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Introduction

Although long-lived visible EuIII and TbIII emitters have
been systematically exploited in the time-resolved separa-
tion of the target signal from the fluorescent background in
bioassays,[1] the development of alternative near infrared
(NIR) trivalent lanthanide probes (Ln=Pr, Nd, Er, Yb) is
recent,[2–7] despite the transparency of biological tissues in
this spectral range.[8] Moreover, the lower energy of the ex-
cited states in NIR emitters is compatible with visible sensi-
tization processes outside the range of biological absorption,
thus offering perspectives for improved detection limits.[9]

Lanthanide-based NIR emitters are also used for optical
amplification in lasers[10] and silica-based fiber optic net-
works, for which the emission wavelengths (1330 nm for PrIII

and 1550 nm for ErIII) match the “window of transparency”
in silica used for telecommunication.[11] Potential applica-
tions are thus obvious, but designing efficient sensitization
for lanthanide-based NIR emitters remains a challenge, be-
cause the Laporte-forbidden 4f!4f transitions prevent
direct excitation of the photoluminescence.[10] For PrIII, NdIII,
and ErIII, the plethora of accessible excited levels in the
6000–35000 cm�1 range is compatible with indirect sensitiza-
tion processes, during which a suitable aromatic chromo-
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phore is irradiated in the UV[2] or visible[3] spectral range,
followed by Ligand!LnIII energy transfer. Since the spec-
tral overlap between the broad ligand emission spectrum
(i.e., donor) and the Ln-centered narrow line absorption
spectrum (i.e., acceptor) is considerable, the classical Fçr-
ster–Dexter mechanism[12] holds for modeling these energy
transfer processes. For YbIII, the existence of a single and
sharp 2F5/2 excited level around 10 000 cm�1 strongly limits
direct spectral overlap, but the efficient sensitization of the
Yb(2F5/2!2F7/2) emission by high-energy ligand chromo-
phores has been assigned to alternative electron transfer
pathways (via YbII),[2b, 13] and/or phonon-assisted process-
es.[2a] The possible simultaneous occurrence of these differ-
ent mechanisms in the same complex, combined with the ex-
treme difficulty to separate exchange from multipolar con-
tributions in Ligand!LnIII energy transfer, limit the molec-
ular programming and tuning of NIR luminescence.[14] In
this context, the alternative use of a d-block complex as a
donor, well-separated from the lanthanide acceptor, offers
the potential for a rational approach, since multipolar elec-
trostatic interactions (with or without phonon-assistance)
become the only vectors for intramolecular nd!4f energy
transfer processes.[10,12–14] The first systems matching this cri-
terion took advantage of the intense charge-transfer transi-
tions, often mixed with d–d transitions, occurring in the visi-
ble spectral range of redox-active d-block complexes, to effi-
ciently collect photonic energy. Intersystem crossing (isc)
followed by multipolar nd!4f energy transfer complete the
energy funneling processes leading to the lanthanide-based
NIR emission.[4–7] The well-known [RuII(2,2’-bipyridine)3]

2+

chromophore (efficient 1MLCT absorption centered at
22170 cm�1, followed by the quantitative isc feeding of the
3MLCT state)[15] has been integrated into polymetallic d–f
complexes containing LnIII-centered NIR emitters, and effi-
cient intramolecular Ru(3MLCT)!LnIII (Ln =Nd, Er, Yb)
energy transfer processes have been evidenced.[4] Other
work has focused on square-planar PtII centers,[5] and
pseudo-octahedral ReI[6] and CrIII[7] building blocks, but ki-
netic rate constants, kM,Ln

ET , for nd!4f energy transfers in dis-
crete heterometallic complexes have only been reported for
RuII!NdIII transfer in complexes 1[4a] and 2,[4b] RuII!YbIII

transfer in 1,[4a] and PtII!LnIII (Ln= Nd, Er, Yb) transfer in
3 and 4 (Figure 1).[5a,b]

Owing to the large intermetallic distances (� 7–8 �,
Figure 1), the mathematical multipolar expansion can be
reasonably limited to the first dipole–dipolar term, and the
efficiency of the nd!4f energy transfer process (hM,Ln

ET ) is
given by Equation (1).[16]

hM,Ln
ET ¼ kM,Ln

ET

kM
lumþ kM,Ln

ET

¼ kM,Ln
ET

kM
obs

¼ 1
1þ ðRM,Ln

DA =RM,Ln
0 Þ6

ð1Þ

kM
lum is the decay rate constant of the donor d-block chro-

mophore (M) in the absence of an acceptor (Ln), RM,Ln
DA is

the distance between the donor and the acceptor, and RM,Ln
0

is the so-called critical distance for 50 % energy transfer,
which can be estimated with Equation (2).

ðRM,Ln
0 Þ6 ¼ 8:75� 10�25 k2 FF n�4 J ½cm6� ð2Þ

k2 is an orientation factor having an isotropic limit of 2/3,
FF is the quantum yield of the donor luminescence in ab-
sence of acceptor, n is the refractive index of the intermetal-
lic medium, and J is the overlap integral between the emis-
sion spectrum of the donor and the absorption spectrum of
the acceptor (in cm6 mol�1). The considerable number of pa-
rameters affecting kM,Ln

ET , combined with their dependence on
molecular and electronic structures, have dissuaded the ra-
tional programming of intermetallic energy transfer in semi-
flexible polymetallic d–f complexes, and the search for effi-
cient d-block sensitizers entirely relies on empiric investiga-
tions.

To address which factors are the most pertinent for con-
trolling nd!4f energy transfers, we have connected the
inert donors [CrIII(2-benzimidazolpyridine)3]

3+ and [RuII(2-
benzimidazolpyridine)3]

2+ to pseudo-tricapped trigonal-pris-
matic LnIIIN6O3 chromophores in the C3-symmetrical triple-
stranded helicates HHH-[MLnL3]

5/6+ (HHH stands for
head-to-head-to-head, Figure 2).[17–19]

The rigidity of the triple helix fixes the intermetallic dis-
tance (9.0–9.3 �) for any d–f pair, which 1) restricts the
number of parameters (i.e. , RM,Ln

DA is roughly invariant), and
2) ensures that the dipole-dipolar mechanism holds. Prelimi-
nary data collected for HHH-[CrLnL3]

6+ (Ln=Nd, Yb)
point to unusually slow energy transfer kCr,Nd

ET =1.8 � 103 s�1

and kCr,Yb
ET =2.2 � 102 s�1,[18] which are three orders of magni-

tude lower than those reported for analogous RuLn com-
plexes (Figure 1). Herein, we focus on the detailed structural
variations induced by the accommodation of different metal
ions (M=Cr, Ru; Ln=Nd, Eu, Er, Yb, Lu) within the triple
helices, and their consequences for nd!4f energy transfer.
A quantitative kinetic model leads to a set of criteria, which
can be rationally used for tuning the lifetimes of the lantha-
nide-based NIR emission.

Results and Discussion

Self-assembly of the inert d–f triple-stranded helicates
HHH-[CrLnL3]

6+ (Ln=Nd, Gd, Yb) and HHH-[RuLnL3]
5+

(Ln=Nd, Eu, Gd, Er, Yb): Since thermodynamically control-
led assemblies leading to the final heterobimetallic helicates
require labile metal ions,[20] the introduction of inert CrIII

and RuII requires special conditions. For CrIII, we have
taken advantage of the lability of its reduced CrII form to as-
semble HHH-[CrIILnL3]

5+ , prior to aerobic oxidation[17]

leading to [CrLnL3](CF3SO3)6·x H2O (Ln=Gd, Nd: x= 6;
Ln=Yb: x= 4, Figure 2) in fair yields (58–67 %, see Table
S1 in the Supporting Information). Since the [RuIII(2-benzi-
midazolpyridine)3]

3+ entity is too oxidizing and kinetically
inert to be used as a precursor, we have resorted to the re-
cently reported labilizing effect of polar solvents on
[RuII(a,a’-diimine)3]

2+ .[19] Self-assembly of L (3 equiv) with
[Ru(DMSO)5(H2O)]2+ (1 equiv) and LnIII (1 equiv) in etha-
nol under reflux, followed by recrystallization from metha-
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nol/diethyl ether, indeed produces 63–70 % of [RuLnL3]-
(CF3SO3)5·x H2O·y CH3OH (Ln= Nd: x= 10, y= 1; Ln=Eu:
x=2, y=2; Ln= Gd, Er, Yb: x= 6, y= 1; see Figure 2, and
Table S1 in the Supporting Information). For photophysical
comparisons, the related labile helicates [ZnLnL3]-
(CF3SO3)5·3 H2O (Ln=Nd, Yb; Table S1) are obtained by
the simple mixing of L (3 equiv) with Zn2+ (1 equiv) and
LnIII (1 equiv) in acetonitrile.[21] X-ray quality prisms were
obtained by slow diffusion of diethylether into concentrated
acetonitrile solutions for [CrNdL3](CF3SO3)6(CH3CN)4-
(H2O) (5) and [CrYbL3](CF3SO3)6(CH3CN)4 (7), while

layering pentane onto a methanolic solution of the rutheni-
um complexes gives [RuEuL3](CF3SO3)5(CH3OH)1.5(H2O)
(9). For the sake of simplicity, the heterobimetallic cationic
helicates HHH-[CrIIILnL3]

6+ , HHH-[RuIILnL3]
5+ , and

HHH-[ZnIILnL3]
5+ will often be termed CrLn, RuLn, and

ZnLn in the following discussion.

