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ABSTRACT: Light-upconversion via stepwise energy transfer
from a sensitizer to an activator exploits linear optics for
converting low-energy infrared or near-infrared incident
photons to higher energy emission. This approach is restricted
to activators possessing intermediate long-lived excited states
such as those found for trivalent lanthanide cations dispersed
in solid-state matrices. When the activator is embedded in a
molecular complex, efficient nonradiative relaxation processes
usually reduce excited state lifetimes to such an extent that
upconversion becomes too inefficient to be detected under
practical excitation intensities. Theoretical considerations
presented here predict that the combination of at least two
millisecond time scale sensitizers with a central lanthanide

activator in supramolecular complexes circumvents this bottleneck by creating a novel upconversion pathway, in which successive
excitations are stored on the sensitizers prior to inducing stepwise energy transfer processes. Application of this concept to the
chromium/erbium pair demonstrates that strong-field trivalent chromium chromophores irradiated with near-infrared photons
produce upconverted green erbium-centered emission in discrete dinuclear and trinuclear triple-stranded helicates.

Bl INTRODUCTION AND THEORETICAL BACKGROUND

Stimulated by the need for materials possessing efficient near-
infrared to visible light upconversion processes for solar cell
technology' and for in situ biological probes and sensors,” we
present here a rigorous and simple theoretical model for pushing
the limits of miniaturization beyond solid-state nanoparticles and
polymers with the design of upconverting molecular entities.
Luminescent systems based on a single chromophore usually
follow the well-known principle first formulated by Stokes, which
states that emitted photons possess lower energy than the ones
used for the excitation. The induction of anti-Stokes emission
was thus limited for a long time to the thermal population of
states by a few quanta kT of energy above the ground state, a
phenomenon familiar to Raman spectroscopists. The rational
violation of this principle via the sequential absorption of two
infrared (IR) excitation photons to reach an excited state the
emission energy of which exceeds the incident radiation by 10—
100 times kT, a phenomenon often referred to as superexcitation
or excited state absorption (ESA), was only established during
the early 1960s with the help of open-shell trivalent lanthanides
for the design of a detector called an “infrared quantum counter”
(IRQC).>* Solving the standard set of linear differential
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equations, eqs 1 and 2, relevant to the diagram modeling the
activator-centered one ion ESA mechanism depicted in Figure 1a
(see Appendix 1 in Supporting Information for details) yields
the steady-state normalized population densities N* of Figure 1b
obtained under continuous-wave irradiation at increasing pump
intensities. The pumping rate constant k=1 i given by eq 3,
where Ap is the pump wavelength, P is the incident pump
intensity, 657 is the absorption cross section of the activator-
centered i — j transition, 4 is the Planck constant, and c is the
vacuum speed of light.®
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Figure 1. (a) Kinetic scheme depicting the modeling of the one ion
excited state absorption (ESA) process occurring upon off-resonance
irradiation into the activator-centered absorption bands, where k{!~%
stands for the global decay rate constant of the first A* excited state and
(k2= 4+ k%) similarly applies for the second A** excited state. (b)
Normalized steady-state population densities for the various levels at
increasing incident pump intensi? for a standard erbium activator
computed by usin_; /1(P = 750 nm,” absorption cross sections 63"
ok = 107 w7 k™Y = (rg) ™ = (619 ps) T KO+ Ky
(rgfm)’l = (16 pus)™L® The full traces correspond to slow-relaxing

1-0 _

erbium(IIT) doped into yttrium—aluminum—garnet (YAG) with ky
(1']51;3"2)_1 = (4.0 ms)™",” whereas the dotted traces stand for a fast-

relaxing erbium(III) coordination complex with ky7° = (TE,‘” )=
(4.0 us) 7' The 0—107* normalized population density range used for
N is highlighted in the inset.
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Figure 2. Kinetic schemes depicting the modeling of energy transfer
upconversion (ETU) processes occurring upon off-resonance irradi-
ation into the sensitizer-centered absorption bands in (a) a statistically
doped S/A solid and (b) a discrete SA dinuclear molecule. k<=1 is the
pumping rate constant for irradiation into the sensitizer absorption band
(eq 3), k5 and ki, respectively, are the decay rate constants (i.e., the
sum of radiative and nonradiative processes) of level i into level j
centered on the sensitizer and on the activator, respectively, and W54
are the rate constants of sensitizer-to-activator energy transfer processes.
The red dashed pathway highlights the activator-centered mechanism
responsible for ETU in a dinuclear SA complex.
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Since the intensity of the targeted upconverted emission is
proportional to the normalized population density of the second
excited state A** (N in eqs 1 and 2), the inset of Figure 1b
demonstrates that a short intrinsic lifetime of the intermediate
excited state A* indeed has a deleterious effect on N based on
the one ion ESA mechanism.® ' Consequently, applications
of lanthanide-centered upconversion for improving solar cell
efficiencies'’ or for the induction of photobiological processes
under deeply penetrating NIR irradiation'? systematically rely on
comparatively long-lived erbium(III) or thulium(III)-containing
miniaturized solids. Doped garnet nanoparticles are currently
exploited for this purpose despite the limited control over their
synthesis, while short-lived molecular systems have generally
been dismissed.'>"*

In 1966, Auzel introduced the APTE concept (“addition de
photon par transfert d'energic”), later termed “energy transfer
upconversion” (ETU),* in which the ineffective direct pumping
into the parity forbidden intrashell f—f electric dipolar transitions
of trivalent lanthanide cations is replaced by the excitation of
sensitizers possessing larger absorption cross sections, followed
by sequential energy transfer processes, eventually leading to the
multistep excitation of the activator (Figure 2a). With such a
strategy, the drastic consequences of activators with too short
intermediate excited-state lifetimes can be partially overcome
by the use of long-lived excited sensitizers (S*). Comparison of
Figures 1a and 2a immediately shows that the overall intensity of
steady-state upconverted emitted light with the ETU mechanism
roughly gains by a factor of (WS4)* (N¥)? (6271)%/ (65" 05 2)
over one ion ESA,* whereby W%~ is the probability of the inter-
molecular sensitizer to activator energy transfer (second-order
rate constant) and N is the concentration of the sensitizer."®

Consequently, solid-state garnets or nanoparticles containing
Er(III), Tm(III), or Pr(I1I) activators are regularly codoped with
Yb(III) sensitizers, the unique near-infrared long-lived °F),
excited state of which is exploited as a relay in ETU.'

In discrete lanthanide coordination complexes, one ion ESA-
based upconversion has been achieved with very limited success,'”
while the alternative ETU mechanism combining a lanthanide
activator with long-lived sensitizers has been hypothesized only
once without experimental support.'® The favorable influence of a
high concentration of sensitizer through the factor (N)? for ETU
processes is only valid for systems with independent sensitizers
and activators, a condition which is only met in statistically doped
solids (Figure 2a)."> When the sensitizer is associated with an
activator in a discrete SA molecule, the correlation between the
two partners transforms the gain of ETU over one ion ESA to
(W52 (62°1)2/ (6% '6572) where W54 is now the first-order
rate constant for the intramolecular sensitizer to activator energy
transfer. Moreover, the short lifetime of the activator-centered
intermediate excited SA* level in an isolated molecular complex
becomes again a major drawback for the upconversion, irrespective
of the intrinsic lifetime of the sensitizer excited state (level 2)
in Figure 2b).

