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A detailed photophysical investigation of two dinuclear ruthenium(ll) complexes is reported. The two metallic centers were

coordinated to a bis-2,2’-bipyridine bridging ligand, connected either through the para (Lp, Dp) or the meta position (Lm, Dm).

The results obtained herein were compared to the prototypical [Ru(bpy)s]** parent compound. The formation of dinuclear

complexes was accompanied by the expected increase in molar absorption coefficients, i.e. 12000 M~*cm, 17000 M~*cm?,

and 22000 M~*cm™ at the lowest energy MLCTmax transition for [Ru(bpy)s]?*, Dm and D, respectively. The L, bridging ligand

resulted in a ruthenium (lI) dinuclear complex that absorbed more visible light, had a longer-lived and more delocalized

excited-state compared to a complex with the Lm bridging ligand. Variable temperature measurements provided valuable

information about activation energies to the uppermost 3MLCT state and the metal-centered (3MC) state, often

accompanied by irreversible ligand-loss chemistry. At 298 K, 48% of [Ru(bpy)s]?*" excited-state underwent deactivation

through the 3MC state, whereas this deactivation pathway remained practically unpopulated (<0.5%) in both dinuclear

complexes.

Introduction

Since the discovery of the photoluminescence of [Ru(bpy)s]?**
sixty years ago,! the interest in its outstanding photophysical
and photochemical properties has remained unaltered and
ruthenium 2,2’-bipyridine type
applications in photocatalysis, artificial photosynthesis, sensing,
photoelectrochemistry, nanoscale  machines...26  These
properties include UV and visible light absorption, appreciable
photoluminescence centered around 600 nm, as well as long-
lived excited states with enhanced oxidizing and reducing
power compared to the ground state.” The ground-state
absorption of [Ru(bpy)s]?* predominantly occurs in the high
energy portion of the solar spectrum. A typical approach to
increase the absorption in the visible region is to decrease the
energy gap between the metal drt and ligand-based t* acceptor
orbitals through modifications of the 2,2’-bipyridine backbone.8
This decreased energy gap leads to a bathochromic shift of the
metal-to-ligand charge transfer (MLCT) absorption bands and a
concomitant photoluminescence shift to lower energy.?
Furthermore, and in accordance with the energy gap law,10-13
the decrease in photoluminescence energy is accompanied by
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an increase in the direct non-radiative decay rate constant (kanr)
and consequently a shorter excited-state lifetime (t). An
alternative approach to increase the visible light absorption is
to generate polynuclear complexes, as additional metal centers
are accompanied by increased molar absorption coefficients.
Such Ru(ll) dinuclear complexes have been reported with
bridging ligands presenting two bidentate nitrogen chelating
sites.14-30 These dinuclear ruthenium(ll) complexes3! have found
applications in the field of bio-imaging32 33, photobiology34,
photo-conversion3s 36 and more recently in the field of
photoredox catalysis.37 Significantly, the nature of the bridging
ligand is of paramount importance, as this influences the
electronic communication between the metal centers, as well
as the excited-state properties.38

In this study, the photophysical and photochemical properties
of two dinuclear Ru(ll) complexes (D, and Dm) were correlated
to the geometric arrangement of chelating sites of the bridging
ligand, i.e. in the meta (Dm) or para (Dp) position with respect to
the Ru(ll) center anchoring site. Two regioisomers, L, and Lm,
were synthesized by homocoupling of 4- or 5-bromo-2,2’-
bipyridine (Scheme 1). It is worth noting that both complexes
were  previously  synthesized and  electrochemically
characterized, but a thorough and comprehensive investigation
of their photophysical properties is still unexpectedly missing in
the litterature.39-43 Here, both complexes were characterized by
UV-visible absorption spectroscopy, cyclic and differential
pulsed voltammetry, as well as by steady-state and time-
resolved photoluminescence over a wide temperature range.
Theoretical calculations were also carried out to understand the
intricacies associated with the excited-state properties of Dp
and Dm. Experimental and theoretical results reported herein
are compared to the prototypical [Ru(bpy)s]?* and indicate that
the interconnection between the two bipyridine moieties in Ly
or Lp had a strikingly decisive influence on the photophysical and
photochemical properties of the resulting dinuclear assembly.
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Scheme 1. Synthetic scheme of the desired ligands and complexes. a) [Ni(PPh;),Cl,], Zn, DMF, 12h, RT, 92% (L), 78% (Lm) b) [Ru(bpy).Cl,], AgNO3 (CH,0H),/H,0:9/1, 180 °C, MW, 1h,
77% (Dp and Dpy).
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The two ligands (Lp,,Lm) were synthesized by a modified
procedure of a previously described Ni® homo-coupling of the
corresponding 4- or 5-bromo-2,2’-bipyridine.** For the
synthesis of the two ruthenium(ll) complexes, an excess of
[Ru(bpy).Cl>] in an ethylene glycol/water mixture was heated at
180°C in the presence of silver nitrate for 1 hour via microwave
irradiation.> The desired dinuclear complexes (Dp,Dm) were
obtained after column chromatography on silica gel and
isolated as the hexafluorophosphate salts after ion metathesis.
The experimental details and procedures are provided in the
supplementary information.

