.'”*® This prevents deactivation of
the *MLCT state via thermal population of the MC states.>* In the
order Os(u), Ru(n) and Fe(u) the ligand field strength decreases and,
hence, the MC states are significantly closer in energy to the *MLCT
states in comparable Ru(n) and Fe(u) complexes. Furthermore, in
tridentate terpyridyl complexes additional weakening of the ligand
field is observed due to the unfortunate bite angle of the terpyridyl
ligand, which causes a distortion of the octahedral coordination
sphere.’®'” This further decreases the energetic separation
between MC and MLCT states which is reflected in the short
room-temperature lifetime of the *MLCT excitation in Ru(u)-
terpyridyl complexes ([Ru(tpy)]*" t = 124 ps)'’*® and Fe(n)-
polypyridyl complexes in general ([Fe(tpy).]’*, [Fe(bpy)s]”"
7 < 0.2 ps).*>*™* This is also the reason why - in contrast to

This journal is © the Owner Societies 2016

Ru(u) and Os(u)-polypyridyl centers — Fe(u)-polypyridiyl complexes
are not established in light-harvesting applications yet, despite its
high abundance and low cost of production. Only ultrafast charge
separation processes on the sub 100 fs timescale are able to
compete with the ultrafast deactivation to the high spin quintet
state (which is probably mediated by ligand field triplet states)
in Fe(u)-polypyridyl complexes,**™** e.g., ultrafast injection of
electrons into TiO,.*”**** Hence, to boost the applicability of
Fe(u)-polypyridyl dyes in light-harvesting applications one
important goal is to prolong the *MLCT lifetime.

One approach to prolong the lifetime of *MLCT states is to
increase the relative energy of the MC states via coordination of
ligands with high ligand field strength, e.g., strong c-donor
ligands. Attractive candidates in this respect are cyclometallated
ligands. In a first attempt *MLCT lifetimes in Ru(ir) complexes
were extended by four orders of magnitude*®™*® and in Fe(n)
cyclometallated complexes *MLCT lifetimes of 9 ps and even
13 ps were achieved, which corresponds to an extension of
the *MLCT lifetime by two orders of magnitude.**" A second
possibility to increase the energy gap between *MLCT and MC
states is to coordinate stronger m-acceptor ligands, which also
increases the ligand field strength, hence raises the energy of
the MC states and further results in lower energies of the *MLCT
state. This can be achieved by substitution in the 4’-position of
the terpyridyl ligand and extending the conjugated system of the
terpyridyl coordination sphere. Applying this approach the life-
times in Ru(n) complexes were extended to reach tens of ns.””
An additional prolongation of the lifetime of the *MLCT state can
be achieved by applying highly extended conjugated 4’-terpyridyl
ligands. In such systems low lying *LC (ligand-centered) states may
form equilibria with the *MLCT state.””***>® Though structures
fulfilling these preconditions are known in literature,>*® the Fe(n)
SMLCT lifetimes in such systems have not been addressed yet.

Phys. Chem. Chem. Phys., 2016, 18, 2350-2360 | 2351
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A third approach was applied by Heinze et al.>” by coordinating
ligands with larger bite angle than the classical terpyridyl units,
which increases the relative energy of MC states due to less
distortion of the coordination polyhedron resulting in a stronger
ligand field.”®*®* Additionally, ligands with strong electron
withdrawing/electron donating character have been combined
resulting in push-pull systems with low lying *MLCT states.®>"*
The first attempts following this approach for Fe(i) complexes,
however, did not lead to formation of a long-lived CT (charge-
transfer) states.>”

In the here investigated systems the highly conjugated bis-
2,2':6’,2"-terpyridine ligands offer the possibility to stabilize the
*MLCT states and additionally to form equilibria with low lying
*LC states as was previously reported for Ru(u) coordinated by
related ligands.®® In the following the photoinduced processes
in the multimetallic systems, especially with respect to possible
energy transfer pathways between the specific metal centers,
will be investigated by time-resolved spectroscopy. Special
emphasis will be on the *MLCT lifetime of the Fe(i) *MLCT
states in these systems.

Experimental section

For spectroscopic measurements all compounds were dissolved
in aerated acetonitrile (spectrophotometric grade). Absorption
spectra were recorded with a Lambda 750 (PerkinElmer) UV/VIS
spectrometer in a cell with 1 cm pathlength. Emission spectra
were recorded with a Jasco FP-6200 spectrofluorometer. For all
time-resolved measurements the stability of the samples was
verified by recording the absorption spectra before and after
each measurement.

