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Upconversion in a d-f [RuYbs] Supramolecular Assembly

Richard C. Knighton,*# Lohona K. Soro,* Waygen Thor, Jean-Marc Strub, Sarah Cianférani, Yves
Mély, Marc Lenertz, Ka-Leung Wong, Carlos Platas-Iglesias, Frédéric Przybilla, Loic J. Charbon-

niere*

We have prepared a hetero-tetrametallic assembly consisting of three ytterbium ions coordinated to a central [Ru(bpm)3]?*
(bpm = 2,2’-bipyrimidine) motif. Irradiation into the absorption band of the peripheral ytterbium ions at 980 nm engenders
emission of the 3MLCT state of the central [Ru(bpm)s]?* core at 636 nm, which represents the first example of f~d molecular
upconversion (UC). Time-resolved measurements reveal a slow rise of the UC emission, which was modeled with a mathe-
matic treatment of the observed kinetics according to a cooperative photosensitization mechanism using a virtual Yb cen-
tered doubly excited state followed by energy transfer to the Ru centered !MLCT state.

Efficiently piling up photons in molecular or supramolecular
assemblies to generate upconversion (UC)!-3 in solution, par-
ticularly in water,* is still a challenge of modern chemistry.
Since the pioneering work of Piguet and co-workers in 2011,5
only few examples have still been reported,é-10 but this bur-
geoning field sees each new iteration as a step forward to-
wards better molecular UC devices. Except for the rare cases
of molecular UC based on triplet-triplet annihilation (TTA)
with organic dyes,!! all examples rely on successive ascend-
ances of the energy ladder using long-lived d-d or f-f electronic
transitions, sometimes using indirect excitation by an organic
near-infrared (NIR) absorbing dye.1213 This is typically the
case for the Cr to Er energy transfer in hetero-trinuclear
[Cr2ErLs] helicates,s in solution-state Yb to Tb13.14 and Yb to
Er14-16 UC within hetero-polynuclear assemblies, or for Yb to
Cr in solid mixtures.1? Interestingly, Howard and Turshatov
reported an atypical case of UC using Yb sensitizers generating
TTA by energy transfer from the Yb excited state to the triplet
level of a rubrene annihilator.” Although the system could not
be considered as a single molecular entity stricto sensu - with
no covalent or supramolecular interactions between the Yb
complex and rubrene - this judicious choice allowed for the UC
emission of rubrene at 559 nm upon excitation of Yb at 980
nm, through collisional energy transfer from Yb to the rubrene
triplet state.

In our search for improved molecular UC devices, we hypothe-
sized that a metal-based charge transfer transition might be of
interest to increase UC efficiency. In contrast to Laporte’s
forbidden d-d and f-f transitions, metal to ligand or ligand to
metal charge transfer transitions (respectively MLCT and
LMCT) are allowed transitions and feature broad absorption
(and emission) bands with large absorption cross sections
reaching several thousands of M-1.cm-1. This compares favora-
bly with Tb which has forbidden absorptions where typically €
<1 M.cm-1."® In addition, some of these complexes exhibit high
luminescence quantum yields for metals such as Ru(II),20
Ir(III),Zl’22 or Pt(Il), 2324 and have applications in
photocatalysis.25 As the absorption arises from 1CT bands, the
heavy atom effect facilitates intersystem crossing to the 3CT
state, and the emission is significantly shifted from the absorp-
tion (i.e. large pseudo-Stokes’ shift). As an example, the absorp-
tion spectrum of the archetypical photoactive transition-metal
complex [Ru(bipy)s]?* (bipy = 2,2’-bipyridine) has an absorp-

tion maximum at 452 nm, with a molar absorption coefficient
of 14 000 M-1.cm! and a full width at half maximum (FWHM)
of 2300 cm't, while the emission is observed as a broad band
centred around 630 nm.” Within the frame of Férster’s theory
of dipole-dipole energy transfer,”’ the energy transfer rate
constant, ker, is proportional to the overlap integral J between
the donor emission spectrum, Ip(4), normalized to unity, and
the acceptor absorption spectrum, defined by g(4).

kgr o< J = [ Ip(2) e(A)A*dA 1
b = 72 @)

