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trivalent lanthanides, Ln(III), to give discrete self-assembled (supra)molecular polynuclear complexes.
However, the plethora of accessible metal-centered excited states possessing variable lifetimes and emis-
sive properties, combined with the design of efficient intramolecular Cr(IIl) <> Ln(IIl) energy transfer
processes open attractive perspectives for programming directional light-conversion within these het-

erometallic molecules. Efforts made to address this exciting challenge for both light-sensitization and
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light-upconversion are discussed in this article.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction and background

As independent cations, trivalent chromium, Cr(IIl), and triva-
lent lanthanides, Ln(III), display some striking optical similarities.
Therefore, their combination within the same molecular architec-
ture is expected, at first sight, to show some redundancy. However,
there are also notable differences, which can be exploited to
some advantage in mixed systems. Let’s start with Ln(IIl) ions,
which are well-known to possess numerous long-lived lumines-
cent excited states leading to narrow emission bands with very
small (if any) Stokes shifts. These optical characteristics result from
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(i) the atomic character of the shielded 4f valence electrons in
chemical compounds and (ii) the parity selection rule which pre-
cludes intrashell 4f — 4f electric dipolar transitions [1]. Depending
on its electronic configuration [Xe]4f" (n=1-13), each open-shell
trivalent lanthanide thus displays a specific distribution of excited
states spanning from the ultraviolet (UV) to the near-infrared (NIR)
regions of the electromagnetic spectrum, the exact energies of
which can be tuned by crystal-field effects (Fig. 1) [2]. For trivalent
chromium, the low-lying Cr(2E) and Cr(2T;) excited levels having
the same (tzg)3 electronic configuration as the Cr(*A; ) ground state
in pseudo-octahedral complexes induce similar optical properties,
i.e., long lifetimes, narrow emission bands with very small Stokes
shifts and weak dependence on the chemical environment (Fig. 2)
[3]. The alternative spin-allowed promotion of an electron from
the Cr(*A,) ground state into an anti-bonding orbital, resulting in a
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Fig. 1. Partial energy level diagram of non-radioactive open-shell Ln(III) ions according to Dieke. Downward arrows indicate standard emissive levels [2].

(t2g)?(eg)! electronic configuration, provides distorted Cr(“T,) and
Cr(*Ty) excited levels, whose energies are then highly sensitive to
the ligand-field strength produced by the donor atoms coordinated
to Cr(III) (Fig. 2a).

For donor atoms providing weak ligand-field strengths around
Cr(II), such as those found in oxide or fluoride matrices, com-
paratively short-lived Cr(*T, —“A,) fluorescence with a large
Stokes shift or dual short-lived fluorescence and long-lived Cr(2E,
2T; - “4A,) phosphorescence at low temperature are usually
detected after irradiation (Fig. 2b) [4]. For strong-field ligands such
as 2,2'-bipyridine [5] or cyanide [6] bound to Cr(III), the increased
Cr(#T,)-Cr(%E) energy gap (Fig. 2a) speeds up the Cr(*T, — 2E) inter-
system crossing to such an extent that it becomes competitive with
vibrational relaxation (klcsrgTPzE) >1013s1, 0.7 < d)lcsrg‘TﬁzE) <
1.0). The lowest Cr(2E) excited state is thus efficiently fed and the
characteristic deep red Cr(2E, 2T; — #A,) phosphorescence is the
only emitted signal [3]. However, the phosphorescence quantum

yields qﬁgr(zE_’4A2) remain limited at room temperature for most
strong-field Cr(Ill) complexes because of the effects of (i) thermally
activated back intersystem crossing (BISC) [7] and/or (ii) surface
crossing with a ground state intermediate [8].

Altogether, the low-lying Cr(%E) excited state in strong-field
pseudo-octahedral Cr(Ill) complexes is ideally suited (i) for oper-
ating as an efficient energy donor for sensitizing NIR-emissive
lanthanides through intermetallic Cr — Ln energy transfer or (ii)
for acting as the ultimate long-lived luminescent level following
Ln — Cr energy transfer originating from UV or visible lanthanide
emitters. It is worth to remind the reader here that the probability
Whp a that a resonant energy transfer process occurs from a donor
D to an acceptor A is given by Fermi’s golden rule [9]

H |D*A)|* 2p.a (1)

Wp.a = %”\(DA*

H is the interaction Hamiltonian that mediates energy trans-
fer from the excited donor D* to the ground state acceptor A. The

interaction mechanism may be multipolar electrostatic or mag-
netic [10], or can be an exchange coupling [11]. §£2p 4 is the spectral
overlap integral (Eq. (2)) where gp(E) and ga(E) are the normalized
line shape functions for the homogeneous lines of the donor and
acceptor, respectively.

-QD,A:/gA(E)‘gD(E)dE (2)

§2p A ensures energy conservation, and it is thus not too surpris-
ing that the low-lying Cr(2E) level has been primarily exploited in
co-doped solids and in coordination networks as donor level for
resonant energy transfer toward Tm(III) [4], Nd(III) and Yb(III) [6],
which possess compatible low-lying accepting levels (Fig. 3a). The
alternative use of the Cr(2E) excited level as acceptor level for col-
lecting energy from high-energy Eu(Ill) and Tb(III) donors is much
less frequent due to the large Eu(®Dg)-Cr(2E) and Tb(°D4)-Cr(2E)
energy gaps which minimize §2p,, a drawback partially overcomes
by the presence of the Cr(4Tq, 4T,) levels as relays in the global
energy transfer mechanism (Fig. 3b) [12]. Moreover, the apparent
invariance of the energy of the Cr(2E) excited level in the Tanabe-
Sugano diagram for almost any changes in chemical environment
(Fig. 2a) may mislead non-specialists since both abscissa and ordi-
nate of these diagrams are scaled by the interelectronic repulsion
integrals expressed with the Racah parameter B. In octahedral sym-
metry, the energy of the spin-forbidden transition Cr(2E < 4A;) is
given in Eq. (3), where B and C are the Racah parameters and A is
the ligand-field splitting [13].

2
AE=E[Cr (E)] —E [r (ay)] = 220208 3)

With the standard approximation that C~ 4B for coordination
complexes with O-donor or N-donor atoms [14a], Eq. (3) reduces
to Eq. (4).

_21B- 90B2

AE=E[Cr(E)] - E [Cr (*Ay) ] = =——— (4)
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Ligand-field parameters (A), interelectronic repulsion parameters (B), energies of the Cr(2E) level and E(Cr(*T,))-E(Cr(2E)) energy gaps in selected pseudo-octahedral Cr(III)

complexes [13,14].2

Complex Alecm~! B/cm™! AlB E(Cr(%E))/cm~! E(Cr(*T2))-E(Cr(2E))?/cm~!
Cr3* 0 918 0 16,065

[C(OH,)s ** 18,000 870 207 15,000 1500

[Cr(NH3)s]?* 21,640 878 24.6 15,230 5000

[Cr(bipy)s |>* 23,240 761 305 13,740 8000

[Cr(CN)s 13~ 26,400 660 40.0 12,370 12,500

a The approximation C=4B is used for the coordination complexes except for [Cr(OH;)s]** in which C=4.2B is applied [14a].
b E(Cr(*T;))-E(Cr(2E)) is estimated from the Franck-Condon energies of the respective transitions from the ground state and corrected for the reorganization energy of the

4T, state of typically 1500 cm~!.

The small second-order dependence of AE on A is off-
set by the reduction of B and C due to the nephelauxetic
effect resulting in an overall red-shift of the Cr(*A, — 2E) tran-
sition with increasing ligand-field strength. This can be verified
with an inspection of standard pseudo-octahedral Cr(Ill) com-
plexes showing that the Cr(2E)-Cr(*A,) energy gaps indeed span
the 12,000-15,000cm~! range along the nephelauxetic series
B(OH;)~ B(NH3) > B(bipy) > B(CN)(Table 1,[13,14]),a phenomenon
which is at the origin of the optimization of the energy of the
Cr(2E) level for maximizing the spectral overlap in intermetallic
energy transfer [6,12]. A corresponds directly to the maximum of
the Cr(*A, — 4T,) absorption band [14], and thus the variation of

(@ mB e
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Fig. 2. a) Simplified Tanabe-Sugano type diagram for the d3 electronic configura-
tion in O, symmetry and b) schematic potential surface diagram for an octahedral
Cr(Ill) complex depicting its relationship with electronic configurations and with
absorption and emission spectra (F=fluorescence, P=phosphorescence).

Adapted from [3b].

the Cr(*T,)-Cr(2E) energy gap depends strongly on A. In fact, the
latter can be estimated from the difference in energy of the corre-
sponding optical transitions corrected for the total reorganization
energy of the T, state of typically 1500cm~!.