For the ns time-resolved transient absorption (TA) measurements
the samples were excited by 5 ns pulses at 520 nm with a repetition
rate of 10 Hz. The probe light is delivered by a pulsed 75 W Xe arc
lamp and detected on a PMT after passing a monochromator. By
switching off the probe light emission decay can be detected
with ns-temporal resolution with the same set-up.

The fs time-resolved transient absorption measurements
were performed in a cuvette with 1 mm path length. Ru and
RuFeRu were excited by 140 fs pulses at 520 nm and 520/
575 nm, respectively. A white light continuum generated in a
CaF, crystal was used to probe the sample between 350 and
800 nm. The relative temporal delay between the pump and
probe pulses was varied over a maximum range of 8 ns. The fs
time-resolved measurements for RuOs were performed applying
pump pulses centered at 520 and 670 nm with a duration of
~ 80 fs and probed by a white-light continuum between 450 and
700 nm, which is produced in a sapphire crystal. The pump
pulses are delayed with respect to the probe pulses by means
of an optical delay stage over a maximum range of 2 ns. The
mutual polarization of the pump and probe pulses was set to
magic angle.

Prior to data analysis the experimental data from the fs time-
resolved measurements were chirp corrected. To avoid prominent
contributions from the coherent artifact the pulse overlap region

2352 | Phys. Chem. Chem. Phys., 2016, 18, 2350-2360

View Article Online

Paper

(£200 fs) around time zero was excluded in the data fitting
procedure. The data were fitted with a global fitting routine
applying a sum of exponential functions for data analysis.
Additionally, the data for RuFeRu upon excitation at 520 nm
were numerically fitted with a home-written algorithm for non-
sequential (e.g., including branching of the relaxation pathway)
kinetic schemes.

For a more detailed description of the synthetic procedures,
characterization, experimental set-ups and the fitting procedure
the reader is referred to the ESL ¥

Results and discussion
Synthesis

The synthesis of the bridging ligand L, which is used in this
study, was reported recently.®” In order to obtain heterometallic
oligonuclear complexes, a two-step assembly approach had to
be followed (Fig. 1). The first step was the preparation of the
mononuclear Ru(u) bisterpyridyl complex Ru by reaction of
[Ru(tpy)(acetonitrile);](PFe),*® with ligand L in DMF (tpy -
2,2":6/,2"-terpyridine).®® The trinuclear complex RuFeRu was
prepared by addition of a methanolic Fe(u) sulphate solution to
a solution of Ru in dichloromethane. The dinuclear complex
RuOs was prepared by the reactions of Ru with silver-activated
Os(tpy)Cl; in a DMAc/ethylene glycol mixture.”®

Steady-state absorption and emission spectroscopy

The absorption spectra of Ru, RuFeRu and RuOs in acetonitrile
are displayed in Fig. 2. The spectra show multiple electronic
transitions in the visible and UV spectral region. nn* transitions,
which are located at the terpyridine sphere, dominate at wave-
lengths shorter than 350 nm. At longer wavelengths the spectra
contain a superposition of ligand-centered nn* transitions and
transitions which appear upon coordination of the metal center
and, according to literature, most likely are due to MLCT
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Fig. 2 Steady-state absorption spectra of Ru, RuFeRu and RuOs and
emission spectrum of RuOs after excitation at 488 nm in aerated acetonitrile.
For comparison the absorption spectrum of the bridging ligand L in
dichloromethane is given. The inset shows the normalized absorption
spectra of L, Ru and RuFeRu for comparison of the position of the LC
absorption band.
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The ligand-centered nn* transitions of the
extended bridging ligand can be identified by the comparison
with the absorption spectrum of the pure ligand L (absorption
maximum at 429 nm). No significant shifts are observed in the
nn* transition upon coordination of one or two metal centers:
for Ru the maximum of the nn* transition is at 426 nm and for
RuFeRu at 429 nm. For RuOs no separate maximum of the nrn*
transition can be distinguished. The Ru(r) "MLCT transitions in
Ru and RuFeRu peak at 486 nm while in RuOs the maximum of
the superimposed 'MLCT transitions of both the Ru(n) and
Os(m) centers is at 490 nm. The "MLCT transitions at the Ru()
and Os(u) center present a mixture of transitions to the terminal
tpy ligand and the 4'-substituted bridging ligand with the
extended chromophore. The torsional angle between the tpy
unit and the adjacent phenyl ring, which is typically in the range
of 30°,”>7* reduces conjugation but does not inhibit it completely.
Hence, the chromophore is delocalized over the tpy and the
directly connected phenyl ring, but — on the other hand - does
not extent over the ethynyl bond.”> When comparing the
absorption spectrum of RuFeRu to the one of Ru an additional
band at 574 nm is observed, which is assigned to the Fe(n)
"MLCT transition to the bridging ligand. Also the spectrum of
RuOs is significantly broadened due to additional weak spin-
forbidden *MLCT transitions spanning the visible spectral
region up to 700 nm with a maximum at 665 nm.

