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Abstract

Recently, direct evidence was given for the ex-
istence of intervalence charge transfer (IVCT)
states of Eu?™/Eu®T pairs in Eu-doped fluorite
hosts and their signature in absorption spec-
tra was characterized [J. Phys. Chem. Lett.
10(2019)1851]. Here we show, by means of mul-
ticonfigurational ab initio calculations, that the
IVCT absorptions of all 2-+/3+ mixed valence
lanthanides doped in CakF; start basically at the
same energy. This is rationalized with a sim-
plified model of IVCT absorptions. Emissions
above that energy are expected to be partly or
totally quenched when 2+ /3+ pairs are formed.
On the basis of this finding and existing calcu-
lations, we report expected IVCT absorptions
of mixed valence lanthanides doped in several
fluoride, oxide, and sulfide hosts.
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Introduction

According to IUPAC recommendations, inter-
valence charge transfer (IVCT) is the name
given to an electron transfer between two
metal sites differing only in oxidation state,
MM+ M)+ Mt 12 even though
it is sometimes used for electron transfer be-
tween different metals. IVCT states have an
important potential to impact the luminescence
of lanthanide activated inorganic phosphors by
quenching and excitation loss. Yet, they are
very elusive for direct experimental measure-
ments and not much is known about them (their
absorption bands are extremely broad and flat,
their intensity is low, and no emission follows
the IVCT absorptions).® This is why we dedi-
cate this paper to studying the energies of IVCT
states of mixed valence lanthanide ions doped
in crystalline solids. We focus on the onsets of
optical IVCT absorptions across the lanthanide
series, which we study by means of state-of-the-
art multiconfigurational ab initio calculations.
We discuss next the antecedents.

Whereas the literature on IVCT between
transition metal ions is abundant,*® the num-
ber of studies on IVCT between lanthanide ions
is very scarce. Among the latter, the major-
ity focus on thermally induced electron trans-
fer in mixed valence compounds, the pioneering
work of Berkooz et al.” in the mixed valence
Europium sulfide EusS, being a good example.
However, very few pay attention to photoin-
duced electron transfer, which should provide
the information on the IVCT state energies and
their potential impact on luminescence. The
reports by Wickleder on Eu*" /Eu®t IVCT ab-
sorption bands in the mixed valence Europium
chlorides NasEu,Cly, and KEuy,Clg®? are an ex-
ception to this.

In lanthanide-doped crystalline materials the
number of studies on IVCT states has been
very limited.  This is so in spite of the
fact that these lanthanide-activated materi-
als play a crucial role as inorganic phosphors
with many technological applications, rang-
ing from light-emitting diodes, scintillators or
radiation dosimeters, 13 to glow-in-the-dark
road marks, thermometry or infrared-phosphor-

based in-vivo medical imaging or theranos-
tics. 716 As a matter of fact, for decades, only
the tentative assignment of a broad band in
the reflection spectrum of Ce-doped LaPQO, as
a Ce?T/Ce'* TVCT absorption by van Schaik
et al.'™ could be cited. Recently, the impor-
tance of these materials as phosphors and the
suspicion that the presence of mixed valence
dopant pairs or clusters might have an im-
portant impact on their luminescence, boosted
new research on the role of electron trans-
fer between two oxidation states of the opti-
cally active dopants. E.g., the anomalous emis-
sions of Ce-doped elpasolites and Yb-doped flu-
orides, and the laser-induced white emission
from Ce in SryCeQy, have been interpreted as
IVCT luminescences with the assistance of mul-
ticonfigurational ab initio calculations.® 20 Di-
rect experimental proof of the IVCT nature
of excited states is still a big challenge, but
recent experiments showed evidence that the
anomalous emission of CaF5:Yb?* is not due to
impurity-trapped-excitons,?! which was the ac-
cepted model during three decades. They also
demonstrated the true Yb?"/Yb3T mixed va-
lence nature of Ytterbium in CaF5:Yb*t and
its inherent complexity,?? so moving the focus
towards the importance of IVCT states.