Hence, the larger the g(1) values and the FWHM of the absorp-
tion band of the acceptor, the more efficient the energy trans-
fer. The role of Yb as an energy relay in UC devices remains
enigmatic, considering that Yb only has a single excited state
at ca. 980 nm for the 2Fs;2 < 2F7/2 electronic transition. In the
presence of energy acceptors possessing energy levels in the
NIR, as for Er for example,”® Yb* can act as an energy donor -
transferring its energy step-by-step to the acceptor, as is the
case in energy transfer upconversion (ETU) processes. How-
ever, Yb can surprisingly also be an efficient sensitizer even if
the acceptor doesn’t possess isoenergetic levels. The case of
Tb cooperative sensitization” is a prototypical example in
which two Yb excited states cooperatively transfer their ener-
gy to a single Tb acceptor (Scheme 1a). Even more surprising,
solid-state clusters (envisaged as polynuclear assemblies in a
general sense”®) of Yb are prone to generate cooperative lumi-
nescence according to the diagram depicted in Scheme 1b.*°
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Scheme 1. Representation of the energy transfer UC process,
(a) Cooperative Sensitization (CS) UC in polynuclear Yb/Tb



clusters. (b) Cooperative Luminescence (CS) by Yb. (c) Pro-
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Capitalizing on the success of cooperative sensitization of Tb
by Yb in hetero-polynuclear clusters,’**" we hypothesized that
hetero-polynuclear species comprising Yb complexes associ-
ated to a metal complex exhibiting an MLCT transition should
be of interest to design new UC devices (Scheme 1c). Here, we
report on the synthesis and characterization of
[(Ru(bpm)3)(LnL3)3][BArFs]2 hetero-tetranuclear d-f complex-
es (hereafter referred to as RuLns), in which three LnLs enti-
ties (Ln = Yb or Lu, L = ttfa = thenoyltrifluoroacetylacetonate)
are linked to a Ru center by a bridging 2,2’-bipyrimidine
(bpm) ligandsz’33 (Scheme 2) using a weakly coordinating
[BArFs] (tetrakis(3,5-bis-trifluoromethyl)phenyl)borate) ani-
on. A full spectroscopic analysis of the up- and downshifting
energy transfer processes is presented, revealing the first
example of f—~d upconverting molecular device in solution.

RESULTS AND DISCUSSION

The initial [Ru(bpm)s][BArFf4]2 complex was prepared using a
modified procedure34 reported for the synthesis of the
[Ru(bpm)3]Cl2 complex, followed by anion metathesis using
Na[BArF4] in H20/MeOH (Scheme 2, Figures S1-S9).> Crystal-
lization of the complex from a concentrated CH2Clz solution
afforded single crystals suitable for X-ray diffraction analysis

(Figure 1).
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Figure 1. X-ray crystal structure of the [Ru(bpm)s]2+ complex
along (a) and perpendicular (b) to the main pseudo-C3 axis;
ellipsoids plotted at the 50% probability level, H-atoms and
counterions omitted for clarity (CCDC no. 2171569)

The solid-state structure of the complex comprises one
[Ru(bpm)s]2* entity together with two [BArF4]- anions, lacking
any significant interaction between the complex and non-
coordinating counterion. The pseudo-octahedral [Ru(bpm)3]2+
core consists of k2 coordination of the three bpm moieties by
one nitrogen atom from each of the pyrimidine rings. The
mean Ru-N bond lengths are 2.07(1) A (cf. 2.055 A in the relat-
ed [Ru(bipy)s]?* complex3¢). In the bpm ligands, the two py-
rimidine rings are almost coplanar with only 1.2(6)° between
the planes of the two rings, which contrast with [Ru(bipy)s3]2*
(mean angle of 5.9° between the rings), the latter being im-
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parted by steric repulsion between the hydrogen atoms in the
3 and 3’ positions. In order to question the distortion of the
complex away from a perfect octahedron, the twist angle, o,
which defines the extent to which the two tripods formed by
three N atoms related by the pseudo-Cs axis has been rotated
about the three-fold axis,3” was measured. It amounts to
51.5(6)°, pointing to a slight distortion from the perfect octa-
hedron (o = 60°) towards a trigonal prismatic conformation,
similarly to [Ru(bipy)s]?* (o = 51.9°).36 Interestingly, the two
exo nitrogen atoms of each bpm ligands point outward and are
perfectly suited as bidentate ligands for bridging coordination
to LnL3(H20)2 entities.38-41