Only for RuOs a weak triplet emission could be detected at
room temperature in aerated solution. This emission peaks at
720 nm and is due to *MLCT phosphorescence from the Os()
center. In all three investigated species, even the mononuclear
complex Ru, phosphorescence from the Ru(i) *MLCT state is not
detectable, hence no conclusions about energy transfer between
the metal centers can be drawn from emission experiments. The
missing emission could be an indication for a strong delocalization
of the *MLCT state over the extended bridge in these systems,
decreasing the oscillator strength for the radiative return to the
ground state and open the competition with more prone non-
radiative deactivation processes. Besides its probably low quan-
tum yield, unambiguous detection of the Ru(ir) *MLCT emission
in Ru unfortunately is additionally hampered by residual fluores-
cence originating from LC states in the same spectral region where
the emission of the *MLCT is expected (for further details see ESL,
Fig. S1 and S2). Such LC emission was reported earlier for related
2,2":6":2"-terpyridine complexes coordinating two highly conjugated
4'-(4-{[2,5-bis(octyloxy)-4-styrylphenyl|ethynyl}-phenyl)-2,2":6',2"-
terpyridine ligands.’>”> Emission originating from the Fe(n)
*MLCT in RuFeRu is not expected due to the generally observed
fast deactivation of the *MLCT states in Fe(u)-polypyridyl complexes
either populating a non-luminescent high-spin quintet state®*™* or
rapidly repopulating the ground state via *MC states.>*>"

Lifetime of long-lived excited states

The lifetime of the Os(i) *MLCT based phosphorescence of
RuOs in aerated acetonitrile at room temperature was determined
to 100 ns, which is in good agreement with the decay time of the
excited-state absorption (ESA) signal in ns time-resolved transient
absorption (TA) measurements (t = 84 ns) (Fig. 3).
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Fig. 3 (A) Transient absorption kinetics of RuOs at selected probe wave-
lengths: 450 nm (dash/black), 590 nm (solid/black) and emission decay at
750 nm (red solid). (B) Direct comparison of the decay kinetics at 600 nm
probe wavelength for Ru (black) and RuFeRu (red).

For Ru and RuFeRu, although no Ru(n) *MLCT emission is
detectable at room temperature, transient absorption spectro-
scopy with ns time-resolution reveals the presence of a long-
lived excited state. The excited state lifetimes of Ru and RuFeRu
are 132 and 129 ns, respectively (Fig. 3), which is in good
agreement with the lifetime determined for the analogues
homo-bimetallic Ru(r) complex (145 ns).°® The nearly identical
values of their lifetimes and spectral shapes of the transient
spectra of the long-lived excited state in Ru and RuFeRu (see
ESL T Fig. S8) point to a similar origin of the signals, ie. an
excited state connected with the Ru(u) center. Contributions of
an Fe(u) excited state to the transient spectra are not expected
on the timescale of the experiment, as Fe(u)-terpyridyl species
show typically lifetimes <10 ns (see below).!”2?3%76778 The
observation of an excited Ru(u) state suggests that energy
transfer between the Ru(u) and the Fe(u) metal centers in
RuFeRu occurs with much less than 100% efficiency.

fs time-resolved spectroscopy

To identify and to follow possible energy transfer processes in
the polynuclear systems RuFeRu and RuOs fs time-resolved TA
spectroscopy was applied. To disentangle the contributions of
the Ru(u) and Fe(u)/Os(1u) centers to the observed photoinduced
dynamics and to be able to identify possible interactions and
transfer processes between the different metal centers, first the
characteristic dynamics of each metal center is studied by
selective excitation at carefully chosen excitation wavelengths.

