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ABSTRACT: Despite the large body of work on {Ru(bpy),} sensitizer

fragments, the same attention has not been devoted to their {Ru(py),} MM'CT N
analogues. In this context, we explored the donor—acceptor trans-

[Ru(L),{(u4-NC)Cr(CN);},]*", where L = pyridine, 4-methoxypyridine, |l 5 p& ot
4-dimethylaminopyridine. We report on the synthesis and the crystal <

structure as well as the electrochemical, spectroscopical, and photo- w__ ’ Q {9.6 us
physical properties of these trimetallic complexes, including transient w0 e

absorption measurements. We observed emission from chromium-

centered d—d states upon illuminating into either MLCT or MM'CT absorptions of {Ru(L),} or {Ru-Cr}, respectively. The
underlying energy transfer is as fast as 600 fs with quantum efficiencies ranging from 10% to 100%. These results document that
{Ru(py),4} sensitizer fragments are as efficient as {Ru(bpy),} in short-range energy transfer scenarios.

H INTRODUCTION

[Ru(bpy);]*" has been the benchmark for inorganic photo-
chemistry in recent decades. Facile synthesis procedures and
wide tunability of their excited-state energies resulted in the
omnipresence of [Ru(bpy);]** and its derivatives. Numerous
derivatives of [Ru(bpy);]>* were designed either to answer
fundamental questions or to advance technological devices.'
Of great relevance is the {Ru(bpy),} frelgm<ent,6’7 owing to the
fact that it retains many of the remarkable characteristics of
[Ru(bpy);]** and offers, at the same time, two coordination
sites to add specific properties or functions. Despite the
extensive and diverse studies performed on {Ru(bpy),},
{Ru(py),} has been less frequently explored. Possibly the
short-lived MLCT excited states,” the nonemissivity at room
temperature,® and the blue-shifted absorptions’ hampered
scientific interest in these fragments.

However, {Ru(py),} bears a myriad of intriguing properties.
For example, pyridinic ligands with a variety of substituents at
the 4-position are employable toward tuning the electronic
structure.'’~"* Equally versatile are their solvento complexes as
precursors as a means to realize unsymmetrically trans
disubstituted {Ru(py),}.""~"" A stable trans conﬁgurationg
assists in overcoming the steric constraints typically encoun-
tered in cis-{Ru(bpy),}, especially when larger bridged systems
or densely covered surfaces are at stake.'® Diverse molecular
architectures were built around these building blocks,""'*~**
and cyanide-bridged molecular wires stand as notable
examples.”””* Such a cyanide-based motif enables strong
electronic coupling between the metal centers without
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detrimental traps or low-energy states that impede any efficient
energy or charge migration.”> ™’

Chromium(III) complexes are also a playground for
photochemists.”*** The most studied Cr(III)-based systems
include polypyridines®>~*' and fragments such as {Cr-
(CN)g}*™* and {Cr(aza-macrocycle)}.”’~** They have been
exploited as sensitizers or luminophores, not only in solution
but also in the solid state.”> They have been designed in search
for hole transfer to semiconductor substrates™® and for their use
in upconversion schemes.””>® Chromium(III) complexes also
play an important role as earth-abundant materials in
photocatalysis,””~** due to the combination of high oxidation
power and long lifetime of their excited states.’*****~ In
general, emissive metal-centered (ligand field) excited states,
labeled Cr*, dominate the photophysics of Cr(III) fragments.
In an octahedral field, the ground-state electronic configuration
of Cr(III) is tzg3, while the emissive 2Eg state corresponds to an
intraconfigurational spin flip from the ground 4A2g state.
Emission occurs without major nuclear rearrangements due to
the fact that the associated potential energy surfaces are nested.
In solution, Cr* emissions are spectrally narrow and long-lived,
especially in comparison with typical MLCT emissions.””*””
Transient absorption spectroscopy of these excited states has
been studied on different time scales for monometallic
complexes,”””" but reports on supramolecular systems are

. 44—46
still scarce.
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In this context, {Ru-Cr} systems are an interesting platform
for studying fundamental photoinduced processes, especially
for developing chromophore—catalyst assemblies. Of great
relevance is transient absorption spectroscopy, which enables
detailed insights into the dynamics and the nature of the excited
states. Following this notion, we report in this work for the first
time on the {Ru(py),} photosensitization in novel trans-
[Ru(L),{(u-NC)Cr(CN)},]*  trimetallic complexes (L =
pyridine, 4-methoxypyridine, 4-dimethylaminopyridine; see
Figure 1). Notably, their acceptor—donor—acceptor config-
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Figure 1. Molecular structures of the trans-[Ru(L),{(u-NC)Cr-
(CN);},]* complexes reported in this work. Acceptor fragments are
shown in red, while the donor fragment is given in black.

uration sets up the ways and means for an effective energy
transfer to {Cr(CN),} luminophores. For {Ru(bpy),}, no
major differences were observed between trimetallic {Cr-Ru-
Cr} and bimetallic {Ru-Cr} complexes.** Thus, we opted in the
current work to investigate trimetallic {Cr-Ru-Cr}.

B EXPERIMENTAL SECTION

Materials. trans-[Ru(py),CL]," trans-[Ru(MeOpy),CL],"> [Ru-
(DMAP)]CL,"* and K;[Cr(CN)4]”® were prepared according to
literature procedures. Solvents for electrochemical and spectral
measurements were dried using a PureSolv Micro solvent purification
system. All other reagents were obtained commercially and used as
supplied. The compounds synthesized were dried in a vacuum
desiccator for at least 12 h prior to their characterization.