In spite of the elusiveness of the IVCT
states, direct evidence of IVCT absorptions of
Eu?T/Eu" pairs in Eu-doped CaFy, SrFy, and
BaF, was recently provided in a combined ex-
perimental and ab initio study.® The compati-
bility of the IVCT states with Eu?* d — f lumi-
nescence in CalFy and SrF,; was shown to turn
into IVCT-driven d — f luminescence quench-
ing in BaF,,® which was a clear example of the
potential impact of IVCT states in phosphors.

Here, we report multiconfigurational ab ini-
tio calculations of the IVCT absorptions of
Ln?** /Ln3* pairs in Ln-doped CaF, for the en-
tire lanthanide series (Ln=Ce, Pr, Nd, Pm, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb). They
are useful, e.g., for understanding the poten-
tial role of divalent/trivalent lanthanide ions
when present -on purpose or unintentionally-
in hosts activated with the trivalent/divalent
counterparts. This is interesting because, al-
though only a few divalent doped lanthanide



ions are stable in regular conditions, most of
them have been stabilized under suitable treat-
ments, like x-ray and gamma irradiation? 2
and, as a matter of fact, the entire series of
rare earths can exist in the divalent state when
present in small amounts in crystalline CaF,.%3

We show that the computed IVCT states of
all Ln?*T /Ln®* lanthanide pairs in CaF, start at
basically the same energy. This finding is com-
patible with a simple model of IVCT states, 25
according to which, for given ligands and co-
ordination number, the maximum of the ab-
sorption to the first IVCT state (i.e. the on-
set of the full IVCT absorption band) depends
only on two simple structural properties of the
electron donor and acceptor active centers: the
difference between their lanthanide-ligand bond
lengths, d(Ln?*-L) — d(Ln*"-L), and the aver-
age of their breathing mode vibrational frequen-
cies. Based on this result, we report predicted
IVCT absorptions of lanthanide ions in a few
other hosts where ab initio calculations of these
properties are available.

The paper opens the door to predicting IVCT
states onsets of any lanthanide mixed valence
pair in a host with relatively simple structural
calculations of two oxidation states of a single
lanthanide element in the host. Other alterna-
tives for the prediction of the onsets are exper-
imental measurements (on one lanthanide ele-
ment only) of vibrational frequencies and bond
length differences or their empirical estimates
(e.g. using ionic radii for the latter?®).

Theoretical methods

We computed the diabatic potential energy sur-
faces for electron transfer states of Ln**/Ln®*"
mixed valence pairs in CaFy (Ln=Ce, Pr, Nd,
Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb), and
the corresponding IVCT configuration coordi-
nate energy level diagrams, using the results of
independent embedded cluster calculations as
proposed in Refs. 18 and 19.

We assumed the lanthanide ions substitute
for Ca?tT in CaF, and we calculated the elec-
tronic structures of the electron donor and ac-
ceptor octahedral embedded clusters (LnFg)%~

Table 1: Lowest free-ion and O;, terms.

Ln?*  Ln®*" Config. Free-ion O}, terms
term

Ce3+ 4f1 2Fo 2A2u7 2T1u7 2T2u
Ce?t  Pr’t 412 SH 3By, 23Ty, 3T,
PI‘2+ Nd3+ 4f5 410 41411” ?A%M 4Eu-, 4T1u~, 2 4T2u
Nd2t  Pm*t  4f* ST SAy, 5Agyy, PE,, PTiy, 2 5T,
Pm?t  Sm?t 45 6o $E,, 25T, 9T,
Sm?t  Eu?t 4f6 F 7A2g., 7Tlg, 7ng
Eu?t  QGd3t 4f7 85 841,
G Th*  4f® TF TAy, Ty, Ty
Tb2+ Dy3+ 4f9 GHo GEu7 2 GTlua GT2u
Dy2+ Ho3+ 4f]0 5T 5A1g; 5A2g, 5Eg~, 5qu7 25T2q
H02+ Er3+ 4f11 4]0 4A1;L1 4A2u- 4Eu-, 4Tl\u-, 24T2\u,
Er2+ TII13+ 4f12 3H ZiE'g7 2 3T1g7 3T2g
Tm2+  Yb3+ 4f8 2 foo 2 Ao, 2T, 2Tou
Yb2+ 4f14 IS lAlg

