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Abstract

The emission spectra and excited state decay characteristics of Cr3+ ions in oxide crystals and glasses and molecular complexes are reviewed.
The relevant species can be described as CrO6 and both narrow2E ⇒ 4A2 phosphorescence and broadband4T2 ⇒ 4A2 fluorescence are
observed with intensities and lifetimes that depend on the disposition of the excited levels and the temperature. A unified model that relates
the emission in the several environments is described. A kinetic analysis is applied to extract individual rate constants and to determine the
origin of the thermal quenching. Kinetic limits on2E ⇒ 4T2 back-transfer are explored.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Cr(III)–oxygen complexes; Fluorescencc and phosphorescence; Decay time; Emission spectra

1. Introduction

The energy levels of Cr(III), a d3 ion, are sensitive to
environment. Within ligand field theory, the environmental
effects are expressed by the magnitudes of Dq, the crystal
field parameter, andB andC, the Racah parameters which

∗ Tel.: +1-520-298-2120; fax:+1-520-621-8407.
E-mail address: forsterl@u.arizona.edu (L.S. Forster).

are a measure of interelectronic repulsion. The energy level
variation is shown inFig. 1 where the levels are designated
by the group theoretical symbols appropriate toO symmetry.

The ruby emission spectrum. and lifetime were measured
in 1867[1]. In the interim the spectra and excited state re-
laxation rates have been recorded for hundreds of Cr3+ in
ionic crystals, ionic glasses, and molecular (Werner) com-
plexes[2,3]. The2E level energy is not very sensitive to Dq,
but depends on the Racah parameters. The4T2 energy varies
linearly with Dq. The emission spectrum depends upon the

0010-8545/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2003.10.014
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Fig. 1. Dependence of energy levels on crystal field parameters.

relative disposition of4T2 and2E. In most cases4T2 is above
2E (Fig. 2) and only sharp intraconfigurational phosphores-
cence (t32 ⇒ t32,

2E ⇒ 4A2) is observed. At low Cr(III)
concentration the phosphorescence consists of narrow ori-
gin features, designated as R-lines, and vibronic sidebands.
As Dq is reduced the level order is reversed and broad inter-
configurational fluorescence (t2

2e ⇒ t32,
4T2 ⇒ 4A2) emis-

sion dominates at low temperatures. The difference between
the spectra for4T2 and2E emission makes the assignment
of the emitting level relatively secure. A rule of thumb that
separates high-field sites where2E is lower from low-field
sites where4T2 is below2E is Dq/B ≈ 2.3 [4].

In ruby there are six nearest neighbor oxygen atoms in
a nearly octahedral disposition. This species can be repre-

Fig. 2. Schematic energy levels and rate constants.

Fig. 3. Spectra of Cr(urea)6
3+ in an alcoholic glass at 78 K (redrawn

from [50]).

sented as CrO6. Although the ruby emission is phospho-
rescence, the Dq associated with oxygen ligation is small
enough to observe fluorescence in many CrO6 species. It is
this group that is the subject of the following review.

The small4T2−2E gap in most CrO6 systems permits in-
terlevel thermal excitation at moderate temperatures (Fig. 3).
Although broadband emission is common in ionic crystals
and glasses there are a number of molecular complexes in
which delayed fluorescence has not been detected but2E ⇒
4T2 back-transfer has been claimed as an important pro-
cess. In the absence of delayed fluorescence one must rely
on indirect arguments to implicate back-transfer when2E is
the emitting level. The location of the2E origin is usually
directly made from absorption or emission spectra. In con-
trast, the4T2 origin band is often not resolved in the spectra
and�E, the energy separation between4T2 and2E, is not
directly measurable. Whether the failure to observe delayed
fluorescence is due to efficient nonradiative depletion of4T2
or 2E is a question to be addressed. The answer to this ques-
tion bears on the problem of identifying the2E relaxation
mechanism in the panoply of Cr(III) complexes[2].

In this review, the relaxation of Cr3+ excited states in ionic
crystals and glasses, as well as molecular complexes will
be examined with the aim of presenting a unified picture of
excited state relaxation as a function of temperature. The role
of environmental heterogeneity in mechanistic inferences
will also be discussed.