Synthesis of the Complexes. (PPh,);[Cr(CN)g]. In a typical
preparation, 30 mmol (9.8 g) of K;[Cr(CN)s] were dissolved in SO
mL of water and 93 mmol (35 g) of solid tetraphenylphosphonium
chloride were added. The resulting suspension was vigorously stirred
in the dark for about 2 h. The obtained solid was filtered, washed with
water, and vacuum-dried. Yield: 25.8 g (70%). Anal. Calcd for
[Cr(CN)](Ph,P);-0.2H,0, C,3H,NO,PCr: C, 74.2; H, 4.8; N, 6.7.
Found: C, 73.8; H, 5.0; N, 6.5. v(CN): 2111 (s) em™, 2130 (s) cm™".

trans-[L ,Ru"{(u-NC)Cr"(CN)s},)(PPh,), (L = Pyridine (1(PPh,),), 4-
Methoxypyridine (2(PPh,),). In a typical preparation, 2 mmol of
trans-[Ru(L),Cl,] and a large excess of K;[Cr(CN)¢] (6.5 g 20
mmol) were suspended in 250 mL of a water/methanol mixture (172
v/v). The resulting suspension was heated to reflux for 4 h in the dark
with vigorous stirring. Along the course of the reaction, the ruthenium
precursor completely dissolved, yielding a deep orange solution. When
it was cooled to room temperature, the solution was evaporated to
dryness under reduced pressure. The orange solid residue was
extracted with methanol, and most of the unreacted K[ Cr(CN)] was
removed by filtration. The deep red extracted methanolic solution was
evaporated to dryness under reduced pressure, and the solid residue
was dissolved in a minimum amount of water to afford a purple
reddish solution. After addition of 4 g of solid tetraphenylphospho-
nium chloride, a bulky yellow solid precipitated, which was filtered off,
thoroughly washed with water, and vacuum-dried.

This crude solid was purified by exclusion chromatography using a
Sephadex LH-20 column (I = 60 cm, ¢ = 4 cm) packed and eluted
with methanol. The third colored fraction, which eluted from the
column, was collected and evaporated to dryness, and the light orange
solid was dried under vacuum. Further purification was achieved by
recrystallization from methanol/ether. Yields: 40% (L = py) and 54%

(L= 4-MeOpy). Anal. Calcd for 1(PPh,),-8H,0,
CoasH116N10sP,Cr,Ru: C, 65.8; H, 5.0; N, 9.6. Found: C, 65.9; H,
5.0; N, 10.1. #(CN): 2121 (s) cm™. Anal. Calcd for 2(PPh,),4H,0,
Ci3,H; 1N 4OgP,Cr,Ru: C, 66.5; H, 4.9; N, 9.4. Found: C, 66.6; H,
5.1; N, 9.3. v(CN): 2116 (s) cm™.

trans-[(DMAP) Ru"{(uNC)Cr"(CN) s1,](PPh )4 (3(PPh,),). A 210 mg
portion (0.2 mmol) of [Ru(DMAP),]CL,-9H,0 was dissolved in 10
mL of absolute ethanol. To this solution was added 2 g (1.6 mmol) of
(PPh,);[Cr(CN)4] dissolved in S mL of absolute ethanol. A
voluminous solid was immediately formed. This suspension was
heated to reflux in the dark with vigorous stirring. After 10 min, the
suspended solid was completely dissolved, and after 1/2 h a new solid
appeared. This latter suspension was further heated for 15 min and
then cooled to room temperature. The product was filtered, washed
with cold absolute ethanol (3 X 10 mL), and vacuum-dried. Yield: 360
mg (76%). Anal. Caled for 3(PPh,),"SH,O, C,3¢H,3)N,,0sP,Cr,Ru:
C, 66.6; H, 5.0; N, 11.4. Found: C, 66.7; H, 4.9; N, 11.7. v(CN): 2114
(s) cm™L,

Physical Measurements. IR spectra were collected on a
Shimadzu Prestige 21 instrument in ATR mode or in the form of
KBr pellets using a Nicolet FTIR S10P spectrometer. UV—visible
spectra were recorded with a Hewlett-Packard 8453 diode array
spectrometer (range 190—1100 nm). Elemental analyses were carried
on a Carlo Erba 1108 analyzer with an estimated error of +0.5%.
Electrochemical measurements were performed under argon with
millimolar solutions, using a TEQ V3 potentiostat and a standard
three-electrode arrangement consisting of a glassy-carbon disk (area
9.4 mm’) as the working electrode, a platinum wire as the counter
electrode, and a silver wire as the reference electrode plus an internal
ferrocene (Fc) standard. Tetra-n-butylammonium hexafluorophos-
phate ([TBA]PF,, 0.1 M) was used as the supporting electrolyte. All
potentials are referenced to the standard Ag/AgCl saturated KCl
electrode (0.197 V vs NHE), the conversmns being performed with
literature values for the Fc*/Fc couple Excitation and emission
spectra were recorded with a PTI-QuantaMaster or a Cary Eclipse
spectrofluorimeter. Quantum yields were measured in argon-saturated
solutions using [Ru(bpy), ]2+ (¢ = 0.095° in ACN at 25 °C) and

[Cr(CN)]* (¢ = 1.7 x 1073 in DMF* at 25 °C) as references. For
luminescence lifetime measurements, excitation was done with the
output of a femtosecond optical parametric amplifier at 350 nm (<200
fs fwhm pulses). The emission light was collected with a S cm focal
length lens focused on the entrance of a monochromator (Oriel
77250). The signal was detected with a photomultiplier tube
(Hammamatsu R928) and a 500 MHz digitizing oscilloscope (Agilent
MSOS062A).