Phys. Chem. Chem. Phys., 2016, 18, 2350-2360 | 2353
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In contrast to the Os(u) and the Fe(u) centers, selective excitation
of the Ru(u) chromophore is not possible in the polymetallic
species, hence the monometallic compound Ru serves as reference
model for the Ru(n) intrinsic spectral signatures and dynamics.
Upon excitation at 520 nm, i.e., in the Ru(i) "MLCT band of
Ru, the transient spectra (Fig. 4) are dominated by excited-state
absorption (ESA) at probe wavelengths longer than 520 nm
with a maximum at 630 nm. Below 500 nm negative signal
contributions due to ground-state bleach (GSB) dominate.
Within the first 100 ps the signal intensity increases and the
minimum in the GSB at 482 nm vanishes, while the second
minimum shifts from 432 to 418 nm. After 1000 ps the overall
intensity starts to decay (by approximately 8% up to 8 ns).
The data was globally fitted with a sequential relaxation
scheme. To describe the data four rates and an additional long-
lived component, with a lifetime exceeding the observation
window, had to be taken into account (Table 1). A feasible
assignment of the processes and the species associated spectra (SAS)
corresponding to the excited states contributing to the relaxation
processes (Fig. 5) is displayed in Scheme 1. The sub-ps process can
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be related to internal vibrational energy redistribution (IVR) and
intersystem crossing (ISC), which leads to the population of the
manifold of vibrationally hot Ru(u) *MLCT states within the first
~200 fs with a quantum yield close to unity.”*”°® The two
components in the range of a few ps describe intramolecular
relaxation processes: 7, = 2 ps is assigned to vibrational cool-
ing®*"3718278¢ and interligand electron transfer (ILET)* after
which the lowest vibrationally relaxed Ru(i) *MLCT state in the
system is populated and 73 = 15 ps describes further structural
relaxation, i.e., planarization of the bridging ligand, and as a
consequence delocalization of the Ru() >MLCT state beyond the
terpyridine sphere of the bisterpyridine bridging ligand.**°® The
slowest component 75 responsible for the slight decay of the
signal amplitude at later delay times can be identified as
equilibration with a *LC state (see ESI, Fig. $10).°® This
equilibration is found to be approached much slower in the
monometallic complex Ru than in the related homobimetallic
complex RuRu (Ru 75 = 3100 ps, RuRu 7 = 361 ps®®). This could
be an indication for changes in the relative energetic positions
of the ®MLCT and *LC states induced by the coordination of the
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Fig. 4 Transient absorption spectra at selected delay times (left and middle) for (A) Ru following excitation at 520 nm, (B) RuFeRu upon excitation at
520 nm and (C) RuFeRu upon excitation at 575 nm in acetonitrile and the respective kinetics at selected probe wavelengths (right). The pump region for

Ru is neglected in the data evaluation due to scattered pump.
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Table 1 Fit results of fs and ns time-resolved transient absorption measurements in acetonitrile, k represents rate constant for a certain process, 7 is the

corresponding reciprocal value given for convenience

Jex/NM ky/psTt Ti/ps  ka/psTt ta/ps ka/ps ' talps ka/ps ' talps ks/ps ' 1s/ps ke/ns ' te/ns  kin/ms ' Tine’/ns
Ru 520 3.1 <0.3 0.48 2.0 0.066 15 — — 0.00033 3100 — — 0.0076 132
RuFeRu model” 520 4.1 <0.2 0.74 1.4 0.067 15 0.018 56 —_ —_ 0.24 4.2 0.0077 129
RuFeRu 575 9.7 <0.1 0.92 1.1 — — 0.043 23 — — 0.25 4.1 — —
RuOs 670 — — 1.3 0.8 0.11 9 — — 0.0016 650 — — 0.01 100
RuOs 520 4.8 <0.2 0.63 1.6 0.090 11 — — 0.0014 700 — —_

¢ Infinite component in the fs time-resolved measurements, rate/lifetime determined by ns time-resolved TA and emission measurements.

b Numerical fit applying model described in Scheme 1.
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Fig. 5 SAS resulting from the global fit (A) Ru excitation 520 nm sequen-
tial model, (B) RuFeRu excitation 520 nm model with energy transfer
according to Scheme 1, (C) RuFeRu excitation at 575 nm sequential model.

second metal center leading to changes in the activation barriers
impacting the equilibration process.