2. Kinetics of excited state decay

The2T1 level lies some 500–700 cm−1 above2E. The2T1
and2E populations are often combined for kinetic purposes.
When 2E is the lowest excited level the essential features
of excited state decay can be represented by the processes:
2E ⇒ 4T2 ⇒ 4A2 and 2E ⇒ 4A2. If 4T2 is lower, only
the 4T2 ⇒ 4A2 processes need be considered. In the first
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Fig. 4. Potential energies as a function of configuration coordinate,Q.
Energies are applicable to ruby (from[5]).

mechanism a three-level model is assumed in which2E ⇒
4T2 back-intersystem crossing is involved and the excited
state populations are given by[3]

[4T2] = a1 exp(−λ1t) + a2 exp(−λ2t)

[2E] = a3 exp(−λ1t) + a4 exp(−λ2t)

where

λ1,2 = 0.5[(kT + kE) ∓ ((kT − kE)2 + 4k4k−4)
0.5] (1)

kT = k2 + k3 + k4, kE = k5 + k6 + k−4. k2 and k5 are
radiative rate constants andk3 andk6 the nonradiative rate
constants that include chemical reaction.k4 and k−4 refer
to intersystem and back-intersystem crossing, respectively
There are allowed and vibrationally induced components of
the radiative rate constants. The vibronic parts are temper-
ature dependent and increase as coth(¯hω/2kBT ), whereω

is the frequency of the promoting mode.k3 = k3(0) + k(T)

wherek3(0) is due to tunneling andk3(T) is the thermally
activated contribution. Both terms refer to4T2 ⇒ 4A2 pro-
cesses.Ea is the energy required to reach the crossing of the
4T2 and4A2 potential surfaces (Fig. 4), but a simple Arrhe-
nius dependencek3(T) = A exp(−Ea/kBT) has been ques-
tioned [5–7]. Nevertheless,Ea is an empirical measure of
the energy required for the thermally activated nonradiative
transition from4T2 to 4A2.

Eq. (1) assumesδ-function excitation and does not re-
quire either equilibrium or steady state conditions. However,
there are many parameters inEq. (1)and fitting a decay by
trial-and-error can be tedious. It has the virtue of showing the
conditions required for exponential decay to be observed.

When k4 � k2 + k3 and k−4 � k5 + k6 the 4T2 and
2E populations are in quasi-equilibrium and both levels de-

cay with the same rate constant,λ1 = krelax. The decay
of either fluorescence or phosphorescence is thenI(t) =
I(0) exp(−krelaxt). There will be a time interval that depends
on the relative magnitudes ofλ1 andλ2 before equilibrium
is established. In transition metal complexesλ2 � λ1 and
this pre-equilibrium time is short.

If the symmetry around the central ion is reduced,2E and
4T2 are split. In the equilibrium limit

krelax = k0 + ∑
kiKi

1 + ∑
Ki

(2)

whereKi = gi exp(−�Ei/kBT) is the Boltzmann ratio for
the population of theith level to that of the lowest2E compo-
nent. The degeneracy ratios,gi, will be 1, 2, or 3 depending
upon the energy splittings of the several thermally accessi-
ble levels. For applications when2E is the lowest excited
state only one term in the summation is commonly used
and�E is the energy difference between2E and the lowest
component of4T2. In this case,

krelax = k5 + k6 + (k2 + k3)K

1 + K
(3)

wherek−4/k4 = K.
The temperature dependence ofkrelax reflects the differ-

ence in the zero-point energies of4T2 and2E, �E, and any
activation energies for4T2 depopulation,Ea.

When4T2 is below2E the major decay process is4T2 ⇒
4A2. Population of2E will reducekrelax.