Returning to the Tanabe-Sugano diagram, the A/B~20.7 ratio
found for [Cr(OH, )g]3* corresponds to E(Cr(2E)) ~ E(Cr(*T,)) (Fig. 4),
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Fig. 3. Partial energy level diagrams representing the electronic structure of a
strong-field Cr(Ill) complex acting as a) a donor [4,6] and b) an acceptor [12]
in Cr<Ln energy transfer processes occurring in doped solids or coordina-
tion networks. Horizontal dotted arrows=resonant energy transfer, bent dotted
arrows = phonon-assisted energy transfer, straight down full arrows = emissive lev-
els and undulating downward arrows =internal conversion.
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Fig.4. Simplified Tanabe-Sugano type diagram for the d* electronic configuration in

Oy, symmetry showing the location of Cr3*, [Cr(OHa)s |**, [Cr(NH3)s]>*, [Cr(bipy )3 |**
and [Cr(CN)s]>~.

and dual short-lived Cr(*T, — “A,) fluorescence and long-lived
Cr(2E— 4A;) phosphorescence thus result, together with efficient
thermally activated quenching of the Cr(2E) excited state by back
intersystem crossing. This unfavorable situation is typical for CrOg
chromophores, and it did not strongly encourage the use of Cr(IlI)
as adonor for NIR lanthanide emitters in co-doped solid-state oxide
matrices [4,5].

We however note that Giidel and coworkers demonstrated that
YAG and YGG matrices (YAG=YAl5012, YGG=YGas01,) co-doped
with Cr(IIl) and Yb(III) exhibit Cr(?E)Yb(2F7j;)— Cr(*A;)Yb(?Fs3)
energy transfer leading to an efficient low temperature (13K)
optical light-downconversion from laser excitation of the Cr(2E,
4T, «4A,) transition in the 21,000-15,000 cm~! domain into the
NIR domain of the Yb(?Fs; — 2F;p) transition at 10,400 cm™!
[15]. The reverse optical process, i.e. NIR to visible upconver-
sion, benefits from the low-phonon energy of these solid matrices
and selective irradiation of the Yb(2F7/2 — 2F5/2) transition at
10,315cm™! is followed by a cooperative sensitization mecha-
nism which excites Cr(IIl) to its Cr(T;) state (Fig. 5). Subsequent
internal conversion and intersystem crossing eventually feed the
Cr(2E) state, which emits in the red [15]. Repeating these exper-
iments with YAIO3 as the host matrix gave similar results except
for the involvement of [Cr(III)Cr(III)] pairs as the emissive species
[16].

For N-donor ligands in [Cr(NH3)g]?*, [Cr(bipy)3]3* or C-donor
ligands in [Cr(CN)g]3~, larger A/B ratios correspond to larger
Cr(*T,)-Cr(2E) energy gaps (Table 1, column 6 and Fig. 4) which
limit unfavorable back intersystem crossing processes and thus
favor efficient intermetallic Cr(2E) — Ln(Ill) energy transfer. How-
ever, easy-handled solid-state host matrices providing octahedral
Ng or Cg environments are essentially unknown. Therefore, the
targeted strong-field [CrNg] and [CrCg] chromophores should be
designed by coordination chemistry, but the extreme kinetic
inertness of the half-filled shell (tzg)3 electronic configuration
found in octahedral Cr(Ill) complexes, usually prevents exploitable
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Fig. 5. Schematic diagram representing the cooperative sensitization of Cr(III)
luminescence by two excited Yb(IIl) ions in YAG matrices. Straight upward
arrows = excitation, dotted arrows=non-radiative energy transfer, undulat-
ing arrow=non-radiative multiphonon relaxation and straight downward
arrow = luminescence step.

Adapted from refs. [15] and [16].

ligand-exchange under standard conditions [17]. The introduc-
tion of Cr(IIT)/Ln(IIl) pairs within the same chemical architecture
thus relies either on high temperature melting processes (as
found for co-doped oxide matrices), or on ionic associations of
inert pre-formed pseudo-octahedral Cr(IIl) precursors, for instance
[Cr(oxalate)s >~ [18], [Cr(CN)g]3>~ [6], [Cr(bipy)(oxalate),]~ [19],
[Cr(urea)s]3*, [Cr(ethylenediamine)s]3* or [Cr(sarcophagine)]3*
[12], with solvated Ln3* counter-cation or [Ln(2,6-dipicolinate)3 ]~
counter-anions. Efficient Tb— Cr and Eu— Cr energy transfers
were characterized in the solid state with [CrNg] chromophores act-
ing as acceptors [12], whereas the strong-field [CrCg] chromophore
in [Cr(CN)g]3~ was shown to be a remarkable donor for sensitiz-
ing Yb(III) and Nd(III) NIR emitters [6]. The destruction of these
networks in solution removes permanent Cr-Ln interactions and
bans the use of these systems as engineered time-gated lumines-
cent probes for analytical, biological and medical applications. This
review therefore aims at encouraging coordination chemists to
explore this as yet unexplored field, and it therefore focuses on
the synthesis and characterization of the rare examples of dis-
crete (supra)molecular Cr-Ln systems whose structural integrity
and optical properties are maintained in solution and/or in the
gas-phase. Some partial reports of the photophysical properties of
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[Ln(L1)(OAc),]”

K,CrO,

[Sm(L1)(CrO,)]"

[(CrO,)(L1)Eu(u-CrO4)Eu(L1)(CrO,)]

Fig. 6. Synthesis and structures of chromate-Ln(IIl) complexes [22].

discrete Cr(III)/Ln(III) pairs can be found in two extended reviews
dedicated to the sensitization of trivalent lanthanides in d-f het-
eronuclear arrays [20].

2. Synthetic strategies for the preparation of discrete
polynuclear Cr-Ln complexes

Due to the distribution of the three valence electrons into the
tog orbitals directed between the metal-ligand bonds in octa-
hedral Cr(Ill) complexes, associative ligand-exchange pathways
involving putative high-energy seven-coordinate intermediates
are expected to be very slow [17,21]. The alternative dissocia-
tive mechanisms through five-coordinate intermediates suffer
from the large ligand-field stabilization energy found for d3 sys-
tem in octahedral symmetry [21]. Cr(Ill) complexes are thus
famous in coordination chemistry for their exceptional kinetic
inertness and for their exclusive stereochemical preference
for octahedral geometry. Three strategies have been devel-
oped for overcoming this limitation with the ultimate goal of
incorporating Cr(III)/Ln(Ill) pairs into discrete coordination com-
plexes.

(1) Firstly, highly oxidizing Cr(VI) species (usually chromate
[CrO4]?~ or dichromate [Cr,07]%") are reduced in presence
of stable Ln(Ill) complexes in order to produce heteronu-
clear Cr-Ln architectures. To the best of our knowledge,
the precursor chromate complexes [Sm(L1)(CrO4)(H,0)]* and
[(CrO4)(L1)Eu(p-CrO4)Eu(L1)(CrO4)] are rare examples of this
synthetic strategy, but no reduced Cr(III)/Ln(Ill) complexes
could be characterized (Fig. 6) [22]. On the contrary, high

temperature air oxidation of [Crl(urea)g][Ln(dipicolinate)s]
resulted in mixtures of chromate LnCrO4 and chromite LnCrO;
(perovskite) [23].

(2) The second method overcomes the kinetic activation barrier
for ligand-exchange in Cr(Ill) complexes by vigorous thermal
heating like the one used for the doping of solid-state matrices
with Cr(III)/Ln(IlI) pairs. This approach was successful for the
synthesis of inert mononuclear [Cr(ox)3]3~ (ox=oxalate)
[24], [(acac);Cr(ox)]~ (acac=acetylacetonate) [25] and

[(acac)Cr(bpypz)] (bpypz = 3,5-bis(2-pyridyl)pyrazolate)
[26] complexes, which were further reacted with
protected Ln(Ill) complexes {[Cu(L)(H,0)],Ln(H,0),},
[Ln(HB(pz)3)21* (HB(pz)3 = trispyrazolyl borate) or

[Ln(hfac)s] (hfac=hexafluoroacetylacetonate) to give the
ternary complexes  {(0x),Cr(ox)Ln(H0),[Cu(L)(H20)]2},
[(acac),Cr(ox)Ln(HB(pz)3);]~ and [(acac),Cr(bpypz)Ln(hfac)s]
(Fig. 7). More sophisticated inert Cr(Ill)-containing polyox-
ometallate precursors {(y-SiW;903g)2[Cr(OH)(H,0)3]3}10~
[27] and [Cr(OH)sMogO1g]>~ [28] have also been pre-
pared, but their reactions with Ln(Ill) only resulted in
coordination polymers. Whereas electrochemistry and
electronic spectroscopies (absorption, circular dichroism
(CD) and magnetic circular dichroism (MCD)) confirmed
the formation of discrete dinuclear dimetallic com-
plexes in solution for [(acac),Cr(ox)Ln(HB(pz)3),]~ and
[(acac),Cr(bpypz)Ln(hfac)s] [25,26], the tetranuclear trimetal-
lic complexes {(ox),Cr(ox)Ln(H,0),[Cu(L)(H,0)],} were
only characterized in the solid state [24]. The only jus-
tification for their classification as discrete molecular
entities resulted from the weak hydrogen bonding network
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Ln(hfac),(H,0),

v 4

CHCI,

[(acac),Cr(bpypz)Ln(hfac),]

Fig. 7. Synthesis and structures of a) {(0x),Cr(ox)Ln(H,0),[Cu(L)(H20)]>} [24], b) [(acac),Cr(ox)Ln(HB(pz)3)2]~ [25] and c) [(acac),Cr(bpypz)Ln(hfac)s;] [26].

responsible for the intermolecular cohesion between
{(0x),Cr(0x)Ln(H,0),[Cu(L)(H20)];} units in the crystalline
state.