Samples for transient absorption (TA) measurements were
dissolved in thoroughly argon degassed anhydrous methanol. A flow
cell having a 2 mm path length was employed (10 mL/min) to avoid
possible photoproduct accumulation stemming from the population of
Ru d—d states, Cr d—d states, or even dissociative CT states that bear
a labile Cr(II) ion.”*~%* Ultrafast experiments were performed with an
amplified Ti/sapphire laser system (Clark MXR CPA2101, fwhm =
150 fs, A 450 and 387 nm, SO0 nJ per pulse) using transient
absorption pump/probe detection systems (Helios and Eos, Ultrafast
Systems). White light was generated focusing a fraction split from the
fundamental beam onto sapphire. Global and target analyses were
performed using the GloTarAn software and the R package
TIMP.*~*

To quantify the energy transfer efficiencies (17zy) we refer to the
definition of the quantum yield

=1 kradT
Comparing the emission quantum yields and lifetimes for 1*"—3*"

and the hexacyanidochromate complex and assuming that they all have
the same radiative constant (k,,), we obtain

Cr
_ rlCrqurRqu“’:C”kl’ad
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where @¢,, 7T¢, and 7, are the emission quantum yield, the emission
lifetime, and the quantum efficiency of populating the Cr* state in
hexacyanidochromate, respectively, while @cpuc, and 7cpyc: are the
quantum yield of {Cr-Ru-Cr} emission and its lifetime. Notably, the
presence of the heavy-metal ion Ru(Il) is likely to enhance the k4
value of the Cr* by means of spin—orbit coupling.** As such, #pr in
{Cr-Ru-Cr} trimetallic species is slightly overestimated by using eq
1.* Effective electronic communication between metal centers has
been established in a series of [Ru(L),{(#-NC)M},] cyanide-bridged
complexes, in which M is Fe, Ru, and Qs 1220248687 gy ch
interactions are likely to alter the electronic structure of the Cr-
centered MC acceptor states and the magnitude of k4. Our estimates
regarding the energy transfer efficiencies are useful for comparative
analyses among trimetallic {Cr-Ru-Cr} species but should be taken
carefully in a larger context.

X-ray Structure Determination. Crystals suitable for X-ray
diffraction were mounted on glass fibers. The crystal structures of
2(PPh,), and 3(PPh,), were determined with a Bruker Smart APEX
II CCD area-detector diffractometer using graphite-monochromated
Mo Ka radiation (4 = 0.71073 A) at 173 K. Data were corrected for
absorption with PLATON®® using a multiscan semiempirical method.
The structure was solved by direct methods with SHELXS® and
refined by full-matrix least squares on F* with SHELXL-2014.%
Hydrogen atoms were added geometrically and refined as riding atoms
with a uniform value of U, with the exception of hydrogen atoms of
the solvent water molecules, which could not be located in the
difference map.

In the structure of 2*7, the methoxy group in both pyridine ligands
of the asymmetric unit were found to lay disordered around two
positions and further refined with a fixed 0.5:0.5 occupancy ratio, one
of them crystallographically imposed through a 2-fold rotation axis.

In the structures of both complexes most of the water and methanol
solvent molecules appear heavily disordered and were refined through
an ad hoc combination of split positions and fractional occupation
numbers. This methodology allowed us to address most of the
electron density due to the overall solvent contribution. CCDC
1408010 and 1408011 contain supplementary crystallographic data for
this paper.

B RESULTS

Synthesis. Following a procedure similar to that developed
by some of us for the preparation of Fe-containing trinuclear
complexes,'> we extended this family to include the
corresponding Cr analogues. The inertness of the hexacyani-
dochromate allowed us to react a large excess of it with trans-
[Ru(L),CL] or [Ru(DMAP).]*" without forming higher
oligomers. Size exclusion chromatographic purification proce-
dures yielded 1*~ and 2*7, while 3* precipitated directly from
the reaction medium. The presence of unpaired electrons on
the chromium centers (d* configuration) precluded conven-
tional NMR characterization. However, elemental analyses and
crystal structure analyses confirmed the nature of the
complexes. ATR-IR spectra of the complexes are shown in
Figure SI.

Crystal Structures. Slow diffusion of diethyl ether into
methanolic solutions of 2*~ and 3*" rendered single crystals at
low temperatures, which were suitable for X-ray diffraction
measurements. Figure 2 shows the crystal structures of 2*~ and
3%, with the most relevant bond distances as well as angles
summarized in Table 1. Crystallographic data are collected in
Table S1.

In 2*" and 3%, the ruthenium ion is best described as an
axially compressed coordination sphere of N atoms. Pyridines
are disposed in the typical propeller-like configuration of
ruthenium tetrapyridinic fragments, and Ru—N,,, bond lengths
range from 2.051 to 2.097 A.%' >3 Ru—N,, bond lengths are

Figure 2. X-ray structures of 2*~ (top) and 3*~ (bottom). Ellipsoids
represent 30% displacement probability. Hydrogen atoms and P(Ph,)*
counterions are omitted for clarity. Oxygen-bound methyl groups
present disorder between two positions in 2*~ (see text).