The situation changes completely with the introduction
of a second long-lived sensitizer per activator in a SAS triad
(Figure 3a). Beyond the expected statistical gain of a factor 2% = 4
for the activator-centered ETU mechanism resulting from the
doubling of the number of sensitizers (red paths in Figures 2b
and 3a), the presence of two sensitizers in the same complex
opens an unprecedented sensitizer-centered pathway (green
path in Figure 3a). Two successive excitation processes providing
the doubly excited S*AS* level (level 14) in Figure 3a), are
followed by two successive S — A energy transfer steps leading
to the targeted upconverted emission. The latter mechanism is
much less sensitive to the excited-state lifetime of the activator.
The normalized steady-state population densities computed for
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Figure 3. (a) Low-energy part of the kinetic scheme for modeling energy
transfer upconversion (ETU) occurring upon off-resonance irradiation
into the sensitizer-centered absorption bands of a discrete SAS triad
(Figures S1—S2 in the Supporting Information contain the complete
kinetic scheme). The red (A-centered) and green (S-centered) dashed
pathways highlight the two possible mechanisms responsible for ETU.
b) Comparison of the computed quadratic dependence of the
A-centered upconverted emission intensities (I'*) on the incident
pump intensity (P in W/mm?) for the molecular fast-relaxing erbium
activator of Figure 1 (ky~°= (4.0 us)™"), undergoing either one ion ESA
(A-ESA, 67" = 6572 = 1072* m?) or indirect sensitizations in dinuclear
(SA-ETU) and trinuclear complexes (SAS-ETU, 6¢~" = 1072 m?) by
using k§~° = (1.0 ms) ™" and n(W5™%) = 50%).

the doubly excited states A** of a fast-relaxing erbium(III)
activator combined with millisecond long-lived sensitizers in
molecules allows to predict an improvement in the intensity of
the upconverted emission of up to 2 orders of magnitude upon

switching from a dinuclear SA complex (exclusive operation of
the activator-centered ETU) into a trinuclear SAS complex
(concomitant operation of activator- and sensitizer-centered
ETUs), whereas the efficiency of the alternative one ion ESA
remains marginal (Figure 3b).

B RESULTS AND DISCUSSIONS

Building on our experience in designing heterometallic Cr/Ln
supramolecular complexes, in which trivalent chromium ions,
Cr(IlI), act as millisecond-range sensitizers for trivalent
lanthanides Ln(IIT)," we prepared a series of isostructural
trinuclear dimetallic triple-stranded [MLnM(L1);](CF;SO3),
helicates (further termed MLnM) with M = Ga(III) or Cr(III)
and Ln = Y(III) or Er(Ill) (Appendix 2). All complexes were
characterized by satisfactory elemental analysis (Table S1). X-ray
diffraction studies performed on single crystals demonstrate
isostructurality in the solid state (Table 1) together with the
formation of triple-stranded helical cations [MLnM(L1);]%*
(Figure 4a).”® Their kinetic inertness and persistence in solution
at (sub)millimolar concentrations in acetonitrile solution were
established by electrospray-ionization mass spectrometry
(ESI-MS, Table S2) and proton nuclear magnetic resonance
("H NMR, Figures S3 and S4).'8

The diamagnetic closed-shell GaYGa complex is used as a
reference for the location of the energies of the broad singlet
(*#*) and triplet (*z*) ligand-centered exited states in absence
of metal-centered photophysical activity (Figures Sa and SS).
Detailed photophysical studies of GaErGa (pure complexes
or diluted at 2—10% in GaYGa) provide information on the
electronic structure of the nine-coordinate Er(III)Ny chromo-
phore (Figures Sc), while the investigation of CrYCr delivers the
corresponding information for the strong-field six-coordinate

Table 1. Summary of Crystal Data for [CrLnCr(L1),],(CF;S0;);5(CsHsN);, (Ln = Eu, Y, Er) and

[GaLnGa(L1)3]2(CF3SO3)18(C3H5N)30 (Ln =Y, El‘)a

CrLnCr
CrEuCr” CrErCr CrYCr
empirical formula Cy14H,05Cr Eu, Cy14H,05Cr Er, Cy14H0sCr Y,
FguNosOs4S15 FsuNosOs4S15 F54NosOs4S15
formula weight 9707.26 9737.86 9581.15
temperature, K 100(2) 150(2) 150(2)
wavelength, A 0.70000 1.5418 A 1.5418 A

monoclinic, P2,/c
a=29.3890(4) A
b = 61.0950(10) A
c=26.6462(3) A
B =99.375(2)°

crystal system, space group

unit cell dimensions

monoclinic, P2,/c
a=293565(7) A
b = 60.464(2) A
¢ =26.6469(4) A
B =98.675(2)°

monoclinic, P2,/c¢
a=29.3619(5) A
b =60.379(2) A
c=26.6897(3) A
B =98.635(1)°

vol, A? 47204.8(11) 46780(2) 46757(2)
GaLnGa
GaYGa GaErGa
empirical formula C414H408Ga4Y2F 4, NgsOs,S 5 C14H,408Ga4Er2FNosOs, S5
formula weight 9652.06 9444.77
temperature, K 150(2) 150(2)
wavelength, A 1.5418 1.5418

crystal system, space group
unit cell dimensions

vol, A3 46661(2)

monoclinic, P2,/c
a=129.3656(5) A
b=60.179(2) A
c=26.7184(5) A
B =98.801(2)°

monoclinic, P2,/c
a=29.3602(3) A
b=61.334(2) A
c=26.7917(2) A
B =98955(1)°
47658(2)

“The complete crystal structures were solved for CrEuCr and CrYbCr using synchrotron radiation'® and for GaYGa using Cu Ka radiation.*
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Figure 4. Syntheses and molecular structures of the triple-stranded (a) trinuclear [MLnM(L1),]°*'**° and (b) dinuclear [MLn(L2),]%* complexes for

M=Cr, Gaand Ln = Y, Er.*!
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Figure S. Jablonski diagrams obtained from absorption and emission
spectra recorded for the different chromophores in [CrErCr(L1);]-
(CF3803)e: () L1, (b) [CrNg], and (c) [ErNy] (see Appendix 3 for
details). The Cr-centered and Er-centered downshifted emission
obtained upon ligand-centered excitation at 355 nm in CrErCr is
shown on the left (excitation = full upward arrows, internal conversion =
curled down lines, energy transfer = dotted black arrows, emission = full
downward arrows), whereas the upconversion emission produced by
Cr-centered excitation at 705 nm is depicted on the right (ETU = dotted
green arrows). Relevant intrinsic luminescence lifetimes at 10 K for the
emissive metal-centered levels in CrYCr and GaErGa are given in red.

Cr(IlI)Ny sites (Figures Sb). Briefly, the excitation into the
ligand-centered '7* « 'z transitions at 355 nm (¥, = 28169
cm™") results in downshifted luminescence for both GaErGa and
CrYCr. In the first case, partial energy transfer onto Er(III)
eventually leads to residual broad ligand-centered emission
("3z* — 1) combined with narrow band Er-centered
Er(*S;,—*1;5/1,) and Er(*l;5,—";5/1,) luminescence in the
green at 542 nm (18450 cm™") and near-infrared (at 1545 nm or
(6470 cm™"), respectively, as previously reported for the ZnErZn
helicate (Figure S6)."®'* For CrYCr, almost quantitative energy
transfer onto trivalent chromium produces the typical narrow
band originating from the long-lived spin-flip Cr(*E—*A,)
transition and occurring in the near-infrared at 750 nm
(13330 cm™, Figure S7). The Jablonski diagrams gathered in
Figure 5 summarize the energies of the ground and excited states
pertinent for each chromophore in these supramolecular complexes
(see Appendix 3 in Supporting Information for details)."

26960

a) Wavelength / nm
990 890 7(?0 690 5(1)0 4(1)0
| ) — 9K
Cr(*(E—*A,) — 100K
A — 200K
Z 300 K
\>‘ T %
Z ] i 2N EN(4S5,T5)
] / "
2 / .\
= A ’/f/“ WLICT =!I + ')
=T T é LN Ry s L L LR LR R AR RN AR SRR RN
12 14 16 18 20 22 24 26
Wavenumber /103 cm!
b) Wavelength / nm
1600 1550 1500
= - Er(*T;,—>"T15)
e
2
'g" -
E A

62 63 64 65

6.6
Wavenumber /10% cm™

6.7

Figure 6. (a) Visible to near-infrared (¥, = 28169 cm™" or A, =355 nm,
the inset shows a magnification of the 15000—26000 cm ™" domain) and
(b) visible to far near-infrared (o = 24690 cm™ or A, = 405 nm)
solid-state emission spectra of [CrErCr(L1);](CF;SO;), at various
temperatures recorded under ligand-centered excitations. () Residual
fluorescence signal arising from the sample holder under UV irradiation.

