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1. Luminescence of lanthanide complexes

The photophysical parameters for the sensitization of metal-centred luminescence are analyzed in two
series of complexes with tridentate and hexadentate ligands having N,O, chelating units. In particular,
the radiative lifetime 7,4 is experimentally estimated for 29 nine-coordinate Eu' complexes and 10
eight- and nine-coordinate Yb" complexes. The known dependence of 7,, on refractive index is sub-
stantiated by comparing data for solid-state samples and solutions. Moreover, a clear dependence of 7,44
with the coordination environment is evidenced and in the case of Eu', a comparison between 7,44 and
the nephelauxetic effect generated by the ligands is attempted. Altogether, this extensive analysis points
to the importance of having a handle on 7,,0 when designing ligands for highly luminescent lanthanide-
containing molecular edifices. This, in turn, should stimulate initiating theoretical considerations to
unravel a reliable relationship between 7,44 and the electronic structure of the ligands.

© 2010 Elsevier B.V. All rights reserved.

as Sir William Crookes, LeCoq de Boisbaudran, Eugéne Demarcay
or, later, Georges Urbain, the discoverer of the highly emissive

The richness and complexity of lanthanide optical spectra has Y,03:Eu phosphor, were using luminescence as an analytical tool
fascinated chemists since the 1880s when renowned scientists such to test the purity of their samples and to identify potential new

elements. Soon, optical glasses, filters, and lasers benefitted from
the sharp and characteristic 4f-4f absorption and emission bands.
In the mid 1970s E. Soini and I. Hemmild proposed lanthanide
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been the starting point of the current numerous bio-applications
based on optical properties of lanthanides. Presently, trivalent
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lanthanide (Ln"!') complexes are ubiquitous luminescent tags for
bio-analytical applications [1] and serve as light-emitting mate-
rials in numerous optical and lighting devices [2]. Their line-like
emission spectra span the entire visible and near-infrared (NIR)
ranges, and long excited state lifetimes allow facile time-resolved
detection.

With the exception of Lal' and Lu'll, all of trivalent ions are lumi-
nescent; Gd! emits in the UV (312-315nm); typically, Prill, Sm!!l,
Eul!, Tb!', Dy and Tm!" display visible luminescence while ions
such as Nd", Ho'', Er'l, or Yb'! have NIR luminescence. Several
ions emit in the visible and/or NIR ranges, depending on their coor-
dination environment. Some ions are fluorescent (AS=0), others
are phosphorescent (AS>0), and some are both. The sharpness
of the emission lines results from the shielding of the 4f orbitals
by the 5s25pS filled sub-shells so that reorganization consecu-
tive to excitation of an electron into a 4f level of higher energy
does not greatly influence the bonding strength in the molecule.
Consequently, the Stokes’ shift is very small when excitation is
achieved directly into the 4f levels. Electric dipole (ED) f-f tran-
sitions are forbidden by Laporte’s rule while the much less intense
magnetic dipole (MD) transitions are allowed. As a result of J-
mixing and of the admixture of vibrational states and/or states
from the surrounding ligands into 4f orbitals, ED transitions are
detected with intensity of the same order of magnitude as MD
transitions, with the exception of some so-called “hypersensitive”
or “induced electric dipole” transitions which may be an order of
magnitude more intense. Selection rules governing these transi-
tions exist for every quantum number (S, L, ]J) as well as for the
symmetry point group of the metal environment. These aspects
are well known [3] and have been presented in recent reviews
[4,5].

Important parameters characterizing the emission of light from
an excited state are the quantum yield Q, which is equal to the ratio
between the number of emitted photons divided by the number of
absorbed photons, and the lifetime of the excited state T,ps =1/Kyps
with kops being the rate constant for de-population of the excited
state. If the metal ion is directly excited into a 4f level, these two
quantities are related by:

In _ kraa _ Tobs 1)
" Kkops T
obs rad

where k,,q is the radiative rate constant; the intrinsic quantum
yield QLL,'; reflects the extent of non-radiative deactivation processes
occurring through interactions with the surroundings of the metal
ion; finally, the observed rate constant ks is the sum of the deac-
tivation rates:

kobs = krad + Zkﬁr = krad + Zk:‘}ibr(T) + Zkat(T) + Zk/zr
n i j k

(2)

in which k™ are the non-radiative rate constants; the super-
script vibr points to vibration-induced processes while pet refers
to photo-induced electron transfer de-activations, e.g. caused by
LMCT states; the rate constants k’ are associated with the remaining
deactivation paths. The intrinsic quantum yield essentially depends
on the energy gap AE between the emissive state of the metal ion
and the highest sub-level of its ground, or receiving, multiplet. The
smaller this gap, the easier is its matching by non-radiative deacti-
vation processes. As a rule of thumb, it is recommended to adjust
the largest phonon energy in the metal-ion environment so that it
is equal or greater than AE/6.

In the absence of non-radiative deactivation processes,
kobs = krqg and the quantum yield is equal to 1, which seldom hap-
pens. In the case of Eu'l! for instance, inorganic phosphors such as
Y,03:Eu have quantum yields close to unity (95-99% depending
on the doping rate) [6] while the largest quantum yield reported

for a complex with organic ligands, [Eu(tta)3DBSO] (tta is thenoyl-
trifluoroacetylacetonate and DBSO dibenzylsulfoxide) is 85%[7]. In
fact, complexes considered to be highly luminescent have quan-
tum yields in the range 50-70% [8-10] and this figure is difficult to
improve. These data are determined by excitation into the ligand
levels (or into the charge-transfer band for the inorganic phos-
phors) and are termed overall quantum yields:

QLL,—, = Isens X QLL: (3)

In this expression, 7sens is the sensitization efficiency defined as
the efficacy with which energy is transferred from the feeding lev-
els of the ligands onto the Ln' excited states. When the complex is
excited into the ligand levels, the apparent Stokes’ shiftis very large,
which represents a definite advantage when lanthanide ions are
used as bio-probes. Determination of the sensitization efficiency
requires the knowledge of both overall and intrinsic quantum
yields. However, experimental determination of the intrinsic quan-
tumyield is difficult in view of the faint absorbance of f-f transitions
so that this quantity is very often calculated from Eq. (1) which, in
turn, requires evaluation of the radiative lifetime. This parameter
can in principle be retrieved from the absorption spectrum &(7)
using Einstein’s rates of spontaneous emission A from an initial
state |¥)) to a final state |lI/]’,) defined by quantum numbers S, L,
Jand S, L', J', respectively:

1 64T R [ (02 +2)°
Tad  3M(2 +1) 9

A, ¥)) = kyag = Dgp +n3Dyp | (4)

Vmean =

f v.e(D)dv
f g(v)dv
Dmean is the mean energy of the transition, h Planck’s constant, and

n the refractive index; Dgp and Dyp are given by the following
equations:

(5)

b= 3 0 |(u 0 ) ®
r=2,4,6

Dup = eh N g |Lsas| )P 7
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e, Mg, h, and c are the electron charge and mass, Planck’s con-
stant and the velocity of light in vacuo. The three phenomenological
Judd-Ofelt parameters £2; (in cm?2) [4] can be calculated from the
f-f absorption spectrum. The squared bracketed expressions are
dimensionless doubly reduced matrix elements which are insen-
sitive to the metal environment and which are tabulated [11].
However, except in few cases, this calculation is not trivial and
large errors may occur, particularly for ions for which Judd-Ofelt
theory does not apply well. Fortunately, there is a way out in some
cases. For instance, if the absorption spectrum to the emissive level
is known, which may be the case when the luminescence transi-
tions terminate onto the ground level, the radiative lifetime can be
extracted from the following equation (N4 is Avogadro’s number):

1 8men?12(2] +1)

— =2303 x

Trad Npap 1) O ®)

where ] refers to the ground state and J' to the excited state.

In this paper, we will be discussing 7,44 values for the Yb(2F5/2)
state obtained in this way since molar absorption coefficients for
the Yb(2Fs, < 2F;)3) transition in complexes with organic ligands
are usually in the range 3-10M~' cm~!, making measurement of
the absorption spectrum feasible even at low (millimolar) con-
centrations. Another ion for which radiative lifetime can easily be
determined experimentally is Eu'll. The emissive 5Dq level deac-
tivates to the 7F; multiplet and one of the transitions, >°Dg — ’Fy,
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has pure MD character [12,13] so that it may be taken as refer-
ence [14]; as a consequence, the following equation yields 1/7,44
[15]:

1 I
AW ¥ = g = Aupo - (1) (9)

Tra Ivp

The deactivation rate Aypp is equal to 14.65s~! in vacuo and
(Itot/Ivp) is the ratio between the total integrated emission from
the Eu(°Dg) level to the 7F; manifold (J=0-6) and the integrated
intensity of the MD transition Dy — 7F;. The radiative lifetime can
therefore be estimated from the corrected emission spectrum and
the refractive index n. Three determinations of 7,44, one from the
experimental intrinsic quantum yield and 7., (Eq. (1)) and the
two other ones from Egs. (4)-(7) or Eq. (9), have been performed
for [Eu(dpa)z]>~ 18-37 mM in Tris-HCI buffer (pH 7.4, dpa is dipi-
colinate or pyridine-2,6-dicarboxylate) and yielded t,,4 =4.1, 3.15,
and 4.0 ms, respectively [16]. One notes the very good agreement
between the first and third values while Judd-Ofelt approach, which
is more difficult to implement, results in this case in a radiative
lifetime 20% too small.

2. Tailoring luminescent lanthanide complexes

The Laporte-forbidden f-f transitions have weak oscillator
strengths and the excited states may be easily quenched by high-
energy vibrations, such as O—H, N—H or C—H oscillators located
bothinthe inner and outer coordination spheres. In order to achieve
bright emission, a lanthanide ion needs a cleverly designed envi-
ronment consisting of ligands with adequate chromophoric groups
to harvest light and subsequently populate the metal-ion excited
states through energy transfer, while simultaneously providing a
rigid and protective coordination shell to minimize non-radiative
de-activation.

2.1. Choice of the coordinating unit

Given the hard nature of lanthanide ions and therefore their
preference for either ionic or ion-dipole bonding with little cova-
lent character, adequate chelating agents contain anionic units, e.g.
carboxylates, and/or O and N donor atoms, e.g. amide groups and
imines. Furthermore, a survey of lanthanide coordination chem-
istry reveals that although Ln'! ions can adopt a large range of
coordination numbers (CN), usually between 8 and 12 in solu-
tion and between 6 and 12 in the solid state, one of the most
often encountered CN is 9. Taking these two aspects into con-
sideration led synthetic chemists to produce a wide variety of
chelating agents built up from a picolinate (pyridine-2-carboxylate)
core grafted with an additional coordinating function in position 6.
Three of the resulting tridentate chelating units featuring ONO or
NNO donors usually react with Ln!!' ions to yield tight and pro-
tective N3Og, or NgO3 environments around the metal ions with
a coordination geometry derived from idealized tricapped trigo-
nal prismatic (TTP, D3, symmetry) environments. The tridentate
units are either built in a single molecule or three of them are
grafted on an anchor to yield nonadentate tripodal ligands. Typ-
ical extra functions for picolinate core are carboxylate [17,18],
amide [19,20], alkylamine [21] (in this case the ligand is a tetrapo-
dal decadentate molecule providing a NgO4 metal environment),
or chromophoric heterocycles such as pyridine [8,22] and benz-
imidazole [23]. All these ligands have generated rich lanthanide
coordination chemistry and can serve as building blocks to develop
more elaborate polydentate ligands. In particular, two benzimida-
zolepyridine carboxylate units have been linked together by means
of a methylene bridge to afford a class of ditopic hexadentate lig-
ands self-assembling with lanthanide ions to form triple-stranded
binuclear homo- or hetero-metallic helicates [24]. When fitted

Fig. 1. Schematic representation of energy absorption, migration, emission (plain
arrows) and dissipation (dotted arrows) processes in a lanthanide complex.
1S" or S=singlet state, 3T or T=triplet state, A=absorption, F=fluorescence,
P=phosphorescence, k =rate constant, r=radiative, nr = non-radiative, IC=internal
conversion, ISC = intersystem crossing, ILCT (indices IL)=intra-ligand charge trans-
fer, LMCT (indices LM) = ligand-to-metal charge transfer. Back transfer processes are
not drawn for the sake of clarity.