Crystal and molecular structures of [CrNdL3](CF3SO3)6-
(CH3CN)4(H2O) (5) and [CrLnL3](CF3SO3)6(CH3CN)4

(Ln=Eu, 6; Ln= Yb, 7 and Ln=Lu, 8): The two crystal
structures CrNd (5) and CrYb (7)[18] are isostructural with

Figure 1. Molecular structures of discrete heterometallic d–f complexes 1–4, for which the rate constant of intermetallic energy transfer (kM,Ln
ET ) has been

reported (295 K, see text for references).
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CrEu (6) and CrLu (8) previously described.[17] Each crystal
structure comprises discrete triple-helical cations HHH-
[CrIIILnL3]

6+ , six ionic triflate anions, and four non-coordi-
nated acetonitrile molecules. In 5, the larger ionic size of
NdIII provides enough voids for the incorporation of an ad-
ditional disordered water molecule in the unit cell, without
significantly affecting the cell parameters. The atomic num-
bering scheme is shown in Figure 3a, while a view of the
triple-helical cation is given in Figure 3b. The geometrical
data are collected in Table 1 and in Tables S2–S5 in the Sup-
porting Information.

The four triple-helical cations HHH-[CrLnL3]
6+ (Ln=Nd,

Eu, Yb, Lu) are superimposable (see Figure S1 in the Sup-
porting Information), except for the expected faint contrac-
tion of the nine-coordinate lanthanide radii along the
series.[22] The experimental six-coordinate CrIII ionic radii,
calculated by using Shannon�s definition with r(N)=1.46 �,

amount to RCN¼6
Cr =0.585–0.591 � in 5–8 (expected

0.615 �),[22] which demonstrates negligible variations of the
CrN6 chromophores when lanthanides of different sizes
occupy the adjacent LnN6O3 site. Moreover, the trend
RCN¼9

Nd =1.143 � (expected 1.163 �) > RCN¼9
Eu =1.106 � (ex-

Figure 2. Self-assembly and crystal structures of HHH-[CrLuL3]
6+ [17] and

HHH-[RuLuL3]
5+ .[19]

Figure 3. a) Numbering scheme for the cation HHH-[CrLnL3]
6+ in 5–10

(indices b and c correspond to the other strands; ellipsoids are represent-
ed at 40 % probability level). b) Projection of HHH-[CrLnL3]

6+ perpen-
dicular to the pseudo-C3 axis. The CrYb complex is represented as a
specimen.
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pected 1.120 �) > RCN¼9
Yb =1.035 � (expected 1.042 �) >

RCN¼9
Lu =1.030 � (expected 1.032 �) calculated with r(O)=

1.35 �,[22] demonstrates the fine tuning provided by the heli-
cal strands wrapped around the lanthanide ions. The de-
tailed geometrical analysis of the pseudo-octahedral CrN6

site based on the angle f, qi, and wi in HHH-[CrLnL3]
6+

(Figure 4a),[17,23] shows the usual distortions from a perfect
octahedron (foct = 1808, qoct =54.78 and woct =608) with 1) a
faint deviation from the C3 axis (f= 178–1798, see Table S4
in the Supporting Information), 2) a significant flattening
along this axis (qi =57–618, see Table S4 in the Supporting
Information), and 3) a constrained helical twist (wi =51–538,
see Table S4 in the Supporting Information). As expected,
we find identical angular parameters within experimental
errors for the four CrN6 sites in 5–8. A related analysis of

the pseudo-tricapped trigonal
prismatic LnN6O3 site in 5–8
(Figure 4b),[17, 24] displays minor
variations of f and qi along the
lanthanide series. However, wi

systematically decreases when
going from CrNd (wi = 148) to
CrLu (wi = 98, see Table S5 in
the Supporting Information),
which indicates a tighter wrap-
ping of the tridentate segments
around the smaller lanthanides.
This minor structural change is
responsible for the systematic
increase of the intramolecular
Cr···Ln separation with the de-
creasing size of LnIII (Table 2).

This counter-intuitive conse-
quence can be traced back to
the mechanical coupling be-
tween the adjacent helical por-
tions F23 and F34 defined in Fig-
ure 4c.[17] The associated helical
pitches Pij (Table 2) unambigu-
ously demonstrate that the
tighter wrapping measured by
the systematic decrease of P34

and P45 for smaller LnIII is bal-
anced by an opposite relaxation
of the helical twist within the
intermetallic region (P23), which
eventually dominates the total
extension of the helix, as previ-
ously reported for HHH-
[CoLnL3]

6+ (Ln=La, Lu).[25]

Crystal and molecular struc-
tures of HHH-[RuEuL3]-
(CF3SO3)5(CH3OH)1.5(H2O) (9)
and HHH-[RuLuL3]-
(CF3SO3)4.5Cl0.5(CH3OH)2.5 (10):
Compounds 9 and 10[19] are iso-
structural and 9 thus comprises

discrete triple-helical cations HHH-[RuEuL3]
5+ , along with

ionic triflates and non-coordinated solvent molecules. The
numbering used for CrLn also holds for the RuLn series
(Figure 3a, and Figure S2 in the Supporting Information).
The molecular structures of RuEu and RuLu are almost
identical (see Figure S3 in the Supporting Information),
while they are only roughly superimposable with the one of
CrEu (Figure 5). Selected geometrical parameters are col-
lected in Table 3 and Tables S6–S8 in the Supporting Infor-
mation.

The calculated ionic radii for RuII in RuEu (RCN¼6
Ru =

0.598 �) and RuLu (RCN¼6
Ru =0.595 �)[19] point to a negligible

influence of the lanthanide contraction onto the pseudo-oc-
tahedral RuN6 chromophore, which is confirmed by identi-

Table 1. Selected bond lengths [�] and angles [8] for [CrNdL3](CF3SO3)6(CH3CN)4(H2O) (5) and
[CrYbL3](CF3SO3)6(CH3CN)4 (7).

Distances
ligand a ligand b ligand c

5 7 5 7 5 7

Ln···Cr 9.282(1) 9.334(1)
Ln�O1 2.456(4) 2.360(4) 2.441(4) 2.310(4) 2.404(4) 2.324(4)
Ln�N4 2.632(5) 2.528(5) 2.628(5) 2.500(5) 2.602(5) 2.513(4)
Ln�N6 2.640(5) 2.515(5) 2.636(5) 2.527(4) 2.658(5) 2.550(5)
Cr�N1 2.075(4) 2.067(5) 2.068(4) 2.074(5) 2.076(5) 2.074(4)
Cr�N2 2.013(5) 2.012(4) 2.022(5) 2.017(4) 2.018(5) 2.027(5)

Angles
ligand a ligand b ligand c

bite angles
5 7 5 7 5 7

N1-Cr-N2 79.5(2) 79.4(2) 79.3(2) 79.3(2) 79.2(2) 79.1(2)
N4-Ln-N6 61.2(1) 63.7(1) 61.8(1) 64.4(1) 62.3(1) 64.4(1)
N6-Ln-O1 62.5(1) 64.6(1) 63.1(1) 64.7(1) 62.6(1) 64.5(1)
N4-Ln-O1 123.5(1) 128.2(1) 124.9(1) 129.0(1) 124.8(1) 128.9(1)

