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ABSTRACT: For several decades, the energy gap law has
been the prevalent theoretical framework for the
discussion of nonradiative deactivation of lanthanoid
luminescence in molecular coordination chemistry. Here
we show experimentally on samarium and dysprosium
model complexes that the size of the energy gap AE
between a lanthanoid emitting state and the next-lower
electronic state cannot be considered a reliable and
accurate predictor of the quantitative extent of non-
radiative deactivation by aromatic C—H and C-D
oscillator overtones. Because the energy gap is the central
pillar for the entire conceptual framework of the energy
gap law, this finding amounts to largely invalidating this
theory for the quantitative description of molecular
multiphonon relaxation.

he quantitative understanding of radiative and nonradiative

processes in light-emitting systems is one of the Holy Grails
in photophysics. It would allow far-reaching control of the
luminescence properties, e.g., in order to increase or modulate
emission characteristics. In this context, the “energy gap law”
(EGL) is one of the very few reliable cornerstones for the
quantitative assessment of nonradiative deactivation rates k;, of
emitting electronic states according to eq 1

—[constant(AE/ hw,,,,)]

k,xe

(1)
where AE is the energy gap between the emitting level and the
next-lower state and 7w, is the energy of a high-frequency
oscillator that mediates nonradiative deactivation. Originally, the
EGL was developed for aromatic hydrocarbons,' but it has also
been applied for a number of other luminophore classes, such as
transition-metal complexes,” or lanthanoid ions in solid matrixes
and in complexes with organic ligands.*® The great practical
appeal of the EGL for lanthanoid luminescence is to a great
extent based on the fact that the metal-centered electronic states
are largely unchanged in different environments and, con-
sequently, that the energy gap AE is a priori known. We have
recently shown that predictions of the EGL can fail under special
circumstances, e.g., for the anomalously high quenching ability of
aromatic C—D oscillators with respect to the 'D, state of
praseodymium.® Here, we show in exemplary model systems the
very general phenomenon that the energy gap according to the
EGL is not a reliable quantity in the context of multiphonon
relaxation. The reported very serious breakdown all but
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invalidates the EGL for the quantitative description of non-
radiative decay in molecular lanthanoid complexes, which has
been the prevalent theoretical framework for decades.

The starting hypothesis for the present study was that
nonradiative deactivation in molecular lanthanoid luminescence
is not necessarily determined by the smallest energy gap
according to the EGL but rather by the very specific energy of
an oscillator overtone. In order to experimentally assess the
validity of this basic idea, we chose the two lanthanoids samarium
and dysprosium and two different oscillators, aromatic C—H and
C—D moieties, often found in successful lanthanoid chelators.
Figure 1 depicts the relevant states for this situation.
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Figure 1. Partial energy-level diagram for dysprosium(III) and
samarium(III) showing the energy gaps AE according to the EGL
(red) and the ones Eroposed here to be relevant for aromatic C—(H/D)
oscillators (green).

A conventional EGL approach would assume the following
gaps AE to be relevant: Dy, *F,,—°F,/, & 7340 cm™'; Sm,
*Gs/,—F11 )2 7400 cm~'” In both cases, however, if
deactivation is considered to be mediated by the aromatic C—
(H/D) oscillators, much larger energy gaps of ca. 8700 cm™
(Figure 1, green arrows) would be in almost perfect resonance
with the second C—H overtone (1 = 3), as well as the third C—D
overtone (n = 4).° For the practical implementation of this
setup, we prepared the suitable lanthanoid complexes shown in
Chart 1.

On the basis of previous work,®” the tris(2,2’-bipyridine)-
based cryptate [Do]-Sm and its perdeuterated analogue [Dq]-
Sm were synthesized.10 For dysprosium, isotopologic 2,2'-
biypridine-6,6'-dicarboxylates'" were chosen as ligands because
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Chart 1. Lanthanoid Complexes Used in This Study
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of their high ligand triplet energies (223500 cm™"), which are
necessary for sensitization of the metal-centered, emitting *F,,
state (221100 cm™').” All complexes show very efficient
photoluminescence in solution in the visible and near-IR regions
and exhibit well-defined, monoexponential luminescence decays
(Figures 2 and 3 and Table 1).
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Figure 2. Steady-state emission of [D,,]-Dy in CD;0D (left, 4., = 306
nm, 2 nm bandwidth; right, ... = 306 nm, 9 nm bandwidth; emission,
long pass filter RG780).
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Figure 3. Steady-state emission of [D;o]-Sm in CD,CN (left, A, = 310
nm, 2 nm bandwidth; right, ... = 310 nm, 6 nm bandwidth; emission,
long pass filter RG780).