Reproduced with permission from ref. [2]. ©The Royal Society of Chemistry, 2010.

with solubilizing hydrophilic polyoxyethylene pendant chains, the
Eu'' and Tb™ helicates can be used in time-resolved luminescence
imaging of live cells [25,26] and in the simultaneous detection of
biomarkers expressed by cancerous tissues [27,28]. Another poten-
tial modifier group for picolinate is benzoxazole, a unit which has
been tested as a chromophore to sensitize lanthanide luminescence
[29] but which has not been studied much with respect to lan-
thanide coordination. Recently we have demonstrated the ability
of this chromophore to transfer energy onto Eull! with high efficacy
[30]. Furthermore, we have combined the benzoxazole binding unit
with 8-hydroxyquinoline to provide efficient [31] and tunable [32]
sensitization of the luminescence of NIR-emitting lanthanide ions.

2.2. Choice of the sensitizer

High-yield energy transfer from the sensitizer to the metal ion
will occur if a number of conditions are met which depend on the
nature of the ion, the electronic structure of the donor, as well as of
their relative positioning in space [33] and the nature of the inter-
action between them. Several levels from both the ligand and the
metal ions are implied, as well as several mechanisms [34]. Donor
levels are for instance singlet 15;‘ (i=1, 2), triplet 3T", intra-ligand
charger transfer (ILCT), ligand-to-metal charge transfer (LMCT),
d-transition metal-to-ligand charge-transfer (3MLCT), 4f-5d, and,
sometimes, 4f states. Occasionally a combination of such states is
operating creating a cascade of transfers terminating on the excited
state of the emissive ion [35]. Note that energy is usually trans-
ferred to Ln'" levels with higher energy than the luminescent level;
the initially populated metal-ion states then decay by fast internal
conversion to the emissive level. These phenomena are illustrated
in Fig. 1 but will not be discussed here in detail. The ligand geo-
metric and electronic structure must take into account the various
energy transfer paths [36-39], but molecule designers often rely
on simple phenomenological rules considering solely the energy of
the triplet state and emissive states [40,41]. In fact the potential
donor levels of the sensitizer should be chosen such that they are
reasonably above the Ln'!l emissive state to avoid back-transfer and
in close resonance with one of the higher excited 4f states. In our
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case, we have chosen 8-hydroxyquinolinate for the NIR-emitting
Yb' ion and either benzimidazole, benzothiazole, or benzoxazole
pyridine-carboxylate moieties for sensitizing Eu'' luminescence.

2.3. The radiative lifetime

Contrary to a belief sometimes encountered in the literature,
the radiative lifetime is not a constant for a given ion. It is associ-
ated with a specific emitting level on one hand and, on the other
hand, it depends on the refractive index n, see Eqgs. (4), (8), and
(9). Therefore, when QLL,? is evaluated by means of Eq. (1) with a
literature value of 7,44, large errors may occur if the radiative life-
time used corresponds to that of a compound with different n, e.g.
avalue for a solid-state sample used for estimating QLL,': in solution.
For instance, referring to Eq. (9), the radiative lifetime of a com-
plex in water (ng, = 1.33) will be 30% longer than in the solid state
(nss~1.5); in turn this automatically means that Q/" and Qf, will
be smaller. The latter statement is made under the assumption that
the coordination sphere is the same in both media and that non-
radiative de-activation processes, are similar as well. This has been
recently verified for tris(dipicolinate) europium(lIl) [16] for which
the refractive index has been measured: the solid-state sample has
T;qd =2.6 ms increasing to 4.1 ms for an aqueous solution, that is
2.6/4.1=0.63 ~ (ny,/nss)® =(1.338/1.517)3 =0.68 [16].

It is crystal clear that given a coordination environment and a
medium, the shorter is the radiative lifetime, the more emissive the
Ln'' complex will be. This is in fact linked to the intrinsic properties
of the f-f transitions. A highly forbidden transition, i.e. involving
pure 4f orbitals, corresponds to a long radiative lifetime. If the 4f
states are mixed (J-mixing for instance) or incorporate vibrational
functions and/or ligand or charge transfer states, selection rules will
be somewhat relaxed and the transition will be “more allowed”.

Sizeable shortening of the radiative lifetime can be obtained
when the luminophore is positioned in the vicinity of conduct-
ing metallic surfaces or particles such as silver islands [42-44].
The phenomenon is called metal-enhanced luminescence. The inci-
dent electric field (from the electromagnetic wave) is modified
upon interacting with the metal and the result is a strong cou-
pling between the surface plasmon polaritons in the islands and
the transition dipoles of the chromophore. The radiative lifetime
is substantially decreased and, in parallel, luminescence intensity
is enhanced [44]. Since the effect can be generated with silver-
coated nanoparticles [45], considerable applications are foreseen,
for instance in bio-analyses [46,47]. This aspect is not dealt with in
this review.

Therefore, one way of optimizing the design of a lumines-
cent lanthanide complex is to have a handle on the tuning of the
degree of orbital mixing and consequently on t,44. Given the inner
nature of the 4f orbitals, this is by no means trivial. We note,
however, that some classes of complexes such as tris or tetrakis(3-
diketonates)[48] have large quantum yields despite relatively short
observed lifetimes, typically on the order of 0.5-0.6 ms for Eu(®Dg)
which, in turn, means that t,, must be relatively short. Simi-
lar conclusions have been presented for highly luminescent Tb!!!
complexes with 3-phenyl-4-acyl-5-isoxazolonate (QLLn ~ 65-75%)
with short observed (0.79-0.92 ms) and radiative (0.81-0.96 ms)
lifetimes [49]. Although this reasoning is relatively obvious, no sys-
tematic study has been carried out to decipher the relationship
between the electronic structure of the ligand-to-metal bond and
the radiative lifetime. Moreover, there are only few reliable 7,44 val-
ues for coordination compounds published in the literature with
the exception of data for Nd!"' and Er'' for which Judd-Ofelt the-
ory works well and these values can be easily extracted from Egs.
(4)-(7) [50]; interest for these two ions lie in their incorporation
into optical materials for lasers and telecommunications. It is note-
worthy that radiative lifetimes may span a broad range: reported

T,qq Values for °Dg(Eu) for instance lie between 1 and 11 ms [5].
Moreover, a commonly assessed value for 2F5/2(Yb) is 2ms [51],
but recent determinations for complexes with organic ligands show
this lifetime being between 0.5 and 1.3 ms [15,16,31].