and (LnFg)>~. We also assumed a non-local
long-range charge compensation for Ln3t. We
performed the calculations with the suite of
programs MOLCAS,?" using Dy, symmetry, in
two step spin-orbit coupling SA-CASSCF /MS-
CASPT2/RASSI-SO DKH calculations that
are described next: In a first step, we used
the spin-orbit-free many-electron relativis-
tic second-order Douglas-Kroll-Hess (DKH)
Hamiltonian?®2?° and performed all-electron
calculations with the same type of basis set
used in the calculations of CaF,:Yb?t Yb3+
in Ref. 19: Gaussian atomic natural orbital
relativistic basis sets ANO-RCC for the lan-
thanides®® and Fluorine,' with respective con-
tractions (25s22p15d11f4g2h)/[9s8pbd4 f3g2h]
(quadruple-zeta with polarization quality) and
(14s9p4d) /[5s4p3d] (quadruple-zeta with po-
larization without f-functions quality); plus
the occupied 3s and 3p orbitals of the embed-
ding Ca®" ions, contracted as (20s15p)/[1s1p]
and located at the 12 neighbour sites (3, %, 0),
which act as cluster-host orthogonalization
functions;3? and 5 s-type Gaussian type func-
tions located at the six (3,0,0) interstitial
sites surrounding the LnFg cube in the fluo-
rite structure, whose orbital exponents were
optimized to give minimal impurity-trapped
exciton energy in CaFy:Yb?*.1% In this step,
we performed state-average restricted-active-
space self-consistent-field (SA-CASSCF)33 %
calculations allowing all possible occupations
in the Ln 4f shells and up to 4 electrons in



the Ln 5f shells, in order to account for the
so-called double-shell effect, whose importance
when dealing with orbital shells of different
occupancies was originally shown in transition
metal ions®637 and more recently confirmed in
lanthanide ions.?® In these SA-CASSCF cal-
culations, we averaged all states of equal spin
and spatial irreducible representation that re-
sult from the ligand-field splitting of the lowest
free-ion lanthanide ion terms; they are listed
in Table 1. Subsequent multi-state second-
order perturbation theory (MS-CASPT2)39 42
calculations allowed to correlate all cluster va-
lence electrons, except the 4d electrons of the
lanthanides. We used a standard IPEA value
(0.25 au)*3 and an imaginary shift of 0.15 au.*

In the second step, we added the AMFI
approximation of the DKH spin-orbit cou-
pling (SOC) operator to the Hamiltonian?®
and we performed restricted-active-space state-
interaction spin-orbit (RASSI-SO)*%47 calcula-
tions where all states of a given cluster com-
puted in the first step were allowed to interact.

In these calculations, the clusters were em-
bedded in ab initio model potentials (AIMP)*®
that include Coulomb, exchange, and Pauli re-
pulsion interactions from the CaFy host lat-
tice obtained in Ref. 19 from self-consistent
embedded-ions (SCEI)* Hartree-Fock calcula-
tions (Ref. 27).

Results

Before we discuss the results, let us make some
theoretical considerations on the onsets of the
IVCT absorption bands we calculate here.