In the target CrErCr complex, ligand-centered excitation at
355 or 405 nm is followed by energy transfer onto both metallic
chromophores leading to the simultaneous downshifted green
Er(*S;/,—"5/,) (542 nm, 18450 cm™'), and near-infrared
Cr(*E—"A,) (750 nm, 13330 em ™) and Er(*I}5,—";5),) (1545 nm,
6470 cm™') emissions (Figures 6 and S8). Compared with
CrYCr, the additional intramolecular intermetallic Cr(’E) —
Er(*1y/,) energy transfer operating in CrErCr (W™~ in Figure 5)
reduces the Cr(’E) excited-state lifetimes by approximately
30% (Table S3). Considering the intrinsic decay rates constant
k50 = TéEr)_l found for the Cr(*E) levels in CrYCr (in absence
of an activator) and the observed decay rate constant in

dx.doi.org/10.1021/jp4107519 | J. Phys. Chem. C 2013, 117, 26957—26963
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CrErCr (in presence of the activator) gives values of W{™™F ~
100—200 s~ for the rate constants of the energy transfer processes
(eq 4) and 77" ~ 25-35% for their efficiencies (eq 3) for
temperatures in the range of 5—250 K (Table $3)." Interestingly,
these two parameters do not significantly depend on the dilution
of the active CrErCr complex into inactive GaYGa (solid-state)
or into propionitrile/acetonitrile mixtures (solution), a behavior
supporting the exclusive operation of intramolecular Cr—Er
energy transfer processes.

WEE  kO(CrErCr) — kA7O(CrYCr) @

©)

Though modest, the rate constants obtained for the Cr — Er
energy transfer processes occurring in CrErCr are in line with
previous studies involving a Cr(*E) donor separated by 8—10 A
from various lanthanide acceptors in absence of a short bridge
between the metals.'® In these conditions, the poor spectral
overlap resulting from the narrow Cr-centered emission and Er-
centered absorption bands limits the efficiency of energy transfer
processes mediated by multig)olar electrostatic interactions (i.e.,
Forster-type energy transfer). s

Continuous-wave near-infrared (NIR) irradiation of the
sensitizer into its Cr(*E<*A,) (742 nm) or Cr(*T;«<*A,)
(705 nm) transitions in CrErCr produces downshifted milli-
second Cr-centered emission at 750 nm (Figure 7, blue trace),

Cr—Er

) = 1 — k& %(CrYCr) /k&(CrExCr)
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Figure 7. Black full trace: excitation spectrum of the green upconverted
Er(*S;/,—"1;5,,) emission in [CrErCr(L1);](CF;S0;), (10% doped in
GaYGea, solid-state, 31 K, P = 20 mW loosely focused onto the sample).
The dotted blue trace refers to the downshifted Cr(?E—*A,)
phosphorescence obtained upon ligand-centered excitation (T, =
28169 cm™ or A, = 355 nm).

together with a NIR Er(*l;;,—*I;5,,) emission at 1545 nm
induced by the Cr(°E) — Er("y/,) energy transfer. As expected,
the apparent lifetime of the Er(*I;;,—"5,,) emission, which
occurs in the microsecond range in GaErGa, now mirrors
that of the long-lived feeding Cr(’E) level and extends to the
millisecond range for CrErCr (Table $4)." In line with
preliminary measurements,'® near-infrared irradiation in the
Cr(’E, °T,)-centered feeding levels also reveals an upconverted
green emission corresponding to the Er(4S3/2—>4115/2) transi-
tion at 542 nm (Figure 7, black trace), which is detected in the
5—293 K range for CrErCr samples in solution (acetonitrile:-
propionitrile 4:1, Figure 8a, top dark green trace) and in the
solid state (as pure complex or diluted at 2—10% in GaYGea,
Figures S9—S14). In order to identify the excitation mechanism,
the intensity of the upconverted Er(*S;,,—*I;5/,) emission I*P
was recorded at increasing laser pumping intensities P. Plots
of log(I'*) versus log(P) are linear at reasonable pumping
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Figure 8. (a) Green upconverted Er(*S;/,—I;5,,) emission observed
for [CrErCr(L1),](CF;S0;)y and [CrEr(L2);](CF;SO;)4 in solution
(10 mM in acetonitrile:propionitrile (4:1), 31 K, ¥, = 13986 cm ™" or
Aexe = 715 nm, P = 100 mW loosely focused onto the sample. For direct
comparison background spectra obtained with the inert reference
CrYCr and GaErGa systems are included. (b) Upconverted emission
intensity (I'*) with respect to incident pump intensity into the
Cr(’T,«*A,) transition (P in mW) for CrErCr and CrEr on a log—log
plot, symbols: experimental points; lines: linear fits.

intensities with slopes in the range 1.65—1.93 corresponding to n
= 2-photon processes (top dark green trace in Figure 8b and
Figures $9—S12). The deviation of n from an integral number is a
consequence of many factors, among which absorption of the
upconverted emission and involvement of nonradiative decays in
populating the emissive level are the most likely.”** However,
linear two-step upconversion shares with nonlinear two-photon
excitation fluorescence (TPEF) similar quadratic dependences
for the emitted intensity with respect to incident pumping
intensities,”> and only the complete lack of upconverted signal
observed for CrYCr upon laser excitation at 715 nm (dotted black
trace in Figure 8a) excludes the operation of alternative ligand-
centered or Cr(III)-centered TPEF mechanisms involving third-
order nonlinear susceptibilities. The similar lack of Er-centered
upconversion activity measured for GaErGa in the same conditions
(black full trace in Figure 8a) eventually excludes competitive one
ion ESA mechanisms, which are beyond the limit of detection in
molecular complexes as reported by Reinhard and Giidel for nine-
coordinate erbium(III) tris(dipicolinates).'® We safely conclude
that indirect sensitization using two long-lived sensitizers and
exploiting ET'U mechanisms with a lanthanide activator in CrErCr
indeed overcomes this limitation at the molecular level.

A rational analysis of the relative individual contributions of
the Er-centered (red path) and the Cr-centered (green path)
mechanisms to the upconverted emission in CrErCr (Figure 3a)
required the synthesis of the second isostructural series of
dinuclear dimetallic triple-stranded helicates [MLn(L2),]-
(CF;80;) (M = Cr, Ga and Ln =Y, Er) depicted in Figure 4b
(Table S1, Appendix 2 in Supporting Information).** For CrEr,
ETU upconversion exclusively relies on the Er-centered
mechanism (red path in Figure 2b), the efficiency of which is
predicted to be statistically reduced by a factor 2 = 4 with respect to
CrErCr when all kinetic parameters and concentrations are identical.
As designed by their molecular architectures (Figure S16), the
electronic structures and photophysical properties of the CrN4 and
ErN, chromophores in CrEr (Figures S$17—S20 and Tables SS and
S6) closely match those found in CrErCr (Figure S and Table S3
and $4), except for minor shifts in the energies of some excited states
(Figures S21 and S22) resulting from the looser helical wrapping
of the shorter strands in CrEr."” However, minute energy change
may significantly affect energy transfer processes, and we indeed
observe a doubling of the Cr(*E) — Er("I,/,) energy transfer rates in

dx.doi.org/10.1021/jp4107519 | J. Phys. Chem. C 2013, 117, 26957—26963
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CrEr (WS & 300—400 57, eq 4 and Table S5), that may result
from some level of improvement in the spectral overlap integral
between the partners.” Again, irradiation of GaEr and CrY in the
NIR domain does not generate any upconverted emission, in line
with negligible nonlinear TPEF response (CrY) and/or one ion
ESA mechanisms (GaEr) operating in these dinuclear complexes.
Though weaker than in CrErCr, NIR excitation into the sensitizer
Cr(’E,’T,«<*A,) transitions in CrEr also induce two-photon (1 =
1.67—1.79) weak green upconverted Er(*S;,—",5/,) emission
resulting from the Er-centered ETU mechanism (Figures 8 and
$23—S525). The experimental intensity ratio of the upconverted
emissions measured in the two complexes It(CrErCr)/I{(CrEr)
evolves from 3 to 4 for pure solid-state samples to 7—8 in solution at
low temperature (Figure 8b). Assuming that (i) the nonaccessible
energy rate constants W5~ follow the trend found for W™ (ie,,
WS E(CrErCr) = W™ (CrErCr) = 170 s7%, WS E(CrEr) =
WSE(CrEr) = 295 s7! at 10K, Tables S3 and S5), (i) the Cr-
centered absorption cross section per metal are similar in CrEr and
CrErCr complexes, and (jii) the concentrations are also similar for
CrEr and CrErCr complexes, the model calculation predicts a ratio

of N (S22} (CrErCr)/NECS) (CrEr) & 300 for the normalized
steady-state population densities of the Er-centered excited level
responsible for upconverted emission (Figure 526 and Appendix 1
in Supporting Information). The discrepancy with respect to
I®(CrErCr)/I2(CrEr) ~ 8 suggests that the experimentally
nonaccessible parameters W5~ (rate of the second Cr—Er energy
transfer process) are indeed sufficiently different in the two
complexes and specifically boost the Er-centered energy transfer
upconversion process in the dinuclear complex. It is however worth
remembering here that according to eq 6, If?(CrErCr)/I(CrEr)
not only depends on the ratio of the steady-state populations