(3) Finally, the third strategy relies on thermodynamic self-

assembly, which proved to be so efficient for preparing
sophisticated polynuclear lanthanide-containing aggregates
[29]. Unfortunately, it fails with Cr(III)/Ln(IIl) pairs because of
the kinetic inertness of Cr(Ill), which precludes the complete
exploration of the energy hypersurface [30] as previously
reported for Ru(II)/Ln(Ill) [31] and Os(II)/Ln(Ill) pairs [32].
For the related inert low-spin d® octahedral Co(Ill) cation,
this limitation was overcome with the introduction of
Co(II)/Ln(Ill) precursor pairs, which led to the quantitative
self-assembly of [LnCo'l(L2);]°* as triple-stranded helicates
in solution. Subsequent bromine oxidation quantitatively
yielded inert [LnCo"(L2);]6* complexes [33]. Consider-
ing that the lability of ligand-exchange processes around

chromium cations increases by 14 orders of magnitude
on going from [Cr'™(H,0)6]3" (Kexch208x)=2-4x 1076571,
[17b]) to [Cr'(CH30H)6]?" (Kexcn2osk)=1.2 x 108571, [34]),
Cr(II)/Ln(Ill) pairs are thus good candidates for thermody-
namic self-assembly, whereas oxidative post-modification
should lead to the targeted inert Cr(III)/Ln(Ill) com-
plexes. Taking advantage of the limited dependence of
the electrochemical Cr(IlI)/Cr(Il) reduction potential on
ligand variation  (E°(JCr(NH3)g]3*/[Cr(NH3)g]%*)=—-0.63V
E°([Cr(H0)6]13*/[Cr(H20)6]%*) = —-0.41V and
E°([Cr(bipy)s]?*/[Cr(bipy)3]**)=—-0.25V vs. NHE [13,35]),
a large number of Cr(Ill) complexes may be thus easily pre-
pared by simple air oxidation of their Cr(II) precursors. This
strategy, originally used for the preparation of mononuclear
[Cr(bipy)3]?* complexes [5b], was extended for the synthesis
of dinuclear [CrLn(L2)3]¢* [36] and trinuclear [CrLnCr(L3);]%*
helicates (Fig. 8) [37].
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3. Characterization of discrete polynuclear Cr-Ln
complexes

Although the heterometallic Cr-Ln complexes shown in
Figs. 7 and 8 are considered as discrete molecular entities, their
structural characterizations essentially rely on solid-state X-ray
diffraction data. As expected, the Cr(Ill) cations systematically
adopt pseudo-octahedral coordination geometries fitted with
either O-donor or N-donor atoms, while the chemical environ-
ments around Ln(Ill) change from pseudo-square antiprismatic
eight-coordination in  {[(0ox),Cr(ox)Ln(H,0),[Cu(L)(H20)]>},
[(acac),Cr(ox)Ln(HB(pz)3)2]~ and [(acac),Cr(bpypz)Ln(hfac)s]
(Fig. 7) to pseudo-tricapped trigonal prismatic nine-
coordination in [CrLn(L2)3]5* and [CrLnCr(L3)s]°* (Fig. 8). The
intramolecular intermetallic Cr--Ln contact distances (5.82A
in  {[(0x),Cr(0x)Gd(H,0),[Cu(L)(H,0)],}, 5.63A in [(acac),
Cr(ox)Yb(HB(pz)3)], 4.58A in [(acac),Cr(bpypz)Gd(hfac)s],

[CrLnCr(L3),]°*

Fig. 8. Thermodynamic self-assembly with post-modification of a) dinuclear [CrLn(L2)3]%* [36] and b) trinuclear [CrLnCr(L3)3]°* triple-stranded helicates [37].

9.33A in [CrYb(L2);]®* and 8.59-8.91A in [CrEuCr(L3)3;]°*)
are 20-50% shorter than the closest intermolecular Cr---Cr,
Cr--Ln or Ln--Ln interactions in the crystalline state. This lat-
ter observation can be considered as a strong indication of the
‘molecular behavior’ of these dinuclear and trinuclear complexes
[24-26,36,37]. However, no additional proof is at hand for the
existence of isolated {[(0x),Cr(ox)Gd(H;0),[Cu(L)(H,0)],} or
[(acac),Cr(bpypz)Gd(hfac)s] entities in solution and their dis-
crete character remains debatable. The latter two compounds
will be therefore no more considered for the remainder of this
review. Fast Atom Bombardment Mass Spectrometric (FAB-MS)
data collected for [(acac),Cr(ox)Ln(HB(pz)s3);] in a liquid nujoll
matrix are the only direct proof for the existence of isolated
discrete entities [25a], but the electronic spectra (absorption,
NIR-CD, CD, MCD and emission) recorded in dichloromethane
provide convincing support for (i) the assignment of the local
chemical environment of the metal ions (pseudo-octahedral for
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Fig.9. '"HNMR spectraof a) HHH-[LaCr"(L2);]>* and b) HHH-[LaCr'"'(L2)3 ]%* in CD3CN with numbering scheme and partial assignment (HHH stands for head-to-head-to-head,

arrows indicate broadened paramagnetic signals).
Adapted from [36a].

Cr(Ill) and pseudo-square antiprismatic for Ln(Ill)) and (ii) the
trigonal arrangement of three aromatic chromophores around
Cr(Ill) [24]. The lack of concentration-dependent analyses of
these spectroscopic data collected in solution precludes any
reliable estimation of putative partial dissociation of the capping
[Ln(HB(pz)3)2]* units, a phenomenon which may significantly
affect the interpretation of electronic spectra at low concentra-
tions. Such difficulties are inherent to open-shell Cr(IIl) complexes
because of the slow characteristic electronic relaxation time
(Te~1079s at room temperature) associated with the orbitally
non-degenerate paramagnetic Cr'!(#A,) ground state, which
prevents the recording of high-resolution NMR spectra (Fig. 9b)
[38]. Interestingly, this limitation may be partially overcome
for low-spin Cr(Il) precursors since the paramagnetic Cr'(3T;)
ground state possesses fast electronic relaxation (7e~10-125s)
[39] and minor electronic delocalization [40]. The reversible redox
Cr(IIN)/Cr(Il) process thus offers an under-exploited strategy for the

complete characterization of discrete Cr-Ln aggregates in solution
(Fig. 9). Combined with the exclusive detection of [CrLn(L2)3]%* and
[CrLnCr(L3)3]°* (and their gas-phase adducts formed with triflate
counter-anions) by ElectroSpray lonization Mass Spectrometry
(ESI-MS, Fig. 10), the NMR spectroscopic data collected for Cr(II)
and Cr(IIl) complexes are reliable proofs for the existence of these
charged species as discrete Cr-Ln complexes in solution [36,37].
Partial decomplexation of the Ln(IIl) part may be problematic
in solution when isolated Cr-Ln pairs are the subject of spectro-
scopicinvestigations. For instance, millimolar acetonitrile solutions
of the C3-symmetrical dinuclear helicates HHH-[LnCr(L2)3]6*
quantitatively produce HHH-[Cr(L2)3]3* (HHH stands for head-
to-head-to-head) and solvated Ln3* upon treatment with water
(14 M), or HHH-[Cr(L2)3]3* and [Ln(EDTA)]~ upon reaction with
(nBugN)EDTA (1 eq.). A thorough thermodynamic study indicates
that the formation constants log(,B[ﬂ('-zB]’L“)=5.3—5.9 estimated
for Eq.(5) are responsible for 10-50% of lanthanide decomplexation
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Fig. 10. ESI-MS spectra of a) HHH-[LuCr(L2)3]%* and b) [CrLaCr(L3)3]°* in CH3CN (HHH stands for head-to-head-to-head).