The first consideration is that the spin-
orbit coupling (SOC) interactions between spin-
orbit-free states considered in this work (cf. Ta-
ble 1) would in some cases be insufficient for an
accurate description of a number of lowest spin-
orbit states. E.g. in Pr3", SOC interactions be-
tween the *H and 3F related states are known
to be necessary. *® However, the considered SOC
interactions are sufficient for the accuracies of
spin-orbit ground state energies, bond lengths,
and vibrational frequencies demanded for a re-
liable calculation of the IVCT absorptions on-

sets, which are on focus here. We illustrate
this with calculations of the IVCT configura-
tion coordinate diagram and absorption band
of Sm?* /Sm3* pairs in CaFy, which are shown
in Fig. 1.

In the left panel of Fig. 1 we show the IVCT
configuration coordinate diagram as computed
in this work, i.e. with SOC interactions be-
tween the "F related states of Sm?*, on one
hand, and the ®H related states of Sm3*, on
the other. The band profile corresponding to
the first individual IVCT absorption (indicated
with a vertical blue arrow on the left panel)
was calculated with the parabolas of the ground
state and the first IVCT state using the time-
dependent approach of Heller;?!2 it is shown
in blue in the upper right panel. This indi-
vidual IVCT absorption is a very broad band.
And the same is true for all other individual
IVCT absorption bands. The reason for this
is the very large horizontal offset between the
minima of the parabolas of the Sm?*-Sm?3* and
Sm3T-Sm?* configurations of the pair.'® This
large offset is in turn a consequence of the
strong relaxations that take place around the
two ions of the pair after the electron trans-
fer: after the electron leaves Sm?*, this becomes
Sm3* and the ligands get much closer to it; si-
multaneously, after the electron reaches Sm3*,
this becomes Sm?* and the ligands expand a lot
around it. This band maximum is calculated at
14150 cm™!. Now, when the calculation is im-
proved and SOC interactions between the H
and SF related states of Sm3*t are included, we
get the IVCT configuration coordinate diagram
of the center panel of Fig. 1. The band max-
imum of the first individual IVCT absorption
remains practically unchanged: 14210 cm™1.

A second consideration is how the maximum
of the first individual IVCT absorption is ren-
dered in experimental spectra. For this, we
recall that real IVCT absorption bands result
from the convolution of many individual IVCT
absorptions, due to the crowdedness of Ln®*
and Ln?* states right above the ground state,?
which makes them broader than the individual
ones. In the case of Sm?*/Sm3" pairs in CaF,,
the convolution of all the individual absorptions
in the center panel of Fig. 1 is shown in orange
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Figure 1: Left and center: IVCT energy diagrams of Sm?*/Sm3t mixed valence pairs in CaFs.

Sm?*T (45 7F;)/Sm3+ (455 H ;) IVCT states (left) and Sm?*(4f57F;)/Sm3+(4f55H;,° F;) IVCT states (center).
Right: first individual IVCT absorption band as calculated with the left diagram (above) and convoluted, full IVCT
absorption band as calculated with the center diagram (below). The blue arrow in the right panel indicates the
position of the former in the latter and illustrates how the maximum of the first individual absorption band marks
the onset of the Sm?t4f — Sm3t4f IVCT absorptions. The orange arrow in the center panel indicates the energy

of the full IVCT absorption maximum.

in the bottom right panel, where the contribu-
tion of the first individual IVCT absorption is
shown in blue. It is clear that the maximum of
the first individual IVCT absorption as calcu-
lated in this paper (upper right panel) perfectly
marks the onset of the full IVCT absorption
(lower right panel), as it would be obtained ex-
perimentally.