We have now started a program in our laboratories aiming at
gathering reliable experimental 7,44 data and related photophysi-
cal parameters (QLLA‘ and 7sens ) for two of the lanthanide ions and at
correlating them with structural parameters. The first ion inves-
tigated is Eu''l which is very important in a variety of practical
applications, from phosphors for displays and lighting devices to
security inks for bar codes [52] and bio-probes [28]. The second ion
is Yb' which presently attracts considerable interest in view of its
0.98-pm emission lying in the optical window of biological tissues
and henceforth penetrating deeply into them; in the same con-
text, it is also commonly used as activator for Er'll in up-converting
nanoparticles [53]. In the following sections, we summarize the
results obtained so far for mononuclear and binuclear Eu'! com-
plexes, having a NgO3, N4Os, or N3Og coordination environment,
as well as for binuclear heterometallic Na'-Yb'' complexes with
N,404 coordination and mononuclear Yb'!! complexes with NgO3
coordination.

3. Radiative lifetimes of europium complexes
3.1. Experimental data

Chemical structures of the ligands are shown in Schemes 1 and 2,
and typical molecular structures are depicted in Fig. 2. In the case
of mononuclear complexes with benzothiazole- and benzoxazole-
derivatized ligands, only one anhydrous tris complex was obtained,
[Eu(LO)3], all the other complexes featuring two coordinated
water molecules and one monodentate ligand bound through
the carboxylate unit, [Eu(L)3(H,0),] (L~ =LO~, LOMe~, LBr—, LS™),
giving rise to a N4Os coordination. On the other hand, all the
benzimidazole-derivatized ligands gave anhydrous tris complexes
[Eu(Ligand)s]. Several crystal structures of good quality are avail-
able so that a bond valence analysis could be conducted [54,55].
In this analysis, the bond valence sum V;,, defined by Eq. (10) is
supposed to match the formal oxidation state of the metal ion if
average bond distances are standard. Each donor atom j lying at a
distance d;,; from the metal ion is characterized by a bond-valence
contribution vy, :

Vin =Y Vinj (10)
J

Vinj = e(Run,j=din j)/b (11)

Rpnj are the bond-valence parameters for the pair of interact-
ing atoms (Ln—O [56] or Ln—N [57]), and b is a constant equal
to 0.37 A. The bond valence sums for the mononuclear Eu'! com-
plexes are in the range 2.96-3.07 (average 3.01, see Table 1)
and agree well the expected value for Eu'! (3.00), within the
variability of the method. Moreover, the average contributions
from the various coordinating groups are nearly constant and
are in the expected series (py = pyridine, b=benzazole): v(CO; ™),
0.41(2)>v(0Hy), 0.35(2)>1(Npy), 0.32(2) >1(Np), 0.25(4).

Together with the geometric data from the crystal structures
reported [10,30], these values indicate fairly similar bonding
strengths in the N4Os and NgOs environments of the Eu""' ion. In
particular, comparing [Eu(LO)3 | with [Eu(LO)3(H,0);], the replace-
ment of a Npy and a Ny, coordinating atoms by Oy atoms has no
significantly detectable effect on the bonding strength of the amine
groups, except for a slight decrease in vy, j(Npy), at the limit of
experimental error. Since the bonding strength of Oy is larger com-
pared to the one of the N atoms, V;,, has a slightly larger value in the
hydrated complex, 3.06 vs. 2.97. On the other hand, no difference
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Scheme 1. Monotopic tridentate ligands [9,10,17,30].

in the bond valence parameters is observed between benzoxazole-,
and benzimidazole-based anhydrous tris complexes.

The photophysical parameters for the mononuclear complexes
with benzothiazole-, benzoxazole-, and benzimidazole-pyridine
ligands are collected in Table 2. Analyzing data for solid-state
samples of the three hydrated benzoxazole complexes with N4O5
coordination environment, we note that the photophysical param-
eters QELu (12-14%), tops (0.41-0.47 ms), T,qq (3.2-3.5ms), and
therefore QEE,E‘ (12-14%) are very similar. In DMSO solution, the
water ligands are replaced with stronger coordinating DMSO
molecules [63]. Given the hard nature of both ligands, we how-
ever do not anticipate a large difference in orbital mixing so that
in view of similar refractive indices (~1.48 for DMSO and ~1.5
for solid-state samples), we expect only slightly larger t,,4 values
in DMSO, which is indeed the case: 3.6-3.7 ms. The situation for
[Eu(LS)3(H,0),] is a bit different, t,,4 in DMSO being smaller than
T.qq fOr the solid-state sample; in the absence of quantitative data
on the exact nature of the species in solution [30], we cannot come
up with a substantiated explanation. We observe, however, that
Q,fﬁ’ in DMSO is the same for the four complexes (48-55%) and is
4-fold larger than for solid-state samples, consistent with the well-

known large quenching power of water molecules. This increase is
not reflected in Qbéu values which are only 2.2-2.8-fold larger with,
as a consequence, a 1.8-1.4-fold decrease in 1sens Wwhich was close
to unity in the solid-state samples.