NE(S32)) (CrErCr)/NIEr(‘)S}/Z)> (CrEr) but also on ¢1§;§45“)

(CrErCr)/ ¢E§S3/ ) (CrEr), that is the ratio of the intrinsic emission
quantum yields of the Er(“S;),) level in the two complexes."

Iz?(CrErCr) NlEr(4S3/2)>(CrErCr) ¢1§;E4S3“)(CrErCr)
Ig7 (CrEr) NECSNCrEr) B0 (Crr)

(6)

Unfortunately, the Er(*S;,—*I;5/,) luminescence signal
systematically appeared as a minor modulation of the underlying
intense residual ligand-centered L2("*z*—'7) transition in
ME:M (Figures 63, S6, and S8) and MEr (Figure S18). We were
therefore technically unable to obtain reliable lifetimes or quantum
yields for the Er(*S, ;) level in these complexes, which prevented a
definitive quantitative estimation of the additional contribution
of the Cr-centered ETU mechanism in the trinuclear complex
(green path in Figure 3a). In view of the fact that the Er cation is
more accessible to external interactions in CrEr than in CrErCr
(Figures 4 and S16), a considerable gain in intrinsic quantum yield
in going from CrErCr to CrEr is, however, unlikely. On the
contrary, a substantial variation of the second energy transfer rate
constant due to minor changes in the spectral overlap integral
between the emission spectrum of the [CrNg] chromophore
and the transient absorption spectrum of the excited [ErNy]
chromophore in CrEr* and CrEr*Cr* are more realistic. An
additional reason for the lower than expected intensity ratio is
provided by the irradiation wavelength dependence of the
upconversion intensity (Figure 7). Despite the smaller extinction
coefficient of the Cr(*T,«*A,) transition compared to the one of
the Cr(*E<"*A,) transition it is more efficient in inducing up-
conversion. This is thought to be related to the homogeneous line

width of the transitions with respect to the inhomogeneous
broadening. For the ’E state at the working temperatures, the
homogeneous line width of typically a few wavenumbers** is much
smaller than the inhomogeneous width of around 250 cm™,
whereas for the short-lived *T| state the homogeneous line width
is much larger. This effectively reduces the number of
chromophores for which both chromium centers can be excited
simultaneously by narrow band irradiation into the Cr(*E<“A,)
absorption band.

B CONCLUSION

The highly efficient nonradiative relaxation processes occurring
in the erbium (supra)molecular coordination complexes GaErGa
and GaFEr prevent the detection of NIR to visible upconverted
signals resulting from a one ion excited-state absorption (ESA)
mechanism (Figure 1a). The introduction of a long-lived Cr(III)
sensitizer in the CrEr complex improves this situation because of
the intramolecular chromium-to-erbium communication which
activates an alternative energy transfer upconversion (ETU)
mechanism (red path in Figure 2b), which benefits from the
larger absorption cross section of the sensitizer in the NIR and
leads therefore to detectable upconverted green Er(*S;,—*I;5),)
emission. The connection of an additional Cr(III) sensitizer
in CrErCr generates an alternative Cr-centered pathway for
upconversion, in which two successive excitations are stored on
the long-lived sensitizers prior to being transferred onto the
activator to reach the target Er(*l;/,) emissive level (green path
in Figure 3a). Statistically, in increments of one sensitizer unit in
discrete Cr,Er complexes, all rate constants, absorption cross
sections and intrinsic quantum yields being equal, the kinetic
models predict that the intensity of the quadratic response of the
upconverted emission produced by the Er-centered ETU
mechanism depends on n” (red path in Figure 3a) while that of
the Cr-centered ETU mechanism increases as n(n — 1) (green
path in Figure 3a). A nonstatistical gain in efficiency is there-
fore only expected between CrEr (n = 1) and CrErCr (n = 2)
because of the abrupt implementation of the second mechanism
(Figure 3b), a situation experimentally supported here with the
observation of an increase of the upconverted emission by a factor
of 7—8 in going from CrEr to CrErCr (a factor of 4 is predicted in
absence of Cr-centered ETU mechanism). Predictions for a
tetranuclear Cr;Er system results in the creation of a pure statistical
scheme with gains of 9/4 (red path, Er-centered ETU) and 6/2
(green path, Cr-centered ETU) with respect to CrErCr (Figure
$27). This work demonstrates that lanthanide-centered light-
upconversion can be induced at the molecular level and it might
thus benefit from the high degree of rationalization, modeling and
tuning provided by specific well-developed chemical toolboxes.
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Appendix 1: Calculation of normalized steady-state population densities in molecular systems.

The dynamic behavior of any molecular system S,A,, containing a discrete number of activators (A)
and sensitizers (S) can be modeled with a set of linear differential equations written in the matrix

1
form®

0 |
{%}ZMX[M] (A1-1)

M depends on the kinetic diagram and corresponds to

_kcxc(Oﬁl) kl%O k2~>0
A A A
M= k3o —(k}fo +k/§"°(H2)) kK for the one ion ESA mechanism depicted in
exc(1—>2) 250 21
0 kS —(k+ k)

Fig 1a. Under steady-state conditions, eq. (A1-1) becomes
M x| N ] =[0] (A1-2)

However, mass conservation within the kinetic diagram implies that M is singular (i.e det(M) = 0)
and the lack of an inverse matrix precludes a non-trivial solution for eq. Al-2. The missing
information is contained in the mass balance (eq. A1-3), which is added as an additional line in the

kinetic matrix transforming M into its non-symmetrical form M’

_k/e\xc(()al) k/l:() kiﬁO N‘o> 0
k[:xc(Oﬁl) _ ( k/ljo T k;xc(Hz)) kiﬁl . N\1> _ 0
0 kexc(1—>2) kexc(]—)Z) 0 (Al ‘3)
A A N\z)
1 1 1 N

The mathematical solution of eq. Al-3 requires symmetrization with the help of the transpose

matrix "M, followed by inversion to give

N‘O>
N‘1> :(TM'><M')71 x TM" x
N\2>

(A1-4)

which is then used for computing normalized steady-state population densities produced by
continuous-wave irradiation. The same strategy is used for the molecular systems characterized by

their kinetic matrices M gathered in Fig. S1 as derived for the different cases depicted in Fig S2.
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Appendix 2: Experimental section.

General. Chemicals were purchased from Fluka AG, Aldrich or Acros and used without further

purification unless otherwise stated. The trifluoromethanesulfonate salts Ln(CF3;SOs);-xH,O were
prepared from the corresponding oxide (Rhodia, 99.99%).5* Ligands L1 and L2 and the complexes
[CrLnCr(L1)3](CF3S03)ox(H,0) - »(C3HsN)* and [CrLn(L2)3](CF3S03)¢x(H,0)-»(C3HsN) (Ln =
Y, Er)** were prepared according to literature procedures. Acetonitrile and dichloromethane were

distilled over calcium hydride and degassed by successive freezing/melting vacuum cycles.