Table 1. Luminescence Lifetimes for [D,]-Dy in CD;0D and

for [D,]-Sm in CD;CN*

Ts74 To40 1000 T11356 To43 T1175
complex  [us] [us]® (us]? [us]® usV  [us]®
[Dy,]-Dy 194 190 154 189
[Dy]-Dy 107 104 95 105
[D30]-Sm 394 394
[Dy]-Sm 30 32

“Estimated uncertainties: 7 + 10%; Dy, Aexe = 305 nm, Ay & 0205
Sm, Aexe = 310 nm, Az & 0.20/ 41:9/2 - H13/z 1:"9/2 - Hs/z
I15/2 - Fs/z F9/2 - 1:5/2 st/z - F5/7. & Gspp = 61:9/2

As a measure of the nonradiative deactivation of a lanthanoid-
emitting state, we used the model developed by Ermolaev and
Sveshnikova,"* which provides a convenient expression for k,, via
a spectral overlap integral (SOI) of the following form:

3264
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where I, in the integral is the lanthanoid-based emission
spectrum (normalized to unit area) and &4, is the molar
vibrational absorption coeflicient, both on the wavenumber scale
£." In general, this expression is rather impractical because of the
great experimental difficulty to obtain quantitative spectra &,,(2)
for a particular oscillator. In this case, however, we have recently
established the relevant vibrational absorption signatures for
aromatic C—(H/D) overtones in 2,6-substituted pyridine
moieties™ which allows full analysis of nonradiative deactivation
pertaining to the hypothesis of this study.

The advantage of the SOI approach for this study is that, unlike
the EGL, it allows evaluation of which spectral region contributes
most to nonradiative deactivation. If the smallest energy gap AE
according to the EGL was relevant, the integrand of the overlap
integral would have most of its intensity around this energy value.
In stark contrast to this notion, the integrand functions for both
lanthanoids and both oscillators show that the overwhelming
contributions to the SOIs, and by extension to k,,, come from the
region between ca. 8500 and 9000 cm™! (Figure 4)
corresponding to much larger energy gaps, in perfect agreement
with our hypothesis.
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Figure 4. SOl integrand functions for the low-energy emission bands of
dysprosium (black) and samarium (red) with the first and second C—H
overtones (a) and of the second and third C—D overtones (b). Smallest
AE indicated by arrows."

In addition, this phenomenon is not restricted to the
discussion of only samarium/dysprosium complexes or C—(H/
D) oscillators. Effects similar to the ones described here are
certainly also operative for other systems. For example, in the
light of our own study, we interpret published data on the
energetic positions of isotopologic O—(H/D) oscillator over-
tones in methanolic solutions (CH;OH/CD;0D )"’ with respect
to the nonradiative deactivation of terbium and europium
luminescence, as shown in Figure 5. The O—H oscillator
overtones are in good resonance with the smallest AE values in
both lanthanoids (red arrows), while contrary to this, the
isotopologic oscillators O—D are in almost perfect resonance
with the larger energy gaps (green arrows).

In summary, the fact that the smallest energy gaps are not
universally relevant for the quantitative discussion of non-
radiative decay has a number of important implications and
ramifications for the entire field of molecular lanthanoid
luminescence in the future:

(a) The most salient result of this study is that the relevant
energy gaps for specific lanthanoid/oscillator combinations are
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Figure S. Partial energy-level diagram for terbium(III) and europium-
(11I) showing the energy gaps AE relevant for O—H (red) and for O—D
(green) oscillators in methanolic solutions."*'*

not known a priori and that the potential differences can be quite
substantial (e.g,, 7400 cm™" for the EGL in samarium versus the
actually operative 8700 cm™"). This largely invalidates the EGL
in this area because of the absolute centrality of the energy gap
concept for the entire theoretical framework. It remains only a
tool for rationalization of the qualitative trends, but it can no
longer be considered valid for quantitative analysis of non-
radiative deactivation in molecular lanthanoid luminescence
because of these serious deficiencies.

(b) The failure shown here is expected to be most prominent
for systems with high-energy oscillators that themselves have
large gaps between their vibrational overtones. This situation
sometimes allows for the smallest energy gap AE not to be in
resonance with a particular overtone, resulting in the potential
irrelevance of AE as utilized in the EGL. For this reason, low-
phonon lanthanoid-doped solids with very densely spaced
oscillator overtones are most likely not affected and the validity
of the EGL in this area is unquestioned by our findings.

(c) Future experimental work on multiphonon relaxation
mediated by high-energy oscillators (e.g., X—H with X = O, N,
C) has to focus on the precise energetic overtone positions in
order to identify relevant resonances in specific lanthanoid/
oscillator combinations.
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Synthetic procedures and analytical data for [D,]-Dy and [D,]-
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