A similar analysis holds for the nine-coordinate NgOs3
benzimidazole-based complexes. Here, however, the number of
investigated ligands is larger so that the relevant parameters span
a wider range. Details have been discussed in the original paper,
in particular the detrimental effect of the alkoxy groups in HL401
and HL80O8 and of the bromine substituent in HL8Br [10]. With
the exception of [Eu(L401)3]-H;0, Qéu values for solid-state sam-
ples fall into a reasonably narrow range (52-71%) while t,,s spans
a range between 2.5 and 3.0ms (2.1 ms for [Eu(LPh)3]-1.5H,0).
Careful examination of the crystal structures with their extended
m-stacking and H-bond networks, as well as of potential electronic
effects in the substituted ligands, leads to a reasonable rational-
ization of the observed differences. What is remarkable, however,
is that 1,44 values are fairly constant for the entire series of com-
plexes: 4.2-4.7ms (3.9 for [Eu(L808)3)]-1.5H,0), reflecting the
similar Eu''! coordination environments. Intrinsic quantum yields
display more variation but the smaller values (51-53%) correspond

Table 1

Bond valence parameters calculated from the crystal structures (20 between parentheses).
Compound Vin Vini(0) Vinj(N) Ref.

C027 OHZ pr Nb

[Eu(LO)3] 2.97 0.41(1) 0.34(3) 0.24(4) [30]
[Eu(LO)3(H20);] 3.06 0.40(2) 0.36(1) 0.30(1) 0.26(3) [30]
[Eu(LOMe);(H20),] 3.01 0.40(4) 0.34(1) 0.31(1) 0.25(1) [30]
[Eu(LS)3(H20)3] 2.96 0.41(1) 0.34(1) 0.31(1) 0.22(1) [30]
[Eu(L1)s] 3.01 0.43(1) 0.32(1) 0.25(2) [10]
[Eu(L4Me)s] 3.01 0.41(2) 0.31(1) 0.28(5) [10]
[Eu(L401)3] 3.05 0.41(2) 0.33(2) 0.27(7) [10]
Averages 3.01(4) 0.41(2) 0.35(2) 0.32(2) 0.25(4)
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Scheme 2. Ditopic ligands with benzimidazole chromophores for the self-assembly of lanthanide binuclear helicates [25,58-60].

to complexes with co-crystallized water molecules so that one may
infer a contribution from these outer-sphere molecules to the de-
activation of the excited state [64]. Un-solvated complexes have

Ellj in the range 60-68%. When the complexes are dissolved in
CH,Cl, (n~1.42), one anticipates a lengthening of t,,4 by ~15%,
which is not observed: 7,54 spans a similar, although narrower,
range of values compared to the solid-state samples (4.3-4.4 ms).
Here one can only speculate on the origin of this discrepancy. In
fact it has been recently shown that extended intermolecular inter-
actions in crystals of Eu'! complexes with simple aromatic ligands
influence the bonding strength of the donor atoms [35,65,66]. These
interactions are destroyed in solution and when the solvent is non-
coordinating, such as CH,Cl; as opposed to DMSO, the inner-sphere
ligands are probably more tightly bound, which would create a
larger orbital mixing and therefore a shortening in 7,54 compen-
sating the effect of the reduced refractive index with respect to
solid-state samples.

Overall, the radiative lifetime of the solid-state NgO3 complexes
(4.4+0.4ms, 10 samples) is about 30% larger than the radiative
lifetime of the N4O5 complexes (3.4 +0.3 ms, 4 samples); can this
be traced back to larger bond valence contribution of the O-donor
atoms compared to N-donor atoms leading to more orbital mix-
ing? If this assumption were correct, one should observe a similar
trend for the mononuclear complexes with dipicolinate derivatives
(N30g) compared to the binuclear helicates (NgO3). Unfortunately,
no valence bond analysis is available for the tris(dipicolinate)

derivatives or for the binuclear helicates for which few crystal
structures have been solved [62], at least for those for which
detailed photophysical data are available. However, the reported
luminescence spectra are fairly similar so that large differences
in the bonding pattern can be excluded. The relevant photophys-
ical parameters are listed in Table 3. With two exceptions, these
data pertain to aqueous solutions in Tris—-HCl buffer (pH 7.4) so
that comparison between solid state and solution samples with
respect to the 1/n3 refractive index dependence is not statisti-
cally satisfying. Nevertheless, we have already mentioned the good
agreement reached for [Eu(dpa);]®~ and this is also the case for
the [Euy(L2)3] helicate: t,44(solid state)/z,,q(H,0)=0.71, in per-
fect agreement with (ny/nss)? 2(1.338/1.5)3 =0.71, a result again
consistent with the large similarity in the emission spectra (crystal-
field splitting and relative intensities of the 5D — ”F, transitions).

The radiative lifetime for aqueous solutions of the mononu-
clear complexes with N3Og coordination falls into the narrow range
3.5-4.0 ms with an average value of 3.7+ 0.4 ms (6 samples). The
intrinsic quantum yields are also much alike, between 36 and 42%,
so that differences in overall quantum yields are a consequence of
differences in the sensitization efficiency. When considering the
binuclear helicates with carboxylate ligands H,L™X (x=1-5, 2'), the
same observation holds: despite very different overall quantum
yields (9-24%), both t,ps (2.2-2.5mS), T;qq (6.2-6.9 ms) and, con-
sequently, QEELLI’ (35-40%) can be considered as almost constant in
the series. The radiative lifetime for [Euy(L6)3] (6.8 ms), for which
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Fig. 2. Molecular structures of (a) [Eu(LO)3], (b) [Eu(LO)3(H20)][30], (c) [Eu(L1)3] [10] (reproduced with permission, ©American Chemical Society 2009), (d) [Eu(dpa)s ]*~
(redrawn from ref. [61]), and (e) [Euy (L' )3] (redrawn from ref. [62]).

substantial back-energy transfer occurs [58], also falls in the above- 6.6 + 0.5 ms (7 samples). Again, the radiative lifetime is longer when
mentioned range while 7, (0.54ms), Efl’ (8%), and QfLu (0.35%) the number of O-donor atoms is smaller in the inner coordina-
are heavily affected by this detrimental process. The average value tion sphere but in contrast with the compounds listed in Table 2,
of the radiative lifetime for the helicates in aqueous solution is the difference is much larger, +78% in going from N3Og to NgO3