In order to examine the possible coordination to form LnL3
complexes, a 1H NMR titration experiment was performed in
which the 1H NMR spectra of a solution of [Ru(bpm)3]2* were
measured upon addition of increasing quantities of the dia-
magnetic [LuL3(H20)2] complex. From Figure 2, one can ob-
serve the three aromatic protons of the bpm ligands in the
ortho-, meta- and para position from the external coordinating
nitrogen atoms (Figure 2b), are subject to downfield shift in
the presence of increasing amounts of the Lu complex. These
data suggest the gradual formation of mono-, bis- and tris-
adducts of Lu with the Ru complex according to the model:

K K

[Ru(bpm)s] + YbLs < [Ru(bpm)s(YbLs)] + Ybls &
K.

[Ru(bpm)s(YbLs)z] + Yb & [Ru(bpm)s(YbLs)3]
In which K; represents the stepwise association constants. The
shift is particularly marked for He, which is proximate to the
coordinating Lu ion. The gradual evolution of the chemical
shifts point to a rapid kinetic exchange between the different
species present in solution, but considering the very smooth
evolution of the chemical shifts, it was not possible to fit the
data with the three successive binding constants Kz, Kz and K.
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Figure 2. (a) 'H NMR titration of [Ru(bpm)s][BArf]2 by
[LuL3(H20)2] in (CD3)2CO (400 MHz, 298 K). (b) numbering



scheme. (c) evolution of the proton chemical shifts as a func-
tion of equivalents of [LuLz(H20)2]

Similar titration experiments were run in CD2Clz at 298 K and
at 243 K, showing the same fluxional behavior (Figure S10,
$11). Additionally, the incorporation of 4 A molecular sieves at
the end of the titration induced further shift of the signals,
indicating a displacement of the equilibrium towards the het-
ero-polynuclear species upon sequestration of competitive
H20 ligands. A 'H-'H ROESY experiment exhibited dipolar
couplings between the ortho proton H° of the bpm ligands and
HB of the thiophene moieties, confirming the spatial proximity
of LuLs to the bpm ligands, as expected upon complexation
(Figure S12).

The [Ru(bpm)s(LnL3)3][BArfs]2 complexes were then isolated
in 76% and 83% yields for Ln = Lu and Ln = Yb respectively
from combination of [Ru(bpm)s][BArfs]2 and three equiva-
lents of [LnL3(H20)2] complexes in anhydrous CDzClz and in
the presence of molecular sieves (Scheme 2). The complexes
were analyzed by NMR spectroscopy (Figure S13-S15, S17,
$18), elemental analysis, infrared spectroscopy (See Electron-
ic Supplementary Information, Section S$2.1) and high-
resolution electrospray mass spectrometry (Figure 3, S16,
$19).

The mass spectra of the RuYbs assemblies show monocationic
peaks for the [Ru(bpm)s(YbL3)3][BArFs]* fragment, centered at
m/z = 3947.8923 Da, in addition to characteristic peaks corre-

sponding to the [Ru(bpm)s(YbL3)][BArF4]*

* RuY RuYb,
o aatlldL. Mmmn l

2270 2275 2280 3105 3110 3115 3120 3940 3945 3950 3955

a)

AIRUYb3

—

40
20 l
lJ l 1 P | i -
2500 3000 3500
b) m/z (Da)
100 100
90 RI.ILI.I3 calculated 90 Rqus
80 80
70 70
60 60
50 50
40 40
30 30
L] Sl |
10 10
o L L oll L .lln
3945 3950 3955 3960 3939 3944 3949 3954
100 100
90 {RuLu, experimental 30 JRuYb; experimental
80 80
70 70
60 60
50 50
40 40
30 30
20 20 A “
10 10
0 0 AM | LAy
3945 3950 3955 3960 3939 3944 3949 3954

Figure 3. (a) HR-ES/MS spectrum of RuYbs in CH3CN with
expansions of the three main peaks corresponding to
[Ru(bpm)s(YbL3)][BArFs]* (violet), [Ru(bpm)s(YbL3)2][BArFa]*
(green) and [Ru(bpm)s3(YbL3)3][BArFs]* (red) species. (b)

comparison of the measured vs. simulated spectra for the
[Ru(bpm)s(LnLs)s][BArFa]* ions (Ln = Lu (left), Yb (right)).