Several models have been advanced for the calculation
of nonradiative rates in Cr(III) systems[5–8]. These are
based on the general theory of nonradiative decay which
involves separating the overall rate constant into a product
of electronic and vibrational factors. The electronic factor
depends on a promoting vibration while the vibrational fac-
tor involves the Frank-Condon overlap of accepting modes.
Two limiting cases have been described, weak coupling
(small-offset) and strong coupling (large offset). In the weak
coupling limit, as exemplified byk6 in the 2E ⇒ 4A2 tran-
sition, there is little difference in the coordinates of the
level minima. A single configuration coordinate is used in
Fig. 4. The configuration coordinate model does not reveal
all the possible relaxation pathways in multidimensional
space. Weak coupling processes involve tunneling and the
rate is proportional to exp(−E0/h̄ω), whereE0 is the energy
difference between the zero-point levels of the two states
involved in the nonradiative transition andω is the accept-
ing mode frequency. There is little effect of temperature on
tunneling rates[9], but a large deuterium isotope effect is a
good marker for this limit. The strong coupling limit corre-
sponds to an activated surface crossing. Note thatEa refers
to k3(T) and it can be smaller than�E.

If adequate corrections for the wave length dependence of
the detection system are made, the total emission intensity
will be proportional to the sum of the absolute fluorescence
and phosphorescence emission yields. In principle, a thermal
decrease inItotal indicates a contribution ofk3(0), but due to
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calibration errorsk3(0) must be a substantial fraction ofk2
before an intensity decrease will be sufficient to infer nonra-
diative decay[10]. A nearly constant intensity is consistent
with a modest value ofk3(0). Only if the absolute emission
yield is unity can it be concluded that all nonradiative rates
are negligible. Large intensity decreases are due tok3(T).

The three-level model is clearly oversimplified. In addi-
tion to a contribution from2T1, the splitting of4T2 could
require the use ofEq. (2). However, including these addi-
tional levels does not change the overall interpretation[6].

3. Cr3+ in ionic crystals

There is no translational motion on the time scale of the
excited state lifetime in crystals and the ions occupy po-
sitions dictated by the crystal symmetry. In some crystals
all chromium ions experience the same crystal field whose
magnitude is determined by the nature and distance of the
surrounding ions. The emission decay is then exponential.
In other systems Cr3+ occupies more than one nonequiva-
lent site and the decay will be nonexponential if emission
from more than one site is monitored. By choosing appro-
priate excitation and emission wave lengths it is sometimes
possible to monitor emission from a single site.

3.1. Ruby

Ruby (Cr3+:Al2O3) has been the subject of numerous
spectroscopic and kinetic studies. Each Cr3+ is surrounded
by a trigonally distorted (C3v) octahedron of six nearest
neighbor oxygen atoms. All sites are identical and4T2 is
above2E. The4T2 splitting is 500 cm−1 with the 4E(C3v)

level lower[11]. The2E splitting is 29 cm−1with a 4E− 2E
gap of about 2300 cm−1 [6]. The emission below 400 K is
the narrow structured2E ⇒ 4A2 but fluorescence is evident
at higher temperatures.k6 is small at 300 K but is increased
somewhat at 373 K[12]. k5 is 235 s−1 at 20 K and is only
slightly changed at 373 K due mainly to increasing sideband
intensity. There is a small lifetime reduction below 100 K
due to changing populations between the2E components.

The intensity ratio of the broad fluorescence to the narrow
phosphorescence is

IF

IP
= k2

k5

[4T2]

[2E]
(4)

In the equilibrium limit Eq. (4) was fitted with
[4T2]/[2E] = K = 2 exp(−�E/kBT) and �E =
2350− 1.4kBT cm−1, with, k2/k5 = 164 [6]. g = 2 was
used inK because it was assumed that the trigonal splitting
of 4T2 was so large, 500 cm−1, that only4E(C3v) was ap-
preciably populated. The second term in�E was used to
include the lowering of4T2 induced by thermal expansion
of the crystal.Eq. (4)does not require thatk3 be constant,
i.e. is valid when activated quenching of4T2 is important.

However, the populations might not be in quasi-equilibrium
in that event.

Equilibrium between4T2 and2E is established at 123 K;
the 4T2 population below 350 K is too small to induce
quenching. The lifetime and emission intensity decreases
above 350 K were attributed to increases in bothk2 and
k3(T). The effect of populating4T2 without any contribution
from activated surface crossing is masked by the large�E.
k3(T) was assumed to be responsible for the quenching of
Itotal above 450 K.