Table 2
Photophysical parameters of the mononuclear Eu" complexes with benzothiazole-, benzoxazole-, and benzimidazole-pyridine ligands at room temperature.
Compound Sample? Tops (MS) QL (%) Trqq (mS)P QEu (%) Tsens (%)° Ref.
[Eu(LS)3(H20),]-2H,0 Solid 0.42(1) 13(2) 3.2 13 98 [30]
DMSO 1.39(1) 29(4) 2.7 51 56 [30]
[Eu(LO)3(H20),2]-H,0 Solid 0.41(1) 12(2) 35 12 ~100 [30]
DMSO 1.97(1) 31(5) 3.6 55 57 [30]
[Eu(LOMe)3(H,0),]-H,0 Solid 0.47(5) 14(2) 33 14 97 [30]
DMSO 2.00(3) 39(6) 3.7 54 72 [30]
[Eu(LOBr)3(H>0), ] THF Solid 0.46(5) 13(2) 35 13 98 [30]
DMSO 1.73(3) 29(4) 3.6 48 60 [30]
[Eu(L1)3]-H,0 Solid 2.47(3) 61(2) 4.7 53 ~100 [9]
[Eu(LPh)3]-1.5H,0 Solid 2.14(1) 58(1) 4.2 51 ~100 [9]
[Eu(L4Me)3]-2H,0 Solid 2.58(1) 56(2) 4.4 58 96 [9]
[Eu(L401)3]-H,0 Solid 2.93(2) 43(2) 4.5 65 66 [10]
[Eu(L8)3] Solid 2.95(2) 71(1) 4.6 64 ~100 [10]
CH,Cl, 2.76(1) 52(1) 4.4 63 83 [10]
[Eu(L8F)3] Solid 3.00(2) 68(3) 4.4 68 100 [10]
CH,Cl, 2.74(2) 51(1) 43 63 81 [10]
[Eu(L8Cl)3] Solid 2.94(3) 71(2) 4.4 67 ~100 [10]
CH,Cl, 2.71(1) 51(2) 4.4 62 82 [10]
[Eu(L8Br)s] Solid 2.51(1) 54(1) 4.2 60 89 [10]
CHCl, 2.73(2) 51(1) 43 64 80 [10]
[Eu(L8Me)3]-0.5H,0 Solid 2.69(1) 68(4) 4.4 61 ~100 [10]
CHCl, 2.81(1) 52(1) 4.4 64 81 [10]
[Eu(L808)3]-1.5H,0 Solid 2.45(1) 52(4) 3.9 63 82 [10]
CHCl, 2.39(2) 42(1) 4.4 55 77 [10]

2 Concentrations ~ 2 x 10~4 M in DMSO, (6-8) x 10~4 M in CH,Cl,.
b QEEJ‘ Nsens and T,qq calculated from Eqs. (3) and (9). For solid-state samples, n=1.5 was assumed; errors on E.’f and 7sens are of the same magnitude as errors on 7, and
QELH, respectively, see refs. [9,10,30].
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Table 3

Photophysical parameters of the mononuclear Eu™ complexes with dipicolinate derivatives and of the binuclear helicates at room temperature.
Compound Sample? Tobs (MS) QL, (%) Traq (Ms)P QEu (%) Nsens (%)° Ref.
[Eu(dpa)s >~ H,0 1.7(1) 29(2) 4.0 41 68 [16]

Solid 1.8(1) 58(3) 2.7 68 87 [16]
[Eu(LOH); >~ H,0 1.36(1) 12(2) 3.8 36 33 [17]
[Eu(LOMe); 13- H,0 1.36(2) 27(4) 3.6 38 70 [17]
[Eu(LNH2); 3~ H,0 1.43(1) 29(4) 3.6 40 72 [17]
[Eu(LPhta)s |3~ H,0 1.47(1) 18(3) 35 42 44 [17]
[Eu(dpaOMe); >~ H,0 1.36(1) 16(2) 3.8 36 45 [17]
[Eua (L)) H,0 2.4(1) 24(3) 6.8 37 67 [25]
[Euz(L®)s] H,0 2.4(1) 21(2) 6.9 36 58 [67]
Solid 2.36(1) 24(3) 49 48 50 This work

[Euz(L? )s] H,0 2.4(1) 19(2) 6.6 37 52 [60]
[Eup(LS)s] H,0 2.2(1) 11(2) 6.2 36 30 [68]
[Eua(L%)s3] H,0 2.52(2) 15(2) 6.4 40 38 [58]
[Euz(L®)s] H,0 2.30(2) 9(1) 6.7 35 26 [58]
[Eup(L€)s] H,0 0.54(2) 0.35(5) 6.8 8 4 [58]
[Euz(LP)s] H,0 1.9(2) 6(2) 4.2 45 13 [59]
[Eug(LPOEt)s] H,0 3.2(1) 25(2) 4.8 67 37 [59]

2 In 0.1 M Tris-HCl buffer, pH 7.4.

b QEE&‘ TNsens and T,qq calculated from Eqs. (3) and (9). For solid-state samples, n=1.5 was assumed; errors on QEE,E‘ and 7sens are of the same magnitude as errors on 7, and

Qj,. respectively.

coordination. Comparing the two series of complexes with NgO3
coordination necessitates to adjust the 7,54 value for the refrac-
tive index difference (~1.5 vs 1.338): one finds 4.7 + 0.4 ms for the
carboxylate helicates (7 samples), which compares extremely well
with 4.4 4+ 0.4 ms for the benzimidazole-based mononuclear com-
plexes (10 samples)!

The two helicates with phosphonate groups replacing carboxy-
late units have significantly different photophysical parameters. A
detailed analysis is difficult since only two sets of data are avail-
able. The shorter radiative lifetime recorded for these complexes
is, however, consistent with the larger coordination affinity of the
phosphonate groups for lanthanides compared to carboxylate moi-
eties [22] which results in helicates with H,LP3 and H,LPOEt having
log 23 values larger by 1 unit compared to their carboxylate ana-
logues [59].