N-Cr-N
5 7 5 7

N1a-Cr-N2b 88.7(2) 89.4(2) N1a-Cr-N1c 95.7(2) 95.6(2)
N1a-Cr-N2c 174.3(2) 174.2(2) N2a-Cr-N1b 170.6(2) 171.1(2)
N2a-Cr-N2b 96.9(2) 97.5(2) N2a-Cr-N1c 88.2(2) 87.9(2)
N2a-Cr-N2c 97.9(2) 97.9(2) N1a-Cr-N1b 91.9(2) 92.2(2)
N1b-Cr-N1c 96.3(2) 95.9(2) N1b-Cr-N2c 91.0(2) 90.7(2)
N2b-Cr-N1c 173.9(2) 173.3(2) N2b-Cr-N2c 96.6(2) 96.1(2)

N-Ln-N
5 7 5 7

N4a-Ln-N4b 87.2(1) 85.1(2) N6a-Ln-N6b 122.4(1) 121.6(1)
N4b-Ln-N4c 86.0(1) 85.0(1) N6b-Ln-N6c 118.3(1) 118.8(2)
N4a-Ln-N4c 88.8(1) 87.4(1) N6a-Ln-N6c 118.5(1) 118.4(1)
N4a-Ln-N6c 147.5(1) 147.1(1) N4a-Ln-N6b 76.3(1) 74.8(1)
N6a-Ln-N4b 142.3(1) 141.9(1) N4b-Ln-N6c 76.8(1) 76.3(1)
N6b-Ln-N4c 144.7(1) 145.3(1) N6a-Ln-N4c 74.1(1) 73.0(1)

O-Ln-N
5 7 5 7

N4a-Ln-O1c 144.2(1) 140.8(1) N4a-Ln-O1b 77.4(1) 79.5(1)
N6a-Ln-O1b 70.7(1) 68.8(1) N6a-Ln-O1c 133.9(1) 133.7(1)
N6b-Ln-O1c 68.9(1) 66.6(1) N4b-Ln-O1c 83.7(1) 84.3(1)
O1a-Ln-N6b 134.5(1) 133.0(1) O1a-Ln-N4b 145.7(1) 142.9(1)
O1a-Ln-N4c 80.3(1) 81.3(1) O1a-Ln-N6c 69.0(1) 66.7(1)
O1b-Ln-N4c 144.7(1) 141.6(1) O1b-Ln-N6c 134.8(1) 133.1(1)

O-Ln-O
5 7 5 7

O1a-Ln-O1b 80.6(1) 79.0(1) O1b-Ln-O1c 79.6(1) 78.4(1)
O1a-Ln-O1c 78.8(1) 78.1(1)
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cal f, qi, and wi angles (see Table S7 in the Supporting Infor-
mation). Conversely, the contraction of about 0.01 � ob-
served when replacing RuII with CrIII has no significant
effect on the wrapping process of the tridentate binding

units around the LnIII ions (see Tables S5 and S8 in the Sup-
porting Information). However, the helical twist (measured
by Pij, Figure 4c) shows a global tighter wrapping in going
from CrLn to RuLn, which eventually reduces the interme-
tallic distance by about 0.25 � (Table 2). Since the geome-
tries of the metallic coordination spheres in CrLn and RuLn
are similar, this latter effect is assigned to the larger inter-
metallic electrostatic repulsion induced by the replacement
of RuII with CrIII.

Photophysical properties of the heterobimetallic complexes
[CrLnL3]

6+ (Ln=Nd, Gd, Yb) and [RuLnL3]
5+ (Ln=Nd,

Gd, Er, Yb): According to our structural analysis of com-
plexes 5–10, we can safely conclude that the triple-stranded
helicates offer a semi-rigid frame, in which the intermetallic
separation is tuned by 1) the electrostatic repulsion between
the metal ions and 2) the contraction of the lanthanide ionic
radii. This situation is ideal for unravelling the intramolecu-
lar intermetallic nd!4f energy transfer processes eventually
leading to the directional conversion of visible light into
NIR luminescence. Moreover, the kinetically inert CrIIIN6

and RuIIN6 chromophores ensure that the solid state struc-
tures are maintained in polar solvents. This is supported by
ESI-MS spectra, in which we exclusively detect the presence
of [MLnL3]

6/5+ species for sprayed millimolar acetonitrile
solutions (see Table S9 in the Supporting Information),[17, 18]

and by the 1H NMR spectra of [RuLnL3]
5+ (Ln= Nd, Eu,

Yb; Table S10 in the Supporting Information), which pro-
vide paramagnetic shifts identical to those reported for the
analogous C3-symmetric triple-helical complexes [CoLnL3]

6+.[25]

Direct comparisons between quantum yields measured in
solution and excited states lifetimes collected in the solid
state are thus reliable.[17,19, 26]

Ligand-centered excited states in [CrLnL3]
6+ (Ln=Nd, Gd,

Yb) and [RuLnL3]
5+ (Ln=Nd, Gd, Er, Yb): The UV part of

the absorption spectra of CrLn and RuLn in acetonitrile are
similar and show two intense bands centered at 40 000 and
30 000 cm�1, and assigned to ligand-centered p!p* transi-
tions, as previously established for CrLu[17] and RuLu[19]

(Table 4, Figure 6a). Excitation of the 1pp* level in CrLn
(Ln=Nd, Yb, ñexc = 28 170 and 31 545 cm�1, respectively) do
not produce significant ligand-centered luminescence (10–
295 K) because of efficient quenching by Ligand!CrIII

energy transfer processes, as similarly reported for CrLn
(Eu, Gd, Tb, Lu).[17] The emission spectra of CrLn are thus
dominated by the CrIII- and LnIII-centered luminescence
(vide infra). Similar experiments performed with RuLn
(Ln=Nd, Gd, Er, Yb, 77 K) show two bands in the fluores-
cence spectra around 26 100 cm�1 (ligand-centered 1pp*)
and 17 000 cm�1 (3MLCT, Table 4 and Figure 6b), which are
diagnostic of the [Ru(a,a-diimine)3] chromophore.[19] The
associated time-resolved spectra (delay time: 50 ms) indicate
a weak underlying ligand-centered 3pp* emission (0
phonon: 24 300–25 000 cm�1, lifetimes 70–90 ms, Table 4 and
Figure 6b), which points to a somewhat incomplete
Ligand!RuII energy transfer process.

Figure 4. Definition of the angles f, qi, and wi for a) the pseudo-octahe-
dral site (R1 =M�N1a + M�N1b + M�N1c and R2 = M�N2a + M�
N2b + M�N2c)[23] and b) the pseudo-tricapped trigonal prismatic site
(R1 =Ln�O1a + Ln�O1b + Ln�O1c and R2 =Ln�N4a + Ln�N4b +

Ln�N4c)[24] in HHH-[MLnL3]
5/6+ (Proj[N(i)] is the projection of N(i)

along the R1�R2 direction onto a perpendicular plane passing through
the metal). c) Helical portions Fi�Fj along the threefold axis defined by
the facial planes Fi (see Table S2 and S3 in the Supporting Information).
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d-Block-centered excited states in [CrLnL3]
6+ (Ln=Nd, Gd,

Yb) and [RuLnL3]
5+ (Ln=Nd, Gd, Er, Yb): The absorption

spectra in the visible range differ for the two series of com-
plexes because the spin-allowed d–d transitions and charge-
transfer bands appear at higher energy for CrIII (4A2!4T2,
4T1 + CT in the range 20 000–25 000 cm�1),[17] than for RuII

(1A1!1T1 + 1MLCT in the range 17 000–24 000 cm�1,
Table 4 and Figure 6a).[19] At 10 K, in the solid state or in
frozen acetonitrile solution, the luminescence spectra of
CrLn (Ln =Nd, Yb) display a strong band at 13 320 cm�1

and Stokes phonon sidebands (13 100–12 900 cm�1) arising
from the Cr(2E!4A2) transition, whatever the excitation
mode is, through the ligand-centered 1pp* level (ñexc =

29 170 cm�1), or upon laser excitation into the Cr-centered
bands (ñexc =20 492 cm�1, Figure 7a). At 295 K, the Cr(2E)

luminescence becomes less in-
tense, with the appearance of
anti-Stokes side bands (13 700–
14 200 cm�1 Figure 7a).