Table 1. Selected Bond Distances and Angles for 2*~ and 3*~

2+ 3+
Distances/A
Ru_Nbrﬂdge
2.005(7) 2.001(8)
2.005(7) 2.001(8)
N—Crigge
1.146(11) 1.171(10)
1.146(11) 1.171(10)
Ru—NPy
2.085(10) 2.097(11)
2.076(7) 2.095(7)
2.076(7) 2.095(7)
2.051(11) 2.088(12)
Ru—-Cr
5.201 5.234
Angles/deg
Ru—N-— Cbridge
176.9(7) 176.5(6)
176.9(7) 176.5(6)
N—Ciyigge—Cr
174.1(8) 179.0(10)
174.1(8) 179.0(10)
Nirigge=Ru—Npyigge
179.2(5) 178.9(5)
Cr—Ru—Cr
179.77 178.94
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shorter for L = MeOpy, in contrast to the predictions based on
the pK;, values, which are 7.4 for MeOpy and 4.3 for DMAP.
Notably, DMAP is a better o donor but also a poorer =«
acceptor than MeOpy, because of its higher electron density. As
such, Ru—heterocycle n-back-bonding interactions are less
intense in 3*~ than they are in 2*. This results in 2*" in shorter
and stronger Ru—-N,, bonds, in comRarison to 3*". The Ru—Cr
distance is slightly greater than 5.2 A, placing the terminal Cr
ions roughly 1.04 nm apart from each other. Overall, the
structures are almost linear with respect to the Cr—Ru—Cr axis,
which confirms the thermal stability of the trans configuration
of the {Ru(L),} fragment.

Electrochemistry. Cyclic voltammograms in acetonitrile of
1*"—3* are shown in Figure S2 and the data are collected in
Table 2. Anodic scans exhibit quasi-reversible one-electron

Table 2. Electrochemical Data for 1*"—3* and Related
Mononuclear Fragments

E,,/V (AE,/mV)*

solvent Ru(I1/11I1) Cr(I11/1I)
1+ CH,CN +1.03 (80) -1.79*
MeOH +1.02 (100) na
H,0 +0.87 (70) —1.46"
2+ CH,CN +0.80 (90) -1.81°
MeOH +0.75 (110) na
H,0 +0.62 (70) —1.44°
3+ CH,CN +0.28 (80) —1.84"
MeOH +0.20 (70) na
H,O +0.18 (100) —1.48"
[Ru(py)4(CN),]*° CH,CN +0.80 (90)
[Ru(MeOpy),(CN),]* CH,CN +0.67 (70)
[Ru(DMAP),(CN),]** CH,CN +0.26 (70)
[Cr(CN)(]>* H,0 —-1.39°

?0.1 M [TBA]PF; used as electrolyte. na: not available in the solvent
electrochemical window. Irreversible.

oxidations resembling those seen for other {Ru(py),} frag-
ments”'” and, in turn, are assigned to Ru-centered processes.
Their values decrease as a function of the o-donor strength/z-
acceptor weakness of pyridine. Cathodic scans are consistent
with Cr-centered, irreversible reductions’’ at about —1.8 V for
1*"=3* in acetonitrile. An increase in Gutmann’s acceptor
number’” of the solvent (from CH,CN to H,0) results in
anodic shifts for the reduction of the Cr-centers. This is due to
a partial donation of electron density from CN™ to the solvent,
as frequently observed for {M(CN)} complexes."> Consider-
ing that such interactions in just the {Ru(L),} fragment are
negligible, the subtle cathodic shifts for the oxidation of the Ru-
centers in 1-3*" are assigned to the electronic communication
between the metallic ions, which is mediated by the cyanide
bridges."”

UV—Vis Spectroelectrochemistry. Figure 3 presents the
absorption spectra of 1*"—3*" (black curves), and Table 3
summarizes the spectroscopic data. Two different absorptions
are observed for each trimetallic complex in the 300—800 nm
region. The high-energy transitions are assigned to dz(Ru) —
7*(L) MLCT charge transfers, with maxima ranging from 340
to 360 nm. These values are comparable to those seen for
[Ru(L),(CN),] in acetonitrile (330—370 nm)g’M’86 and are
blue-shifted with respect to the d=(Ru) — 7*(bpy) absorptions
present in {Ru(bpy),} complexes.”” A more extended

30 1= 1> 0

- N

o o
>
—
L oh
o

¢/ 10°M"'cm™
> S 8o
3

wo, N0l / 3V
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30‘ 3*=3° 10
20 ~ 0
10 \\/ -10
0400 600 800 400 600 800
Al nm

Figure 3. Absorption spectra in methanol: (left panels, black curves)
1*" (top), 2* (center), and 3*" (bottom); (left panels, red dashed
curves) 137 (top), 2°~ (center), and 33~ (bottom). Gray lines indicate
spectral evolution throughout the course of the one-electron oxidation.
Please note that the dotted lines at 387 and 450 nm represent the laser
excitation used in transient absorption experiments. (right panels)
Differential absorption spectra reflecting the oxidative process.

conjugation in bipyridine than in pyridine results in a
7*(bpy) orbital stabilization.