3.2. Testing a potential relationship with the nephelauxetic effect

The above discussion firmly establishes a link between the
radiative lifetime and the “bonding strength” in the complexes.
Since 7,44 is influenced by orbital mixing, one may think of look-
ing if a relationship can be found between the radiative lifetime
and the nephelauxetic effect [69] because contribution of the var-
ious donor atoms to this phenomenon affects the energy of the
5Dg — ’Fy transition, which can be easily measured experimen-
tally. A phenomenological equation has been proposed by Frey
and Horrocks [70] who analyzed °Dg < 7Fy excitation spectra of
several Eulll complexes at room temperature and came up with a
series of parameters for contributing donor atoms and groups. In
view of the very small Stokes’ shift in f-f transitions (1-2cm™1),
either excitation or emission spectra can be used for this purpose.
When experimental data are recorded at low temperature a cor-
rection of 1 cm~1/24 K can be applied to estimate the value at room

Table 4

temperature. The relationship is as follows:

Do_olem 1] =17374 + CZn,- .8

1

(12)

where 17374cm™! is the value for gaseous Eul' calculated from
energy matrices taking into account electrostatic and spin-orbit
interactions [71]; Cis a coefficient depending on the coordination
number (C=1.0 for CN=9), §; is the nephelauxetic effect gener-
ated by each coordinating atom or group, and n; is the number of
such groups in the inner coordination sphere. Initial values for C
and §; were determined from a set of 37 Eu!l complexes. For the
coordinating groups of interest here and CN=9, the nephelaux-
etic parameters are .4 =—17.2cm~! for the carboxylate, 8y, =
—10.4cm™! for water, and §y=-12.1cm~! for imine nitrogen
atoms [70]. Subsequently, we have shown that for the hetero-
cyclic nitrogen atoms of benzimidazolepyridines, a more adequate
valueis 8., =—15.3 cm~1[72]. The relationship has to be used with
care in that the nephelauxetic effect will depend on the Ln-donor
atom distance and, more generally, on the electron density on the
donor atoms. For instance, the nephelauxetic parameters of the
pyridine and benzimidazole N atoms in trinuclear and tetranuclear
helicates have been found to be substantially different, —25.3 and
—8.0cm™!, respectively [73], a fact substantiated by NMR data and
in line with the larger capacity of pyridine rings to expand their
electronic clouds [74]; however, the average value (—16.6cm™1) is
close to —15.3cm™!. Using the latter parameter, ¥.q values have
been estimated for the N3Og, N4Os, and NgO3 chemical environ-
ments described here and are compared in Table 4 with the few
available experimental data. Phenomenological Eq. (12) yields sat-
isfying results for the N3Og and NgO3 coordination environments
but the only available experimental value for the N4Os environ-
ments shows large discrepancy with the calculated value. This
may be due to the water molecules being involved in H-bonding

Energy (cm~1) of the Eu(®*Dy — Fp) transitions at room temperature as estimated from Eq. (12) and found experimentally, as well as radiative lifetime of the Eu(°Dy) level

for solid-state samples.

Deate (cm™1) Dops (cm~1) Compnds Sample Refs. Trqq (MS)
N4Os 17240 17269 [Eu(LOMe)3(H,0)s ] Solid [30] 33
NgO3 17231 17236(4) 7 Carboxylate helicates H,0 [25,58,60] 4.7(4)3
N30s 17225 17232 [Eu(dpa)s >~ Solid [70] 2.7

2 Recalculated from solution data with n=1.5.
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Scheme 3. 8-Hydroxyquinoline ligands for heteronuclear Yb'"' complexes [31] and
picolinic acid fitted with a fused acridone/benzimidazole substituent [75].

resulting in weakened Eu—OH; bonds and points to subtle effects
potentially having large influence on ¥y_g. Data reported in Table 4
unravel a qualitative relationship between t,,4 and ¥y_o when
comparing either N3Og and NgO3 or N3Og and N4Os coordina-
tion environments, in that a larger nephelauxetic effect (i.e. smaller
Pg_o) corresponds to a smaller value of the radiative lifetime. But
this trend is reverse when comparing NgO3 with N4O5 coordina-
tion. Therefore more experimental data are obviously needed to
test if 7,49 can effectively be correlated with the nephelauxetic
effect as measured via the energy of the Eu(°Dg) level.

2631

Fig. 3. Molecular structure of [NaYb(Lq)4].
Reproduced with permission from ref. [31]. ©American Chemical Society 2009.

4. Radiative lifetimes of ytterbium complexes

Most of the Yb!!! complexes for which radiative lifetimes could
be determined experimentally are binuclear Na'-Yb"' compounds
obtained upon reaction of the benzoxazole-8-hydroxyquinoline
ligands HLgX (Scheme 3) with ytterbium chloride in presence of
sodium hydroxide and in which Yb'! is eight-coordinate. A typi-
cal structure is shown in Fig. 3. Bond-valence analysis conducted
on five X-ray structures evidenced close similarity in the bond-
ing pattern and the bond valence parameters found for O(CO, ™),
0.43(2), and Ny, 0.23(2), are identical, within experimental errors,
to those listed in Table 1 for the Eu'! complexes. Other investi-
gated complexes are nine-coordinate [Yb(dpa)z; |3~ and [Yb(LAB2);]
(Scheme 3).

Yb!! only possesses two 4f levels and the emissive 2Fs, level
is located 10200 cm~! above the 2F7j, ground state. Several exci-
tation mechanisms have been proposed but will not be discussed
here [51]. The relatively small energy gap between the emissive and
receiving levels can be easily bridged by high energy vibrations such
as C—H, N—H, or 0—H, so that reported quantum yields for Yb!!! com-
plexes with organic ligands are usually small, in the range 0.5-4%.
In fact, the quantum yields for the binuclear [NaYb(LgX)4] com-
plexes listed in Table 5 are, to our knowledge, among the largest
ones reported so far for complexes with organic ligands. With the