and [Ru(bpm)s(YbL3)2][BArf4]* complexes (Figure 3a). Simi-
larly, the spectra of the RuLus analogue (Figure S16) also
displayed a strong peak corresponding to the
[Ru(bpm)s(LuLs)s][BArfs]* species at m/z = 3953.8537, to-
gether with peaks corresponding to the loss of one or two
(LuLs)s entities. Both samples gave excellent agreement of the
molecular ion with the theoretical isotopic distributions (Fig-
ure 3b).

Considering our unsuccessful efforts to obtain the solid state
structure of the heteronuclear complex by x-ray crystal dif-
fraction, density functional theory (DFT) calculations were
used to gain insight into the structural and electronic proper-
ties of [Ru(bpm)s3]?* and [Ru(bpm)s(LnL3)3]2*. The average
Ru-N distance calculated for [Ru(bpm)s]2+ (2.094 A) is in good
agreement with the experimental value observed in the solid
state (2.07 A). The Ru-N coordination remains very similar in
the [Ru(bpm)s(YbLs)3]?+ entity, which displays a nearly un-
distorted (3 symmetry with Ru-N distances of 2.089 and 2.100
A. The three Yb3+ ions define the vertices of an equilateral
triangle with Yb-Yb distances (edges) of 10.88 A and the Ru2+
ion placed at the center of the triangle with Ru-Yb distances of
6.28 A (Figure 4).

Figure 4. (a) DFT optimized geometry of the RuYbs complex.
(b) The hetero-tetrametallic core with annotated Ru-Yb and
Yb-Yb bond distances (H-atoms omitted for clarity). (c)
I[sosurface of the HOMO-6. (d) Isosurface of the LUMO (0.02 a.
u.).

The UV-Vis absorption spectrum of [Ru(bpm)s][BArfs]z in
CH3CN displays a strong absorption band (4 = 332 nm, € =
13,000 M-1) attributed to m*<«m transitions centered on the
bpm moieties. In the visible region, a broad absorption band is
observed with maximum at 454 nm (e = 7100 M-1, Figure 5)
with a shoulder at ca. 420 nm, attributed to the Ru(Il) to bpm
IMLCT absorption. Upon excitation into this absorption at 450
nm, a broad and featureless emission band is observed, with a
maximum at 635 nm. This is ascribed to the 3SMLCT emission
band and displays a relatively modest luminescence quantum
yield of 0.3%, with an excited state lifetime of 80 ns in aerated
anhydrous CH3CN solution (Table 1). Interestingly, one notes
that the corresponding excitation spectrum does not exactly
match with the absorption spectrum in this visible domain, the



high energy tail of the !MLCT band, from ca. 400 to 440 nm, is
less efficient at sensitizing the 3MLCT emission at 636 nm.
Polarized emission studies on the related [Ru(bipy)s]2+ com-
plex showed that the main contribution in the emission spec-
trum at room temperature arises from an emission polarized
perpendicular to the principal C3 axis of the molecule,”” while
absorption is comprised of two main contributions leading to
two possible emitting states, strongly dependent on the tem-
perature.43 By analogy, one may understand the presence of
two different contributions in the excitation spectrum as aris-
ing from absorption of the IMLCT polarized along and perpen-
dicular to the main Cs axis for the high and low energy contri-
butions respectively.