The ambiguity in curve fitting to extract kinetic param-
eters is illustrated by a comparison of the foregoing with
another study in whichEq. (3)was used without thermal re-
duction of�E [64]. A reasonable fit in the 300–570 K range
was obtained with�E = 1957 cm−1 andk2/k3 = 230.

3.2. Emerald

Emerald (Cr3+:Be3Al2(SiO3)6) is another ionic system
with a CrO6 moiety.2E is the lowest excited level and only
phosphorescence obtains at 77 K[10]. The4T2 − 2E gap is
small and the broad fluorescence, already intense at 195 K,
dominates at 300 K. The site symmetry is D3 and the4T2
splitting is near 100 cm−1 with 4A1 lower [13]. The4T2 −
2E gap has been estimated as≈400 cm−1 [10]. The Cr3+
concentration was only 0.05 at.% in this work and energy
transfer was probably unimportant.

In one analysis, lattice expansion was again assumed to
lower 4T2 and�E = 500−2.1kBT cm−1 was proposed[6].
This assumption leads to4T2 − 2E level inversion at 343 K.
4T2 − 2E equilibrium is established at 28 K. In contrast to
ruby, the small�E leads to marked lifetime quenching below
343 K due to4T2 population (Fig. 5). This decrease is fol-
lowed by a region of nearly constant lifetime. Above 450 K
k3(T) becomes important. A reasonable fit up to 450 K with
Eq. (3)was obtained by assuming4T2 ⇒ 4A2 is largely ra-
diative with k2 ≈ 3 × 104 s−1. Sincek5 = 7 × 102 s−1 the
ratio of the radiative rates is only 43.

The total emission yield doesn’t decrease below 450 K,
indicative of a smallk3(0). The intensity decrease above
450 K is due tok3(T).

A fit without lattice expansion was nearly as good as
the one with level inversion[6]. The parameters used were
�E = 388 cm−1, k2 = 8.5 × 104 s−1, k5 = 700s−1, A =
3 × 1010 s−1, and Ea = 7000 cm−1. k2/k5 exceeds 100,
a more reasonable value than 43. Whenever there are so
many adjustable parameters more than one fit is likely to
be satisfactory. This does not change the major conclusions
that nonradiative processes are unimportant below 450 K
and activated nonradiative4T2 ⇒ 4A2 is dominant at higher
temperatures.

In a later study, the impurity concentration in emer-
ald was increased to 3 at.%. Nonequivalent sites were
identified and energy transfer from the higher energy
sites induced nonexponential decay[14]. It was possi-
ble to resolve the emission from different sites and the
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Fig. 5. Emerald lifetimes and total emission intensities (from[6]): (�)
experimental results and solid curves are calculated. Below 450 K, the
lifetimes were computed fromEq. (3). Above 450 K,k3(T) was calculated
from theory.

emission decay from the low energy acceptor sites was
exponential.

3.3. Alexandrite

Cr(III) in alexandrite (Cr3+:BeAl2O4) occupies two sites
of different symmetry, Cs and Ci [15]. The narrow2E ⇒ 4A2
emissions from the two sites have been monitored separately
and the decay times recorded as a function of temperature.
In the Cs sites the low temperaturekrelax is 435 s−1 increas-
ing sharply at 130 K. Fittingkrelax as a function of temper-
ature toEq. (3) up to 300 K withg = 1 andk2 + k3(0) =
1.4 × 105 s−1 yielded�E = 800 cm−1, which is in accord
with the spectroscopic value of 807 cm−1 [16]. The broad
fluorescence was readily discernible at room temperature.

In another study,2E emission from both sites was moni-
tored and the low temperaturekrelax was 3×103 s−1 [17]. A
good fit of the lifetime withg = 1 from 300 to 973 K was ob-
tained for a quasi-equilibrium between2E, 4T2, and the acti-
vated species at the4T2−4A2 crossing point. Since the con-
centration of the activated species is so small, this approach
usingEq. (2)with two terms is equivalent to usingEq. (3)
with k3(T). With this interpretationA = 1.5 × 1014 s−1,
Ea = 11, 700 cm−1, �E = 745 cm−1, k5 = 364 s−1, and
k2 + k3(0) = 3.6× 105 s−1. The good fit below 450 K con-
firms that population of4T2 is the pertinent process and that
above 450 K activated T2 ⇒ 4A2 is the source of the ac-
celerated decay at high temperatures. The fit was improved
wheng = 3 was used[64]. Then�E = 857 cm−1 from 290
to 650 K. Extending the temperature range to 930 K led to
Ea = 10,807 cm−1.