The associated Cr(2E) life-
times in CrLn (Ln=Nd, Yb;
Table 4 and Table S11 in the
Supporting Information),
remain in the millisecond range
at 10 K, but are significantly
shorter than those obtained for
CrGd under the same experi-
mental conditions. Since GdIII

does not possess accessible ex-
cited states below
32 200 cm�1,[27] the reduced
Cr(2E) lifetimes in the isostruc-
tural complexes CrLn (Ln= Nd,

Yb) can be safely assigned to the occurrence of incomplete
intramolecular intermetallic Cr!Ln energy transfer proc-
esses. At 295 K, the Cr(2E) lifetimes dramatically decrease
to reach the microsecond range as a result of efficient ther-
mally-activated non-radiative vibrational quenching, previ-
ously evidenced in CrLu and CrGd (see Table S11 in the
Supporting Information).[17] However, the decrease of the
Cr-centered emission lifetimes in going from CrGd to
CrLn (Ln=Nd, Yb) is maintained at 295 K (see Table S11
in the Supporting Information), and further confirmed by
a similar trend in the quantum yields FCr measured in aceto-
nitrile (see Table S12 in the Supporting Information). We
conclude that partial intramolecular directional intermetallic
Cr!Ln energy transfer processes also occur at room tem-
perature.

The luminescence spectra of the RuLn complexes (Ln=

Nd, Gd, Er, Yb) show a broad band centered around
15 000–17 000 cm�1 (Table 4; 0 phonon at 15 600 cm�1 at 10 K
in the solid state, Figure 8a) arising from the Ru(3MLCT)
state whatever the excitation mode is, through the ligand-
centered 1pp* level (ñexc = 31 145 cm�1), or upon laser excita-
tion of the Ru(1MLCT) state (ñexc = 20 492 cm�1, Figure 8a).
The microsecond Ru(3MLCT) lifetime is also reduced when
going from RuGd to the isostructural RuLn (Ln=Nd, Er,
Yb) complexes (see Table S11 in the Supporting Informa-
tion), in complete agreement with the occurrence of partial
intermetallic Ru!Ln energy transfer processes. Again, this
trend is maintained in frozen solution at 10 K (Table 4).
However, tRu decreases by almost two orders of magnitude
at room temperature, and reliable variations of lifetimes in
the nanosecond range are difficult to detect with our setup.
The concomitant determination of the Ru-centered quantum
yields FRu overcomes this limitation, and confirms the exis-
tence of intramolecular Ru!Ln energy transfers at 295 K
(see Table S12 in the Supporting Information).

f-Block-centered excited states in [CrLnL3]
6+ (Ln=Nd, Gd,

Yb) and [RuLnL3]
5+ (Ln=Nd, Gd, Er, Yb): The intramolec-

ular d!f energy transfer evidenced in CrLn and RuLn is re-

Table 2. Helical pitches Pij along the pseudo-C3 axis[a] and intermetallic distances dM,Ln in the crystal structures
of [CrLnL3](CF3SO3)6 (5–8) and [RuLnL3](CF3SO3)5 (9,10).

CrNd CrEu [b] CrYb CrLu [b] RuEu RuLu[c]

Pij [�] Pij [�] Pij [�] Pij [�] Pij [�] Pij [�]

F1–F2
[d] 14.58 14.64 14.58 14.59 13.27 13.35

F2–F3 20.50 20.63 20.74 20.79 19.83 19.86
F3–F4 12.40 12.09 11.62 11.61 12.15 12.06
F4–F5 9.79 9.51 8.90 8.89 8.30 8.72
F1–F5 15.75 15.67 15.42 15.44 14.83 14.88
dM,Ln [�] 9.282(1) 9.3238(8) 9.334(1) 9.3546(9) 9.062(1) 9.0794(9)

[a] Each helical portion F1–F2, F2–F3, F3–F4, and F4–F5 is characterized by 1) a linear extension d(Fi–Fj) defined
by the separation between the facial planes, 2) an average twist angle aij defined by the angular rotation be-
tween the projections of Ni and Nj (or Oj) belonging to the same ligand strand onto an intermediate plane
passing through the metal (or a midpoint X for F23), and 3) its pitch Pij defined as the ratio of axial over angu-
lar progressions along the helical axis Pij =d(Fi–Fj)/(aij/360) (Pij corresponds to the length of a cylinder contain-
ing a single turn of the helix defined by geometrical characteristics d(Fi–Fj) and aij).[36] [b] Taken from ref. [17].
[c] Taken from ref. [19]. [d] F1: N1a, N1b, N1c; F2: N2a, N2b, N2c; F3: N4a, N4b, N4c; F4: N6a, N6b, N6c; F5:
O1a, O1b, O1c (see Figure 4c).

Figure 5. Optimized superimposition of the cations HHH-[CrEuL3]
6+

(red) and HHH-[RuEuL3]
5+ (blue) in the structures of 6 and 9.

� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3228 – 32423234

J.-C. G. B�nzli, C. Piguet et al.

www.chemeurj.org


sponsible for the concomitant Ln-centered NIR emission de-
tected in the 7150–11 800 cm�1 range for the Nd(4F3/2!4IJ ;
J=9/2, 11/2, 13/2) transitions (Figure 7b–d and Figure S4 in
the Supporting Information), 9200–10 800 cm�1 range for the
Yb(2F5/2!2F7/2) transition (Figure 8b and Figure S5 in the
Supporting Information), and 6500–6600 cm�1 range for the
Er(4I13/2!4I15/2) transition (see Figure S6 in the Supporting
Information). Since the local environments of the pseudo-
tricapped trigonal-prismatic LnN6O3 sites are comparable in
CrLn and RuLn (see crystallographic section), the crystal-
field splitting of the Nd- and Yb-centered transitions are
almost identical (see Table S13 in the Supporting Informa-
tion). It can be interpreted as arising from metal ions in a
trigonal site with D3 symmetry, for which the irreducible
representations of the total angular momentum operator

lead to four sublevels for Yb-
(2F7/2) and three sublevels for
Yb(2F5/2) (Figure 9a).[28] We
thus expect four transitions
from the lowest crystal-field
sublevel of Yb(2F5/2) to the Yb-
(2F7/2) manifold (Figure 8b, and
Figure S5 and Table S13 in the
Supporting Information). At
10 K, the total splitting of Yb-
(2F7/2) amounts to 304 cm�1 in
CrYb and 303 cm�1 in RuYb,
which confirms the similarity of
the lanthanide coordination
spheres in these helicates. The
Nd(4F3/2)-centered luminescence
in CrNd (Figure 7b–d) and
RuNd (see Figure S4 in the
Supporting Information) fea-
tures the typical three transi-
tions to 4IJ (J= 9/2, 11/2, 13/2)
split into five (4I9/2, 10 800–
11 600 cm�1), five (4I11/2, 9200–
9500 cm�1), and seven compo-
nents (4I13/2, 7150–7700 cm�1),
for which we predict respective-
ly, five, six, and seven allowed
transitions assuming a trigonal
symmetry.[16] Upon increasing
the temperature, the 4F3/2-cen-
tered emission band becomes
broader, the energy difference
between the components within
each 4IJ manifold remaining the
same (see Table S13 in the Sup-
porting Information). However,
additional components, shifted
by 65–75 cm�1 on the high
energy sides of the initial transi-
tions (Figure 7b–d, and Figure
S4 and Table S13 in the Sup-
porting Information), can be as-

signed as originating from the highest crystal-field sublevel
of the emitting 4F3/2 excited state (Figure 9b). Using a Boltz-
mann distribution with T= 295 K and DE=70 cm�1, we cal-
culate a 41 % population for the upper sublevel, in line with
the intensity ratios of the 11 509 cm�1/11 436 cm�1 compo-
nents of the 4F3/2!4I9/2 transition, which amount to 0.38 for
CrNd and 0.43 for RuNd. In the case of RuEr, the poor res-
olution of the Er(4I13/2!4I15/2) transition prevents a detailed
crystal-field analysis (see Figure S6 in the Supporting Infor-
mation).