This journal is © the Owner Societies 2016
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Upon selective excitation of RuFeRu into the Fe(n) "MLCT
transition at 575 nm, the Fe(u) intrinsic dynamics is accessible
(Fig. 4). Transient spectra show GSB at 570 nm corresponding
to the maximum of the Fe(u) "MLCT transition. Three regions
dominated by ESA are observed: at wavelength longer than
605 nm, between 490 and 430 nm and in the UV below 360 nm.
The ESA feature in the red spectral region decays within 100 ps.
On the same timescale the second ESA feature gains intensity
and broadens, extending further to the blue spectral range.
After 100 ps a global decay of the overall signal intensity occurs.
This development can quantitatively be described by a multi-
exponential fit corresponding to the sequential relaxation scheme
presented in Scheme 1 applying four exponentials (see Table 1 and
Fig. 5 for SAS). The sub-ps and 1.1 ps processes describe — in
analogy to the processes at the Ru(u) center — population of
the Fe(n) *MLCT manifold and vibrational cooling. Especially
interesting is the process with a time constant of 7, = 23 ps. This
process is connected to the decay of the ESA feature in the red
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probe range (see also decay associated spectra (DAS) in the ESL T
Fig. $10), which is - according to literature - a characteristic
feature of the Fe(m) *MLCT state.””** Hence, the process associated
with 1, probably describes the depopulation of the Fe() *MLCT
state via *MC states resulting in population of the high-spin Fe(u)
quintet state. From the decay of the overall signal representing
repopulation of the ground state a Fe(un) quintet lifetime of
16 = 4.1 ns is determined, which is comparable to lifetimes
reported for the quintet state of [Fe(tpy),]>"."”***%”®”” Neither
planarization nor formation of an equilibrium with an *LC state
is observed upon excitation of the Fe(u) center. The latter is
probably due to the lower energetic position of the excited states
of the Fe(u) center compared to the Ru(u) center, preventing
a thermal population of the ’LC states, while the former
might skip detection due to negligible spectral changes in the
observation range. Nevertheless, from these results it can be
concluded that the system at hand shows a lifetime of 23 ps for the
Fe(u) *MLCT state, which is the longest reported in literature.>""
Hence, the strong conjugated and extended ligand system shows a
similar stabilizing effect on the Fe(u) *MLCT state as for the Ru(u)
*MLCT states.