No clear trend is seen for the MLCT bands upon pyridine
substitution. This is in line with the strong donor character of
DMAP, which is, however, compensated by the higher energy
of its w*orbitals. The low-energy bands show a clear trend: a
shift to the red is observed as the basicity of the substituted
pyridine increases. Even here, a bathochromic shift evolves
when the solvent acceptor number increases (Table 3). Their
energies correlate well with the differences between the
ruthenium oxidation and the chromium reduction (Figure
S3). This behavior is analogous to that observed in closely
related {Fe-Ru-Fe} complexes;12 hence, these bands are
ascribed to dz(Ru) — dz(Cr) MM'CT transitions.

One-electron oxidations of 1*"—3*" were studied by
spectroelectrochemical means. The left panels of Figure 3
show the spectral evolution during the electrochemical
oxidation of 1*"—3*". Both MLCT and MM'CT absorption
bands disappear as the Ru(II) depletion occurs. Concomitantly,
(L) — dz(Ru) LMCT bands develop with maxima at 340/
455, 487, and 679 nm for L = py, MeOpy, DMAP, respectively.
These signals red-shift as a consequence of increasing the
electron donor character of the pyridinic ligands. Very similar
LMCT bands are observed for trans-[Ru(L),(CN),]*.*® Table
3 gathers the spectral data for the one-electron-oxidized
trimetallic and monometallic complexes.

In the right panels of Figure 3 the differential absorption
spectra upon oxidation are displayed. These are useful to
interpret some aspects of transient absorption changes seen
upon, for example, charge separation (vide infra). To get a
better understanding of the differential absorption spectra
regarding the MLCT and MM'CT excited states, pyridinic
ligands or chromium centers, respectively, should be studied
under reductive conditions. Unfortunately, reductive chemistry
of 1*"—=3*" is chromium-centered and irreversible (vide supra)
and precluded spectroelectrochemical identification of the one-
electron-reduced complexes.

Steady-State Photophysics. 1*"—3*" were found to emit
in acetonitrile and methanol at room temperature. Their
excitation and emission spectra are shown in Figure 4. The
emission maxima are around 810—820 nm with lifetimes that
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Table 3. Spectroscopic Data for 1*"—3*" and Related Mononuclear Fragments as Well as Their One-Electron-Oxidized Forms

in Different Solvents

Ama/TM (£,,,/10° M™' ecm™)

solvent
1+ CH,CN
MeOH
H,0
1*- MeOH
2 CH,CN
MeOH
H,0
2% MeOH
3+ CH,CN
MeOH
H,0
3% MeOH
[Ru(py)4(CN),]" CH,CN
[Ru(py),(CN),]* ¥ CH,CN
[Ru(MeOpy),(CN),]* CH,CN
[Ru(MeOpy),(CN),]* * CH,CN
[Ru(DMAP),(CN),]** CH,CN
[Ru(DMAP),(CN),]* ** CH,CN

“Not determined, masked by the MLCT absorption.

MLCT MM'CT LMCT
367 (27.2) nd”
358 (22.2) 420 (8.6)
347 (21.0) 463 (9.6)
340 (13.0)
455 (3.1)
355 (23.0) nd”
341 (21.6) 440 (8.9)
332 (214) 486 (9.8)
487 (7.2)
352 (31.8) 425 (9.5) sh
345 (35.0) 490 (10.5)
336 (39.0) 538 (11.6)
679 (19.3)
790 (6.9) sh
374 (22.5)
380 (2.1)
470 (0.7)
352 (20.5)
400 (2.5) sh
451 (8.6)
505 (3.0) sh
332 (16.3)
614 (16.0)

Normalized Intensity

" 400 600
A/ nm

Figure 4. Emission (black solid lines), excitation (blue solid lines), and
absorption (dashed red lines) spectra of 1*~ (top), 2*~ (center), and
3* (bottom) in acetonitrile (left) and methanol (right).

fall on the microsecond time scale (Table 4).”* Similar to the
case for {Cr-Ru-Cr} compounds bearing the hexacyanidochro-
mate luminophore,” no appreciable changes were observed in
nondeaerated solutions. Altogether, we conclude that the
emission originates from a Cr d—d state.”>**** In acetonitrile,
the excitation spectra of compounds 1*"—3*" perfectly match
their absorption spectra (Figure 4, left panel), corroborating an
effective energy transfer from the Ru"(L™) MLCT excited state
to the Cr-centered emissive state. This behavior is analogous to
that observed in [(NC);Cr(u-CN)Ru(bpy),(u-NC)Cr-
(CN)]*™ (bpy = 2,2'-bipyridine), where the {Ru(bpy),}
fragment acts as the energy donor and the energy transfer
efficiency is 100% (7gr = 1).** In 1*"—3*", the energy transfer
proceeds with 10—20% efficiency in acetonitrile (see the
Experimental Section). Thermal population of closely lying Ru
d—d states upon MLCT light absorption is a possible
bottleneck. It is even more likely to take place in energetically
higher MLCT states, such as those of {Ru(py),}, where it is

Table 4. Photophysical Data for Complexes 1*"—3*" in Argon-Saturated Acetonitrile and Methanol at Room Temperature

solvent Aem/nM
[Cr(CN)¢]*" acetonitrile 800
1+ 808
24 808
3+ 810
[Cr(CN)g]*~ methanol 802
1* 81S
24 815
3+ 820

10_4(pem (nET)