Adapted from [36a] and [37Db].

in 10~> M acetonitrile solutions of HHH-[LnCr(L2);]6*, a standard
concentration used for recording unbiased emission and absorption
spectra [41].

HHH-[Cr(L2); " + Ln* = HHH-[LnCr(L2); 1% IC{2shin - (5)

This drawback can be turned into an advantage for chiral
resolution because inert and triply-charged HHH-[Cr(L2)3]3* com-
plexes are easily prepared and loaded onto an aqueous Sephadex
cation-exchange column. Elution with chiral NaySb,[(+)-C40gH>|»
results in two successive spots for the helical enantiomers M-
(+)589-[Cr(L2)3]3* and P-(—)sg9-[Cr(L2)3]**, which are eventually
re-combined with Ln(Ill) in acetonitrile to give MM-[LnCr(L2)s]?*
and PP-[LnCr(L2)3]3* (Fig. 11) [36¢].

Circular dicrochroism (CD, Fig. 12a) and circularly polarized
luminescence (CPL, Fig. 12b) monitored in solution underline the
kinetic inertness and the helical nature of these dinuclear Cr-Ln
complexes [36¢,36d,36f]. Closely related chiral resolution is pro-
vided by M-[(acac),Cr(ox)]~, which diastereochemically reacts
with Ln3* and [HB(pz)3]~ in water to yield a single diastereomer
[M-(acac),Cr(ox)-P-Ln(HB(pz)3)2]. NIR-CD and NIR-MCD spectra
recorded in dichloromethane solution were used to probe the chiral
environments around Ln=Nd, Sm, Dy, Tm and Yb [25b,25c].

The introduction of a second kinetically inert Cr(Ill) cap-
ping unit in the trinuclear helicate [CrLnCr(L3);]°* (Fig. 8b)
significantly limits Ln(IlI)-decomplexation in solution, but it con-
comitantly introduces some novel difficulties since the large
paramagnetic moment precludes the acquisition of exploitable
high-resolution NMR spectra for both [Cr!LnCr!'(L3)3]7* (Fig. 13a)
and [Cr''LnCr(L3)3]°* (Fig. 13b). Beyond the crystal structure
determination of [Cr''LnCr'"(L3)3](CF3S03)q, ESI-MS spectra are
the only direct and informative technique suitable for probing the
exclusive formation of discrete [CrLnCr(L3)3]%* cations in solution
(Fig. 10b) [37].

4. Optical sensitization in discrete polynuclear Cr-Ln
complexes

Depending on the choice of Ln(IIl), i.e. depending on the specific
electronic structure [Xe]4f", n=0-14, irradiation at the energy of
the spin-allowed chromium-centered Cr(*T, < “A,) transition at
17600cm! in [(acac),Cr(ox)Ln(HB(pz)s3),] results in three differ-
ent types of optical emission.

(1) With the closed-shell cations Ln=La(Ill) (4f9) or Ln=Lu(Ill)
(4f14), only the Cr(2E — #A,) phosphorescence can be detected
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rac-[LnCr(L2);]%*
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Na,Sb,[(+)-C4H,0q],

PP-[LnCr(L2),] MM-[LnCr(L2),]¢*

Fig. 11. Resolution of [Cr(L2);]>* and synthesis of PP-[LnCr(L2);]%* and MM-
[LnCr(L2)315*.
Adapted from [36d].

at 12240 cm~! (Ln=La) and 12820cm™! (Ln=Lu, T=0.19ms at
77K, Fig. 14) [25a,25d]. Since the ligand-field strength around
Cr(Ill) in [(acac),Cr(ox)Ln(HB(pz)3),] is constant along the
lanthanide series (A =17600+30cm™!) [24a], the significant
580cm~! blue-shift of the energy of the Cr(2E) level observed
for Ln=Lu can be assigned to an increase of the interelectronic
Racah parameter (B=703cm~! and B*'=746cm™!, Eq. (4)),
corresponding to a decrease in the nephelauxetic effect.

(2) The incorporation of the open-shell cations Ln=Eu(Ill) (4f5)
and Ln=Tb(Ill) (4f8) partially quenches the Cr-centered
phosphorescence without resulting in any Ln-centered lumi-
nescence (Fig. 15) [25a]. The broad spectral overlap of the
Cr(*T,, 2T,) excited levels with Eu(®°Dg) or Tb(°D4) simulta-
neously ensures Cr— Ln energy transfer, which contributes
to the partial quenching of Cr-centered luminescence, and
Ln— Cr back energy transfers, which is responsible for
the complete quenching of Ln-centered emission. Additional
phonon-assisted Cr(2E) — Ln(7Fj) energy transfer contributes
to the non-radiative de-excitation of the emissive Cr(2E) level
(Fig. 15).

(3) The introduction of lanthanide acceptors possessing
low-energy emissive levels (Ln=Nd, Ho, Er, Tm, Yb) in
[(acac),Cr(ox)Ln(HB(pz)3),] induces efficient thermally acti-
vated Cr(2E) — Ln energy transfer followed by Ln-centered NIR
luminescence [25d]. At room temperature, the efficiencies of
the Cr(2E) — Ln energy transfer processes is so large that only
Ln-centered emissions can be detected. At low temperature,
only partial Cr(?E)—Ln energy transfer occurs and both
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Fig. 12. a) Absorption spectrum of [EuCr(L2)3]%* (bold line with assignment,

10-3 M) and circular dichroism spectra of MM-(—)sgg-[EuCr(L2)3]5* and PP-(+)sg9-
[EuCr(L2)3]%* in acetonitrile (5 x 10-> M, corrected for partial (23%) decomplexation
of [EuCr(L2)3]%*). b) Luminescence spectrum of [EuCr(L2)3]%* (bold line with
assignment, 103 M) and circularly polarized luminescence spectra of MM/PP-
[EuCr(L2)3]%* in acetonitrile (1073 M, Dexc = 17,238cm~! for Eu(°Dg — ’F,) and
Dexe = 20,492 cm~"! for Cr(2E — 4Ay)).

Adapted from [36¢].

Cr(2E)-centered and Ln-centered luminescence is observed
(Fig. 16).

Closely related optical sensitization behaviors are evidenced
for the dinuclear [LnCr(L2)3]5* helicates. For Ln=La, Gd, Lu,
which do not possess energetically accessible excited states for
contributing to energy transfer processes, the Cr(2E — 4A,) phos-
phorescence at 13,300cm~! (7=3.66ms at 10K, solid state) is
the only luminescence observed in these complexes (Fig. 17a)
[36e]. Introducing A=21,000cm~! [36a] and AE = E [Cr (ZE)] -
E [Cr (4A2)] =13,300cm™! observed for [LnCr(L2)3]%* into Eq.
(4) gives Bg;mpy =747 cm~!. Compared with 2,2’-bipyridine in
[Cr(bipy)3]?* (A=23,240cm™! and Bgirpy =761cm™1, Table 1), we
deduce that the didentate 2-pyridyl-benzimidazole (bzimpy) lig-
and is a weaker o-donor, but a slightly stronger m-acceptor.

The introduction of visible Eu(Ill) and Tb(Ill) emitters
into [LnCr(L2)3]%* opens novel perspectives for molecular



1654

Table 2
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(RS""/A , Eq. (14)) in HHH-[LnCr(L2)3]%* and in [CrLnCr(L3);]%* (Ln=Eu, Tb; 10K) [36,37].

,Ln

Compd. Ko K5, K, K K mar RSy RG
[GdCr(L2)5]°* 2.7 x10% - - - - - - -
[Euzn(L2)5]6* - - 4.0x 102 - - - 8.96 -
[TbZn(L2)3]°* - - 5.3 x 102 - - - - -
[EuCr(L2);]6* - 3.0 x 102 - 1.8x10° 1.4 x 10° 0.78 9.32 11.5
[TbCr(L2);]5* - 2.9 x10% - >5 x 104 >5 x 104 >0.99 - >20
[CrGdCr(L3);]%* 4.4 x10% - - - - - - -
[ZnEuZn(L3)3]°* - - 5.1x 102 - - - - -
[ZnTbZn(L3)5]%* - - 6.5 x 102 - - - - -
[CrEuCr(L3);]%* - 4.8 x 102 - 5.0 x 103 22x10% 0.90 8.8 12.7
[CrTbCr(L3);]°* - 5.6 x 102 - >1.3x10° >6.4 x 10* >0.99 - >19

light-conversion since these lanthanides act as donors for the sen-
sitization of Cr(Ill) phosphorescence (Fig. 17b) [36a].

Modeling the intramolecular Ln — Cr energy transfer processes
with the simplified Jablonski diagram shown in Fig. 18a allows
the straightforward deduction of the pertinent rate constants (Eqs.
(6-10)) and of the energy transfer efficiency (Eq. (11)) from the
characteristic excited Ln-centered and Cr-centered lifetimes 7 col-
lected within the isostructural series of complexes [LnZn(L2)3]°*,
[GACr(L2)3]%* and [LnCr(L2)3]%* (Ln=Eu, Tb, Table 2) [36a].