A final consideration concerns the role of
states of the 4fV~15d" configuration of some
divalent lanthanides, which also induce more
IVCT states and hence absorptions. When
their energy is higher than the 4fY ground
state, even if they are almost degenerate, they
alter the shape of the full IVCT absorption,
but not its onset. When their energy is lower
and the ground configuration is 4 fV 154" (this
is e.g. the case of Gd®* in CaF,2%), the 4fV
IVCT configuration coordinate diagrams calcu-
lated here do not represent the true IVCT ab-
sorptions. However, we expect the conclusions
extracted here for 4f — 4f IVCT absorption
onsets also to hold in these cases, because, as we
will see below, the IVCT absorption onsets are
determined by the bond lengths and vibrational
frequencies, and these are not very different in

4fN and 4fN-15d" states.535

Let us now discuss the results. In Fig. 2, we
show the calculated IVCT configuration coor-
dinate energy level diagrams of the Ln?*/Ln3*
pairs in CaFy for the entire lanthanide series.
In Table 2 (second column), we show the com-
puted IVCT absorption onset of each rare earth
pair (i.e. the maximum of the first individual
IVCT absorption), which is also indicated in
the Figure.

One can see in Fig. 2 and Tab. 2 that the
4f — 4f IVCT absorption onset is basically
constant across the series. The differences be-
tween rare earths are hardly significant having
in mind the very broad nature of these absorp-
tions. This invariance is the most remarkable
feature of the results and we discuss it next.

According to the Frank-Condon rule, the
maximum of the first individual IVCT absorp-
tion occurs at the energy necessary to go from
Ln?T-Ln?" at its equilibrium (initial state of the
absorption) to Ln3T-Ln?" (final state of the ab-
sorption) at fixed positions of the nuclei, i.e.
without changing the atomistic structure. This
energy difference is represented with vertical
blue arrows in the configuration coordinate en-
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ergy diagrams of Fig. 2.

This photoinduced electron transfer is fol-
lowed by no emission. Instead, a non-radiative
decay with a strong structural reorganization
takes place in which the ligands experience a
large compression around Ln?* and a large ex-
pansion around Ln?*. Since Ln?*-Ln** and
Ln?*-Ln?* have the same energies at their re-
spective equilibrium structures, the IVCT ab-
sorption energy coincides with the structural
reorganization energy, which depends entirely
on structural parameters. This energy is, ac-
cording to the simple predictive model of IVCT

states of Ref. 26:

Eiver =2k Q2 (1)

where k is an effective breathing mode force
constant of donor and acceptor centers, in
em ™' /A% and Qe is the electron transfer re-
action coordinate, or configuration coordinate,
at equilibrium, in A. They read, respectively,

k = 0.02966 1772, (2)

where p is the ligand mass (in amu) and Dy, is
the average of the breathing mode vibrational



Table 2: Computed maxima of the first Ln?* /Ln®** IVCT absorptions (in cm™1), electron donor and
acceptor bond lengths (d(Ln-F), in A), and breathing mode vibrational frequencies (Ya,,, in cm™1)
of CaF,:Ln%t,Ln3t. Results of the absorption predicted with the IVCT model out of Donor-Aceptor
bond length differences (Adp=d(Ln*2-F)-d(Ln*3-F), in A) and average vibrational frequencies (7.,

in cm™!) are also given.

Ln?* /Ln%t Ln?* donor Ln*" acceptor IVCT model (Ref. 26)

IVCT absorption din-v Vay, din-r Vay, Adpa Vae IVCT absorption diff.

onset ' - onset

(Eq. 4)
Ce 13610 2.432 420 2.311 494 0.121 457 13790 180
Pr 14320 2.422 426 2.300 495 0.122 461 14230 -90
Nd 14160 2.412 427 2.289 495 0.123 461 14500 340
Pm 14510 2401 426 2.278 495  0.123 461 14460 -50
Sm 14150 2.387 422 2266 498  0.121 460 13970 -180
Eu 15230 2.387 421 2.260 495 0.127 458 15250 20
Gd 14030 2.375 423 2.252 494  0.123 459 14340 310
Tb 14280 2.368 422 2244 494 0.124 458 14540 260
Dy 14450 2.360 420 2.235 492  0.125 456 14650 200
Ho 14420 2.352 420 2.226 495 0.126 458 14980 560
Er 14300 2.345 419 2.219 491 0.126 455 14820 520
Tm 14380 2.337 417 2212 491 0.125 454 14520 140
Yb 15100 2.329 421 2.200 491 0.129 456 15600 500

frequencies of donor and acceptor centers (in

cm™ 1), and
n
Qeto = \/;AdDAa (3)

where n is the coordination number of donor
and acceptor, and Adp 4 (in A) is the difference
between the lanthanide-ligand distances in the
donor and acceptor centers, Adps = d(Ln*"-L)
— d(Ln**-L).