The situation is quite different for Cr(III) in the Ci sites
of alexandrite. At first the emission was thought to be tem-
perature invariant[15], but in later work with a more di-
lute crystal the lifetime did decrease with temperature[16].
Emission reabsorption is important in alexandrite and this
may be responsible for the dependence of the lifetime on
concentration. The2E energy in the Ci sites is lower than
in the Cs sites and the Ci ions could be selectively excited.
The decays from the Ci ions were exponential with a 0.1 s
lifetime below 100 K. The temperature dependence of the
Ci krelax could not be fit withEq. (3) unless thermally en-
hancedk5 was included. In that case, a good fit was possible
with �E = 1430 cm−1 and k2 + k3(0) = 6.7 × 102 s−1.
The small values for the decay rates are due to the inversion
symmetry.

k4 andk−4 for the Cs ions were determined independently
as 3.7× 1010 and 3.5× 109 s−1, respectively, at room tem-
perature[18]. These rates lead to an equilibrium constant of
0.095, much larger than computed for an 800 cm−1 separa-
tion. In spite of this discrepancy, it is safe to conclude that
thermalization between the emitting levels in the Cs species
is achieved.

3.4. Cr3+:MgO

The Cr3+:MgO system is of especial interest because
there is a charge mismatch between the impurity and host
cations. In addition to CrO6 in Oh sites there are tetrago-
nal and rhombic sites produced by lattice vacancies[19,20].
4T2 is above2E in the cubic and tetragonal sites but the
order is reversed in the rhombic sites. This leads to phos-
phorescence and thermally induced delayed fluorescence in
the cubic and tetragonal sites and only fluorescence in the
rhombic sites. In an early study emission from the different
sites was not differentiated and the R-line lifetime thermal
quenching was associated with�E = 834 cm−1 [21]. It was
possible to record the emission from only the cubic sites by
a time-resolution technique[20]. Fitting Eq. (3) with K =
3 exp(−∆E/kBT) yielded �E = 1100 cm−1, very nearly
the same as the spectroscopic value for the4T2 − 2E sepa-
ration [20]. The 77 K lifetimes of the cubic, tetragonal, and
rhombic centers are 11.6 ms, 8.6 ms, and 35�s, respectively.
krelax for 4T2 ⇒ 4A2 in the rhombic sites, 3× 104 s−1, is
very close to the 1.7 × 104 s−1 value for the same process
in the cubic sites, estimated fromEq. (3)by neglecting non-
radiative processes.

The 4T2 level in a rhombic site is 684 cm−1 below 2E in
cubic sites and energy transfer from cubic to rhombic centers
has been demonstrated at 77 K in 0.05% Cr3+ crystals[22].
The Cr3+ concentration in the earlier work was much lower
and those results were not affected by energy transfer[19].

3.5. Garnets

Crystals with the garnet structure have the general for-
mula A3B2C3O12. Many different ions can exist in the three
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different cation sites. Cr3+ substitutes in the B site, which is
octahedral with trigonal distortion and inversion symmetry.
The inversion center leads to a vibronically induced radia-
tive rate[23]. The crystal field strength varies in this group
of crystals and the low temperature emission in Y3Ga5O12
(YGG) is exclusively phosphorescence, while in several of
the garnets with small4T2−2E separations, Gd3Sc2Ga3O12
(GSGG) and Gd3Sc2Al3O12 (GSAG), both sharp and broad-
band emissions were observed[23–25]. When two or more
host cations can occupy the same site in the garnets, substi-
tutional disorder occurs[26]. This disorder is due to Cr3+
ions in crystallographically identical sites but which expe-
rience a range of crystal fields because the second nearest
neighbor cations are randomly distributed. Nonexponential
decay and lifetimes that vary with the emission wavelength
are the result[25,26].

krelax in Cr3+:YAG, a crystal in which4T2 is above2E,
was well fitted byEq. (3)between, 77 and 550 K withg = 3
if the vibronic contribution tok5 was included[65].