The ground-state absorption spectra, together with the 0
photoluminescence spectra of the three complexes are shown 200 300 400 500 600 700 800
in Figure 1. A clear increase in molar absorption coefficients was Wavelength (nm)

observed for the dinuclear compounds. Notably, a broader, 550 600 650 700 750 800 850
more intense m—>1" ligand-localized transition at ca. 280-340 — T T T T T
nm was observed for D, while the maxima of the lowest energy R b)
MLCT transitions remained unshifted compared to [Ru(bpy)s]2*.
For Dy, the increase of the molar absorption coefficient for the
MLCT transitions was more pronounced than that of D, and the
maxima were red-shifted by 30 nm compared to [Ru(bpy)s]?*.
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Figure 1. UV-Visible absorption spectra for the indicated complexes in acetonitrile at
room temperature (a), normalized steady-state photoluminescence spectra of the
indicated complexes in acetonitrile solution at room temperature (b) and in frozen
butyronitrile matrix at 77K (c).
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Hence, the interconnection of the two metallic centers through
the para position of a bipyridine unit, i.e. Dy, yielded a dinuclear
complex that absorbed a broader range of the visible spectrum,
with increased molar absorption coefficient.

The simulated TD-DFT absorption spectra of D, and Dn in their
ground-state singlet geometries are presented in Figures 2a and
2c. The heights of the excitation lines are proportional to
relevant oscillator strengths (g). The natural transition orbitals
(NTO) responsible for the strong peaks in the spectra are also
displayed in Figure 2. The NTOs can be interpreted in a similar
way as DFT orbitals, except that they are specifically adapted to
the excited state of interest. TD-DFT calculations agreed with
the experimental data and drew a clear picture of the
transitions most likely involved upon light excitation. Indeed,
the calculated absorption spectrum of D, (Figure 2c) exhibited
a relatively sharp peak in the region of 300-345 nm in addition
to a broad peak between 400 and 500 nm. The transition S45,
associated with the largest oscillator strength (g = 0.3669) for
Dm, was located at 341 nm and arose from a bridging-ligand
centered excitation (LC transitions). For Dy (Figure 2a), two very
broad peaks were observed in the regions of 300-340 nm and
400-550 nm, respectively, arising from many different excited
states involving several orbital transitions. The largest oscillator
strengths in the region of 290-340 nm were associated with
transitions occurring at 299 nm (Ligand-Centered, g = 0.2117)
(S85) and 301 nm (MLCT, g =0.1796). The oscillator strengths of
these transitions were lowered by as much as a factor of 2 (1.7
and 2, respectively), compared to the transitions with the
largest oscillator strength of Dm. The transition S9 at 485 nm (g
= 0.4287) for Dp arose from an excited-state transition with
MLCT character. A similar MLCT transition was observed for D
at 483 nm (g = 0.1614).