Preparation of [GaLnGa(L1)3](CF3S03)ex(H20) y(C3HsN) and [GaLn(L2);3](CF3SO3)6
x(H,0)-y(C3H5N). Ln(CF3S03);.xH,0 (Ln = Er or Y) (41.1 umol, 1 eq.) in acetonitrile (10 mL)
was added into a dichloromethane/acetonitrile (2:1, 20 mL) solution of L1 or L2 (123.4 umol, 3 eq)
and the resulting solution slowly turned to a pale yellow color after being stirred for 3 h at 36°C. An
acetonitrile solution (10 mL) of Ga(CF3S03)3 (82.3 pmol, 2 eq for L1, 41.1 umol, 1 eq for L2) was
added, and the resulting mixture stirred for 36 h at 55 °C under an inert atmosphere. The solvents
were evaporated, and the solid residue was dissolved in a minimum amount of propionitrile. Slow
diffusion of tert-butylmethylether yielded 30—60% of [GaLnGa(L1);](CF3SO3)ex(H,0) »(CsHsN)
and [GaLn(L2);](CF3S0s)s x(H20)-»(CsHsN) (Ln = Er or Y) as pale yellow microcrystalline
powders, which were separated by filtration, washed with diethyl ether and dried under vacuum. All
complexes were characterized by elemental analysis (Table S1), '"H NMR (Figs. $3-S4) and ESI-
MS (Table S3). Suitable but fragile X-ray quality needles of [MLnM(L1)3]2(CF3S03);35(C3H5N)30
(M = Cr, Ga and Ln = Y, Er, Table S2) were obtained by slow diffusion of tert-butylmethylether
into concentrated propionitrile solutions of the previously isolated complexes. Diluted sample were
obtained by co-crystallization of 2-10% mole fraction of GaErGa or CrYCr or CrErCr in 98-90% of
GaYGa. The kinetic inertness of GaYGa in solution at millimolar concentrations was checked by its

'H NMR spectrum in acetonitrile, which did not change within one month.

Spectroscopic and Analytical Measurements. Pneumatically-assisted electrospray (ESI-MS) mass
spectra were recorded from 10 M solutions on an Applied Biosystems API 150EX LC/MS System
equipped with a Turbo lonspray source®. Elemental analyses were performed by K. L. Buchwalder
from the Microchemical Laboratory of the University of Geneva. Electronic spectra in the UV-Vis
region were recorded at 293 K from solutions in CH3;CN with a Perkin-Elmer Lambda 900 and a
Varian Cary 5000 spectrometer using quartz cells of 0.1 cm path length. Powder samples were
mounted directly onto copper plates using conductive silver glue and cooled either in an optical
closed-cycle cryostat capable of reaching low temperatures down to 5 K in an helium atmosphere

(Oxford Instruments CCCI1100T, or Sumitono SHI-950/Janis Research CCS-500/204). The

emission spectra at variable temperature (9 — 293 K) were measured on a Fluorolog ®-3
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spectrometer (Jobin Yvon Horiba FL3-22) equipped with a peltier-cooled photomultiplier
(Hamamatsu R2658P, sensitivity: 185 — 1010 nm). The infrared luminescence spectra at 11 K were
measured on a Bruker IF'S 66/S spectrometer equipped with an InGads diode D424 (sensitivity: 780
— 1725 nm) in order to measure the Er’ (*I;3,—"1,5,,) transition between 1450 and 1650 nm. High
resolution emission spectra were recorded upon excitation with 405 and 473 nm diode lasers or with
Nd:YAG lasers (Quantel Brillant and Brillant B) either directly with the third harmonic at 355 nm
or via an OPO crystal (Optotek Magic Prism) at 412 nm. The emitted light was analyzed at 90° with
a Spex 270M monochromator with holographic gratings (150 or 600 grooves/mm, blazed at 500
nm). Light intensity was detected by a photomultiplier (Hammatsu R928) or a CCD detector (Jobin-
Yvon). Appropriate filters were utilized to remove the laser light, the Rayleigh scattered light and
associated harmonics from the emission spectra. The emission spectra were corrected for the
instrumental response function. Luminescent lifetimes were measured using the excitation provided
by a Quantum Brillant B laser (visible lifetimes, Aex = 355 nm) or Quantel YG 980 Nd:YAG laser
equipped with frequency doubler, tripler and quadrupler , and a Quantel TDL + dye laser (Infrared
lifetimes, Aex = 355 or 705 nm). The output signal of the photomultiplier was fed into a digital
oscilloscope (Tektronix TDS-724c) or a multichannel scaler (Stanford Research SR-400) and
transferred to a PC for data analysis. Lifetimes were averages of 3 independent determinations.
Resonant excitation into the 4A2 — 2E transition of Cr’" in CrLnCr and CrLn was achieved with a
tunable Ti:sapphire laser (Spectra Physics 3900S) pumped by the 532 nm excitation of an
intracavity doubled Nd:YAG CW laser (Newport Millenia-10SJ). The excitation was tuned from
12820 t014490 cm™ (690 — 780 nm). Two band pass filters that cut the scattered laser light and
allowed the passing of green light were used for these measurements. Any pump laser residual
signal was removed at the exit of the Ti:sapphire laser with an RG 590 nm cut-off filter. The
excitation beam was loosely focused on the sample with a 100 mm lens. Assuming a spot size of
250 pm and taking into account the losses of the focusing lens and the cryostat windows, 100 mW
of total laser power are estimated to correspond to 1 W/mm?®. The emission spectra were corrected
for the instrumental response (wavelength dependence of the dispersion of the monochromator and
the detector sensitivity). In the following, the spectra are displayed as photons per second versus

energy (cm™) on the bottom axis and versus wavelength (nm) on the top axis.

X-Ray Crystallography. Crystal data, for [MLnM(L1);]>(CF35S03)3(CsHsN)30 (M = Ga, Cr and
Ln =Y, Er) are collected in Table S2. All crystals were mounted on quartz fibers with protection
oil. Cell dimensions and intensities were measured at 150 K on a Agilent Supernova diffractometer
with mirror-monochromated Cu[Ka] radiation (A = 1.54184 A). All complexes proved to be

isostructural.
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Appendix 3: Determination of the Jablonski diagrams for the different chromophores in

[CrErCr(L1);](CF3S03)s and [CrEr(L2);](CF;SO5)s.

Ligand-centered exited levels (Fig. 5a). The assignments of ligand-centered excited states are
deduced from the absorption spectra of GaY Ga showing the standard excitonic Davydov splitting of

S5-S8

the low-energy lnla,b*<—ln (Fig. S5a) transition, combined with the associated emission spectra

obtained upon excitation into the singlet 'm;,*< 7 transition.'®’

Erbium-centered excited levels (Fig. 5¢). Among the wealth of excited states gathered in the
Dieke diagram of Er(IIl) (Fig. 5¢),%'® the emission spectrum of GaErGa recorded upon ligand-
centered excitation in the solid state and in solution (10-293 K) reveals that the lowest Er(*I;3)

excited state is the main emissive level, which results in far near-infrared Er(4Il3/2—>4115/2)

luminescence (1545 nm, 6470 cm™') with an essentially constant intrinsic lifetime of T,;I‘“ =3.89

(10 K) to 4.60 (293 K) ps (Table S4 and Fig. Séc), in line with previous reports describing Er(III)
coordination complexes, in which the metal is well-protected from interactions with high-energy
oscillators.>'"5'? The weak green luminescence arising from the Er(483/2—>411 s;2) transition (542 nm,
18450 cm™; Fig. S6a,b) is more remarkable and it represents a rare example of visible Er-centered

. . . . 10.S1
emission detected in coordination complexes, 5"

though this radiative transition is common for
Er(IIT) doped in solid oxides, fluorides and <:halcogenides.4’“’13 14 Because the latter Er(4S3/z—>411 51)
transition systematically appeared as a minute modulation of the underlying intense residual ligand-

centered L2("? T —'1) emission, we were technically unable to obtain reliable lifetimes or quantum

yields for the Er(*Ss) level. The kinetic model consequently relies on the rough estimate of T;f 2

reported for Er(IIT) doped in YAG lasers.® At low temperature (Fig. S6a,b), the standard,™'"*'* but
weak red Er(*Fon—"1152) emission at 650 nm (15385 cm™) can be detected together with long-lived
(lifetime of 1.4 ms at 5 K) weak emission bands originating from the high-energy members of the
‘F , multiplets and ending at the intermediate Er(4113/2) level. It is worth noting that efficient
intramolecular intermetallic Er(*F,;)—>Cr(*T,, *T,, °T)) energy transfer quenches the latter visible
emission in the CrErCr analogue and only the green Er(483/2—>4115/2) luminescence is retained

together with the near-infrared Er(*li3,—1;5) emission (Figs 6 and S8).