In the next step the photoinduced processes in RuFeRu
upon excitation at 520 nm, where simultaneously excitation
of Ru(m) "MLCT and Fe(r) "MLCT transitions occurs, are investigated.
Immediately after excitation the transient spectra (Fig. 4) can be
described as a superposition of the spectral characteristics of
both centers at early delay times. During the first 100 ps the
spectral features characteristic for the excited states of the Ru(u)
center decay (e.g., the strong ESA signal in the red probe range)
while the characteristic signatures of the Fe(u) excited states
(e.g., bleach at 570 nm) gain in intensity. In the following the
signal amplitude is decaying on a similar timescale as observed
for the ground-state repopulation from the Fe(u) quintet state.
Nonetheless, a residual amplitude remains beyond the time-
scale of the experiment (8 ns). This long-lived species shows
positive and negative signal above and below 500 nm, respectively,
and thus reflects the transient spectra of the photoexcited Ru(u)-
subunit at long delay times (see ESL, Fig. S14). A simple multi-
exponential fit assuming a superposition of the characteristic
Ru(m) and Fe(n) centered photoinduced dynamics was not
sufficient to describe the observed temporal development of
the signal (see ESI,} Table S1 and Fig. S9). Hence, changes of the
values of the rates of the processes at the Ru(u) center due to
coordination of the second metal center and additional processes
like energy transfer between the Ru(u) and the Fe(u) centers
need to be taken into account. A further complication is that by
applying a sum of exponential functions to model the data
only a strictly parallel or sequential relaxation scheme can be
analytically described.’” Hence, to describe the data exactly a
numerical fit based on the relaxation scheme in Scheme 1 was
performed (Table 1): due to the very similar time constants and
close resemblance of the spectral contributions of the sub-ps 7,
and cooling processes 7, at both metal centers, the applied
model regards the initial excited state as weighted mixture
of Ru(m) and Fe(n) "MLCT states. These states are decaying
in parallel to the respective thermally relaxed *MLCT states,
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described by a component t; < 0.2 ps representing population
of the respective triplet manifolds. The component 7, mainly
represents the vibrational cooling at the Ru(u) center, contributions
from cooling at the Fe(u) center are neglected, this process probably
is not detectable due only minor changes in the SAS (Fig. 5) between
Fe() *MLCTye and Fe(1) *MLCT,qq. From the development of the
spectral signature with time (Fig. 4), i.e. decay of the Ru(u) features
and increase of the Fe(u) signatures on a timescale up to 50 ps, it can
be deduced that the energy transfer from the Ru(u) center to the
Fe(u) center occurs in parallel to or even before further relaxation
(planarization and equilibration) at the Ru(u) center. The time
constant for the energy transfer 7; is found to be with 15 ps nearly
identical to that describing the planarization in Ru. Further, a
fraction of excitation remains at the Ru(u) center, which is indicated
by the remaining residual Ru(u) signature beyond 8 ns. This
suggests that in this system energy transfer might occur from a
non-planarized state in parallel to planarization and a fraction of the
excited molecules remains trapped in the energetically low-lying
planarized Ru(n) excited state. From the intensity ratio of the long-
lived component in the data of Ru and RuFeRu upon excitation at
520 nm the efficiency of the energy transfer from the Ru(u) center to
the Fe(u) center is determined to be at least 80%, assuming that
neither the extinction coefficient in the ground nor the excited state
changes significantly upon coordination of the Fe(n) center (details
see ESIT). In the model applied, equilibration at the Ru(u) center is
not explicitly included. This process is expected to be slower than
the energy transfer and occurs only in the residual fraction of the
excited molecules remaining in the Ru(m) excited state, resulting in
very weak contributions to the overall signal development, too
low to be determined properly (see ESI,t Fig. S12). The final
equilibrated Ru(u) state is considered in the fit by incorporation
of a constant component. Hence, the further development of the
signal represents Fe(u) centered kinetics only. The process
associated with 7, probably is connected to the depopulation
of the *MLCT state to form the Fe(i) quintet state. The reason
for the observed deceleration of this process upon excitation at
520 nm compared to direct excitation at 575 nm remains
unclear at the moment and is subject to further investigations.
1¢ describes ground-state repopulation originating from the
quintet state. The description of the experimental data applying
this model results in SAS for the involved excited states, which
are in good agreement with the spectra determined for the
respective states at the Ru(u) and Fe(u) center from the reference
measurements described above (Fig. 5). This resemblance confirms
the validity of the applied model.

In contrast to RuFeRu, RuOs shows only minor differences
in the dynamic behavior upon direct excitation of the *MLCT of
the Os(u) center at 670 nm and upon excitation at 520 nm,
where "MLLCT transitions of both the Ru(i) and the Os(u) center
are excited (Fig. 6). Under both conditions the transient spectra
show strong GSB below 510 nm and a broad ESA feature at
wavelengths longer than 510 nm. The ESA intensity increases
during the first 10 ps, while the GSB intensity remains constant.
After 10 ps the overall signal amplitude decays reaching a
plateau at 80% of the maximum value of signal amplitude.
Assuming excitation of both Ru(m) and Os(n) "MLCT states at
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Fig. 6 Transient spectra and kinetic traces for RuOs upon excitation at (A) 670 nm and (B) 520 nm. The insets show a magnification of the ultrafast sub

0.5 ps development of the GSB region.

520 nm, the absence of signatures of Ru(mu) excited states in
the transient spectra suggests that the energy transfer from the
Ru(u) to the Os(n) center occurs on an ultrafast timescale (<200 fs)
with 100% efficiency and escapes detection due to the limited time-
resolution of the experiment. Such highly efficient ultrafast energy
transfer processes have been reported before for other multimetallic
systems combining Ru(u) and Os(n) metal centers,'*'®?>831,36,88-90
This assumption is corroborated by the results of the multi-
exponential fit (Table 1): independent of the excitation conditions
vibrational cooling (~1 ps), ligand planarization (~10 ps) and
equilibration with the °LC state (~600-700 ps) are observed.
Further, the SAS (Fig. 7) for the involved excited states match
each other very closely for varying excitation conditions and
hence, the observed processes are assigned to occur in the Os(u)
excited states manifold. The equilibration in RuOs between
the Os(n) *MLCT state and the *LC state is slower than the
equilibration between the Ru(i) *MLCT states and the *LC states
in the homobimetallic complex RuRu,*® which is probably due
to different relative energetic positions between the respective
SMLCT state and the ®LC state and altered activation barriers,
the Os(u) *MLCT states are typically 0.20-0.3 eV lower in energy
than the Ru(u) ®MLCT states.'” The only difference in the pump-
wavelength dependent data can be found on timescales <0.5 ps:
here, an increase in GSB intensity and a slight blueshift in the
maximum is present upon excitation at 520 nm (Fig. 6), which is
described by the sub-ps component 7, (Table 1). This component
could be due to *MLCT population processes from the excited
'MLCT states under these excitation conditions but could also show
contributions of the energy transfer. However, to unambiguously
assign these possible processes measurements with higher time
resolution are necessary.