At room temperature, both dinuclear complexes presented
similar photoluminescence spectra that were red-shifted in
comparison to [Ru(bpy)s]?>* (Figure 1b). The measured
photoluminescence quantum yield (Table 1) of D, (¢pp. = 0.077)
was more than twice that of Dm (¢pL = 0.034) and only slightly
smaller than [Ru(bpy)s]2* (¢pp. = 0.094). The extracted radiative
rate constant, k,, was larger for Dm (k, = 5.3 x10% s71) than Dy, (k.
=3.0x10%s71), and both were smaller than [Ru(bpy)s]?* (k-=11.0
x10% s71). The excited-state lifetime of Dy was surprisingly long
(t = 2.3 us), more than twice that of [Ru(bpy)s]?* (t = 890 ns),
while D, had the shortest excited-state lifetime (t = 580 ns). A
more thorough examination of the deactivation rate constants
(Table 1) allowed to gain further insights into the room
temperature deactivation pathways of the excited-states. The
radiative rate constant (k;) of both dinuclear complexes was
smaller than that of [Ru(bpy)s]2*and the smallest for Dp. Fermi’s
Golden Rule indicates that the rate of radiative deactivation is
proportional to the product of the cube of the energy
separation between the two radiatively coupled states and the
square of the transition dipole.*¢-48 Nonetheless, other factors
than the observed changes in energy separation may affect
changes in radiative rate constant. These changes may also arise

This journal is © The Royal Society of Chemistry 20xx

from variations in dipole moment or changes in the spin-orbit
coupling. Changes in the spin-orbit coupling can originate from
i) variations in the singlet state mixing with the triplet state, ii)
variations in the energy separation between the mixed singlet
and triplet states and iii) variations in the spin-orbit coupling
matrix element.#? 30,51 The long-lived excited state of D, was
explained by its small non-radiative deactivation rate constant
(knr - four times smaller than that of D). Hence, coupling two
Ru(ll) centers with a L, or Lm bridging ligand increased (Dm) or
decreased (Dp) the overall non-radiative pathways and, as a
consequence, decreased or increased the excited-state
luminescence lifetime compared to [Ru(bpy)s]?*.

The photoluminescence spectra in frozen butyronitrile matrix
exhibited vibronic progressions and were all blue-shifted with
respect to room temperature data (Figure 1). Compared to
[Ru(bpy)s]?*, the photoluminescence maxima of the two
dinuclear complexes were red-shifted, with D, further red-
shifted by 30 nm.

The excited-state lifetime of D, was almost twice as long as Dm
in a rigid matrix at 77K, i.e. 9.4 us compared to 5.2 us
respectively. At 77K, relaxation of the excited state to the
ground state occurs essentially through direct radiative (kqr) and
non-radiative (kans) deactivation and thermally activated
deactivation processes are assumed to be negligible (vide infra).
Franck-Condon line-shape analysis of the photoluminescence
spectra recorded at 77K yielded valuable information about the
excited state geometries.13.53-57 The emission spectra were fit
according to equation 1 where Ey corresponds to the energy
difference between the ground and excited-state potential
energy surfaces in their Ot vibrational level, Sy is the Huang-
Rhys factor, also known as the coupling factor that gauges the
geometric distortion between the ground and excited state,
hwm corresponds to the vibrational energy spacings in the
ground-state potential energy surface and Av;,; is the full-width
at half-maximum of the transition.>”> 58 The use of one
vibrational mode was sufficient to fit the experimental data and
no significant improvement was observed when an additional
medium frequency mode was added.

_ _ 3 Ym
1) =39 - [(75" Vi "lh“’l) i

Eq V!

V—Eg+Vihwm2
exp {—4 In2 [Tl/z] ] Eq.1

The values obtained through fits to equation 1 are gathered in
Table 2. The vibrational modes (hwwm) were found to be of
similar magnitude for all complexes, i.e. 1250-1260 cm™1. These
values are in good agreement with an average acceptor
vibrational mode of C—C and C—N stretches in polypyridine type
ligands, as already stated in literature.’® 59 57. 60 The Ej
decreased from the mononuclear to dinuclear complexes, and
complex Dm had an E, that was 500 cm~ larger than Dy, in
accordance with their photoluminescence.

