
L

L

t
2
T
r
A
r

1

w
t
o
o
d

c
s
t
m
c
l
i
e
n
s
i
f
5
f
e
v
h
t
n

t
q
t
i
n
t
a
t
c
E
t
E
s

0

Coordination Chemistry Reviews 254 (2010) 3026–3029

Contents lists available at ScienceDirect
Coordination Chemistry Reviews

journa l homepage: www.e lsev ier .com/ locate /ccr
etters to the Editor

uminescent lanthanide complexes: Selection rules and design

In this letter we address and resolve in a wider sense some of
he points in a recent article (Armelao et al., Coord. Chem. Rev.
54 (2010) 487) which may be unclear to Coordination Chemists.
he major focus is upon the qualitative description of the selection
ules for the electronic transitions of lanthanide ions in complexes.
ttention is also given to a major factor which determines the non-
adiative decay rate from a given energy level.

. Selection rules for transitions of lanthanide ions

Selection rules foretell whether or not a spectral transition
ill be observed. In fact, this depends upon the approxima-

ion entertained. Although a transition may be forbidden to first
rder, it can be allowed (albeit, much weaker) under higher-
rder selection rules. This will become apparent in the following
iscussion.

As mentioned by Armelao et al. [1], under the Russell–Saunders
oupling scheme, the multiplet terms of lanthanide ions are repre-
ented by the notation 2S+1LJ, where the quantum numbers refer to
otal electron spin (S), total orbital angular momentum (L) and total

omentum (J). It was stated in [1] that the selection rules for intra-
onfigurational optical transitions of lanthanide ions between 2S+1LJ

evels are �L = ±1 or �J = ±1. This is incorrect and is actually an
ncomplete statement of the selection rules for interconfigurational
lectric dipole (ED) allowed transitions. Notice that these quantum
umbers given just refer to the orbital characteristics (and not the
pin) of the electrons. ED allowed transitions must involve a change
n parity for the initial and terminal states, which is indeed obeyed
or the types of interconfigurational transition such as from 4f1 to
d1: i.e. from odd parity to even parity. The S, L, J selection rules
or these transitions are listed in Table 1 and are exemplified, for
xample, in the emission spectra of Ce3+, which can be in the ultra-
iolet to yellow spectral regions, depending upon the particular
ost. There is a further restriction for ED electronic transitions that
he single electron transition selection rule makes (nl)N ↔ (nl)N−1

′l′ only allowed when l = l′ ± 1.
The types of intraconfigurational 4fN–4fN electronic transitions

hat are allowed to first order are magnetic dipole (MD) or electric
uadrupole (EQ) transitions. In MD intraconfigurational electronic
ransitions, it is not the oscillating electric vector of radiation that
nteracts with the 4f electrons of Ln3+, but the oscillating mag-
etic vector of the radiation. Although the oscillator strengths of
hese MD transitions are roughly about 10−6 times that of a fully
llowed ED transition, they can be very important for some lan-
hanide ions [2]. The S, L, J selection rules for MD transitions are

ollected in Table 1. For example, the 4I13/2–4I15/2 transition of
r3+ is employed in fiber optics communications and this transi-
ion obeys the selection rules for MD transitions. The very weak
Q transitions (oscillator strength ∼10−10 of an ED allowed tran-
ition) are mostly uncharacterized for Ln3+, except for the infrared

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
absorption of Sm3+ near 6000 cm−1 [3]. The S, L, J selection rules are
collected in Table 1.