Table 5
Photophysical parameters of the Yb!!' complexes at room temperature.
Compound Sample Tobs (I1S) Q}, (%) Trad (IS)? QP (%) Nsens (%)° Ref.
[NaYb(Lq)4]-H20 Solid 19 3.1 623 3.0 ~100 [31]
[NaYb(LqF)4] Solid 20 33 635 3.1 ~100 [31]
[NaYb(LqCl)4]-(H20)o5 Solid 19 3.2 594 3.2 ~100 [31]
[NaYb(LqBr)a]-(H20)o5 Solid 18 3.0 632 2.9 ~100 [31]
[NaYb(LqMe)4] Solid 22 3.7 603 3.6 ~100 [31]
[NaYb(LgF")4]-H,0 Solid 10 1.9 513 1.9 ~100 [31]
CH,Cl, 20 2.4 745 2.7 ~100 [31]
[NaYb(LqCl)4] Solid 20 3.4 571 3.5 ~100 [31]
[NaYb(LgMe")4] Solid 22 3.6 629 35 ~100 [31]
CHCl, 20 2.6 706 2.8 ~100 [31]
[Yb(LAB2);] Solid 24.8 1.6 830 3.0 54 [75]
CHCl3/MeOH 16.5 1.1 900 1.8 61 [75]
Nas[Yb(dpa)s] H,0¢ 2.23 0.015 1310 0.2 8 [16]

3 T,qq determined from Eq. (8) for solutions; for solid-state samples, calculated from solution value with adjustment for the refractive index, assuming n=1.5.
b Q}‘,’f and nsens calculated from Egs. (1) and (3); errors on Q?,’é’ and nsens are of the same magnitude as the errors on s and Q#w respectively, see ref. [31].

¢ In 0.1 M Tris-HCl buffer, pH 7.4; concentration 4 x 10~2 M.



2632 J.-C.G. Biinzli et al. / Coordination Chemistry Reviews 254 (2010) 2623-2633

Fig. 4. Near-infrared absorption spectrum of [NaYb(LgMe');] 8.4 x10~*M in
CH,Cl,.
Redrawn from ref. [31].

exception of the hydrated complex with HLqF* for which the co-
crystallized water molecule is H-bonded to a ligand and lies at
a short distance from the metal ion (4.5A), the solid-state sam-
ples of the [NaYb(LgX),4] complexes have remarkably similar values
of T,ps (18-22 s, average 20(3) ws) and Q&b (3.0-3.6%, average
3.3(0.5)%). Radiative lifetimes have been determined experimen-
tally for solutions of the complexes with HLqF' and HLqMe" in
methylene chloride by means of Eq. (8); a typical absorption spec-
trum is reported in Fig. 4. The radiative lifetimes for the solid-state
samples have been calculated with the help of Egs. (1) and (3)
assuming the same sensitization efficiency as for the solutions
(100%). We note that in the case of [NaYb(LqMe")4], for which both
solid state and solution data are available, the ratio between the
radiative lifetimes, 0.89, is close to the expected value of 0.90 cal-
culated on the basis of the refractive index correction according
to Eq. (8). Again with the exception of [NaYb(LqF")4], the radiative
lifetimes of the solid-state samples span a relatively narrow range,
571-635 ws(average: 612(48) ws)and consequently, Q}'é’ values are
very similar. Regarding the solutions in CH,Cl,, the observed life-
times are equal to the average found for solid-state samples while
the ligand-sensitized quantum yields are smaller by about 25%; this
is entirely due to smaller values of Q)‘,’é’ arising from longer radiative
lifetimes.

In going from the N4O4 coordination environment in the bin-
uclear complexes to a NgO3 one in [Yb(LAB2);] and to a N3Og
one in [Yb(dpa);]*~, the average radiative lifetime of the solid-
state samples increases from 612 to 830 and 929 s (corrected
for the refractive index). If one understands the increase between
eight- and nine-coordinate complexes, the larger t,,4 exhibited
by [Yb(dpa)s]*>~ does not match the trend observed for the Eul!
complexes.

5. Conclusion

Photophysical data relevant to the sensitization of the lumines-
cence of 29 nine-coordinate Eu'' and 10 eight- and nine-coordinate
Yb'" complexes having NxO, coordination environments have been
analyzed with respect to the radiative lifetime of the emissive
state. The dependence of this parameter on the refractive index
is clearly substantiated when comparing solid state and solution
data. To our knowledge this is the first such compilation of 44
data for these two ions. From this study, it appears that the radia-
tive lifetime, which is linked to the amount of orbital mixing
sustained by the emissive and ground-state 4f levels, depends on
the coordination environment that is on the bonding pattern in
the complexes. In the case of Eu(®Dy), experimental values range
from 2.7 to 6.9 ms (in all media). A tentative relationship with the

nephelauxetic effect has been explored but did not yield unam-
biguous results. More experimental data are evidently required in
order to develop a better picture of the relationship between the
radiative lifetime and the electronic structure of the complexes. Of
course, symmetry is an important parameter too in that the degree
of symmetry and the presence or absence of inversion centre will
influence orbital mixing to a large extent. However here, we are
dealing with series of compounds having very similar coordination
environments with site symmetry which is often low in the solid
state, thus allowing maximum orbital mixing, although they are
commonly described as deriving from higher idealized (trigonal)
symmetry.

These considerations also apply to the radiative lifetime of the
Yb(2F5/2) level, which also shows dependence on the coordina-
tion environment; the ratio between the shorter (0.5 ms) and the
longer (1.3 ms) radiative lifetimes recorded is approximately the
same as for Eu(®Dyg), a factor 2.5. Consequently, it is clear that
estimates of the intrinsic quantum yield based on the observed
lifetime and a “literature value” of 7,44 equal to 2ms for Yb'!, as
often assumed by authors (see ref. [51] for a compilation) are most
probably wrong. For solutions in water a value between 1.2 and
1.3 ms is more adequate, as shown by the recent determination of
T,qq for [Yb(dtpa)]?~ (1.2 ms [15]). Smaller values appear to prevail
in methylene chloride (0.7-0.75 ms) but here again, more experi-
mental data are needed.

Identification of the radiative lifetime as a key parameter in the
design of highly luminescent lanthanide-containing complexes is
unmistakably a new way of looking at ligand engineering but a large
theoretical effort is still needed before a clear connection between
this parameter and the electronic structure of the complexes can
be established.
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