J. Name., 2013, 00, 1-3 | 3



Please do not adjust margins

1.0 1.0 1.0
0.8 Fo.8 0.8
—~ £ - 5
% g% g
0.6 F0.6 & 0.6 5
- S9 z 07 5
5 5 3 =
E o4 FoaZ2 E 042
3 2 3 2
% S W o
1.0
0.2 Fo.2 T54 0.2
0.5
N l °) L
0.0 . '.|ol 11 i 1 SLi 1 . —Loo 0.0 [N L L 0.0
300 400 500 600 700 250 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
1.0 a0+ 1.0
35 .a%, % e %
0.8 0.8 ’!' .58 S4 ,.".‘., 2
2! - » >
L 30 et S48 (BRSw
T g T 5 ST TR A%y
g 065 E25 06§ 3 % R
S £ 3 2
o 7 @
5 g 520 3
3 8 E K
3 04z S1s 0473
T 8 T 3 i, N :
b s ey p?
1.0 Set,8,. 5 ‘0%,
0.2 0.2 e i T61 - R
S 3 —l 1
0.5 d) sesy Lo b “.-?“‘ i
i | ||I 3 Set $ - l.‘:,
0.0 0.0 L 0.0 d :

400 500 250

Wavelength (nm)

600 700 300 350 400

450 500
Wavelength (nm)

550

Figure 2. TD-DFT results used to determine the absorption properties of Dp (singlet-singlet (a) and triplet-triplet (b) electronic transitions) and Dy (singlet-singlet (c) and triplet-triplet

(d) electronic transitions). The theoretical absorption spectra calculated at the ground sta

te singlet geometries (a)-(c) and at the lowest lying triplet geometries (b)-(d) are overlaid

in shaded colours. The corresponding assignments for the singlet-singlet and triplet-triplet transitions are visualized on the right.

Table 1. Photophysical properties of the indicated complexes.

Complex Absorption Photoluminescence
298 K@ 298 Kbl 77 Klel
Amax(nm); € (M~cm™) Amax T Op kr Knr Amax T
(nm)®! (ns) (10%s ) (1065 | (nm)  (us)
Dp (288; 92,500), (481; 21,800) 682 2350 (280) 0.077 (0.010) 3.0 0.4 629 9.4
Dm (288; 98,900), (330; 38,800), (451; 17,000) 670 580 (220) 0.034 (0.013) 5.3 1.7 610 5.2
[Ru(bpy)s]?* (287; 69,400), (450; 12,000) 615 890 (170) 0.094 (0.018) 11.0 1.0 579 4.8

[a] acetonitrile solution. [b] excitation at 450 nm. [c] in argon purged acetonitrile solution with values for air-equilibrated solution in parenthesis. Uncertainties are
estimated to be 2%. [d] in argon purged acetonitrile solution with [Ru(bpy)3]?* in air-equilibrated acetonitrile used as reference (®p.=0.018).52 Uncertainties are estimated

to be 10%. [e] kr = ®p1/t. [f] T = 1/(kr+kn). [g] Butyronitrile rigid matrix.

Table 2. Fitting parameters obtained from the Franck-Condon lineshape analysis(@!

Complex Eo (cm™?) hwwm(cm™) Swm fwhm (cm™?)
Dy 15900 1250 0.46 1020
Dm 16400 1260 0.71 990
[Ru(bpy)s]?* 17180 1250 0.82 940

[a] At 77 K in butyronitrile rigid matrix, no parameters were constrained for the fit.

The Huang-Rhys factor, Su, displayed the most significant
difference. Only a small decrease was observed from
[Ru(bpy)s]?* to Dm (0.82 to 0.71), while D, exhibited a more
pronounced decrease (0.41). A smaller value of Sy is indicative
of less distorted excited state compared to the ground state.
This is usually attributed to efficient electron delocalization over
the whole accepting ligand where only small changes in the C—
C and C—-N bond are observed.’6 61 62 |n other words, the
geometry of the bridging ligand resulted in a more delocalized

excited state in Dp than in Dm. Calculated NTOs and the spatial
extent <RZ> values calculated by Gaussian from the DFT
densities provided complimentary information that agreed with
the experimental observations. NTOs identified the atoms and
bonds over which the electrons were distributed while <R2>
values provided information about the radial extent of the
electronic distribution. The <R2> value for the lowest-lying
triplet geometry of D, was 20% larger than the one obtained for
the lowest-lying triplet geometry of Dm, i.e. 85450 a.u. and
71719 a.u., respectively. The longer excited-state lifetime of D,
compared to Dy, also agreed with the difference in the Huang-
Rhys factors. The more extended excited-state delocalization of
D, decreased the direct non-radiative deactivation (kgdn,) to the
ground state and, consequently, increased the overall excited-
state lifetime.46, 49,61