Time-dependent density functional theory (TDDFT) calcula-
tions were used to rationalize the spectroscopic properties of
[Ru(bpm)s]?* with the TPSSh functional, which is shown to
provide good results for Ru(Il) complexes.44 The absorption
spectrum calculated for this complex matches the experi-
mental spectrum (Figure S22). The 10 lowest energy excited
states are responsible for the absorption at wavelengths > 400
nm, with the analysis of the MOs contributing to each absorp-
tion confirming the MLCT character of the band. Indeed, these
excited states are the result of excitations from HOMO and
HOMO(-1,-2) to LUMO, LUMO(+1,+2) and LUMO+3. The occu-
pied orbitals contain a significant contribution of Ru d-orbitals
(>75%, Table S23), while LUMO to LUMO+3 are centered on
the bpm ligands (%Ru< 6%). The absorption profile at wave-
lengths > 440 nm is dominated by transitions to the double
degenerate excited states 4 and 5 at 470 nm, which involve
HOMO(-1,-2)—>LUMO excitations, as well as excited states 7
and 8, which are dominated by HOMO(-1,-2)—>LUMO(+1,+2)
excitations. Inspection of the corresponding MOs (Figure S24,
Table S25) shows that these excitations result in significant
polarization perpendicular to the symmetry C3 axis. Below 440
nm the main absorption is calculated at 418 nm (excited state
10), which is the result of a HOMO—LUMO+3 excitation. The
HOMO is dominated by the contribution of a Ru 4d orbital
directed along the C3 axis, resulting in polarization along the
latter. The calculated ground to excited state transition electric
dipole moments support these qualitative observations (Table
$26). The energy of the zero phonon line of the 3MLCT state
was estimated from the adiabatic transition energy obtained
with the self-consistent field method (ASCF) corrected by the
difference in zero-point vibrational energy of the single
ground state.* The calculations afforded an energy of 17 288
cm-! (578 nm), in excellent agreement with the value estimat-
ed from the experimental emission spectrum (17860 cm-1).
TDDFT calculations evidence that the 3MLCT state is mainly
the result of a HOMO—LUMO excitation (88%), providing a
somewhat higher energy for the 3SMLCT state (17963 cm-1, 557
nm). This is expected, as the energies provided by TDDFT are
vertical, while the ASCF method uses the relaxed geometries of
both the ground singlet state and the excited triplet state.
TDDFT calculations performed for RuYbs reveal a similar
energy for the 3SMLCT state (17718 cm-1, 564 nm), which is the
result of a HOMO-6 —-LUMO excitation (76%). The LUMO is
located mainly on the bpm ligands (93 %), with a negligible
contribution from Ru. On the contrary, HOMO-6 displays a
large contribution from Ru 4d orbitals (71%), as expected
considering the nature of the 3SMLCT state (Figure 4c).
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Figure 5. Absorption spectra of [Ru(bpm)s][BArf4]2 (purple
solid line, left y-axis, ¢ = 5.6x10-5 M) with an expansion of the
IMLCT (blue solid line, right y-axis) and normalized excitation
(blue dashed line, Aem = 640 nm) and emission (red solid line,
Aexc = 450 nm) spectra for the [Ru(bpm)s][BArfs]2 complex in
anhydrous aerated CH3CN.

In order to investigate the degree of communication between
the Ru(II) and Yb(III) moieties in the heteropolynuclear com-
plex, a photoluminescence titration of [Ru(bpm)s][BArf4]: by a
[YbL3(H20)2] solution in anhydrous aerated CH3CN was per-
formed. The evolution of the emission spectra was monitored
upon excitation into the IMLCT absorption band (Aexc = 488
nm) and is presented in Figure 6. Upon titration of the ytter-
bium complex a decrease of the 3SMLCT emission band with a
concomitant appearance of the characteristic Yb NIR emission
arising from the 2Fs;2 _, 2F7/2 transition was observed. This is
indicative of a downshifting Ru — Yb energy transfer process
(Figure $30),"* which deactivates the 3MLCT state. With the
intensity changes observed during the titration, the efficiency
of sensitization between the Ru and the Yb (n7ru_vb*) was de-
termined to be 68% using equation (3):49
[ Iruyp(ApAr)dAr

1 [ Iru(Ag,Ap)d AR (3)

In which the upper and lower part of the right term are the
integrated emission of Ru (measured from 500 to 900 nm) in
presence and absence of Yb, respectively, assuming that the
emission intensity at the end of the titration was that of the
RuYbs species. This sensitization efficiency of 68% is consid-
erably higher than other previously reported bimetallic Ru-Yb
arrays (ca. 10%),33’46 with the presence of multiple Yb energy
acceptors and the short Ru-Yb internuclear distance being a
likely explanation.

NRu-vyb =

Importantly, the Ru to Yb energy transfer efficiency is also

related to the excited state lifetimes of the Ru in presence
(zruvb3) and in absence (zru) of the Yb acceptor by the relation-

ship:

TRuybs
TRu

(4)

Npusyp =1 —

In this way, the excited state lifetime of Ru in the RuYbs com-
plex can be estimated to be 26 ns, a lifetime that we could
unfortunately not verify experimentally, due to the high con-
centration and optical density of the complex mandatory for
its stability in solution.