-1
Ko = ki™ + Ko = (tihz0) (6)
. -1
ki = k" + kSt = (T&hcr) (7)
-1
klc;llgs = (rll:ll:Cr) (8)
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Fig. 13. 'H NMR spectra of a) [Cr''LaCr'(L3)3]”* and HHH-[Cr'"LaCr'(L3)3]°* in
CD3CN.
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Fig. 14. Optical sensitization occurring in [(acac),Cr(ox)Lu(HB(pz)s ), ]. a) Molecular
structure with schematic light-conversion processes, b) Jablonski diagram (straight
upward arrow =excitation, undulated arrow =non-radiative multiphonon relax-
ation and straight downward arrow = luminescence step), and c) emission spectrum
[25a].
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Fig. 15. Optical sensitization occurring in [(acac),Cr(ox)Tb(HB(pz)3);]. a) Molec-
ular structure with schematic light-conversion processes, b) Jablonski diagram
(straight upward arrow =excitation, dotted arrow = non-radiative energy transfer,
undulating arrow =non-radiative multiphonon relaxation and straight downward
arrow = luminescence step, and c) emission spectra [25a].

-1
Cr _ Cr
kobs - (TLnCr) (9)
-1 -1
Ln—Cr _ 1Ln Ln _ Ln Ln
kEnT - kobs - klum - (thCr) - (anZn) (10)
kLn—>Cr an
nLnaCr _ EnT -1— LnCr (11)
EnT ™ pLnCr + kin - <Ln
EnT lum LnZn

It can be immediately noticed that the rate constants for Eu — Cr
or Tb— Cr energy transfers (kk=C" in Table 2, column 6) favor-
ably compete with intrinsic Ln-centered de-excitation pathways
(lele in Table 2, column 4) leading to considerable energy transfer
efficiencies (0.78 < nlﬁ?ﬂ?cr < 1.0) despite Cr- - -Ln contact distances
of about 1 nm in HHH-[LnCr(L2)3]%*. Though recent investigations
[42] suggest that long-distance intermetallic d <> f energy trans-

fers may include a competition between the electron-exchange
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Fig. 16. Optical sensitization occurring in [(acac),Cr(ox)Nd(HB(pz)s;).]. a) Molec-
ular structure with schematic light-conversion processes, b) Jablonski diagram
(straight upward arrows = excitation, dotted arrows = non-radiative energy transfer,
undulating arrows = non-radiative multiphonon relaxation and straight downward
arrows = luminescence step, and c) emission spectra [25d].

mechanism, which usually requires orbital overlap between closely
spaced donor and acceptor components (i.e. Dexter-type [11]),
and the (multipolar) coulombic interaction between the donor and
acceptor electric fields (i.e. Forster-type [10]), the rate constants
collected for HHH-[LnCr(L2)3]%* (Ln = Eu, Tb) were analyzed within
the strict limit of the long-range electron dipole-dipole formalism
[36d]. In these conditions, Eq. (1) becomes [43]:

Cr
Ln,Cr Ln—Cr __ QA Ln,Cr
Wpha ockgr ™ =« PN c 75%A
Tl4‘L'L" (RLn, 1) (T)Ln, r)
r,D\"'D,A DA
RLn,Cr 6
_ 1Ln 0
- klum,D RLn,Cr (12)
DA

6

Cr oLn,Cr sCr
Q" S2p " Pp

n4 (g]l.)l:nACr) 4

Qa is the integrated absorption cross section of the acceptor
transition, 7p, Tyymp and ¢p = Tyymp/TcD = (klum,D . rr_D)_1 are
theradiative, intrinsic lifetimes and luminescence quantum yield of
the donor in absence of energy transfer, Rp 4 is the donor-acceptor
distance separation, ¥p 4 is the resonance frequency and n is the

with Rg™" =
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Fig. 17. Molecular structures of [LnCr(L2);]%* cations with schematic light-
sensitization processes for a) Ln=Gd, b) Ln=Eu and c¢) Ln=Yb [36].
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Fig. 18. Simple kinetic models for the de-excitation and Cr< Ln communica-
tion in a) HHH-[LnCr(L2)3]%* and b) [CrLnCr(L3)3]°* (Ln=Eu, Tb). Straight upward
arrows = excitation, dotted arrows=non-radiative energy transfers, and straight
downward dashed arrows = radiative + non-radiative decays.

refractive index of the medium separating the donor and the accep-
tor. « collects fundamental constants and depends on the units used
for computing the critical distance Ry at which kDA =k, p, and
consequently nEDn—{A = 0.5(Eq.(11))[43]. Using centimeter units for
distances and molar concentrations, Eq. (12) can be converted into
Eq. (13) where the resonance frequency ¥pa and the absorption
cross section are partitioned between the spectral overlap integral
Jrand a factor « taking into account the relative orientation of donor
and acceptor electric dipoles (generally taken as 2/3 for a randomly
oriented system) [6].

2
Cr,.Ln Cr
K- ¢
WL = ke =8.8 x 1072 (9B jin

L Ln,cr)6°F
L (RDI,IA r)
6
RLn,Cr
L 0
= kll?m,D (RLTLCT> (13)
DA
16
. 8.8x10725(kCrin ) Cr fD(D)A(f;)/fJ"dT)
hRCr _ [ &7 T ) 9p _ ARV Ar
with R 3 JE and Jr fDmdﬁ

D is the emission line shape function for the donor emission,
A the absorption coefficient of the acceptor transition. Introducing
Eq. (12) or Eq. (13) into Eq. (11) yields
Ln,Cr\ 6
(Re"")

Ln,Cr 6
1+ R?'Ac- = 6 6
RV Ty

Numerical values for the critical distance allowing a 50% energy
transfer efficiency R(L)“'Cr (Table 2, column 9) then simply result
from Eq. (14) when pertinent energy transfer efficiencies (Table 2,
column 7) operating in HHH-[LnCr(L2);]%* are confronted with
the intramolecular intermetallic Ln.--Cr distances taken as RLD’fAcr
(Table 2, column 8). '

with RE*T = 11.5A, and especially R)>“" > 20A, we suspect
that superexchange pathways may have non-negligible contribu-
tions to kég?cr, but, whatever the origin of these large apparent
values, extended Ln/Cr helicates may be foreseen for the design of
molecular directional light-downconverters operating over nano-
metric distances on the millisecond timescale [36a]. Increasing the
temperature from 10K to 295 K, or working in acetonitrile solution
do not strongly affect the Cr-Ln communication in these dinuclear
complexes (Fig. 19).

When trivalent lanthanides with low-lying emitting levels
(Ln=Nd, Yb) are introduced into HHH-[LnCr(L2)3]6*, the direction
of the energy transfer is reversed and Cr(IIl) acts as a donor for sen-
sitizing Ln(III) (Fig. 17c¢) [36¢,36e]. Egs. (6-9) still apply, but Egs.
(10-11) are replaced with Egs. (15-16).

Ln—Cr _
Mgt~ =

(14)

-1 -1
Cr—Ln _ ,Cr _ ,Cr _ Cr _ Cr
Kent " = Kops = Kium = (TLnCr) (Tchr) (15)
Cr—Ln Cr
Croln _ Kot _1_ Uncr (16)
EnT ™ pCr—Ln + k€T - Cr
EnT lum GdCr

Modeling the intramolecular Cr — Ln energy transfer processes
with the simplified Jablonski diagram shown in Fig. 20a, allows
the straightforward deduction of pertinent rate constants (Egs.
(6-9 and 15)) and of the energy transfer efficiencies (Eq. (16))
from the characteristic excited Ln-centered states and Cr-centered
lifetimes t collected within the isostructural series [LnZn(L2)3]°",
[GACr(L2)3]%* and [LnCr(L2)3]%* (Ln=Nd, Yb, Table 3) [36¢,36e].

The energy transfer efficiencies 0.46 < {7 < 0.87 are com-
parable with those found for the reverse situation when Ln(III) = Eu,
Tb act as donors for Cr(Ill), thus leading to similar critical distances
for an energy transfer efficiency of 50% (94 < R'(;“’Cr <13A) char-
acterizing the directional Vis — NIR light-conversion processes in
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Table 3

Rate constants (k/s~1, Egs. (6-9) and (15)), efficiencies (1, Eq. (16)), intramolecular intermetallic Ln---Cr distances (R

Cr,Ln

DA /A ) and critical distances for 50% energy transfer

(R5""/A , Eq. (14)) in HHH-[LnCr(L2)3]%* and [CrLnCr(L3);]°* (Ln=Nd, Er, Yb; 10K) [36,37].