Nanosecond transient absorption spectra of the dinuclear
complexes in butyronitrile at 298K are presented in Figure 3.
Transient absorption spectroscopy revealed two distinct
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excited-state behaviors. For Dp and Dy, the transient absorption
changes decayed according to a unimolecular process over the
whole spectral range on a timescale consistent with time-
measurements. This was
consistent with excited-state relaxation occurring from the
3MLCT excited-state.®3 The transient spectra of D, were similar
to those of [Ru(bpy)s]?+,%4 where an MLCT bleach was observed
between 400 and 520 nm, consistent with formal oxidation of
Ru(ll) to Ru(lll). The positive transient absorption features
between 520 and 800 nm were attributed to intra-ligand
transitions of the formally monoreduced L,*~ radical anion.®>
With Dy, the MLCT bleach associated to the oxidation of Ru(ll)
to Ru(lll) was hidden by the positive transient absorption
features involving the monoreduced Ln*~ radical anion. Indeed,
hints of the fundamental bleach were observed around 490
The prototypical [Ru(bpy)s]** excited-state is
characterized by additional transient absorption changes
around 370 nm (not shown here).63. 66, 67 These absorption
changes are also attributed to transitions localized on the
reduced bipyridine ligand.®8 6 Here, it was proposed that a
similar ligand-centered transitions occurred within Dy, but
were shifted towards lower energy and therefore also
overlapping with the fundamental MLCT bleach. This was
consistent with the broader ground state n>n" ligand-localized
transition observed for Dm, that absorbed light up to 370 nm
(compared to 310 nm for D, or [Ru(bpy)sz]?*).

Additionally, in linear poly(p-phenylene) radical anions, an

resolved photoluminescence

nm.41

increase of phenyl units is accompanied by a bathochromic shift
of the high energy transition. Hence, a similar trend could be
observed for Lyn.”°

Further information was garnered by TD-DFT calculations. The
simulated TD-DFT absorption spectra of Dp and Dny in their
lowest-lying triplet geometries (corresponding to the light-
induced excited-states) with the natural transition orbitals
(NTO) responsible for the strong peaks in the spectra, are
presented in Figures 2b and 2d. As for the GS analysis (vide
supra), TD-DFT calculations were in good agreement with the
experimental measurements. Indeed, the calculated absorption
spectrum for Dy, exhibited a sharp peak around 430 nm. A main
transition (T61) was associated with a very large oscillator
strength, i.e. 0.4084 at 432 nm. This transition agreed with a
(MLLCT), as
electron density was initially present on both a portion of L, and
one Ru center and was then transferred to Lm. For D, the
transitions associated with the largest oscillator strength were
found at 440 nm (g = 0.1277) (T54) and 510 nm (g = 0.1488)
(T35) showing that transitions from the triplet state of Dm
around 430 nm were twice as intense as the one associated with
the triplet state of Dp.

mixed metal-ligand-to-ligand charge transfer

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Transient absorption spectra at 298K of D, (top) and Dy, (bottom) after pulsed
532 nm light excitation in argon purged butyronitrile.

Variable temperature experiments.