The 4fN–4fN electronic transitions are thus ED forbidden to
first order because the initial and final states belong to the
same parity. The most important type of pure electronic tran-
sition for lanthanide ions is the forced (induced) ED transition.
This arises because in noncentrosymmetric Ln3+ systems, as
for many complexes, parity no longer exists (i.e. there is no
centre of symmetry, and no “even” or “odd” orbitals) so that
some d-orbital character can mix with f-orbitals. The tran-
sition between initial (i) and final (f) states then becomes
x[4fN(i)] + y[4fN−15d(i)] → t[4fN(f)] + u[4fN−15d(f)], where although
x � y and t � u, there is now a pathway to make the transition
become ED allowed. This mixing is brought about by the odd terms
in the crystal field. The oscillator strength of such 4fN–4fN forced
ED transitions is roughly about 10−4 times that of a fully allowed
ED transition. Formally, the ED selection rules can be applied to the
transition, because of the interconfigurational state admixture, if
we know which states are mixed into the initial and terminal levels
of the transition. However, Judd [4] and Ofelt [5] introduced a sim-
plification of the selection rules for forced ED transitions (Table 1) so
that for example, for Eu3+ as in Figs. 13, 14 of [1], although 5D0 → 7F2
is enabled by the forced ED transition mechanism, 5D0 → 7F0, 7F3,
7F5 are not, and are much weaker. The S, L, J selection rules for forced
ED transitions are collected in Table 1.

If �S = 0 for these forced ED transitions (Table 1), then one can
ask, why is the spin-forbidden 5D0 → 7F2 transition the strongest
one from 5D0? Actually, L and S are not good quantum numbers,
but J is (to a certain extent: see below) good. Thus spin-orbit cou-
pling leads to mixing of values of L and S that differ by 1 unit,
to give the same J value, to describe a multiplet term: e.g. S = 1,
L = 1, J = 2: 3P2 can mix with S = 0, L = 2, J = 2: 1D2, depending upon
how far apart their energies are. This type of state description is
termed intermediate coupling. The multiplet is normally identified
by the dominant 2S+1LJ, and the complete intermediate coupling
wavefunction is written as [2S+1LJ]. Hence the spin selection rule
for 5D0 → 7F2 can be satisfied by the mixing of 5D0 with 7F0 and 7F2
with 5D2. Although spin-orbit coupling is not important for light
elements (e.g. in carbon compounds), the �S and �L restrictions
for forced ED and for MD transitions 2S+1LJ → 2S′+1L′

J′ of Ln3+ are
often greatly lifted due to spin-orbit coupling.

There is a further complication in the solid state spectra of
lanthanide ions, since each multiplet term comprises crystal field
levels, and mixing of these states from different multiplet terms
can also occur if the crystal field levels correspond to the same
symmetry representation. This is called J-mixing and it is there-
fore more important for low site symmetry systems where many

crystal field levels have the same symmetry labels. Each state is
therefore described by a linear combination of different multiplet
terms, some of which have different J-values, but with the same
symmetry representation. Again, the particular state is identified
by the dominant multiplet term: e.g. the lowest [1D2] state of Pr3+

dx.doi.org/
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Table 1
SLJ selection rules for various types of transition of lanthanide ions.

Type of transition SLJ selection rules Approximate order of magnitude of
oscillator strength

Electric dipole (ED) �S = 0; |�L| ≤ 1; |�J| ≤ 1; J = 0 ↔ J′ = 0 and L = 0 ↔ L′ = 0 are
forbidden

∼0.01–1

Forced (induced) ED �S = 0; |�L| ≤ 6; if L = 0 or L′ = 0, |�L| = 2,4,6; |�J| ≤ 6; if J = 0 or
J′ = 0, |�J| = 2,4,6. This implies that J = 0 ↔ J′ = 0 and L = 0 ↔ L′ = 0
are forbidden

∼10−4 of ED

′ is forb −6

,1 and
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Magnetic dipole (MD) �S = 0; �L = 0; |�J | ≤ 1; J = 0 ↔ J = 0
Electric quadrupole (EQ) �S = 0; |�L| ≤ 2; |�J| ≤ 2; J = 0 ↔ J′ = 0

forbidden
One phonon ED vibronic The same as forced (induced) ED

s made up of 86.5% 1D2 + 10.9% 3P2 + 2% 3F2 + 0.5% 1I6 +. . . even in
s2NaPrCl6 [6], which has Pr3+ at a site of octahedral symmetry.
he reader is referred to a text on Group Theory, such as [7], for a
escription of site symmetry selection rules for transitions between
rystal field levels and the changes when using polarized radiation.