Compd Ko ki Kl i K e (58 R
[GdCr(L2)3]6* 2.7 x 10% - - - - - - -
[NdZn(L2)5]6* - - 6.8 x10° - - - 8.96 -
[YbZn(L2)3]%* - - 5.0x10% - - - - -
[NdCr(L2)3]* - 2.1x10% - 2.1x10° 1.9x 103 0.87 9.28 12.8
[YbCr(L2)3]6* - 5.1 x 10? - 5.1 x 102 2.4 x10? 0.46 9.33 9.1
[CrGdCr(L3)3]°* 4.4 x 10% - - - - - - -
[ZnNdZn(L3);]°* - - 6.3 x10° - - - - -
[ZnYbZn(L3)3]** - - 32x104 - - - - -
[ZnErZn(L3);]%* - - 2.2 x10° - - - - -
[CrNdCr(L3)3]°* - 4.0x 103 - 2.0x10° 1.6 x 103 0.78 - 10.9
[CrYbCr(L3)3]%* - 7.7 x 102 - 6.9 x 102 2.5 x 102 0.36 8.9 8.1
[CrErCr(L3)3]°* - 9.3 x 102 - 6.3 x 102 4.9x 102 0.53 - 9.0
HHH-[LnCr(L2)3]%* (Ln=Nd, Yb) [36e]. Interestingly, the NIR Nd(III) d ‘ Ln* (t) ’

and Yb(III) probes, which usually exhibit microsecond excited state
lifetimes, emit within the millisecond range when fed by energy
transfer from long-lived Cr(Ill) [36b]. Let's consider the rate Eqs.
(17) and (18), which model the time-dependent evolution of the
concentrations ’Cr* (r)] and |Ln* (t)| of the metals in their excited
states after a pulsed excitation of Cr(Ill) in HHH-[LnCr(L2)3]6*
(Fig. 20a).

d |Cr (t)
% = — (K™ + ki) - [ €T (0)] (17)
AE / x1000 cm!
2
1
16
L CrCE—>A)
1
AE /x1000 cm” : 10K 295K
30 — Luminescence
28 — «-""1
T,
oa— T L R
oo T D, T,
- T Dy, at
16— TP il
o
E
12 —
8-——
T 0
6 \ e
4 A\ 7 —"\
— F F —_— 7F
00— 0 —/ 4A2 6 _/ SO 0__/
Tb(IIT) L2 Eu(11l)

Eu(IIl) Cr(I1I)
Fig.19. Partial energy level diagram summarizing the excitation processes (straight
upward arrows), energy transfer processes (dotted arrows), non-radiative multi-
phonon relaxation (undulating arrows) and radiative emission processes (straight
downward arrows) occurring in (HHH)-[LnCr(L2)3](CF3S03)s (Ln=Eu, Tb). Cr(%Ty,
2T,) energy levels are omitted for clarity although they can act as relay for energy
transfer processes. The temperature-dependence of the Cr(E — 4A;) phosphores-
cence is highlighted.

Adapted from [36a].

= kSrotn. |Cr* (t)| — ki

n |Ln* (1) (18)

Integration of Eq. (17) is straightforward and yields

_(1Cr—Ln_pCr ). N

|cr (0] = | (0)] - (kEf k) € _ |Cr (0)] - e7obe* (19)

Compared with the intrinsic decay of Cr(Ill) observed in absence
of an acceptor in HHH-[GdCr(L2)5]5* ((kﬁ{m)_l =3.6ms at 10K),
the 46-87% efficiencies of the intramolecular Cr— Ln energy
transfers occurring in HHH-[LnCr(L2)3]%* (Ln=Nd, Yb) reduce the
Cr(IlI)-centered excited lifetimes to (kggs = 0.5ms (NdCr) and
1.9ms (YbCr, Table 3). Introducing Eq. (19) into Eq. (18) and inte-
gration gives [44]

0] = o O] 1
Ln* ()| = |cr*(0)] - n
khll-lm - (kg;T "+ kﬁlrm)

Since kS = kErrtn + kT << kiD | i.e.the residual Cr-centered
characteristic excited state lifetime largely exceeds the intrinsic Ln-
centered excited state lifetime in HHH-[LnCr(L2)3]6* (Ln=Nd, Yb),

Eq.(20)reduces toEq.(21)and the apparent first-order Ln-centered

(a) cr

k Cr—Ln

Bl =T

Ln* |
&
T :kﬁ’m =k +k
| zLn _ zLn Ln
| ktum = kr + knr |
v Vi
LnCr: ground state
(b)
Cl'* kCraLn kCraLn Cl"
I B

Cr =err +k:;r

Tum

| |
| | D e = k" + ey
! ke =k ek | ]

I
v v v
CrLnCr: ground state

Fig. 20. Simple kinetic models describing the de-excitation and Cr <> Ln commu-
nication in a) HHH-[LnCr(L2)3]%* and b) [CrLnCr(L3)3]°* (Ln=Nd, Er, Yb). Straight
upward arrows = excitation, dotted arrows=non-radiative energy transfers, and
straight downward dashed arrows = radiative + non-radiative decays.
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Fig.21. Partial energy level diagram summarizing the excitation processes (straight
upward arrows), energy transfers (dotted arrows), non-radiative multiphonon
relaxation (undulating arrows) and radiative emission processes (straight down-
ward arrows) occurring in (HHH)-[LnCr(L2)3](CF3S03) (Ln=Nd, Yb). The Cr(>Ty,
2T,) levels are omitted for clarity although they can act as relay for energy transfer
processes.

Adapted from [36Db].

decay rates mirror those of the Cr(IIl) donor excited states occurring
within the millisecond range (k' ~ k< ) [36b,36e].

<CraLn
|Ln* (1)] = |cr(0)| - —EoL

obs obs
I —(k<r ).
_cnl (e (kobs) t) (21)
kL
lum

The mechanisms of the directional Vis — NIR light-sensitization
processes occurring in HHH-[LnCr(L2)3]6* (Ln=Nd, Yb) are sum-
marized in Fig. 21 [36e].

The connection of a second capping Cr(Ill) cation in the
Ds-symmetrical [CrLnCr(L3)3]°* helicates complicates the

Eu—Cr Eu—Cr
(a) Ikl?.nT kEnT

V.. = 13300 cm!

V., = 13300 cm!

(b) k?r—»Yb

V.. =20490 cm-!

V.o = 20490 cm’!

Ve = 13300 em? = 13300 cmr!

V., = 10000 cm™!

Fig. 22. Molecular structures of [CrLnCr(L3)3]%* cations with schematic light-
sensitization processes for a) Ln=Eu and b) Ln=Yb [37].

Linear Non-linear
A
A ' ™
a B ¥ ¥
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5
= ~
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a) One photon b) SHG ¢) THG d) TPA
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Menax = 1 n=10" 7=10"

Fig. 23. Energy schemes for a) linear and b)-d) selected non-linear multi-photon
processes (G = ground state, E = excited state). a) Resonant one-photon excitation, b)
non-resonant second-harmonic generation (SHG), ¢) non-resonant third-harmonic
generation (THG) and d) two-photon absorption (TPA). Relative efficiencies n are
normalized for incident flux [52]. Straight upward arrows =excitation processes,
straight downward arrows =radiative emission processes.

intramolecular energy transfer schemes with two divergent
(Ln=Eu, Tb, Fig. 22a) or two convergent (Ln=Nd, Er, Yb, Fig. 22b)
intermetallic energy transfer processes. With Ln=Eu, Tb acting as
donors in [CrLnCr(L3);]°*, the pertinent rate constants (Fig. 18b)
are given in Eqgs. (22-26) and the energy transfer efficiency in Eq.
(27) (Table 2) [37a].

-1
k{-l?m = kl:n + khrl} = (TIZ-RLnZn) (22)
C C C C -1
Kium = kr' + ko = (TCrrchr) (23)
L L -1
kogs = (ICFLnCr) (24)
C C -1
kolr)s = (tCELnCr) (25)
L -1 L -1
Lo (k'ags - k{-l?m) |:(tCIr1LnCr) - (TC?LnZn)
kLo Cr - (26)
2 2
Ln—C L
oo 2KerT o Tolncr
NMenT — = 2Kn—Cr | pln 1 Ln (27)
<EnT + <lurn TZnLnZn

Compared with HHH-[LnCr(L2)3]6*, the energy transfer rate
constants kE'C" in [CrLnCr(L3);]®* are 20-30% larger (Table 2,
Ln=Eu, Tb), a phenomenon assigned to an increase in the spec-
tral overlap integral Jr (Eq. (13)) resulting from the replacement
of the [Ln(NgO3)] chromophore with [Ln(Ng)] (Fig. 8) [37a]. When
lanthanide acceptors (Ln=Nd, Er, Yb) are used in [CrLnCr(L3)s]°*
(Fig. 20b), Egs. (15) and (16) still hold and the efficiency of the
Cr — Nd and Cr — Yb energy transfers are only reduced by approxi-
mately 10% in the trinuclear complexes (Table 3). Furthermore, the
kinetic condition kg{)s << k{-&‘m still applies and the characteristic
Nd-, Er- and Yb-centered NIR luminescence lifetimes mirror the
residual Cr-centered emissions (Table 3).