Variable temperature photoluminescence measurements were
carried out in an effort to gain insight into the processes
involved in the excited-state deactivation pathways, hence
providing photophysical schemes for D, and Dm and subsequent
quantification of the associated deactivation rate constants.
The photophysical scheme of the prototypical [Ru(bpy)s]?* is
well established with a thermally equilibrated excited state that
in fact corresponds to three closely lying triplet metal-to-ligand-
charge-transfer (3MLCT) excited states.’?. 72 In addition to direct
radiative and non-radiative decay to the ground state, these
3MLCT excited states can deactivate via thermally activated
processes, i.e. through population of an upper lying metal-
centered state (3MC) or through population of a fourth
3MLCT_73, 74

The temperature dependence of the excited-state lifetimes and
steady-state photoluminescence spectra was studied in
butyronitrile solution. Changes in the photoluminescence
spectra of D, and Dy, are represented in Figure 4. Overall, the
photoluminescence
guantum yields decreased with a temperature increase (Figure

excited-state lifetimes and absolute

4 c and f). Nevertheless, the two dinuclear complexes displayed

J. Name., 2013, 00, 1-3 | 5
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significantly different behavior upon temperature changes.

Characteristic behavior, reminiscent of [Ru(bpy)s:]**, was
observed for Dn, where a slight redshift of the
photoluminescence maximum was observed as the

temperature increased. In the case of Dy, a blue-shift and
broadening of the photoluminescence was observed as the
temperature increased.

The changes in the excited-state lifetimes (t) with temperature
were fit using equation 2,75 76 where kg and kgnr are the
activationless direct radiative and nonradiative decay rate
constants of the three closely spaced thermally equilibrated
3MLCTs back to the ground state, considered to remain constant
within the range of temperatures studied.

1/t = kar + kanr + Ksuc + Kamrer = Kar + kanr +

A3MCe—EsMc/RT + A3MLCTe_ESMLCT/RT Eq.2
ksmc and ksuicr are the temperature dependent deactivation
rate constants associated with the thermal population of the
3MC state or 4th 3MLCT, respectively. These deactivation
pathways were characterized by the pre-exponential factors
Asvc and Asmicr, as well as the corresponding activation
energies, Esyc and Esyicr. The parameters abstracted from
equation 2 are gathered in Table 3.

Both dinuclear complexes and [Ru(bpy)s]?* displayed two
thermally activated deactivation pathways.’* 77 The first one
(ksmc) was attributed to the population of the metal-centered
(3MC) excited-state (also called ligand-field state) with higher

Journal Name

activation energy (Esmc > 3000 cm™1) and larger pre-exponential
factor (Asmc 1012-1014 s71), 8 9,72, 74, 75,78, 79 The second one
(ksmicr) was associated with lower activation energy (Esmicr ™
300-1000 cm™1), smaller pre-exponential factor (Asmicr ~10°6 s~
1), and attributed to the relaxation through an upper lying
3MLCT excited-state.”3 78 80 The lowest 3MLCT excited state is
coupled with the upper lying 3MLCT excited state
(3MLCTiowest$>3MLCTypper) and the energy gap between these
two states is given by Esmicr. The deactivation rate constant of
the upper lying 3MLCT excited state (Asmicr) is the sum of the
radiative and non-radiative decay rate constant from this state
to the ground state.”3 79

The direct radiative (ksr) and non-radiative (kans) deactivation
from the three closely lying 3MLCT excited-states increased by a
factor of two from D, to Dm. As mentioned above, this can be
rationalized by a more delocalized excited state in Dy, as
evidenced by the smaller Huang-Rhys factor, decreasing the
rate of the direct non-radiative deactivation (kan). Thermal
deactivation from the three closely lying 3MLCT excited states
first occurred via the upper-lying 4t MLCT excited-state and, at
higher temperature, an additional deactivation pathway via the
3MC was operative (Figure 5). Both ksyc and ksmicr were
significantly enhanced in Dm compared to Dy. As a consequence,
the shorter excited-state lifetime of D, was attributed to
increased rates of the direct (kar, kanr) and activated (ksmic, kamicr)
deactivation, which clearly underlined the crucial role played by
the geometry of the bridging ligand in the excited-state
deactivation pathways.
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Figure 4. Normalized steady-state and time-resolved photoluminescence, as well as the relative excited-state lifetimes (orange) and photoluminescence quantum yields (blue) of D,

(a-c) and Dy, (d-f) in argon purged butyronitrile.
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Table 3. Kinetic parameters for the excited-state decay in butyronitrile solution