Eligand EMLCT Evb Tyb TradYb TRu Dych

/104 M-1tcm?! (A/nm) M1lcm?!(A/nm) Mlcm! ps?a us ta (x10-8)
[Ru(bpm)3]2+ 1.3 (332) 7100 (454) - - - 80 -
RuYbs 8.7 (267) 6500 (453) 21 16 681 2.1




976 nm

RuLus 10.0 (266) 7200 (453)

Table 1. Photophysical properties of the different complexes obtained in anhydrous aerated CH3CN at 298 K. 2 Excitation at 455
nm using a NanoLed-455 from Horiba Jobin Yvon Fluorolog. b Excitation at 980 nm (P = 6.9 W/cm?), using [Ru(bipy)sClz] in water

(@ = 004, Aexc = 450 nm) as reference
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Figure 6. (a) Emission spectra of the Yb and the 3MLCT of Ru
during the titration of [Ru(bpm)s][BArf4]2 (1.23 x 104 M) by
successive addition of a solution of [YbL3(H20)z] (4.98 mM,
anhydrous CH3CN). (b) Evolution of the emission integral of
the Yb (dark red) and the 3MLCT of the Ru (red) (Aexc= 488
nm).

Having investigated the spectroscopy of the in situ formed
RuLns edifice, the photophysical characterization of the iso-
lated RuLns complexes was performed (Figure 7, Figure
S$31). The RuYbs complexes broadly retains the properties of
the parent [Ru(bpm)s][BArfs]2 complex. The UV absorption
bands at 337 nm (¢ = 180,000 M-1) are significantly more
intense owing to the overlap of the m*«m transitions centered
on the bpm moieties and the *« T ones of the L ligands.>* The
IMLCT absorption centered around 453 nm (g = 6,500 M-1) is
largely unperturbed upon Yb complexation. This is borne out
for the 3SMLCT excitation and emission spectra (Aem = 636 nm).
Once again significant emission from the Yb(III) 2Fs;2 — 2F7,2
transition (Aem = 977 nm) is achieved via excitation of the
ruthenium absorption band (Aexc = 450 nm), with an excited
state lifetime for Yb of 16 ps. The overly large optical density
of the sample, required to preclude dissociation of the com-
plex at low concentrations, impeded the measurement of the
Ru excited state lifetime (ns range) with our setup. However,
this can also be estimated to be 26 ns according to the titra-
tion.

From the NIR absorption spectra recorded for RuYbs (Figure
7), the methodology of Werts and coworkers® was applied to

determine the radiative lifetime of Yb in the complex using
equation (5):

for
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Figure 7. (a) Absorption spectra of the complex (purple solid
line, left y-axis) with an expansion of the IMLCT absorption
(blue solid line, right y-axis, ¢ = 5.7x10-6- M). (b) Absorption
spectrum of Yb in the NIR (brown, c = 1.81 mM), normalized
excitation spectrum (blue dashed line - Aem = 640 nm), and
emission spectra of Ru in the NIR/visible (orange — Aexc = 450
nm) and Yb (dark red, Aexxc = 450 nm) spectra for the
[Ru(bpm)s(YbLs3)3][BArfs]2 complex in anhydrous CH3CN.

In which Na is Avogadro’s number, ¥ is the barycentre of the
transition (cm-1), c is the speed of light in vacuum (cm.s1), n is
the refractive index of the medium (ncuscn = 1.33), €(0) is the
absorption spectrum of the transition (M-l.cm-1), g; and gu are
related to the degeneracies of the ground and excited states,
respectively, and are equal to 2/+1 where J=7/2 for giand ] =
5/2 for gu. A radiative lifetime of 681 ps was determined for
Yb in the RuYbs complex. The Yb centered luminescence
quantum yield, ®}2, could then be calculated to be 2.3% using
equation (7):

oy = o

Trad

(7)

Finally, the overall quantum yield for emission of Yb upon
excitation of Ru in the IMLCT absorption band &,,, was calcu-
lated to be 1.6% with equation (8):

(8)

_ Yb
Pov. = NRu-vp>*Pyp

Unfortunately, it was not possible to determine @, by direct
methods, the high optical density of the sample precluding its
determination comparing with standard references.