Chromium-centered excited levels (Fig. Sb). The excited states centered on trivalent chromium
(Fig. 5b) are deduced from the analysis of (i) the absorption spectrum of CrYCr fixing the
maximum energy of the spin-allowed Cr(*To<"A,) transition at 19940 cm™ (Fig. S7a),'® (ii) the
emission spectrum of CrYCr dominated by the long-lived red Cr(*E—*A,) phosphorescence at

13330 cm™ (Fig. S7b) and (iii) the excitation spectrum of the upconverted green emission in CrErCr
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leading to Cr(*E<—*A;) at 13478 cm™ and Cr(*T;«<—"A,) at 14185 cm™ (Fig. S14). For the pseudo-
octahedral [CrNg] chromophore found in CrYCr and CrErCr, the energy of these three transitions
can be roughly modeled by using the Tanabe-Sugano approach summarized in eqs A3-1 to A3-3,5"
and from which the ligand-field parameter A = 19940 cm™ and the Racah parameters B = 736 cm’

and C=2737 cm™ can be computed (C/B = 3.72).

E(*T,)=A=19940cm™ (A3-1)
E(*T,)=9B+3C—-24(B’/ A)=14185cm™ (A3-2)
E(’E)=9B+3C-50(B"/A)=13478cm’ (A3-3)

We are now in a position to predict the energy of the missing levels by using eqs A3-4 to A3-6.

E(’T,)=15B+5C—176(B* / A)=19944cm”" (A3-4)
E(*T)=15A+758- 0.5v225B% + A> —18BA =27443cm’™ (A3-5)
E(*T))=1.5A+7.5B+ 0.5v225B% + A2 —18BA =43422cm’™ (A3-6)

The same procedure was applied to the binuclear [MLn(L2)3](CF3SO3)s complexes and revealed a
800 cm™ red shift of the ligand-centered L2(1n1a,b*<—ln) transitions (Fig. S17a), but no major
change is evident for the Er-centered excited levels (Figs S18 and S20). The detailed analysis of the
[CrNg] chromophore in CrY (Fig S17) and CrEr (Fig. S23) resulted in the following values:

E(*T,) =20130 cm
E(*T,)=14085 cm’
E(’E)=13515cm’"

Application of eqs A3-1 to A3-3 yields A =20130 cm™ and the Racah parameters B = 665 cm™ and
C = 2876 cm™ (C/B = 4.33), from which E(’T,)= 20488 cm™ and £(‘T,)= 27064 cm™ can be

computed with eqs A3-4 and A3-5 (Fig. S22).
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S10

a
) Wavelength / nm
800 600 500 400 300 250 200
! | | | | | |
280)(103_; — (GaYGa
2402 | —— GaFErGa
. 4 |— CrYCr
g 2003 CrErCr
< 1603
2 1205 Ly e ln
® 80—
40 =
0__||‘||\|‘|\||‘II\I|\II\|I\II|I\I\‘I\\I‘
15 20 25 30 35 40 45  S0x10°8
Wavenumber /em!
b)
Wavelength / nm
900 800 700 600 500 400
| | | | | |
180x10° —| [— GaYGa 10K
—— GaYGa 50 K
160 H{ |—— GaYGa 100 K
—— GaYGa 150 K
140 - |—— GaYGa 200 K lg* iy
GaYGa 250K
5 120 GaYGa 300 K
=
2 100
E 80
=
60 —
40 -
20 —
O TTrind

12 14 16 18 20 22 24 26)(103

Wavernumber /em-!

Fig. S5. (a) Electronic absorption spectra of the [MLnM(L1);]" complexes (0.05 mM in
acetonitrile, 298 K) and (b) solid-state emission spectra of [GaYGa(L1);](CF3SOs3)9 at various

temperatures ( ‘7ex =28169 cm™ or Aexe= 355 nm).
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Fig. S8. (a) Visible and (b) near-infrared solid-state emission spectra of [CrErCr(L1);](CF3SOs3)o at
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signal arising from the sample holder under UV irradiation.
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Fig. S9. (a) Green upconverted Er(*S3»—1155) emission in pure [CrErCr(L1):](CF3SOs)o (solid-

state, 31 K, l~/ex = 13228 cm™ or Aee = 756 nm) and (b) quadratic dependence of the Er-centered

C
upconverted emission intensity with respect to incident pump power in mW loosely focused with a
100 mm lens. The kinetic model predicts saturation effects at high power intensities (see Fig. S25),
but we cannot exclude some concomitant photochemical bleaching resulting from some alteration
of the molecular system under too intense irradiation.
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Fig. $10. (a) Green upconverted Er(*S3,—"15) emission of CrErCr doped (10%) in GaYGa (solid-
state 31 K, Vexc = 13340 cm™ or Aexe = 749.6 nm) and (b) quadratic dependence of the Er-centered

upconverted emission intensity with respect to incident pump power in mW.
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Fig. S11. (a) Green upconverted Er(*S3,—"115,) emission of CrErCr doped (2%) in GaYGa (solid-
state, 31 K, ‘7@(0 = 13358 cm™ or Aexe = 748.6 nm) and (b) quadratic dependence of the Er-centered

upconverted emission intensity with respect to incident pump power in mW.
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Fig. S12. (a) Green upconverted Er(483/2—>4115/2) emission of [CrErCr(LL1)3](CF3SOs3)¢ in solution
(10 mM in acetonitrile:propionitrile (4:1), 31 K, f/exc = 13397 cm™ or Aee = 746.4 nm) and (b)

quadratic dependence of the Er-centered upconverted emission intensity with respect to incident
pump power in mW.
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Fig. S13. (a) Green upconverted Er(483/2—>4115/2) emission of CrErCr doped (10%) in GaYGa at
various temperature (solid-state, V, = 13392 cm’ or Adexe = 746.7 nm) (b) top: Green upconverted

Er(4S3/2—>4115/2) emission of [CrErCr(L1);](CF3S03)e in frozen solution (10 mM in
acetonitrile:propionitrile (4:1) at various temperature (ﬁexc = 13397 cm™' or Aexe = 746.4 nm) and

bottom: associated dependence of the Er-centered upconverted emission intensity as a function of
temperature.
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Fig. S14. (a) Green upconverted Er(*S3,—*I152) emission of [CrErCr(L1);](CF3S0s)e doped (10%)
in GaYGa under different Cr-centered excitation wavelengths (solid-state, 31 K, P = 20 mW) and
(b) associated excitation spectrum of the upconverted Er(483/2—>4115/2) emission in
[CrErCr(L1)3](CF3SO3)o (black trace). The dotted blue trace refers to the downshifted Cr(*E—"A,)

phosphorescence obtained upon ligand-centered excitation ( 17exc =28169 cm™ or Aexe= 355 nm).
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Fig. S15. Superimposition of the molecular structures of CrEuCr (red) and GaErGa (blue) in the
crystal structures of [CrEuCr(L1)3]2(CF3S03)15(C3HsN)30' and
[GaEI‘Ga(L1)3]2(CF3SO3)18(C3H5N)30.