Finally, vibronic transitions not only involve electronic excita-
ions but also the (de)excitation of vibrational quanta. This type
f ED transition involving the excitation of one quantum of an odd
ibration of a metal–ligand system is important for centrosymmet-
ic environments of Ln3+ (selection rules in Table 1) and typical
scillator strengths are in the range of 10−7–10−10. The selection
ules for simultaneous excitation of electronic transitions together

ith internal ligand modes are given, for example, in [8] and these

wo-centre transitions generally have oscillator strengths ∼10−10

r less.

ig. 1. Comparison of 4F3/2 → 4I9/2 emission spectra of YAG:Nd3+ and Cs2NaYF6:Nd3+ at 10
ndicated with the infrared emission transition as marked. The derived 4I9/2 ground state e
re marked for Cs2NaYF6:Nd3+.
idden ∼10 of ED
L = 0 ↔ L′ = 0,1 are ∼10−10 of ED

∼10−7–10−10 of ED

Note that although ED transitions may be allowed under S, L, J
selection rules, a crystal field transition may not be observed if it
is forbidden by site symmetry selection rules (for example, for the
5d14f1 → 4f2 emission of Pr3+ to the electronic ground state [9]).

In summary, room temperature emission spectra of lanthanide
complexes mainly show partially or unresolved structure due to
crystal field transitions between initial and terminal states. Most
luminescent complexes of interest to chemists have lanthanide
ions in noncentrosymmetric low symmetry environments so for
4fN–4fN transitions, forced ED selection rules for quantum numbers
S, L, J of the multiplet 2S+1LJ give a qualitative indication of spectral
intensities for multiplet–multiplet transitions, whereas the orig-

inal selection rules given in [1] are incomplete/irrelevant to the
transitions concerned. For the interested reader, more detailed the-
oretical discussions of transition selection rules are given in [10,11].

K. (YAG = yttrium aluminium garnet, Y3Al5O12). The energy level scheme of Nd3+ is
nergy levels are marked for Nd3+ in YAG:Nd3+, and the derived vibrational energies
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ig. 2. Comparison of 10 K emission spectra of Eu3+ in Cs2NaEu(NO2)6 and
u(phen)2(NO3)3. The initial state is 5D0 and terminal multiplets are marked. The
elative intensities are arbitrary.

Illustrations are given in Figs. 1 and 2 of the completely different
ypes of transition that may be observed in the emission spectra of
n3+. These examples serve to show that if a transition is forbidden
y one mechanism, it can be enabled by another, weaker mech-
nism. The infrared emission transition 4F3/2 → 4I9/2 of 4f3 Nd3+

n Y3Al5O12 (YAG) and Cs2NaYF6 is shown in Fig. 1. In the former
oncentrosymmetric case, the forced ED transitions to the five ter-
inal crystal field levels of the 4I9/2 electronic ground state are

bserved, and the derived ground state energies are marked. This
ype of transition is forbidden for the latter centrosymmetric envi-
onment of Nd3+ so that all features correspond to MD (marked as 0)
r ED vibronic (marked in some cases with the derived vibrational
nergy) transitions to three terminal states. The spectra of Eu3+ are
ore familiar to coordination chemists. In Fig. 2, the 10 K emis-

ion spectra of this ion at the C2 symmetry site of Eu(phen)2(NO3)3
phen = 1,10-phenanthroline) and at the Th symmetry site of the
exanitrito ion Eu(NO2)6

3− are displayed. The features are sharp
n both cases. Major differences occur, however, in the multiplet
and splittings and relative intensities of the 5D0 → 7F1,2 transi-
ions. One band is observed for Eu3+ at the Th site for the 5D0 → 7F1
ransition whereas three bands are observed in the case of the C2
ite.