The most striking observation in the photophysical characteri-

87rcn 92 a
= 2303 * e(®)dv 5 . . .
Trad f ©) Q) zation of the RuYbs assembly arises from upconversion exper-
[oxe@)do iments via direct excitation of the ytterbium ions. Upon excita-
L= Te()do (6) tion at 980 nm into the Yb 2Fs/2 < 2F7/2 absorption band a
broad structureless band is observed at 636 nm, characteristic
of the ruthenium S3MLCT emissive state (Figure 8a)
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Figure 8. (a) UC emission of the [Ru(bpm)s(YbL3)3][BArFs]z (red - 0.39 mM) and [Ru(bpm)s(LuLs)s][BArf4]2 (green - 0.39 mM)
complexes in aerated anhydrous CH3CN (Aexc = 980 nm, P = 6.9 W/cm?2). (b) UC intensity as a function of the incident pump intensi-
ty in a Log/Log scale for [Ru(bpm)s(YbL3)3][BArf4]z2. (c) Time-resolved rise and decay curves of the UC emission at 630+37 nm
upon time-gated excitation at 974 nm (8.1 kW.cm-2 (green line)) for a 1.3 mM solution of [Ru(bpm)s(YbL3)3][BArF4]2. The red line
corresponds to the fit of the data and the green line to the periods during which the laser was turned on and off.

Crucially this emission was absent for the spectroscopically
silent RuLus complex, implicating Yb as an energy relay in the
UC process. Investigating the dependency of the emission on
the incident laser intensity in the form of a Log/Log plot gives
a linear response with a slop of 1.88 indicative of a two-
photon process (Figure 8b).”*

We also investigated the time-resolved evolution of the UC
signal using pulsed excitation during which the laser irradiates
for a 100 ps period over 200 ps (Figure 8c, green line). As can
be evidenced on the Figure 8c, the UC signal slowly rises to a
quasi steady-state regime within the 100 us period and rapidly
decayed once the laser was switched off. Interestingly, the
slow rise is only weakly affected by the excitation power den-
sity of the laser from 0.3 to 10.9 KW.cm-2 (Figure S35), indi-
cating that a slow kinetic step is implicated in the UC emission.
Regarding the decay observed after the laser was switch off; it
appeared to be extremely long lived compared to <100 ns
observed for the Ru lifetimes measured upon excitation into
the IMLCT absorption band. This apparent long-lived emission
is associated to a slow feeding of the Ru centered excited state,
as can be found in e.g. delayed luminescence. To account for
these different observations, we propose the energy level
diagram depicted in Figure 9. The UC quantum yield was
determined according to a previously published procedure to
2.1x108atP =69 W/cm2.

RUYb#Yb*Yb | 2) w0, 2
A |3) RUYD*YbYb
. |
3 : N\g
_r | 4
| ——4)
RU*YbYbYb

.
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RuYb*YbYb |1)

RuYbYbYb |0)

Figure 9. Energy level diagram of the d-f cooperative sensiti-
zation UC mechanism in RuYbs.

In the first step, a photon is absorbed by the ground state to
form a RuYb*Yb2 species, with one Yb in its excited state. A
second photon is then absorbed by a second Yb ion to lead to
the formation of the doubly excited state RuYb*Yb*Yb. A slow
recombination step occurs by cooperative sensitization to
obtain a doubly excited Yb** ion in a RuYb**Yb: species, as
previously observed in nonanuclear Yb clusters.30 Either this
species emits photons, leading to a cooperative luminescence
process (not observed), with an excited state lifetime denoted
Tyb*, O, the energy is transferred to the Ru MLCT state to form
the Ru*Ybs excited state, leading to the observed Ru emission,
with a lifetime of 26 ns (vide supra). To account for the previ-
ous observation of Yb emission upon Ru excitation, back-
transfer to an Yb ion is added in the overall diagram. The rate
transfer of this step, kru_v», can be estimated from the life-
times of the free Ru complex and that of the RuYbs species by
the equation:

Kpuoyp =—1 1 (9)