Fig. S16. Superimposition of the molecular structures of CrYbCr (red) and CrEr (blue) in the
crystal structures of [CrYbCr(L1)3]2(CF3S03)15(C3HsN)30'® and [CrEr(L1)3](CF3SOs)s.
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Fig. S17. (a) Electronic absorption spectra of the [MYM(L1)3]°" and [MY(L2);]®" complexes (0.05
mM in acetonitrile, 298 K) and (b) solid-state emission spectra of [GaY (L1)3](CF3SOs3)e at various

temperatures ( V_ =24691 cm™ or Aexe =405 nm).
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Fig. S18. Solid-state emission spectra of [GaEr(L2);](CF3SO;)s at various temperatures
( ﬁexc = 24691 cm™ or Aexe = 405 nm). The dips correspond to internal Er-centered re-absorption of

residual ligand-centered emission.
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Fig. S19. (a) Low-energy part of the electronic absorption spectra of the [MYM(L1);]”" and
[MY(L2);]* complexes (0.05 mM in acetonitrile, 298 K), and solid-state emission spectra of (b)

[CrY(L1)3](CF3S03)6 and (c¢) [CrEr(L1);](CF3S03)6 at various temperatures ( ‘7@;
Aexe = 405 nm).
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Fig. S20. Jablonski diagrams for the different chromophores in [CrEr(L2);](CF3SO3)s (a) L2, (b)
[CrNg] and (c) [ErNg] showing on the left the downconversion emission obtained upon ligand-
centered excitation at 405 nm (excitation = full upward arrows, internal conversion = curled
downward lines, energy transfer = dotted black arrows, emission = full downward arrows), and on
the right the upconversion emission produced by Cr-centered excitation at 715 nm (excitation = full
upward arrows; internal conversion = curled downward lines, ETU = dotted green arrows, emission
= full downward arrows). The pertinent intrinsic lifetimes at 10 K for the emissive metal-centered
levels in CrY and GaEr are indicated in red (Tables S6-S7).
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Fig. S21. Jablonski diagrams for the [ErNy] chromophores in [GaErGa(L1);](CF3;SO3)9 and

[GaEr(L2);](CF3SO5)s.

green).

The excited levels

given in wavenumbers

(centroids) are those
experimentally detected by using absorption, excitation and emission spectra. The downward
arrows correspond to the radiative transitions detected in GaErGa (all colors) and in GaEr (pink and
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Fig. S22. Jablonski diagrams for the [CrNg] chromophores in [CrYCr(L1);](CF3SOs)9 and
[CrY(L2);](CF3S03)s. The excited levels given
experimentally detected by using absorption and excitation spectra, while those appearing with
italic fonts were computed with eqs A3-4 and A3-5. The downward red arrow corresponds to the

observed radiative Cr(*E—"A,) transition.

in  wavenumbers
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Fig. S23. (a) Green upconverted Er(483/2—>4115/2) emission in [CrEr(L2);](CF3SOs3)s under different
Cr-centered excitation wavelengths (solid-state, 31 K, P = 50 mW loosely focused) and (b)
associated  excitation spectrum of the upconverted Er(*S;n—'11s5) emission in
[CrEr(L2)3](CF3S03)s (black trace). The dotted blue trace refers to the downshifted Cr(*E—*A,)

phosphorescence obtained upon ligand-centered excitation ( Vexc =28169 cm™ or Aexe= 355 nm).
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Fig. S24. (a) Green upconverted Er(*S3»—l152) emission in pure [CrEr(L2)3](CF3SOs)s (solid-
state, 31 K, 17ex = 14184 cm™ or A = 705 nm) and (b) quadratic dependence of the Er-centered

upconverted emission intensity with respect to the incident pump power in mW.
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Fig. S25. (a) Green upconverted Er(4S3/2—>4115/2) emission of [CrEr(L2);](CF3S0O;)s in solution (10
mM in a mixture of acetonitrile:propionitrile (4:1), 31 K, V.. = 13477 cm™ or Aexe = 742 nm) and

(b) quadratic dependence of the Er-centered upconverted emission intensity with respect to the
incident pump power in mW.
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Fig. S26. Quadratic dependence of the normalized population densities of Er(*Ssp) level with
respect to the incident pump intensity into the Cr(*T«'A,) transition (in W/mm?) for

[CrErCr(LL1)3](CF3S03)9 and [CrEr(L2);](CF3SO3)s computed by using the experimental values
collected at 10 K (Ap = 715 nm, o, (CtErCr) =op,” (CrEr) = 107 m?, k2 :(T"Sw )_1 = (619

Er, rad

-1

us)”, ké,_’°+kér_"=(r;f3’2)_l = (16 ps)’, ké?O(CrErCr)z(T;:”“ (CrErCr))i1 = (34 ps),

kgjO(CrEr)=(r;jm (CrEr))il =28 ps)', kg (CrYCr) = (2336 ps)”, kg (CrY) = (2767 ps)”,

W5 (CrErCr) = W™ (CrErCr) = 170 s™', W,“~" (CrEr) = W, "™ (CrEr) =295 5™ (extracted
from Tables S3-S6).
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Fig. S27. Kinetic scheme depicting the modeling of the energy transfer upconversion (ETU)
processes occurring upon off-resonance irradiation into the sensitizer-centered absorption bands of
a discrete S;A tetranuclear molecule. The red and green dashed pathways highlight the two possible
mechanisms responsible for ETU under weak pumping power.
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Table S1 Elemental Analysis for [MLnM(L1)3](CF3S03)9x(H,0)-3(C3HsN) and
[MLn(L2)3](CF3503)¢x(H20)-3(CsHsN) Complexes (M = Cr, Ga and Ln =Y, Er).

Compound MM/ %C %H %N %C %H %N
g-mol’ found found found caled caled Calcd

[GaErGa(L1)3](CF3SO3)9 4384.12 46.65 3.68 1142 46.65 3.68 11.42
-8.5H,0-2.8C3HsN

[GaYGa(L1)3](CF3S03)9 4268.46 48.03 3.80 11.66 47.99 3.67 11.76
6.2H,0-2.9C3HsN

[CrErCr(L1)3](CF;S03)s 428326 4776 3.62  11.67 4775 3.60 11.69
4.9 H,0-2.8C;HsN

[CrYCr(L1)3](CF3S03)9 4379.03 48.31 3.90 12.07 4831 390 12.06
-8.6H,0-4.7C3HsN

[GaEr(L2)3](CF3S03)6 2988.80 46.65 3.71 11.67 46.63 3.66 11.72
-2.5H,0-1.6C3HsN

[GaY(L2);](CF3SO5)s 3030.39  47.53 375 1148 4750 3.67 1154
7.7H,0-2.1C3HsN

[CrEr(L2)3](CF3S03)6 2989.35 46.99 3.61 11.66 4697 3.57 11.70
-5.5H,0-1.0C3H5N

[CrY(L2);](CF3S03)6 2944.10 48.84 4.05 12.01 4873 3.72 12.28
4. 7TH,0-1.8C3HsN
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Table S2  Molecular Peaks and their Triflate Adducts Observed by ESI-MS (Soft Positive Mode)
for [MLHM(L1)3](CF3SO3)9'X(H20)‘y(C3H5N) and [MLH(L2)3](CF3SO3)6
Complexes (M = Cr, Ga and Ln =Y, Er) in Acetonitrile.

Cationic species Ln=Er Ln=Y
mlz mlz
[GaLnGa(L1)3(CF5SO;3)7]*" 1889.8 1850.0
[GaLnGa(L1)3(CF3SOs)s]*" 1210.0 1187.0
[GaLnGa(L1)3(CF3S0s)s]*" 870.0 -
[GaLnGa(L1)3(CF5S0;3)]** - 351.0
[CrLnCr(L1)3(CF3S05),]* 1872.6 1832.8
[CrLnCr(L1)3(CF3S05)]* 1198.3 11723
[CrLnCr(L1)3(CF3S03)s]* 862.0 842.0
[CrLnCr(L1)3(CF3S05)4]°" - 644.0
[CrLnCr(L1)3(CF3S03)3]° 525.0 -
[CrLnCr(L1)3(CF3S05),]" 429.0 417
[CrLnCr(L1)3(CF;S0;)] " 356.0 -
[GaLn(L2)3(CF3S05)s]" 2706.9 -
[GaLn(L2)3(CF3S03)4]*" - 1237.9
[GaLn(L2)3(CF3S0;):]*" 1278.0 -
[CrLn(L2)3(CF3S03)s] * 2687.4 2609.0
[CrLn(L2)3(CF3S05)4]*" 1268.6 1230.0
[CrLn(L2)3(CF3S05)s]*" 559.7 -

'X(HzO) ‘y(C3H5N)
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Table S3 Experimental Cr(E) Excited State Lifetimes (z."), Intramolecular Cr(*E)—>Er(‘Ion)

Cr—Er

Energy Transfer Rates (W,"”", eq. 4) and Efficiencies (7, , eq. 5) for

[CrLnCr(L1)3](CF3S03)e(Ln =Y, Er) Collected in the Solid State (100% Pure, Diluted 10% or 2%
in GaYGa) and in Solution (1 mM in Acetonitrile).”