This journal is © the Owner Societies 2016
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Fig. 7 SAS for RuOs resulting from a fit with a sequential model according
to Scheme 2 upon excitation at (A) 670 nm and (B) 520 nm.

The effect that energy transfer occurs on the ultrafast time-
scale and with 100% efficiency from Ru(u) to Os(u) centers while
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observable in the data.

in comparable systems combining Ru(u) and Fe(u) centers
energy transfer to the lower lying Fe(u) centered states is slower
and less efficient, has been observed before but no explanation
was delivered.’® In general, two mechanisms for energy transfer
are distinguished: energy transfer via dipole-dipole inter-
actions (Forster-type)”® and energy transfer via electron-
exchange mechanism (Dexter-type).”> A precondition for the
dipole mechanism to be efficient is that transitions with high
oscillator strength at the donor and acceptor site are involved
and spectral overlap between donor emission and acceptor
absorption is necessary. Dexter transfer requires orbital overlap
for efficient electron exchange and is usually discussed as short
range mechanism, but the conjugated system of the ligand
system can support long-range energy transfer of Dexter-type.
The missing donor emission would rule out energy transfer by
Forster-type in our systems, but the situation is more complicated,
because the energy transfer originates from non-relaxed states.
For the ultrafast energy transfer in RuOs two scenarios can be
discussed:">***° singlet-singlet transfer and triplet-triplet
transfer. For the triplet transfer mechanism, Dexter transfer
might be favored, due to the low oscillator strength of the
contributing triplet transitions though contributions of Forster
transfer cannot be ruled out completely with the available data.
For the transfer between the singlet states both Forster and
Dexter mechanism could contribute, as the singlet states at both
centers possess substantial oscillator strengths. Similar conclusions
can be reached for the transfer mechanism in RuFeRu. As the
oscillator strength of the radiative transitions from the non-relaxed
SMLCT state is not assessable from the available data, it is not
possible to completely rule out a transfer following Forster
mechanism, but a number of reports in literature suggest Dexter-
type energy transfer between Ru(u) and Fe(u)-polypyridyl centers
to be the most probable pathway.”*®” Unfortunately, no further
insight in the mechanism is possible with the available data, but
the observed differences in the rates might be determined by
which of the proposed routes is followed and simply be based on
differences in the relative energy of donor and acceptor states.
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Summary and conclusion

In this investigation polymetallic complexes are investigated,
which combine Ru(u) and Fe(u) (RuFeRu) or Os(u) (RuOs)
bisterpyridine chromophores by coordination to an extended
highly conjugated bis-4'-terpyridine bridging ligand. Due to their
broad absorption range these mixed metal systems represent
interesting candidates for light-harvesting antennae systems.
Time-resolved spectroscopy reveals that energy transfer to the
metal center with the lowest excited states in the assembly occurs
in both systems with high efficiencies. While in RuFeRu an energy
transfer of 80% occurs with a time constant of 15 ps from the Ru(u)
to the Fe(u) center, the transfer from the Ru(u) to the Os(u) center
in RuOs occurs on the ultrafast timescale <200 fs with unity
quantum yield. These high efficiencies make these structures
feasible candidates for incorporation into larger assemblies for
long-range energy transfer.

The high conjugation of the bis-4’-terpyridyl ligand leads to
a stabilization of the *MLCT states resulting in a prolonged
lifetime. This is of special importance with respect to the
lifetime of the *MLCT state at the Fe(u) center, which up to
now limits the applicability of Fe(u) polypyridyl systems for
collection of solar energy. The results presented in this study
indicate that in these Fe(u)-terpyridyl structures with extended
conjugated ligands an exceptional high *MLCT lifetime of 23 ps
is achieved, which is the longest reported in literature.

In summatry, the investigations presented in this work demon-
strate that the compounds employed may be suitable building
blocks for light-harvesting antennas. Future work will focus on the
transfer of these structural motives into oligomeric structures.
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