TRuYb3 TRu
Affording a value of 26x10¢ s for kru_,v». From this diagram,
the populations of the different states, denoted |0) to |4), can

be modeled with the following matrix:

/'0)\ /—3km kypr 0 keyp kru \
a v Bhexe  ~2Kexc— kv 2wy 0 Kiuvo
X IZ)) =] o 2k e —2kyy — kye 0 0

13) 0 0 kyc —kyp = kgr 0

14) 0 0 —ker —kpu = Kruvn

0
/IO)
|1)
x| 12)
H
|4)

In which kexc is the pumping rate constant defined by:
A -
kexc = h_ipo-;)b ! (10)

Ap being the pumping wavelength, ¢ the speed of light in vacu-
um, h is Planck’s constant, P the incident pump intensity and
a2yt the absorption cross section of Yb (in cm2/molecule).
The temporal evolution of the Ru based UC emission observed
upon Yb excitation at 974 nm (Figure 8c) was then fitted
according to the proposed model in two steps, first fitting the
rise of the signal (kexc # 0), then fitting the decay (kexc = 0)
keeping kyp* = 1/ zvp* = 58x103 51, kru_,yp = 26x106 s and kru* =
1/7ru* = 38.5x106 s1 as constants in the fitting. Full experi-
mental details on the fitting procedure are given in the sup-
plementary information.

The best fitting (Figure 8c, Figure S36-S39) was obtained for
values of kuc = 60x103 s1, kyp= = 640x103 s'1, corresponding
to an excited state lifetime of 1.6 ps for Yb**, and ker = 7.6x106
s, One notes that the rate leading to the cooperative
upconversion phenomenon, kuc, is far slower than all of the
other steps and is rate determining in the process, which ex-
plains the slow rise of the UC signal. In contrast, the energy
transfer from Yb** to the Ru centered excited state, ker, is very
fast, explaining the absence of luminescence from the coopera-
tive UC, and only observation of emission from the 3MLCT
state. Finally, the excited state lifetime of the “virtual” Yb**
state is shorter than that of Yb*, but not in the range of one
half, as proposed by some authors for cooperative lumines-
cence in solids.54 It should be emphasized that the value of kuc
is approximately 25 times larger than that previously ob-
served in heteropolynuclear Yb/Tb complexes displaying
cooperative photosensitization (2330 s-1),4 demonstrating the
utility in using a spin-allowed MLCT absorption as an acceptor
for UC.

CONCLUSION

We have prepared a novel hetero-tetrametallic
supramolecular assembly between a [Ru(bpm)s]?* core and
LnLs fragments to yield complexes of the general formula
[Ru(bpm)s(LnL3)3][BArfsa]2 (Ln = Lu, Yb). The parent
[Ru(bpm)s][BArfs]2 complex exhibits slightly distorted Cs
symmetry with minimal interplanar distortion of the bpm
rings (NCCN dihedral = 1.2(6)°). 'H NMR investigations in
acetone-d¢ reveal a weak coordination of the LuLs fragment



with the peripheral bipyrimidine nitrogen atoms, which could
be enhanced by switching to non-coordinating CD2Cl; under
anhydrous conditions. A dipolar through-space NOE experi-
ment indicated the assembly of the four components, which
was supported by mass spectrometry showing characteristic
peaks corresponding to RuLn1, RuLnz, and RuLns species. For
the Yb variant, photoluminescence titrations revealed down-
shifting energy transfer from the [Ru(bpm)s]?* core to the
outer YbLs entities. Upon excitation of the IMLCT absorption
band an emission band attributed to the 2Fs;2 — 2F7,2 electron-
ic transition of Yb was observed at 976 nm, with a sensitiza-
tion efficiency of 68%. Upconversion experiments reveal that
excitation of the Yb 2Fs/2 «<— 2F7/2 absorption band engenders
emission of the 3MLCT state of the [Ru(bpm)3]2* core at 636
nm with an UCQY of 2.1 x 10-8. Log/Log experiments con-
firmed the quadratic dependence of the UC emission vs. the
power of the excitation, and kinetic experiments reveal a rela-
tively long rise of the emission which could be modeled ac-
cording to a cooperative sensitization mechanism. This repre-
sents the first example of an f—d upconverting molecular
device and opens many opportunities for even more efficient
devices using a combination of d- and f-elements.
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