Interestingly, the Yb(2F5/2) and Nd(4F3/2) emission decays
at 10 K are single exponential functions, but the correspond-
ing lifetimes cover three orders of magnitude, that is, from
millisecond (CrNd, CrYb) to microsecond (RuNd, RuYb)
ranges (Table 5). Comparison with the standard Ln-centered

Table 3. Selected bond lengths [�] and angles [8] for [RuEuL3](CF3SO3)5(CH3OH)1.5(H2O) (9) and [Ru-
LuL3](CF3SO3)4.5Cl0.5(CH3OH)2.5 (10).[19]

Distances
ligand a ligand b ligand c

9 10 9 10 9 10

Ln···Ru 9.062(1) 9.0794(9)
Ln�O1 2.417(7) 2.345(5) 2.379(7) 2.284(5) 2.405(7) 2.326(4)
Ln�N4 2.621(8) 2.534(6) 2.545(9) 2.469(6) 2.591(8) 2.514(5)
Ln�N6 2.592(7) 2.518(4) 2.623(7) 2.531(5) 2.576(6) 2.515(4)
Ru�N1 2.052(9) 2.064(6) 2.076(6) 2.060(5) 2.059(7) 2.055(5)
Ru�N2 2.058(7) 2.051(5) 2.042(8) 2.044(5) 2.059(6) 2.057(5)

Angles
ligand a ligand b ligand c

bite angles
9 10 9 10 9 10

N1-Ru-N2 77.5(4) 77.8(2) 77.2(3) 77.5(2) 77.5(3) 77.9(2)
N4-Ln-N6 62.9(2) 64.5(2) 62.7(3) 64.5(2) 63.6(3) 64.7(2)
N6-Ln-O1 62.4(2) 63.8(2) 63.0(2) 64.2(2) 64.2(2) 65.2(2)
N4-Ln-O1 125.1(2) 128.2(1) 125.7(2) 128.7(2) 127.5(2) 129.6(2)

N-Ru-N
9 10 9 10

N1a-Ru-N2b 175.7(2) 175.7(2) N1a-Ru-N1c 95.8(3) 95.0(2)
N1a-Ru-N2c 84.9(3) 85.0(2) N2a-Ru-N1b 85.2(3) 85.5(2)
N2a-Ru-N2b 100.3(3) 99.8(2) N2a-Ru-N1c 172.8(3) 172.5(2)
N2a-Ru-N2c 99.1(3) 99.3(2) N1a-Ru-N1b 98.9(3) 98.7(2)
N1b-Ru-N1c 98.6(3) 97.7(2) N1b-Ru-N2c 174.9(3) 174.5(2)
N2b-Ru-N1c 86.6(3) 87.5(2) N2b-Ru-N2c 99.1(3) 99.0(2)

N-Ln-N
9 10 9 10

N4a-Ln-N4b 89.1(3) 88.3(2) N6a-Ln-N6b 119.3(2) 119.5(2)
N4b-Ln-N4c 82.9(2) 82.7(2) N6b-Ln-N6c 117.4(2) 117.4(2)
N4a-Ln-N4c 84.4(2) 83.9(2) N6a-Ln-N6c 121.7(2) 121.5(2)
N4a-Ln-N6c 76.3(2) 74.7(2) N4a-Ln-N6b 148.0(3) 148.0(2)
N6a-Ln-N4b 77.0(2) 75.6(2) N4b-Ln-N6c 144.2(2) 144.3(2)
N6b-Ln-N4c 77.8(2) 76.5(2) N6a-Ln-N4c 141.4(3) 141.6(2)

O-Ln-N
9 10 9 10

N4a-Ln-O1c 78.8(3) 79.1(2) N4a-Ln-O1b 141.7(2) 139.9(2)
N6a-Ln-O1b 133.7(2) 132.1(2) N6a-Ln-O1c 68.3(2) 67.4(2)
N6b-Ln-O1c 132.9(3) 132.7(2) N4b-Ln-O1c 145.1(2) 142.8(1)
O1a-Ln-N6b 68.6(2) 67.5(2) O1a-Ln-N4b 82.3(3) 82.7(2)
O1a-Ln-N4c 146.5(2) 144.1(2) O1a-Ln-N6c 132.8(3) 132.4(2)
O1b-Ln-N4c 84.7(2) 86.1(2) O1b-Ln-N6c 66.0(2) 65.9(2)

O-Ln-O
9 10 9 10

O1a-Ln-O1b 79.9(2) 77.9(2) O1b-Ln-O1c 79.1(2) 77.9(2)
O1a-Ln-O1c 78.5(2) 78.3(2)
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luminescence decay times measured in absence of d!f com-
munication in HHH-[ZnNdL3]

5+ (t(4F3/2)= 1.4–1.8 ms,
Table 5) and in HHH-[ZnYbL3]

5+ (t(2F5/2)=20–22 ms,
Table 5) shows that, except for RuYb, the NIR Ln-centered

luminescence decays are significantly slower in the CrLn
and RuLn complexes.

Table 4. Ligand-centered and d-block-centered absorption and emission properties of complexes [CrLnL3]
6+ (Ln=Nd, Gd, Yb) and [RuLnL3]

5+ (Ln=

Nd, Gd, Er, Yb) in acetonitrile.[a]

Compd Absorption [cm�1] Absorption [cm�1] Emission [cm�1] Emission [cm�1] Lifetime [ms] Emission [cm�1] Lifetime [ms][c]

p!p* [b] d–d + CT [b] 1pp* 3pp* t(3pp*) d-block-centered d-block-centered

CrGd 40486 (78 200 sh) 25 700 (26 000 sh) [d] [d] [d] 13301 Cr(2E) 4.21(2)� 103

29940 (102 200) 22 800 (2400 sh)

CrNd 40486 (81 700 sh) 25 700 (21 400 sh) [d] [d] [d] 13330 Cr(2E) 0.58(3)� 103

29940 (96 900) 22 800 (2700 sh)

CrYb 40486 (77 100 sh) 25 700 (21 300 sh) [d] [d] [d] 13327 Cr(2E) 2.53(2)� 103

29940 (96 900) 22 800 (2800 sh)

RuGd 40160 (79 025) 21 185 (8700) 25800 24300(sh) 94(4) 14493 Ru(3MLCT) 12.4(7)
30120 (105 900) 20700

RuNd 40160 (77 750) 21 185 (9400) 26200 25100(sh) 73(3) 14493 Ru(3MLCT) 6.27(3)
30120 (111 660) 23000

RuEr 40160 (77 080) 21 185 (8300) 26000 25700(sh) 93(5) 14493 Ru(3MLCT) 9.72(4)
30120 (105 500) 22600

RuYb 40160 (78 030) 21 185 (8500) 26200 25600(sh) 94(4) 14493 Ru(3MLCT) 9.16(2)
30120 (103 300) 23600

[a] Absorption spectra recorded at 293 K, luminescence data and lifetime measurements at 77 K (ñexc =31 545 cm�1); sh= shoulder. [b] Energies are given
for the maximum of the band envelope in cm�1 and e (in parentheses) in m

�1 cm�1. [c] At 10 K. [d] 1pp* and 3pp* luminescence quenched by transfer to
CrIII ion.[17]

Figure 6. a) Absorption spectra of HHH-[CrNdL3]
6+(full line) and HHH-

[RuNdL3]
5+ (dashed line) in acetonitrile (293 K, 10�3 mol dm�3). b) Emis-

sion spectrum of HHH-[RuYbL3]
5+ in acetonitrile at 293 K (full line), at

77 K (dotted line), and at 77 K with a 0.05 ms delay time (dashed line,
10�3 mol dm�3, ñexc =31545 cm�1).

Figure 7. Emission spectra of HHH-[CrNdL3]
6+ in the solid state at 10 K

and 295 K (ñex =20 492 cm�1). a) Cr(2E!4A2) transition and b)–d) Nd-
(4F3/2!4IJ, J =9/2, 11/2, 13/2, respectively) transitions. Arrows point to
transition arising from the highest crystal-field sublevel.
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Models and consequences of intramolecular d!f energy
transfers in [CrLnL3]

6+ (Ln=Nd, Yb) and [RuLnL3]
5+

(Ln=Nd, Er, Yb): A close scrutiny of the emission spectra
of CrNd or RuNd shows several dips in the profile of the
Cr(2E) and Ru(3MLCT) transitions, which exactly match the
4I9/2!(4F5/2,

2H9/2) absorption of the neighbouring NdIII ion
(Figure 7a, and Figure S7 in the Supporting Information).
This is evidence for a M!Nd energy transfer process, which

can be modelled by the simple kinetic scheme given in
Figure 10.