5. Optical upconversion in discrete polynuclear Cr-Ln
complexes

The absorption of electromagnetic radiation by a molecule
depends on its polarization response A u to the alternating electric
field E (Eq. (28)) [45].

A =oE + BE> + yE3 + . .. (28)
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Two-photon upconversion
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Fig. 24. Energy schemes for selected two-photon upconversion processes (G = ground state, E(1), E(2) = excited states, A =activator, S = sensitizer). A) Excited state absorption
(ESA), b) sequential energy transfer upconversion (ETU), c) cooperative sensitization and d) cooperative luminescence. Relative efficiencies 1 are normalized for incident flux
[52]. Straight up arrows = excitation processes, dotted arrows = energy transfer processes. Straight down arrows = luminescence step.

The linear polarizability « belongs to the realm of linear optics.
Its real part, Re(«), is involved in the calculation of the refractive
index, whereas its imaginary part, Im(«), determines the one-
photon extinction coefficients ¢ responsible for the efficiency of
the excitation used for inducing standard sensitization processes
(Fig. 23a and Section 4).

B and y represent the first- and second-order hyperpolarizabil-
ity terms of ranks 2 and 3, respectively. 8 quantifies all second-order
non-linear optical (NLO) effects such as second-harmonic genera-
tion (SHG), a non-resonant multiphoton absorption producing a
single emission at double energy during the irradiation (Fig. 23b).
y controls the third-order NLO effects such as third-harmonic gen-
eration (THG, Fig. 23c) or two-photon absorption (TPA, Fig. 23d)
whose cross section is given by the imaginary part Im(y). Con-
sequently, any molecule is prone to convert low-energy photons
toward higher energy by using its non-linear response to electric
polarization, but the efficiencies of these processes are faint (i.e. 8,
y « o) and the resulting signals usually lie below instrumental limits
of detection except for optimized polarizable systems under high
power laser irradiations [46]. To the best of our knowledge, no dis-
crete Cr/Ln polynuclear molecular complex has been investigated
for NLO multiphoton absorption.

In 1966, Auzel proposed to consider cases where the emitting
ions (often termed the activator: A) are already in an excited state
for absorbing an additional photon either from an external irra-
diation source (excited-state absorption, ESA, Fig. 24a) or from
energy transfer involving sensitizer ions, S (Fig. 24b-d) [47]. Since
these processes only rely on linear optical processes requiring the
successive absorption of two photons leading to the upconverted
emission, their efficiencies are approximately 103-108 larger than
for NLO processes. Whereas cooperative sensitization (Fig. 24c) and
cooperative luminescence (Fig. 24d) exhibit only very small effi-
ciencies and require close contact distances between the sensitizers
and the activators, a situation which is difficult to realize in dis-
crete coordination complexes [48], ESA (Fig. 24a) and sequential
energy tranfer upconversion ETU (Fig. 24b) are better suited for
attempting to realize upconversion within the frame of molecu-
lar processes. However, the efficiency of ESA and ETU processes
strongly depends on the characteristic lifetime of the intermediate
excited state of the activator (E(1) in Fig. 24). Giidel and cowork-
ers showed that the vibrationally coupled non-radiative relaxation
affecting the closely spaced excited states in molecular lanthanide
complexes such as Nasz|[Ln(2,6-dipicolinate);] (Ln=Er, Tm) pre-
vented the detection of luminescence, and gave no opportunity to
induce and observe upconversion in these molecular compounds
[49]. The use of low-energy phonon solid-state matrices is an obvi-
ous remedy for minimizing vibrationally induced non-radiative

relaxation and Cr/Yb cooperative sensitization has been reported
for several co-doped garnets (Fig. 5) [15,16]. Attempts to reduce the
size of the chemical entity responsible for upconversion to nano-
metric dimensions successfully lead to upconverting nanoparticles
based on ionic fluorides or oxides doped with various lanthanides,
but we cannot find examples involving molecular Cr/Ln pairs [50].
In order to overcome the molecular limitation found for lanthanide
upconversion, we first reconsider the basic rate Egs. (29) and (30)
which model the time-dependent population of the excited stated
involved in the ESA mechanism (Fig. 25a). W, are the rate con-
stants for excitation processes, ka are the rate constants for decay
processes (radiative + non-radiative) and N, are the population
densities.

dny” 0=1n10) i) szl

T =WRTINY kAN, —WRTN, (29)
dN'? . 5

A =W Ny (30)

Under continuous-wave irradiation, the pumping rate from a
level | i) into a level | j) is given by [51]

Ap

i) \g 1) [2) \g1D)
———Po,/N,’ =fPo,’N
hcmr(wp )2 A A A A

1) _ =gl _
Ry = Wi INy =

(31)
with Ap the pump wavelength, wp the pump radius, P the inci-

dent pump power, h Planck constant, ¢ the vacuum speed of light,
|}

and aAi Nll\i> the absorption cross section of the | i) level for the i — j
transition. Introducing Eq. (31) into Eqgs. (29) and (30) yields
ANV
A [0} \j10) _ 17l T) (1) 11
it =fPo,'N," —kyN,' —fPo, 'N, (32)
a) ESA b) ETU
A A
2} — 2)
WH: )
? \ S "“‘I:\Vg’\ S
LRy 1 D Eax L
 J 01 0 E{S"\ §  J = o
ki |7 LIl B

10) — 0) 0) [0)
Fig. 25. Simplified three-level upconversion diagrams for a) ESA and b) ETU (| O> =

ground state, | 1>, | 2> = excited states, A=activator, S=sensitizer). Straight up

arrows = excitation processes, dotted arrows=energy transfers. Straight down
arrows =radiative + non-radiative decays.
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N
A =Py N} — N (33)

Assuming steady-state excitation dN/l\l) /dt = dN ‘L2> /dt =0, Eqgs.
(32) and (33) become

PolN = kINLY + polUNLY (34)
PolINI = 2N P2 (35)

which can be combined into Eq. (36), in which Nl\0> ~ Niot =
constant for a weak incident power.

f2 O’J\O) O-/‘\] ) PZN[LO)
K2 (k}\ + fcr/l\l>P>

The same approach applied to the ETU mechanism for a system
with a statistical distribution of donors and acceptors, as schema-
tized in Fig. 25b, gives the rate equations [51]

N2 (EsA) = (36)

1
dn\"

b :(WS}ANP)NJ\O)—k}\NL”—(WSZAI\Q”) N (37)
N2

A =(W52ANE>)NIL1>—I</2\NE> (38)
AN ot i) (w w2 ) Al

g =W INg” —kgNg! — (Wi + W3, ) Ng (39)

Introducing Eq.(31) into Eq. (39) and taking into account steady-
state excitation conditions dNJJ)/dt = de)/dt = dNy)/dt =0, the
population densities are given by

W] N|1>N|0>
1
NI — salls A|l> (40)
ki + W2, Ng
2 NI I T
NE) _ W3aNs "Na (41)
k2
A
[0) 5 7/10)
N|l> _ fGS PNS (42)

S = 1 2 1
Wen + We, + kg

The introduction of Egs. (40) and (42) into Eq. (41) followed by
algebraic transformations eventually yield

(el p i, (47)°

(43)
0 0
K2 (Why + W2, + k) (KL (Wiy + W2+ kL) +fol” PW2NL)

N (ETU) =

Again, Né()) ~ Niot = constant only for a weak incident power.
Comparing Eqs (43) and (36) shows that the numerator of the
ETU mechanism gains over single chromophore ESA by the prod-

2
uct Wi, wz, Né()) . Moreover, NE) (ETU) has no extremum for

Wsa >0 and strictly grows with increasing energy transfer rate
constant Wsa, so that the product W!,W2, should be as large
as possible [52]. Chemically speaking, WslAWSZA can be optimized

2
with efficient S— A energy transfer couples, while (N!))) is

maximized by a high local concentration of sensitizers around
the activator. We also note that the product of the absorption
cross sections of the activator ULO>JJ\1) in the ESA mechanism (Eq.
2
(36)) is replaced with (o!))) in the ETU mechanism. Finally,
the sum W}, + W2, + ki contributes twice to the denominator
and should be minimized for providing maximum ETU efficiency.
Altogether, the ETU mechanism can be optimized in a molecular
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Fig. 26. a) Jablonski diagrams representing the different chromophores in
[CrErCr(L3)3]°* showing the linear luminescence (excitation = straight up arrows,
internal conversion=curled arrows, energy transfer=dotted arrows, emis-
sion = straight down arrows), and b) emission spectrum of [CrErCr(L3)3]%* recorded
upon ligand-centered excitation (solid state, vexc =28, 170cm™', 3.5K).