. Design of luminescent lanthanide complexes

Armelao et al. have noted that the emission from long-lived
xcited states of lanthanide ions may be quenched when the
on is in the proximity of high frequency vibrational oscilla-
ions, such as for OH, NH groups. These authors employed the
erm “deactivation by vibronic coupling”. Whilst this term is
orrect, we prefer to say nonradiative deactivation and reserve
he words “vibronic coupling” for radiative transitions. Actually,
ibronic coupling has many facets, in radiative and nonradia-
ive transitions and affects spectral intensities and line widths
12].

It is incorrect, however, to state that “the lower is the excited
tate energy of the Ln3+ ion, the more efficient will be the deacti-

ation by vibronic coupling”, so that with Ln3+ emitting in the near
nfrared the emission is strongly reduced. In fact it is the energy
ap, not the absolute energy, which plays a major role of quench-
ng Ln3+ emission [13]. As a rule of thumb, if the energy gap between
wo levels exceeds four quanta of the highest vibration energy

[
[

[
[

try Reviews 254 (2010) 3026–3029

then the upper level is potentially luminescent. Thus Ho3+ and
Er3+ emit strongly in the mid-infrared at ∼5000 and ∼6000 cm−1,
respectively, in addition to the Yb3+ emission in the near infrared
at ∼10,000 cm−1. In addition to the importance of vibrational
frequency, the luminescence intensity can also be quenched by
various other factors, including migration of the excitation energy
to “killer” sites in concentrated materials, photoionization [14] or
intervalence charge transfer mechanisms [15].

3. Electronic properties and coordination number of
lanthanide complexes

Armelao et al. [1] have stated that Ce4+ is the only rare-earth
element for which molecular precursors are in the +4 state. Note
that the molecular precursor route has also employed divalent
complexes of Nd, Dy, Eu, Sm, Tm and Yb [16–21]. Strzelecki
et al. [16] prepared the derivatives Ln(QR)2(solv)x (Ln = Eu, Sm,
Yb; Q = Se, Te; R – mesityl, supermesityl) by transmetalation of
LnX2(THF)3 (X = Br, I) with the potassium salt of the arylselenolate
or -tellurolate anions. Zhao and Gao [17] discussed the precur-
sors to generate Eu(II) and sulphide ions. Evans et al. showed that
DyI2 is a powerful reducing agent in organic synthesis [19]. Ther-
mally stable lanthanide(II) complexes with ability to cleave the
C–O bond of dimethoxyethane were synthesized by Cassani et al.
[20].

The simplest interpretation of the lanthanide contraction
for Ln3+ states that the decrease from Ce3+(VI) to Yb3+(VI)
(101–86.8 pm [22]) is due to the poor shielding by 4f electrons of the
nuclear charge experienced by outer 5p electrons, although about
10% of the contraction has been attributed by Pykko to relativistic
effects [23].

It is not always common that Ln3+ complexes of the same ligand
are isostructural. Even for simple complexes such as complex rare
earth halides there are changes in crystal structure on crossing the
lanthanide series [24]. Otherwise, there may be a change in coordi-
nation number on crossing the series [25], or even from the ground
to excited state of Ce3+ [26].
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eply to “Luminescent lanthanide complexes: Selection rules
nd design”

The letter by Tanner et al. represents a timely and detailed
iscussion of the spectroscopic properties of lanthanide elements
nd of their complexes in general, which is a necessary requisite
henever a study dealing with such properties is presented in lit-

rature.
The focus of the study by Armelao et al. [1] was specifi-

ally on innovative lanthanides antenna complexes, describing

he basic principles of ligands design to yield systems featuring

coordination site for the metal cation with appended suitable
hromophores as sensitizers, and their use to prepare efficient
ight emitting materials by soft chemical solution routes. Thus,

ithin this scope, the spectroscopy of rare earth elements as well
try Reviews 254 (2010) 3026–3029 3029

as other aspects related to materials synthesis were treated to
an intermediate level, at the same time referring the reader to
the extended available literature for a deeper insight into specific
issues.
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