The mathematical treatment of this system leads to the
rate Equations (3) and (4) , which can be integrated to give
the time-dependent concentration of the excited species
[M*(t)] [Eq. (5)] and [Ln*(t)] [Eq. (6)] , in which M and Ln
stand for the d- and f-block metal ions, respectively.[29]

d½M*ðtÞ�=dt ¼ �ðkM,Ln
ET þ kM

LumÞ½M*ðtÞ� ð3Þ

d½Ln*ðtÞ�=dt ¼ kM,Ln
ET ½M*ðtÞ��kLn

Lum½Ln*ðtÞ� ð4Þ

½M*ðtÞ� ¼ ½M*ð0Þ�e�ðk
M,Ln
ET þk

M
lumÞt ¼ ½M*ð0Þ�e�k

M
obst ð5Þ

½Ln*ðtÞ� ¼ ½M*ð0Þ� kM,Ln
ET

kLn
Lum�ðkM,Ln

ET þ kM
LumÞ
ðe�ðk

M,Ln
ET þk

M
LumÞt�e�k

Ln
LumtÞ

ð6Þ

The metal-centered luminescence rate constants kM
Lum and

kLn
Lum correspond to the sum of the radiative and non-radia-

tive de-excitation pathways in absence of the acceptor
(kM

Lum), or of the donor (kLn
Lum).

kM
Lum is thus reasonably approxi-

mated by the decay rate con-
stant of the d-block-centered
luminescence in CrGd and
RuGd (Table 4, and Table S11
in the Supporting Information),
while kLn

Lum is obtained from the
f-block-centered emission in
ZnLn (Ln= Nd, Yb, Er,
Table 5).[30] Assuming that the
intramolecular d!f directional
energy transfer is the only addi-
tional non-radiative pathway af-
fecting the deactivation of the
d-block-centered excited state
in CrLn or RuLn, when NdIII,
ErIII or YbIII replace GdIII, the
rate constant of the energy
transfer process, kM,Ln

ET , can be
estimated from Equation (7) ,
in which kM

obs is the experimen-
tal observed decay rate con-
stant of M* in presence of the
Ln acceptor in the [MLnL3]

5/6+

complexes (M=Cr, Ru; Ln =

Nd, Er, Yb; Table 4 and Ta-
ble S11).[2b, 18]

kM,Ln
ET ¼ kM

obs�kM
Lum ¼ ðtM

obsÞ�1�ðtM
LumÞ�1 ð7Þ

Moreover, once kM,Ln
ET is determined, Equation (1) holds,

thus leading to the critical distances for 50 % energy transfer
processes RM,Ln

0 collected in Table 6.

At 10 K, a temperature at which phonon-assisted energy
transfer processes are minimized, we notice that 1) CrIII is a

Figure 8. Emission spectra of HHH-[RuYbL3]
5+ in the solid state at 10 K

and 295 K (ñex =20492 cm�1). a) Ru(3MLCT) transition and b) Yb(2F5/2!
2F7/2) transition.

Figure 9. Ligand-field sublevels of a) YbIII and b) NdIII as determined from emission spectra at 10 and 295 K in
HHH-[CrLnL3]

6+ .
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better donor than RuII (hCr, Ln
ET > hRu, Ln

ET , Table 6) and 2) the
efficiency of the energy transfer process decreases in the
order hM,Nd

ET > hM,Er
ET > hM,Yb

ET . Therefore, larger critical distan-
ces are calculated for the CrLn complexes (RCr, Ln

0 > RRu, Ln
0 ),

and with Ln= Nd (Table 6). The latter effect can be assigned

to an increase of the overlap integral J [Eq. (2)] when NdIII

is used as an acceptor because its 4FJ (J= 3/2, 5/2, 7/2, 9/2),
2HJ (J=9/2, 11/2), and 4S3/2 excited levels are available for
overlapping with the M-centered emission spectra in the
13 000–15 000 cm�1 range, while only two (4F9/2 and 4I9/2) and
one level (2F5/2) are accessible for Ln=Er and Yb, respec-
tively.[10] At 295 K, the thermally-activated vibrational proc-
esses explain the faster luminescence decays of the donor
kM

Lum, but the parallel trend observed for the energy transfer
process kM,Ln

ET suggests that both M-centered de-excitation
processes (i.e., luminescence and energy transfer, Table 6)
depend on closely related phonon-assisted mechanisms at
high temperature. Consequently, the efficiency of the energy
transfer processes hM,Ln

ET =kM,Ln
ET /(kM

lum +kM,Ln
ET )=kM,Ln

ET /kM
obs

[Eq. (1)] does not drastically vary with temperature
(Table 6). It is worth noting that kRu, Nd

ET =2.3 � 106 s�1 and
kRu, Yb

ET = 5.2 �105 s�1 obtained at 295 K are comparable to
rate constants reported for similar processes in the more
flexible complexes 1 and 2 (Figure 1). A similar behavior is
observed for CrLn and RuLn in acetonitrile solution and
the efficiency of the energy transfer process (hM,Ln

ET , [Eq. (8)])
and critical distance (RM,Ln

0 , [Eq. (1)]),[17] fairly match those
obtained in the solid state (see Table S14 in the Supporting
Information).

hM,Ln
ET ¼ 1�ðFM,Ln=FM,GdÞ ð8Þ

However, the most striking point concerns the experimen-
tal apparent rate constants kLn

App of the Ln-centered lumines-
cence in [MLnL3]

5/6+ (Ln=Nd, Er, Yb), which are orders of
magnitude smaller than those found for the intrinsic lumi-
nescence (kLn

Lum) measured in absence of donor in
[ZnLnL3]

5+ (Table 6). In other words, the expected lifetimes
of the Ln-centered luminescence, which are in the microsec-

Table 5. f-Block-centered lifetimes (t [ms]) for Nd(4F3/2), Yb(2F5/2), and
Er(4I3/2) in HHH-[CrLnL3]

6+ (Ln =Nd, Yb), HHH-[RuLnL3]
5+ (Ln=Nd,

Er, Yb), and HHH-[ZnLnL3]
5+ (Ln= Nd, Yb).

Compd Solid-state/
10 K

Solution/
10 K [a]

Solid-state/
295 K

Solution/
295 K [a]

CrNd [b] 0.47(1)� 103 0.54(1)� 103 0.12(1)� 103 5.1(1)
CrYb [b] 1.96(1)� 103 2.45(1)� 103 0.24(1)� 103 23(2)
RuNd [c] 6.04(3) 5.79(7) 1.44(2) [d]

RuEr [c] 6.94(5) [d] 0.540(5) [d]

RuYb [c] 22.72(7) 22.4(1) 17.52(2) 22.6(2)
ZnNd [b] 1.46(1) 1.49(1) 1.60(1) 1.82(1)
ZnYb [b] 20(1) 23(2) 23(1) 22(1)

[a] 10�4 mol dm�3 in acetonitrile. [b] ñexc =28169 cm�1. [c] ñexc =

20492 cm�1. [d] Too weak to be measured.

Figure 10. Kinetic model for the deactivation and communication of d-
block and f-block-centered excited levels in HHH-[MLnL3]

5/6+ (M= Cr,
Ru; Ln =Nd, Er, Yb).