Adapted from [37b].

2
system made up of a maximum number of sensitizers ((Ny)))
2

is large) possessing a high absorption cross section ((oém) is
large), a long characteristic excited lifetime (k; is small), and
located at distances from the activator, for which the energy trans-
fer rate constants are considerable (WslAWSZA is large). With this
consideration in mind, the trinuclear complex [CrErCr(L3);]°* is
an appealing candidate since two long-lived Cr(Ill) chromophores

(r = (klcurm)_l =2.3ms at 10K in the solid state, Table 3) with
small but non-negligible absorption cross section characteristic of
d-d transitions are able to generate significant energy transfer pro-
cesses toward the central Er(Ill) activator (nE;?Er = 53%, Table 3,
Fig. 26a). Furthermore, the strong ligand-field strength found
around Cr(Ill) in [CrLnCr(L3)3]°* (A=20980cm~!, B=748cm™1)
ensures a large energy gap E(Cr(*T,))-E(Cr(2E))=7600 cm~! which
translates into a transparent 20,000-14,000cm~! window for
the potential upconverted green Er(4S3/2 —>4I15/2) luminescence
expected around 18,400cm~! (Fig. 26a) [37b]. Irradiation in the
spin-allowed ligand-centered 7 — w* transitions (28,170cm™1)
in [CrErCr(L3)3]°* confirms the latter assumption since rapid
L3 — Cr(Ill) and L3 — Er(Ill) energy transfer processes eventually
lead to rich mixed ligand-centered and metal-centered emission
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Fig. 27. Molecular structures of [CrErCr(L3);]°* cations with schematic a) light-
sensitization and b) light-upconversion processes.

bands, among which the Er(4S3/2 — 4115/2)emission can be detected
(Fig. 26b).

Upon selective excitation of the spin-allowed Cr(4T, < “4A;)
transition at 22,220cm~!, intersystem crossing and internal
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conversion rapidly feed the Cr(%E) level which simultane-
ously induces Cr(2E — 4A,) phosphorescence at 13,380cm~! and
Cr(2E) — Er(*lo)2) energy transfer (nS'E" = 53%) followed by Er-
centered luminescence at 6400 cm~! Er(*ly3, — 4l;5)2) (Fig. 27a).
Selective irradiation of the Cr(2E<«“A,) transition at
13,330cm~! with a tuneable Ti-sapphire laser indeed produces
upconversion luminescence (Fig. 27b) with the detection of the
characteristic Er(4S3—*1;5/2) green luminescence at 18,400 cm™!
for solid-state samples (Fig. 28a) and for diluted frozen acetonitrile
solutions (Fig. 28b) [37b]. Although specific rate equations have
to be derived for satisfyingly modeling ETU processes occuring in
discrete trinuclear [CrErCr(L3)3]°" complexes (Fig. 29), the exact
quadratic dependence of the photoluminescence intensity on the
incident laser power observed in frozen solution (I« P2, Fig. 28)
implies that k} (WslA + W2, +kl >>f<7£0>PW52ANé0> within the
frame of the statistical approach [51]. Eq. (43) therefore reduces to

2 2
(o) W, (M0

kaka (WSlA +

p? (44)

N2 (ETU) ~ /
2 1
W2, + ki)

In other words, the linear decay k}\ is the dominant deple-
tion mechanism of the intermediate activator excited state ’1> K
whereas the upconversion term WSZANE) becomes negligible

(k} >> WSZANé1> in Eq. (40)). This situation is characteristic for

a molecular system possessing high-energy oscillators which

3.0+

R?=10.9282

1.0 1.5 20 25 3.0

log (P)

R?=10.9991

Fig. 28. Green upconversion luminescence in [CrErCr(L3)3]%* obtained upon irradiation of the Cr(2E < #A;) transition at varying laser powers: a) solid state (4K, vexc =13,

333cm~') and b) 10 mM in acetonitrile (Vexc =13, 360cm™1, 30.6 K).

Reproduced with permission from [37b].
© 2011 Copyright VCH-Wiley 2011.
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Fig. 29. Jablonski diagrams for the different chromophores in [CrErCr(L3)3]**
showing the proposed ETU mechanism for linear upconversion luminescence
(excitation = straight up arrows, internal conversion = curled arrows, energy trans-
fer=dotted arrows, emission = straight down arrows).

Adapted from [37b] and [53].

efficiently deactivate the closely spaced excited states of the Er(III)
activator [49].

It is worth stressing here that the quadratic dependence I « P?
found for the Er(4S;; — %Iy52) green upconversion luminescence
in [CrErCr(L3);]°" has no relationship with the usual signature
of second-order non-linear optical response, but it explains why
upconversion is sometimes (erroneously) referred to as a NLO
process. For being convinced, let’s consider the alternative limit-
ing case, for which the linear decay of the intermediate activator
excited state ’1>A can be neglected because the upconversion is

dominant (k} << WSZANg1> in Eq. (40)). In these conditions, Eq. (43)
reduces to
0) /|0 0
N
k2 (W, + W2, +kb)

N2 (ETU) = (45)

and the intensity of the upconversion luminescence depends
linearly on the incident laser power, as for any linear optical pro-
cesses.

6. Conclusions and perspectives

Due to its kinetic inertness, Cr(Ill) has been considered since
the mid-fifties as an ideal cation in mononuclear complexes for
investigating ligand-exchange mechanisms, stereochemistry, and
for correlating structural parameters with electronic, magnetic and
optical properties. However, discrete polynuclear heterometallic
d-d [54] or d-f [24-26,36,37] complexes including Cr(IIl) cations
remain scarce in the literature because of the difficult selective
incorporation of the different metals in the same (supra)molecular
architecture. The use of a pre-formed inert pseudo-octahedral
Cr(IIl) complexes acting as ligand for cascade complexation reac-
tions with additional d-block and/or f-block partners is by far
the most popular strategy, but the alternative exploitation of
the toolbox of self-assembly with labile Cr(IlI) analogues fol-
lowed by oxidative post-modification offers novel perspectives
for the preparation of sophisticated discrete polynuclear archi-
tectures. A large part of the disaffection for introducing Cr(III)

in (supra)molecular heterometallic complexes also comes from
its slow-relaxing paramagnetic Cr(*A;) ground state, which pre-
cludes the use of high-resolution NMR for its characterization. In
this context, geometrically analogous fast-relaxing Cr(Il) precur-
sors may greatly help for recording parent high-resolution NMR
spectra, but ESI-MS remains the most accessible analytical spectro-
scopic technique for a rapid identification of the different charged
Cr(IlI) complexes present in solution. The pairing of Cr(Ill) with
trivalent lanthanides displays limited magnetic interest because
of the weak 3d-4f coupling schemes and of the poor magnetic
anisotropy of Cr(Ill) [24,25,55]. On the contrary, isolated Cr/Ln sys-
tems exhibit fascinating optical properties, which benefit from rich
metal-centered absorption and emission properties combined with
novel functions resulting from tuneable Cr < Ln energy transfers.
Depending on the choice of accessible excited spectroscopic lev-
els in the Ln(Ill) partner, Cr(Ill) can act as an acceptor (Ln=Eu,
Tb) or as a donor (Ln=Nd, Sm, Ho, Dy, Er, Tm, Yb) for directional
light-sensitization in dinuclear and trinuclear complexes. Assum-
ing simple dipole-dipolar Férster mechanisms, the critical distances
required for a 50% energy transfer efficiency in Cr/Ln pairs fall
within the nanometric range, which allows their molecular tuning
at the (supra)molecular level and the control of the excited life-
times of NIR lanthanide emitters by long-lived Cr(Ill) donors. Last,
but not least, the strong-field [Cr(IlI)Ng] chromophores found in
[CrLnCr(L3)3]°* have been successfully used as sensitizers for the
first light-upconversion process performed in discrete coordina-
tion complexes. Whereas light-sensitization based on Cr(III)/Ln(III)
complexes will probably remain an academic curiosity compared
with other more efficient and accessible d-f pairs [20], there
is no doubt that the strict quadratic dependence of the inten-
sity of the green upconverted Er(4S3/2 —>4I15/2) luminescence in
[CrLnCr(L3)3]°* on the incident power of the optical source will
attract a strong interest for the further design of improved molec-
ular systems in which the upconversion process is optimized with
respect to the linear decay of the intermediate excited state of
the activator. This unique advantage could lead in the future to
the creation of upconverting edifices suitable for novel photonics
applications.
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