Complex Kar + Kanr (s72) Aswmc (s7) Esmc (cm™) Asmicr (s71) Esmier (cm™) OpL 3MLCT @pL 3MLCT (thermally activated)
(kar/kart Kanr) (AsmLcT radiative/ Asmicr)
Dp 1.8x10° 8.5x1012 4590 4.8x10° 640 0.12+0.01 0.04+0.01
Dm 3.6x10° 2.8x10%3 4540 5.3x10° 300 0.15+0.01 ---2
[Ru(bpy)s]?* 4.1x10° 1.1x10% 3460 2.6x10° 500 0.23+0.01 -2

2 The close match between the calculated and measured quantum yields suggested that the deactivation pathway through the thermally activated 3MLCT

(upper lying) excited-state was non-luminescent or too weak to be detected.

For [Ru(bpy)s]?*, the deactivation first occurred through the
upper lying 3MLCT (ksmucr) followed by an irreversible
population of the 3MC (ksmc).5> 81 However, due to its low
activation energy barrier (3460 cm~1), deactivation via the 3MC
state (ksmc) started to contribute significantly at 80 degrees
lower than for the two dinuclear complexes. Strikingly, at 298 K,
48% of the excited-state deactivation occurred through
population of the 3MC, in comparison to only 0.5% for either
dinuclear complex (Figure 6). It was however not possible to
determine whether the population of the 3MC was a reversible
or irreversible process for the dinuclear complexes.”? The
thermal population of the 3MC excited-state led predominantly
to non-radiative deactivation back to the ground state, but also
to ligand-loss.82 8 As a consequence, a smaller population of
the 3MC induced a much higher photostability for both
dinuclear complexes compared to [Ru(bpy)s]2*.75 84

Photophysical schemes and PL quantum yields of the 4t 3SMLCT

The information gathered in this study have allowed to propose
photophysical schemes for the three complexes (Figure 6). For
D, the IMLCT transitions from the Ru(ll) to the 2,2’-bipyridine
or the bridging ligand (Lm) occurred at similar energies.
Consequently, its absorption spectrum was similar to that of
[Ru(bpy)s]?*, where IMLCT transitions only occur from the Ru(ll)
to 2,2’-bipyridines. In the case of Dy, the *MLCT transition from
Ru(ll) to the bridging ligand (Lp) occurred at a significantly lower
energy than the transitions to the 2,2’-bipyridines. This allowed
these two transitions to be distinguished in the visible part of
the absorption spectrum. In both dinuclear complexes, the
photoluminescence originated from 3MLCT excited states and
spectroelectrochemical correlation® suggested that the excited-
state formation corresponded to a charge transfer from the
ruthenium(ll) center to the bridging ligand.

The activationless direct radiative rate constant (kg) was
determined by a fit of the measured photoluminescence
guantum yields at various temperatures using Equation 3.7 The
parameters that were determined (kar + Kanr, Asmict, Eamict, Asmc
and Ezmc) are gathered in Table 3. The photoluminescence
quantum vyield from the lowest 3MLCT excited state was
determined though the relationship: (kar / kar + Kanr)-

ka
T) = ~ Eq.3
d)( ) kar+Kanr+Asmicre F3MLCT/RT + A5 ce~Eamc/RT 4
Kgr+A i1ripe€ E3MLCT/RT
d)(T) — dar 3MLCT radiative Eq 4