Table 6. Experimental rates of luminescence kM
Lum, kLn

Lum, kM
obs, and kLn

App, and calculated energy transfer rates kM,Ln
ET [Eq. (7)], efficiencies hM,Ln

ET , and critical
distances RM,Ln

0 [Eq. (1)], and switching distances dM,Ln
switch [Eq. (11)] for HHH-[CrLnL3]

6+ (Ln=Nd, Yb), HHH-[RuLnL3]
5+ (Ln= Nd, Er, Yb), and HHH-

[ZnLnL3]
5+ (Ln =Nd, Yb) in the solid state.[a]

Compd T kM
obs kM

Lum kLn
App kLn

Lum kM,Ln
ET hM,Ln

ET RM,Ln
0 RM,Ln

DA
[b] dM,Ln

switch

[K] [s�1] [s�1] [s�1] [s�1] [s�1] [%] [�] [�] [�]

ZnNd 10 6.84 � 105

ZnYb 10 5.00 � 104

CrGd 10 2.73 � 102

CrNd 10 2.13 � 103 2.13 � 103 1.86 � 103 87 12.8 9.28 3.5
CrYb 10 5.10 � 102 5.10 � 102 2.37 � 102 46 9.1 9.33 3.8
RuGd 10 1.04 � 105

RuNd 10 1.55 � 105 1.65 � 105 5.10 � 104 33 8.1 9.06 5.9
RuEr 10 1.44 � 105 1.44 � 105 4.00 � 104 28 7.7 9.08
RuYb 10 1.27 � 105 4.404 2.30 � 104 18 7.1 9.08 8.0
ZnNd 295 6.25 � 105

ZnYb 295 4.35 � 104

CrGd 295 3.45 � 103

CrNd 295 8.33 � 103 8.33 � 103 4.88 � 103 59 9.8 9.28 4.1
CrYb 295 4.17 � 103 4.17 � 103 7.20 � 102 17 7.2 9.33 4.7
RuGd 295 1.16 � 106

RuNd 295 3.45 � 106 6.94 � 105 2.29 � 106 66 10.2 9.06 11.3
RuEr 295 1.85 � 106 1.85 � 106 6.90 � 105 37 8.4 9.08
RuYb 295 1.68 � 106 5.71 � 104 5.20 � 105 31 7.9 9.08 13.7

[a] Typical relative error �10 %. [b] Intermetallic distances taken from the crystal structures of 5–10.
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ond range (tZnNd = (kZnNd
lum )�1 = 1.46 ms, tZnYb = (kZnYb

lum )�1 =

20 ms), can be apparently lengthened by factors 101–103 in
RuLn and CrLn, respectively. This known phenomenon[2b]

depends on the ratio r=kLn
lum/(kM

lum +kM,Ln
ET )=1�hM,Ln

ET ,[2b] and it
can be rationalized with Equation (6). A first limiting case
occurs when the energy transfer is very fast and consequent-
ly, the sum kM,Ln

obs = (kM
lum +kM,Ln

ET ) is much larger than kLn
lum (r !

1); Equation (6) then reduces to Equation (9) , in which the
apparent decay of the Ln-centered luminescence in the bi-
metallic complex MLn coincides with the one found in ab-
sence of a donor in ZnLn (kLn

Lum).

½Ln*ðtÞ� ¼ ½M*ð0Þ� kM,Ln
ET

ðkM,Ln
ET þ kM

LumÞ
e�k

Ln
Lumt ð9Þ

This situation is found for RuYb, for which (kRu
lum +

kRu, Yb
ET )=1.27 � 105 s�1 @ kYb

Lum = 5.0 � 104 s�1 at 10 K
(Table 6). Equation (6) predicts that the population of the
excited lanthanide level Yb(2F5/2) in RuYb culminates
around 5 % with respect to [Ru*(t=0)]= 100 % (Fig-
ure 11a), and the experimental apparent Yb(2F5/2) decay life-
time (t=22.7(1) ms, Table 5), indeed fits the one obtained in
absence of a donor (tZnYb = 20 ms). The second limiting case
is more intriguing and it arises when the sum of the energy
transfer and d-block-centered deactivation rates are small in

comparison with the Ln-centered deactivation: (kM
lum +

kM,Ln
ET )=kM

obs !kLn
lum (r @1). Equation (6) thus transforms into

Equation (10), and the decay of the Ln-centered lumines-
cence is now determined by the population rate of the Ln
excited level by directional energy transfer from the M ion.
It therefore mirrors that of the d-block donor.

½Ln*ðtÞ� ¼ ½M*ð0Þ� k
M,Ln
ET

kLn
Lum

e�k
M
obst ð10Þ

The latter situation holds for RuNd, CrNd, and CrYb
(Figure 11b, and Figure S8 in the Supporting Information)
and leads to an astonishing apparent lengthening of the Ln-
centered emission decay time in the millisecond range when
CrIII is used as donor.

Conclusion

Detailed structural investigation of the CrLn (Ln=Nd, Eu,
Yb, Lu) and RuLn (Ln= Eu, Lu) helicates demonstrates
that the heterobimetallic triple-helical complexes are rigid
enough for providing comparable molecular structures for
the d–f pairs, but flexible enough to tune the wrapping of
the strands around metal ions of slightly different sizes. Al-
though the long M···Ln distance (d�9.0 �) is only slightly
affected by variation in the ionic radii of the host cations, it
significantly depends on the intermetallic electrostatic repul-
sion, and it increases by about 0.25 � on going from
[RuLnL3]

5+ to [CrLnL3]
6+ . Since the solution structures

closely resemble those found in the solid state, we conclude
that these discrete molecular objects are ideally suited for
unravelling electrostatic multipolar interactions responsible
for intramolecular intermetallic communication by nd!4f
energy transfer, ultimately providing directional visible!
NIR light-converters. In this context, the d-block-centered
deactivation rate constants in the absence of an acceptor
(kM

Lum), which differ by three orders of magnitude between
Cr(2E) (millisecond range) and Ru(3MLCT) (microsecond
range), are strictly mirrored in the rate of the nd!4f energy
transfer process (kM,Ln

ET ) with Ln= Nd, Er, Yb (Table 6). This
somewhat unexpected behavior is responsible for the detec-
tion of significant, but incomplete intermetallic energy trans-
fer when CrIII or RuII are used as sensitizers. Moreover,
these data suggest that both d-block-centered luminescence
and energy transfer to the 4f acceptors are controlled by vi-
bronic processes (i.e., phonon-assisted), which are more effi-
cient for Ru(3MLCT) than for Cr(2E). Finally, the critical
radii RM,Ln

0 , calculated for each d–f pair, allow the prediction
of the distance dM,Ln

switch, at which kM,Ln
ET =kLn

Lum [Eq. (11)].

dM,Ln
switch ¼ RM,Ln

0 � 6

ffiffiffiffiffiffiffiffiffi

kM
Lum

kLn
Lum

s

ð11Þ

In other words, dM,Ln
switch corresponds to the intermetallic sep-

aration for which the kinetic regime switches between NIR

Figure 11. Illustration of the time-dependent concentrations [M*(t)]
(dotted lines) and [Ln*(t)] (full lines) for the deactivation of d-block-
and f-block-centered excited levels in a) HHH-[RuYbL3]

5+ and b) HHH-
[CrYbL3]

6+ (solid-state, 10 K). The expansions highlight the two-order
magnitude change in the apparent decay of the Yb(2F5/2) level when RuII

or CrIII are used as sensitizers.
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emission reflecting the intrinsic lifetime of the Ln-centered
excited state (kM,Ln

ET >kLn
Lum, which translates into RDA<dM,Ln

switch),
and NIR luminescence decay driven by the population rate
of the Ln excited level, that is, equal to the observed decay
of the d-block sensitizer (kM,Ln

ET <kLn
Lum, therefore RDA>dM,Ln

switch).
For [CrLnL3]

6+ (Ln=Nd, Yb), dCr, Ln
switch �3.5–4.7 � (Table 6)

implies that apparent expansion of the NIR emission decay
time is a common feature when a [CrIII(a,a’-diimine)3] chro-
mophore is used as a sensitizer for Ln=Nd and Yb in poly-
metallic assemblies. However, a similar behavior with the
[RuII (a,a’-diimine)3] chromophore requires larger separa-
tions (dRu, Ln

switch �6–14 �), which may be a limiting factor for
apparent Ln lifetime lengthening in RuLn bimetallic edifi-
ces. This controlled intermetallic communication offers
promising perspectives for the design of novel homogeneous
fluoroimmunoassays[1b] using time-resolved NIR lumines-
cence, in which one monoclonal antibody is labelled with
the d-block donor and the other one with the f-block accept-
or.[31] Increased sensitivity is expected upon reaction with
the specific target antigen and crucial structural information
about the distance between the recognition sites becomes si-
multaneously accessible. This could also develop into a new
tool for assessing distances between targeted sites in large
biomolecules.

Experimental Section

Syntheses, solvents and starting mate-
rials : These were purchased from
Fluka AG (Buchs, Switzerland) and
used without further purification
unless otherwise stated. Acetonitrile
was distilled from CaH2. The com-
plexes [CrLnL3](CF3SO3)6·x H2O (Ln=

Gd, Nd: x=6; Ln=Yb: x=4),[17]

[RuLnL3](CF3SO3)5·xH2O·yCH3OH
(Ln=Nd: x =10, y =1; Ln=Eu: x =2,
y= 2; Ln=Gd: Er, Yb: x=6, y=1)[19]

and [ZnLnL3](CF3SO3)5·3H2O (Ln=

Nd, Yb)[21] were prepared according to
previously described procedures.