Tavc/ 1S Aexe 390 nm Aexe 460 nm
280 18.0 (0.5*)
510 8.5 (0.1)
320 9.6 (0.2)
370 7.8 (0.2)
4.7 2.3 (0.5*)
3.1 (8.5)° 0.7 (0.2) 4.8 (1)
3.7 (9.6)° 1.4 (0.5) 7.6 (1)
13 (2.7)¢ 0.5 (0.4) 3.5 (1)

“Emission lifetime upon 350 nm excitation (transient absorption lifetime upon 387 nm excitation).
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expected to be downhill In {Ru(bpy),}, Ru d—d state
population is usually an uphill process.”” Hence, the overall
energy transfer efficiencies are expected to be lower in
{Ru(py),}-based complexes such as 1*"—3*" than in {Ru-
(bpy),}-based analogues. To reach a better overlap with the
solar spectrum and render Ru-centered d—d states states more
difficult to populate, the next step would be to tune the
electronic structure and red-shift the absorption spectra. As a
matter of fact, this has already been addressed by variations of
the pyridinic rings to extend the overall conjugation."

For [(NC)Cr(u-CN)Ru(bpy),(u-NC)Cr(CN);]*" in
DMF," as well as 1*"—3*" in acetonitrile, sensitization by
MM/'CT states is elusive due to spectral overlap with the more
intense MLCT absorptions. This is generally the case for
ruthenium polypyridines, and thus, not many reports on
MM'CT sensitization have been published. Indelli and co-
workers elegantly overcame this bottleneck in the form of {Cr-
Ru-Cr},* where a Ru fragment transparent in the visible region
was covalently linked to {Cr(cyclam)}, and they corroborated
energy transfer efficiencies of 100% from the MM'CT states to
Cr-centered d—d states.

In 1*"—3*", high energy MLCT bands of {Ru(py),} and the
solvent control over the energy of the electronic states of
hexacyanidometallates are combined. This results in a clear
separation of MLCT and MM'CT absorptions in methanol. In
this solvent, the excitation spectra match the MM'CT
absorptions. In the region of MLCT transitions, the excitation
spectra lose intensity in comparison with the absorption
profiles. This might be related to thermal population of Ru d—d
states, which is more pronounced from MLCT than from
MM'CT states. Table 4 pinpoints higher emission quantum
yields upon 460 nm (MM'CT) rather than 390 nm (MLCT)
illumination. It is important to note that the emission
wavelengths of 1*7—3*" in methanol under MM'CT
illumination are very similar, despite different MM'CT state
energies. These results allow us to rule out major contributions
from MM’'CT emission, which is in stark contrast to {Cr-Ru-
Cr} complexes reported by Endicott and co-workers.””°

Ngr is smaller when the processes start at MLCT rather than
MM/'CT states. This stems from the fundamental differences
between these states. MLCT donor states are subject to a
depopulation via closely lying Ru-centered d—d states; this
lowers the energy transfer efficiency. Substitution on the para
positions of the L ligands exerts no observable influence on the
energy transfer efficiencies. Both Forster and Dexter mecha-
nisms may be operative in these intramolecular energy transfer
processes, starting either in a MLCT or in a MM'CT donor
state. A Coulombic mechanism can not be ruled out because of
the presence of several metal centers with high spin multiplicity
in the excited states.”” Several spin states should be considered,
which may participate in a Forster mechanism by obeying the
total spin conservation.”® As our energy-donating {Ru(L),}
fragments are nonemissive in the absence of any energy
acceptor, estimations of the energy transfer rate constant using
Forster’s model are not possible. Notably, exchange pathways
have been observed for similar systems.*”*® They may also
contribute in 1*"—3*" due to the rather short cyanide bridge
(the Ru—Cr crystallographic distance is ~5 A) and the efficient
electronic communication.””"*’

Transient Absorption Spectroscopy. Transient absorp-
tion spectra were recorded in methanol on both the picosecond
and microsecond time scales to gather insight into the
sensitization processes evolving from {Ru(L),} in 1*—3*".

Either 450 or 387 nm excitation was used to evaluate the role of
MM'CT and MLCT states as energy donors, respectively.

On the microsecond time scale, 1*"—3*" give rise to
differential spectra, which are independent of the excitation
wavelength (Figure S) and which decay monoexponentially to
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Figure 5. Species associated difference spectra (SADS) obtained by
global analysis using a single-state model for 1*~ (top), 2*~ (center),
and 3*" (bottom) in MeOH, upon 450 nm (black curves) and 387 nm
(red curves) excitation, on the microsecond time scale.

zero (Figures $4—S6). A common state is finally populated
under 387 and 450 nm illumination, whose depopulation goes
hand in hand with ground-state recovery. For 1*7, a single
bleaching at 425 nm (2.92 eV) and two photoinduced
absorptions at 540 nm (2.30 eV, PIA-1) and 820 nm (1.51
eV, PIA-2) are noted. From global analysis of the 450 nm
excitation data a time constant of 6.4 ys is concluded (Figure
S6 and Table 5). The same pattern is observed for 2*7, with a
450 nm bleaching (2.76 eV) and 580 and 950 nm absorptions
(2.14 and 1.31 eV), which decay with a time constant of 9.0 us.
In the case of 3*7, the bleaching is at 490 nm (2.53 eV), while
the maxima are at 650 and 1150 nm (1.91 and 1.08 eV).
Overall, they decay in 3.0 us. Upon 387 nm excitation, very
similar results are obtained (Table 5). On the basis of the
lifetimes of these states we label them as emissive Cr* states,
whose differential absorption spectra are discussed below.