Eq. 1 can be rewritten in terms of n, u, Ugpe
and Adp4 as

By = 0.02966 - 1 - 1+ 02, - (Adpa)*.  (4)

We include in Table 2 the ab initio results for
these structural data together with the IVCT
absorption energy calculated with Eq. 4.

It is clear that the simple model correctly re-
produces the ab initio IVCT absorptions and
their invariance across the series. Furthermore,
the reliability of the model allows one to state
that the reason for the invariance of the ab ini-
tio IVCT absorptions is the invariance of both
Uge and Adpy across the series. The rather

constant value of the vibrational frequency (and
its corresponding force constant) is a manifesta-
tion of the very weak involvement of the unfilled
4 f shell in a bond dominated by the rare earths’
5s, bp filled shells. The almost invariant value
of Adp 4 is the result of the lanthanide contrac-
tion being similar in the divalent and trivalent
ions.

One should expect all these arguments to hold
for other hosts and other pairs of oxidation
states like Ln®** /Ln** | in which case the conclu-
sion that the IVCT absorption onset in a host
is basically constant across the series would be
a general conclusion. In other words, knowing
(from experiments or calculations) the IVCT
absorption onset of a pair of oxidations states
of one rare earth in a host is sufficient to know
the same property of the other rare earths in
the same host.

According to this, we show in Table 3 the
values of IVCT absorption energies of the lan-
thanides in a few hosts, as predicted by ab ini-
tio calculations. The results in CaS, SrS, and
BaS have been calculated for this work, the oth-
ers are taken from literature. These data are



Table 3: Ab initio IVCT absorption onsets
(in cm™!) of mixed valence lanthanides doped
in crystalline hosts.

Host Mixed IVCT absorption Calculated Reference
valence onset Ln
CaFy Ln%*/Ln3+ 14500 all This work, 3,19
SrF, Ln?*/Ln3+ 18000 Eu,Yb 3,19
BaF, Ln?*/Ln3*+ 22500 Eu,Yb 3,19
SrCl, Ln?*/Ln3*+ 8100 Yb 19
CaS Ln?* /Ln*+ 10400 Eu This work
SrS Ln?*/Ln3+ 12800 Eu This work
BaS Ln%*/Ln3t+ 18100 Eu This work
SrS Ln**/Ln*t 10000 Ce 55 (empirical)
Cs,LiLuCly  Ln®t /Ln*t 10000 Ce 18
CaTiO3  Ln*t/Ln*t 12000 Pr 56
CaZrO; Lot /Ln*t 12800 Pr 56

graphically represented in Fig. 3 as a function
of breathing mode force constant k£ and elec-
tron transfer reaction coordinate at equilibrium
Qet0, which can straightforwardly be obtained
from Eqgs. 2 and 3 using ligand masses, breath-
ing mode vibrational frequencies, coordination
numbers, and Ln-L bond length differences be-
tween donor and acceptor. The color map in the
background of the figure represents the IVCT
absorption onset E#%. according to Eq. 1.

abs
1 EIVCT

fluorides (1000 cm™1)
chlorides | |
oxides

sulldes 50

(1000 cm~1A2)

0. 02966 p?,,

k=

0.40
Qeto=Vn/2Adpa (A)

Figure 3: Calculated IVCT absorption onset E20%,1. as
a function of the two parameters Q..o and k (electron
transfer reaction coordinate at equilibrium and breath-
ing mode force constant) according to Eq. 1 for a se-
lection of host compounds. The color map and light
gray isolines display the value of Ef‘\'?SCT. Straight lines
connect isostructural hosts differing only in one cation
(solid lines) or one anion (dashed line).