Crystal structure of
[CrNdL3](CF3SO3)6(CH3CN)4(H2O)
(5), [CrYbL3](CF3SO3)6(CH3CN)4 (7),
and [RuEuL3](CF3SO3)5(-
CH3OH)1.5(H2O) (9): Summary of
crystal data, intensity measurements,
and structure refinements are collect-
ed in Table 7. All crystals were mount-
ed on quartz fibers with protection oil.
Cell dimensions and intensities were
measured at 200 K on a Stoe IPDS dif-
fractometer with graphite-monochro-
mated MoKa radiation (l=0.71073 �).
Data were corrected for Lorentz and
polarization effects and for absorption.
The structures were solved by direct
methods (SIR97),[32] all other calcula-
tions were performed with XTAL[33]

system and ORTEP[34] programs.
CCDC-220050 (5), CCDC-220051 (7),
and CCDC-253390 (9) contain the

supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Complexes 5 and 7 are isostructural with [CrLnL3](CF3SO3)6(CH3CN)4

(Ln=Eu, 6 ; Ln=Lu, 8).[17] The hydrogen atoms of the methyl groups
were refined with restraints on bond lengths and angles, and blocked
during the last cycles. The atomic positions of the other hydrogen atoms
were calculated. In 5, the ethyl group C29b–C30b, the water molecule,
and the triflate anions g and h are disordered and were refined on two
sites with population parameters 0.5/0.5 for the ethyl and water molecule
and 0.6/0.4 for each triflate anion.

The complex 9 is isostructural with [RuLuL3](CF3SO3)4.5Cl0.5(CH3OH)2.5

(10).[19] The metric of the unit cell was not reduced (c<b) to allow the
same description of both isostructural structures. The ethyl group C29b–
C30b, and the triflate anions f, g, and h were disordered and refined on
two sites with population parameters 0.7/0.3 (ethyl, triflates f and g) and
0.75/0.25 (triflate h).

Spectroscopic and analytical measurements : IR spectra were obtained
from KBr pellets with a Perkin–Elmer 883 spectrometer. Electronic spec-
tra in the UV/Vis range were recorded at 20 8C from acetonitrile solu-
tions with a Perkin–Elmer Lambda 900 spectrometer using quartz cells
of 0.1 and 1 cm path length. 1H NMR spectra were recorded at 25 8C on
Bruker Avance 400 MHz and Bruker DRX-500 MHz spectrometers.
Chemical shifts are given in ppm with respect to TMS. Pneumatically as-
sisted electrospray (ESI-MS) mass spectra were recorded from
10�4 mol dm�3 solutions on a Finnigan SSQ7000 instrument. The equip-
ment and experimental procedures for luminescence measurements in
the visible range have been published previously.[35] Excitation of the
finely powdered samples was achieved by a 450-W xenon high-pressure
lamp coupled with a monochromator or a Coherent Innova Argon laser.
The emitted light was analyzed at 908 with a Spex 1404 double mono-
chromator with holographic gratings (band-path used 0.01–0.2 nm). Light
intensity was measured by a RCA 31034 photomultiplier with a cooled S-

Table 7. Summary of crystal data, intensity measurement, and structure refinement for
[CrNdL3](CF3SO3)6(CH3CN)4(H2O) (5), [CrYbL3](CF3SO3)6(CH3CN)4 (7), and [RuEuL3](CF3SO3)5-
(CH3OH)1.5(H2O) (9).

Compound 5 7 9

formula C113H113CrNdN25O22F18S6 C113H111CrYbN25O21F18S6 C105.5H107RuEuN21O20.5F15S5

Mr 2904.1 2914.19 2695.7
crystal system monoclinic monoclinic triclinic
space group P21/n P21/n P1̄
a [�] 22.2394(11) 22.2714(10) 17.8840(13)
b [�] 22.9564(9) 22.8851(12) 19.2523(13)
c [�] 24.6976(13) 24.3983(11) 19.0845(14)
a [8] 75.483(8)
b [8] 92.002(6) 92.156(5) 79.772(9)
g [8] 69.999(8)
V [�3] 12 601(1) 12 427(1) 5947.0(8)
Z 4 4 2
crystal size [mm] 0.15 � 0.22 � 0.29 0.11 � 0.17 � 0.22 0.07 � 0.16 � 0.18
1calcd [Mg m�3] 1.531 1.558 1.505
m (MoKa) [mm�1] 0.697 1.041 0.84
Tmin, Tmax 0.8325, 0.9359 0.8211, 0.9108 0.8428, 0.9396
2qmax [8] 51.8 53.8 51.7
no. of reflns collected 100 172 109 590 62633
no. of independent reflns 24 506 25 870 21561
no. of obsd [a] (used [b])
reflns

12 492 (13 365) 11 648 (12 887) 8874 (9605)

no. of variables 1841 1666 1554
weighting scheme p [c] 0.0002 0.0002 0.00015
Max and min D1 [e ��3] 1.03, �1.16 1.12, �1.01 1.58, �1.44
GOF (F) [d] (all data) 1.17(1) 1.11(1) 0.96(1)
R [e] , wR [f] 0.047, 0.046 0.038, 0.037 0.048, 0.046

[a] jFo j>4s(Fo). [b] Used in the refinements (including reflns with jFo j�4s(Fo) if jFc j> jFo j ). [c] w =1/
[s2(Fo) + p(Fo)

2]. [d] S= [�{((Fo�Fc)/s(Fo))2}/(Nref�Nvar)]1/2. [e] R=� j jFo j� jFc j j /� jFo j . [f] wR = [�(w jFo j
� jFc j )2/� w jFo j 2]1/2.
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20 photocathode (�20 8C), coupled to a Lecroy linear amplifier
(500 MHz) and a Stanford Research SR-400 double photon counter. For
the emission in the NIR, light intensity was measured with a Jobin Yvon
DSS-IGA020 L solid-state InGaAs detector cooled to 77 K, in a LN2
housing including an elliptical mirror (908 beam path, range 800–
1600 nm) and coupled to a Jobin Yvon SpectrAcq2 data acquisition
system. The emission spectra were corrected for the instrumental func-
tion. The excitation spectra were corrected for the emission of the Xenon
lamp. Luminescent lifetimes were measured by using excitation provided
by a Quantum Brillant Nd:YAG laser equipped with frequency doubler,
tripler and quadrupler as well as with an OPOTEK MagicPrism OPO
crystal. The output signal of the photomultiplier was fed into a Standford
Research SR-430 multichannel scaler and transferred to a PC. Lifetimes
are averages of three independent determinations. To confirm that the
measured lifetimes of the NdIII and YbIII emission are not biased by
those of a residual emission of CrIII or RuII, the CrEu and RuLu com-
plexes were used as blanks. Quantum yields were determined by using a
Spex Fluorolog 3–22 fluorimeter; for the ions emitting in the near infra-
red the spectrometer was fitted with an additional single grating mono-
chromator FL-1004 equipped with a InGaAs detector cooled at 77 K.
The quantum yields have been calculated by using Equation (12), where
x refers to the sample and r to the reference; A is the absorbance (with
Ar =Ax = 0.45�0.01 (RuII and CrIII) or 0.16�0.01 (NdIII, YbIII, and
ErIII)), ñ the excitation wavenumber used, I the intensity of the excitation
light at this energy, n the refractive index and D the integrated emitted
intensity. [CrEuL3]

6+ (F= 0.13 %)[17] and [RuLuL3]
5+ (F =1.0%)[19] were

used as reference in acetonitrile for ions emitting in the visible region
and Yb(TTA)3 in toluene (F=0.35 %; TTA = thenoyltrifluoroacetylacet-
onate)[37] for the NIR emitting ions (estimated error �10%). Quartz Su-
prasil cells with 0.2 cm path length were used for these measurements. El-
emental analyses were performed by Dr. H. Eder from the Microchemi-
cal Laboratory of the University of Geneva.

Fx

Fr
¼ Arð~nÞIrð~nÞnx

2Dx

Axð~nÞIxð~nÞnr
2Dr

ð12Þ
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