Picosecond experiments provided information about the
population of the emissive Cr* states.'”" On this time scale, the
dynamics depend on the excitation wavelength and both
experiments are analyzed separately. Upon excitation at 450
nm, negative signals in the blue part of the spectrum appear,
and afterward broad photoinduced absorptions evolve in the
red part (Figure S7). According to global analysis, only one
exponential process in the picosecond time scale takes
place.**® The time constants are given in Table 5, and the
corresponding SADS,s; ., are shown in Figure 6. As inferred
from the ground-state absorption spectra (Figure 3), excitation
at 450 nm of 1*~ and 2*" leads to an initial population of
MM'CT states. The differential spectra of MM'CT states
include a negative signal, which mirrors the MM'CT ground-
state absorption, and very weak absorptions in the red part
(SADS1,50 4y black curves in the left panel of Figure 6). These
features evolve with lifetimes of 1.4 ps for 1*~ and 0.6 ps for
2*". The resulting spectra (SADS2,50 . blue curves in the left
panel of Figure 6) are in sound agreement with those obtained
in the microsecond experiments, which leads us to assign them
as Cr* states. Our interpretation implies that the picosecond
lifetimes account for the energy transfer.
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Table 5. Time Constants Extracted from Global and Target Analyses of Transient Absorption Experiments for Complexes 1*™—

3*", Using the Target Models Depicted in Figure 6°

compound pump/nm 7,/ps (ki/ps™")
1* 450
387 6.8 (0.15 + 0.03)
2+ 450
387 0.6 (1.70 + 0.03)
3+ 450 nd
387 nd

“nd: not determined (see ref 101).

s/ps (ks/ps™)
6.4 (0.156 % 0.001)
8.5 (0.118 + 0.001)

7/ps (ky/ps™")
1.4 (0.72 + 0.01)
57 (1.76 + 0.07) x 1072
0.6 (1.65 + 0.01) 9.0 (0.111 = 0.001)
15 (69 + 02) x 1072 9.6 (0.104 + 0.001)
nd 3.0 (0.338 + 0.001)
nd 2.7 (0.368 + 0.007)
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Figure 6. Species associated difference spectra (SADS) for 1*~ (top)
and 2*" (center) in MeOH upon 450 nm (left) and 387 nm (right)
excitation on the picosecond time scale, obtained by target analysis
using the model depicted at the bottom.

450 nm
387 nm

In 387 nm excitation experiments with 1*~ and 2*, a
bleaching as a mirror image of the MM'CT ground-state
absorption and positive signals in the red part of the spectrum
are observed (Figure S8). Global fitting of the data renders
three spectrally active components. Please note that the 387 nm
excitation is in near resonance with both MLCT and MM'CT
ground state absorptions (dotted lines in Figure 3). Initially,

both excited states are populated simultaneously, which
required target analysis to resolve the different states involved.
In the proposed model, two initially populated excited states
(SADS1347, and SADS2:4,.), which transform with two
different time constants into a third, long-lived excited state
(SADS3447 ), are included. The time constants are given in
Table 5, and the corresponding SADS;g, ..., are shown in Figure
6. SADS1;g;,, and SADS2;4, ... show a bleached MM'CT
ground-state absorption, in combination with red-shifted
photoinduced absorptions in the case of SADSI1;g; \m.
Importantly, SADS2;¢; ., resembles SADS1,s . Thus, we
assign SADSl3g; ., and SADS234, .. to the MLCT and
MM'CT excited states, respectively, which both populate
SADS3;47 - The differential absorption of the later resembles
that obtained in the microsecond time scale and is therefore
assigned to the emissive Cr* state.

B DISCUSSION

Spectral Profiles and Nature of the Chromium-
Centered Emissive States. For 1*"—3*", both the emission
and the transient absorption spectra give rise to monoexpo-
nential decays on the microsecond time scale. Therefore, we
assign the observed emission to a chromium-centered °E
excited state. Their lifetimes are comparable to those of
[Cr(CN)4]*~ and pentacyanidochromate(ITl) complexes.”
The microsecond-lived transients (Figure 5) of 1*"—3*" feature
a pattern very similar to what is observed for other {Cr-Ru-Cr}
complexes:*>* namely, bleaching and two positive signals
(PIA-1 and PIA-2). The negative signals mirror the MM'CT
ground state maxima at 425, 450, and 490 nm (2.92, 2.76, and
2.53 eV) for 1*"—3*, respectively. The energetic difference
between these negative signals and each PIA-2 (at 820 nm or

a) GS-MM'CT
Ru(lll) — Cr(l)
4+,
Ru(ll) Cr('“)4A2g _ﬂ_l 5+1
SD:E A=
ﬁﬁ +++ 250 =5 3