From this two-parameter model (Eq. 1)%¢ a
systematic host dependence of the IVCT ab-
sorption onsets emerges that deserves further ab
initio study. The available data at this point in-
dicates, nevertheless, that cation substitution,

a strategy often used to fine-tune the proper-
ties of luminescent materials, impacts E308
via both parameters of the model. The change
in bond length upon charge transfer, Adpa,
increases appreciably when going from a host
with a small cation site towards one with a
larger cation site, resulting in a shift to the
right in the diagram of Fig. 3. Simultaneously,
the vibrational frequency 7, decreases follow-
ing the bond length elongations, resulting in a
downshift in Fig. 3. Both effects are visualized
by solid black lines in Fig. 3 for the isostruc-
tural fluorides (MF,;, M=Ca,Sr,Ba), sulfides
(MS, M=Ca,Sr,Ba) and perovskites (CaAOs3,
A=TiZr).

Another possibility to alter the vibrational
frequency is upon replacement of the anions in
the compound, i.e. the ligands of the lanthanide
ion. The force constant k, to which E3%, is di-
rectly proportional, is affected because the na-
ture of the chemical bond as well as the ligand
mass will change. As an example, the dashed
line in Fig. 3 illustrates the effect when mov-
ing from SrFs to the isostructural SrCly. This
shows that replacing the anion has a roughly
orthogonal effect to changing the cation in the
two-dimensional parameter space. The effect
on Adp, and k upon changing the ligand of
the lanthanide ion results in a systematic red-
shift in F&%,; according to the sequence F > O
> S > Cl. This sequence, emerging from the
computed data and the model given by Egs. 1-
4 offers a semi-quantitative tool to predict the
location of IVCT states for mixed valence lan-
thanide pairs, Ln?T/Ln%" or Ln3T/Ln't in a
variety of host compounds.

Since IVCT states can cause luminescence
quenching and even complete luminescence ex-
citation loss,® according to the present IVCT
diagrams (cf. Fig. 2), it is suggested that the
IVCT absorption onsets reported are in fact
emission energy thresholds, i.e., all emissions
of higher energies than them are expected to
be partly or totally quenched by the presence
of the respective mixed valence pairs. E.g., the
presence of Ln*"/Ln®" mixed valence pairs in
CakFy is expected to partly or totally quench all
emissions of an energy higher than 14000 cm™1.
In some cases, like Th and Dy, the crowded-



ness of states suggests that all emissions well
above that threshold will be quenched. In other
cases, like Tm and Yb, the discontinuity of
states creates energy windows where metastable
states and their emissions can exist, although
the mixed valence pairs are expected to partly
quench them, leading to a worsened thermal
quenching behavior and a lowered photolumi-
nescence quantum efficiency. Finding these
metastable states above the first IVCT absorp-
tion energies demands careful analysis case by
case.

Conclusions

Multiconfigurational ab initio calculations on
divalent/trivalent mixed-valence lanthanide
ions doped in CaFy show that the IVCT ab-
sorption onset is basically invariant across the
lanthanide series in a given host. The onset sets
an energy threshold for partial or total lumi-
nescence quenching when mixed-valence pairs
are formed in the lanthanide-doped host.

The invariance of the IVCT absorption on-
set is rationalized by using a simple model of
IVCT absorptions.?® According to it, the IVCT
invariance is a consequence of respective invari-
ances of the breathing mode vibrational fre-
quency, on one hand, and the difference be-
tween lanthanide-ligand bond lengths in the
two oxidation states, d(Ln*"-L) — d(Ln3*-L),
on the other. The latter is, in turn, a conse-
quence of the lanthanide contractions of diva-
lent and trivalent ions being very similar. The
model points out systematic host dependences
of the lanthanide IVCT absorption onsets.
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