Solid-100% CrYCr CrErCr
T/K 7 Jus ¥ s W s et %
5 2386(10) 1699(10) 169(4) 28.8(2)
10 2336(10) 1672(10) 170(4) 28.4(2)
20 2202(10) 1602(10) 170(4) 27.2(2)
30 2031(10) 1492(10) 178(5) 26.5(2)
40 1860(10) 1373(10) 191(6) 26.2(2)
50 1679(10) 1267(10) 194(7) 24.5(2)
60 1526(10) 1180(10) 192(8) 22.7(2)
70 1405(10) 1105(10) 193(10) 21.4(2)
80 1308(10) 1045(10) 192(11) 20.1(2)
100 1136(10) 963(10) 158(13) 15.2(2)
125 939(10) 844(10) 120(18) 10.1(2)
150 784(10) 736(10) 83(25) 6.1(1)
200 422(20) 437(20) -81(154) 0
250 120(20) 119(20) 70(1980) 0
293 28(20) 26(20) 2747(39065) 0
Solid-10% CrYCr CrErCr
T/K 7.F Jus 7" Jus W s e %
5 2724(10) 1811(10) 185(3) 33.5(2)
10 2703(10) 1810(10) 183(3) 33.0(2)
20 2670(10) 1798(10) 182(3) 32.7(2)
30 2663(10) 1780(10) 186(3) 33.2(2)
40 2582(10) 1768(10) 178(4) 31.5(2)
50 2533(10) 1750(10) 177(4) 30.9(2)
60 2491(10) 1728(10) 177(4) 30.6(2)
70 2443(10) 1693(10) 181(4) 30.7(2)
80 2408(10) 1667(10) 185(4) 30.8(2)
100 2289(10) 1627(10) 178(4) 28.9(2)
125 2201(10) 1527(10) 201(5) 30.6(2)
150 2039(10) 1405(10) 221(6) 31.1(3)
200 1633(10) 1000(20) 388(11) 38.8(5)
250 1155(10) 602(20) 795(56) 48(2)

293 330(20) 345(20) -132(249) 0
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Solid-2% CrYCr CrErCr
T/K TérE /us TCZrE /ps et st mr 1%
5 3059(10) 1942(10) 188(3) 36.5(2)
10 3032(10) 1949(10) 183(3) 35.7(2)
20 3012(10) 1940(10) 183(3) 35.6(2)
30 2990(10) 1924(10) 185(3) 35.7(2)
40 2975(10) 1914(10) 186(3) 35.7(2)
50 2961(10) 1925(10) 182(3) 35.0(2)
60 2963(10) 1897(10) 190(3) 36.0(2)
70 2945(10) 1893(10) 189(3) 35.7(2)
80 2874(10) 1888(10) 182(3) 34.3(2)
100 2849(10) 1888(10) 179(3) 33.7(2)
125 2877(10) 1908(10) 177(3) 33.7(2)
150 2813(10) 1907(10) 169(3) 32.2(2)
200 2448(10) 1710(10) 176(4) 30.1(2)
250 1451(10) 1178(10) 160(9) 18.8(2)
293 296(20) 277(20) 232(346) 6.4(6)
Solution CrYCr CrErCr
T/K TérE /us TCZrE /us e s e %
5 3888(10) 2786(10) 102(1) 28.3(1)
10 3868(10) 2781(10) 101(1) 28.1(1)
20 3834(10) 2774(10) 100(1) 27.6(1)
30 3812(10) 2766(10) 99(1) 27.4(1)
40 3799(10) 2756(10) 100(1) 27.5(1)
50 3787(10) 2750(10) 100(1) 27.4(1)
60 3774(10) 2736(10) 101(2) 27.5(1)
70 3761(10) 2726(10) 101(2) 27.5(1)
80 3745(10) 2717(10) 101(2) 27.4(1)
100 3695(10) 2686(10) 102(2) 27.3(1)
125 3034(10) 2585(10) 57(2) 14.8(1)
150 2491(10) 1948(10) 112(3) 21.8(1)
200 b b - -
250 b b - -
293 b b - -

“ Uncertainties on lifetime measurements are overestimated and set to + 10 us for strong signals and
+ 20 ps for weak signal displaying larger dispersions. The errors of energy transfer rate constants
and efficiencies are computed by using standard propagation schemes.®”® ? Too weak to be

analyzed.
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Table S4 Experimental Er(4113/2) Excited State Lifetimes (T;rl”/z) for [MErM(L1)3](CF3S03)o-(M

= @Ga, Cr) Collected in the Solid State (100% Pure, Diluted 2% in GaYGa) Under Ligand-Centered
Irradiation (355 nm or 28169 cm™) or Sensitizer-Centered Irradiation (Cr(*T;<—"A;) at 710 nm or

14084 cm™).

Aexe/NM 355 355 710 710
Solid-100% GaErGa CrErCr GaErGa CrErCr
T/K 7.9 s 7. s 7.9 s 7.0 s
10 3.42(5) 1.5(1) - 1526(10)
77 3.39(3) 1.67(3) - 1395(10)
100 3.41(4) 1.51(2) - 1325(10)
200 3.44(2) 1.53(2) - 915(10)
293 4.04(4) 2.79(3) - 55(20)
Solid-2% GaErGa CrErCr
T/K T T
10 3.89(7) 2.8(1)
77 3.8(2) 3.02(3)
100 4.1(2) 3.19(1)
200 4.3(1) 3.33(6)

293 4.6(3) 3.6(3)
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Table S5 Experimental Cr(zE) Excited State Lifetimes (72 ), Intramolecular Cr(zE)—>Er(419/2)

Cr—Er

Energy Transfer Rates (W,"”", eq. 4) and Efficiencies (7", eq. 5) for
[CrLn(L2)3](CF3S0s)s'(Ln =Y, Er) Collected in the Solid State.”

Solid-100% CrY CrEr
T gtas ntas WEUEL g
5 2836(10) 1553(10) 291(4) 45.2(3)
10 2767(10) 1523(10) 295(5) 45.003)
20 2683(10) 1459(10) 313(5) 45.6(4)
30 2586(10) 1416(10) 320(5) 45.2(4)
40 2490(10) 1352(10) 338(6) 45.7(4)
50 2401(10) 1310(10) 347(6) 45.4(4)
60 2340(10) 1279(10) 355(6) 45.3(4)
70 2299(10) 1242(10) 370(7) 46.0(4)
80 2263(10) 1210(10) 385(7) 46.5(4)
100 2200(10) 1165(10) 404(8) 47.0(5)
125 2066(10) 1126(10) 404(8) 45.5(5)
150 1931(10) 1079(10) 409(9) 44.1(5)
200 1421(10) 862(10) 456(14) 39.3(5)
250 553(20) 349(20) 1057(177) 37(2)
293 80(20) 41(20) 11890(12301) 49(27)

“ Uncertainties on lifetimes measurements are overestimated and set to = 10 us for strong signals
and + 20 ps for weak signal displaying larger dispersions. The errors of energy transfer rate

constants and efficiencies are computed by using standard propagation schemes.®'

Table S6 Experimental Er(*l;3,) Excited State Lifetimes (T;rl‘“) for [MEr(L2);3](CF3S03)¢' (M =

Ga, Cr) Collected in the Solid State Under Ligand-Centered Irradiation (355 nm or 28169 cm™) or
Sensitizer-Centered Irradiation (Cr(*T;<—"A,) at 710 nm or 14084 cm™).

Aexe/NM 355 355 710 710
Solid-100% GaEr CrEr GaEr CrEr
T/K T sz s 7.0 s 7.0 s
10 2.79(2) 4.28(2) - 1365(10)
77 3.1(1) 4.1(1) - 1246(10)
100 3.1(1) 4.4(1) - 1210(10)
200 2.7(1) 4.56(4) - 884(10)

293 3.68(4) 4.6(1) _ 4(20)
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