5p,=0 Si= ;
1502540 = +++ +++
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Ru(lll) (i)

o
Ru(ll) Cr*(Ill)2E, 1 jlh +

Snzz S;=0
—%__ﬂ_# +++ [Sp £ Sal =%

Sp=0 Sa=3
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ISDiSA|=E 1
2 SD:E S;:ll
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Figure 7. Electronic configurations of the initial and final states potentially involved in (a) ground- or (b) excited-state metal—metal’ charge transfer
transitions. Only those orbitals parallel to the intermetallic axis have been considered to appreciably contribute to the observed charge transfer

intensity.
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1.51 eV for L = py, at 950 nm or 1.31 eV for L = MeOpy, and
at 1150 nm or 1.08 eV for L = DMAP) is nearly constant and
consistent with the estimated energy of the emissive Cr* states
(1.52 eV). In other words, we assign the PIA-2 as MM'*CT
transitions.”*~*® PIA-1 at 540 nm (2.30 €V) for L = py, at 580
nm (2.14 eV) for L = MeOpy, and at 650 nm (1.91 eV) for L =
DMAP, respectively, shows a similar dependence on the ligand.
They shift to lower energies on going from py to DMAP,
leading us to locate the orbital origin of PIA-1 transitions on
the ruthenium center. From the fact that adding some water
produces further red shifts, we conclude that the acceptor
orbital is located at hexacyanidochromate.'”'** These signals
are accordingly ascribed to MM™*CT transitions.

Two separated MM'*CT transitions, which correspond to
the Cr* ’E excited state, are rationalizable in terms of the
electronic configuration of Cr*(III). Metal to metal charge
transfer from Ru(Il) to Cr*(III) may hypothetically result in
two different MM'CT states, which obey spin conservation
through transitions #1 and #2 in Figure 7b.'”® Transition #2
leads to a final state, which is identical with that corresponding
to the GS-MM'CT. Considering the energetics, we conclude
that PIA-2 generates this particular configuration. PIA-1 results
in configuration #1 in Figure 7b.

450 nm Excitation: MM'CT States as Energy Donors.
Upon 450 nm excitation, the initially populated MM'CT
excited state is formally described as {Ru(III)-Cr(II)}. Ru(III)
is responsible for the bleaching of the MM'CT ground state
absorption and for the weak photoinduced z(L) — dz(Ru)
LMCT transition observed for SADS1,5,,,,. These features are
in sound agreement with those obtained from oxidative
spectroelectrochemistry (Figure 3). Energy transfer lifetimes
of 1.4 and 0.6 ps for L = py and L = MeOpy, respectively, are
consistent with a unit efficiency determined in steady-state
experiments.

387 nm Excitation: MLCT/MM'CT Excited States as
Energy Donors. Upon 387 nm excitation, the initially
populated MLCT excited state is formally described as
{Ru(IIT)(L*")}. These and the MM’CT states share a common
{Ru(III)}, but the location of the excited electron differs. It
resides either on a ligand (MLCT) or on a chromium ion
(MM'CT). Accordingly, SADSlsg;,, presents enhanced
photoinduced absorptions at A >550 nm, which we ascribe to
the L radical anion as part of the MLCT excited state and which
matches the reductive spectroelectrochemical response of these
ligands.8 SADS3;47,, matches the microsecond spectra,
confirming its assignment as a Cr* state. Any efforts to include
Ru d—d states in the decay model were unsuccessful. This is
probably a consequence of depopulation, which is faster than
the generation of such states, impeding an observable buildup.

The energy transfer processes from MM'CT}g; ,,, states are
slower than those from the MM'CT s, States. However, it
should be noted that their SADS differ slightly, and this
suggests different electronic configurations for both MM'CT
states: i.e., the hole is located in a different orbital of the Ru(III)
ion. This would explain the different energy transfer constants.
It is interesting to note that the energy transfer from either state
is faster when L is a better donor, that is, when the metal
centers are more strongly coupled. This reflects an important
prerequisite for a Dexter mechanism for an energy transfer
involving Cr* states. Similar values are found in analogous
complexes. Using ruthenium polypyridine complexes as donors,
the phenomenon takes around 4 ps.”"'**

Overall, the experiments presented here document {Ru-
(py)4}-sensitized energy transfer processes. The only limitation
is the undesired population of Ru d—d states under high-energy
excitation, which reduces the MLCT lifetimes and, in turn,
limits the utilization of these chromophores to fast, short-range
energy transfers. {Ru(py),} fragments with acceptor sub-
stituents in the 4-position, which shift the MLCT to the red
and, in turn, disfavor thermal population of Ru d—d states, are a
potential solution. At the same time, these ligand modifications
provide the means for a better light harvesting across the solar
spectrum.

B CONCLUSION

We prepared trans-[Ru(L),{(uNC)Cr(CN)s},]*" trimetallic
complexes, whose structures were confirmed by X-ray
diffraction. Their electrochemical properties and UV—vis
absorption spectra were determined and corroborated the
expected dependence on the solvent acceptor character and the
L donor abilities. Irradiation of 1*"—3*" into either their
MLCT or MM'CT absorptions resulted in energy transfer
processes to the emissive Cr* state. To the best of our
knowledge, this is the first report regarding a {Ru(py),}-
sensitized energy transfer process. Energy transfer efficiencies
are of the same order of magnitude as in the {Cr-Ru(bpy),-Cr}
analogues. From this point of view, {Ru(py),} is a promising
short-range chromophore fragment employable as a photo-
sensitizer in supramolecular systems. However, population of
Ru d—d states, which is detrimental for energy or charge
extraction from these fragments and could even lead to
photodecomposition, is still a drawback. Currently, we are
exploring substitutions on the pyridinic ligands of {Ru(py),} to
create a large energy gap between the MLCT and d—d states
and, in turn, to hinder the d—d state population. In addition,
this would be helpful in terms of realizing a better match with
the solar spectrum and, in turn, rendering it a better sunlight
harvester.
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