Kar+Kkanr+AsmpLcre F3MLCT/RT + A3y ce~E3mc/RT

8 | J. Name., 2012, 00, 1-3

For Dm and [Ru(bpy)s]?*, close matches between the calculated
and experimentally determined quantum yields were obtained
using Equation 3 (Figure 5b-c), which implied that the
deactivation pathway through the thermally activated 3MLCT
(upper lying) excited-state was non-luminescent or too weak to
be detected. This was also underlined by the proportional
evolution observed between the relative excited-state lifetime
and relative quantum yield of photoluminescence for Dm (Figure
4f). Hence, for Dm and [Ru(bpy)s]?*, only the lowest 3SMLCT were
subject to radiative deactivation and both deactivation
pathways via the 3MC and the upper-lying 3MLCT were non-
radiative. The decreased photoluminescence intensity and
lifetime with temperature were attributed to increased
deactivation via the 3MC and the upper lying 3MLCT excited-
states, both being non-luminescent states. In the case of Dy, the
blue-shift of the photoluminescence with increased
temperature was explained by the thermal population (kspucr)
of the upper-lying 3MLCT excited-state, which luminesces at
higher energy.8>87 |Indeed, a close match between the
calculated and experimentally measured quantum yields could
only be obtained when an additional radiative deactivation
pathway from the thermally activated 3MLCT excited state to
the ground state was considered (Figure 5a). This behaviour
was also supported by the non-proportional evolution observed
between the relative excited-state lifetime and relative
quantum yield of photoluminescence for Dy, (Figure 4c). In this
case, the photoluminescence quantum yields as a function of
temperature were fit using Equation 4, where Asmicr radiative IS
the radiative deactivation rate constant of the upper lying
SMLCT  excited state to the ground state. The
photoluminescence quantum vyield of the upper lying 3SMLCT
excited-state was determined using the relationship: (Asmicr
radiative / Asmict). As evidenced, the proportion of radiative
deactivation from the upper lying 3MLCT over the lower 3SMLCT
increased with temperature and resulted in a blue shift of the
photoluminescence maxima. Such behavior has already been
observed for ruthenium(ll) 2,2’-biquinoline and dipyrido[3,2-
c:2',3'-e]pyridazine complexes,8> 87 [Ru(bpy)s]?* in KBr disc’4,
and osmium(ll) bis-terpyridine complexes.5!

The constant and unimolecular behavior of the luminescent
excited-state lifetime at different wavelengths was consistent
with dual emission, originating from two equilibrated
luminescent excited states for D,.76: 78 88-31 Hence, only the 3MC
Dp. A the
photoluminescence quantum yields and the population of the
different excited states as a function of temperature (Figure 4-

was non-luminescent in combination of
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6) yielded an estimate of the photoluminescence quantum
yields of the two different 3MLCT excited states (Figure 6 and
Table 3).76

Conclusions

The change from mononuclear [Ru(bpy)s]?* to dinuclear
complexes D, and D, was accompanied by a bathochromic shift
of the photoluminescence and a drastic decrease of the thermal
population of the 3MC excited-state. At room temperature,
deactivation from the 3MC was virtually absent for D, and Dp,
whereas 48% of [Ru(bpy)s]?>* excited-state was deactivated
through that state. The prime advantage of controlling the
population of the 3MC excited-state is to limit or inhibit the
ligand-loss often associated with this state, hence reducing
deactivation via a non-radiative pathway. This bears immediate
consequence for research in bio-imaging32 33, photobiology34,
photo-conversion3s. 36, as well as photoredox catalysis.3”

A drastic influence of the geometry of the connection between
the two bipyridine parts of the bridging ligand was shown.
Connection through the para position of the 2,2’-bipyridine, as
in complex Dp, increased the portion of absorbed visible light,
as well as the molar absorption coefficient, and decreased the
rate constants of direct (kar + kanr) and activated deactivation
pathways (ksmc + ksmucr). By comparison, only the molar
absorption coefficient was increased for Dp, i.e. when the two
2,2’-bipyridine were connected in the meta position, while the
deactivation rate constants all increased. Consequently, at
room temperature the excited state lifetimes followed the
trend Dy (2.35 ps) >> [Ru(bpy)s]?* (890 ns) > Dm (580 ns).
Variable temperature measurements allowed the
determination of the activation energies for crossing to the 3MC
state and the fourth, upper lying, 3MLCT state. This higher
energy 3MLCT was populated in the three ruthenium(ll)
complexes but only D, exhibited photoluminescence from that
state, while for [Ru(bpy)s]?* and Dm it was deactivated solely
through non-radiative processes. For Dy, the smallest rate
constants for the nonradiative pathway and the presence of two
luminescent 3MLCT states resulted in a photoluminescence
quantum yield more than twice that of Dy and only slightly
smaller than [Ru(bpy)s]?*. It was proposed that the more
delocalized excited state of Dy, as evidenced by the small
Huang-Rhys factor, was responsible for the smaller non-
radiative deactivation rate constants in comparison to Dp,.
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