When emission from a single site was monitored in GSGG
both fluorescence and phosphorescence persisted at low tem-
perature[24]. IF/IP was constant below 20 K, an observation
that is inconsistent with thermalization between two differ-
ent levels. The emission of both the sharp and broadband
spectra from the lowest energy level has been ascribed to the
small energy difference between2E and4T2 that leads to
extensive mixing by spin-orbit coupling[24–29]. This mix-
ing leads to one level which is predominantly2E and an-
other which is mainly4T2. The mixing also increasesk5. At
low temperatures2E is lower in GSGG but the admixture
of 4T2 is evident in the emission leading toIF/IP ≈ 5 at
10 K. If both emissions originate in the same, albeit mixed,
state the lifetimes should be identical. The phosphorescence
lifetime of 225�s is matched by the 230�s long lived tail
in the nonexponential fluorescence decay[23]. The faster
decay component would then be due to emission from an-
other site. The calculated�E after mixing was 110 cm−1.
The general shape of the lifetime versus temperature plot
resembles that of emerald (Fig. 5). The lifetime decrease as
a result of populating the4T2 level below 200 K is followed
by a plateau until 450 K and a steep drop due to the activated
surface crossing process.

Cr3+:(La,Lu)5Ga3O12 (LLGG) is a garnet in which4T2
is 1000 cm−1 below2E and only fluorescence prevails at 4 K
where the lifetime is 90�s. [26] Since the lifetime is only
reduced to 68�s at 300 K,k3 < 104 s−1 at room tempera-
ture.

3.6. Miscellaneous hosts

There are two nonequivalent sites in Cr3+:gallogermanates
[30]. Substitutional disorder in each site results from in-
terchangeability of gallium and germanium ions. In the
high Dq sites the R-line emission predominates, while the
emission from the low-field sites is mainly fluorescence.
The 14 K phosphorescence decay was nonexponential. The

phosphorescence lifetime was assumed to be radiative with
k5 in each site determined by spin-orbit coupling and there-
fore to the4T2 − 2E gap. Since this gap varies among the
sites the R-line emission decay was nonexponential. In con-
trast, the fluorescence decay was exponential at 14 K. Since
the 4T2 ⇒ 4A2 transition is radiative and spin-allowed, the
4T2 − 2E gap is not important because spin-orbit mixing
does not affectk2 very much. The substitutional disorder
increasesk3(T) due to large distortions from octahedral
symmetry and shape changes in the potential surfaces that
reduceEa [31,32].

Another example where4T2 is lower and the effect of
temperature onk3 has been studied is Cr3+:LiTaO3. In this
crystal k3 is either small or constant up to 150 K.[33]. It
is thermally activated at higher temperatures and exhibits
good Arrhenius behavior withA = 4.3×1012 s−1 andEa =
2960 cm−1. The fluorescence lifetime at 5 K is 8�s and
400 ns at room temperature[34]. Consequently,k3 is about
2× 106 s−1 at ambient temperature. The Arrhenius parame-
ters refer directly to the activated nonradiative transition to
the ground state without including the effect of populating
the 2E level, which would increase the lifetime. The emis-
sion intensity is strongly quenched below 300 K[35].

The decay rates in Cr3+:ScBO3, a low field complex, can-
not be fitted to a single thermal decay process[36]. Instead
there is an increase inkrelax from 5× 103 s−1 at low tem-
perature to 104 s−1 at 300 K, accompanied by fluorescence
yields near unity, indicating thermally enhancedk2. This is
followed by a markedkrelax increase at higher temperatures
with an activation energy of about 4000 cm−1.

Other low-field ionic systems are perovskites[37] and
alkaline earth fluorides[38]. In the perovskites, where
CrF6 is the emitting moiety, there are again two processes.
The emission quantum yield is near unity at room tem-
perature. The small lifetime decrease below 300 K was
attributed to increasingk2 by the population of a higher
4T2 component. Above this temperature, the activated pro-
cess hasEa = 7300 and 9200 cm−1 for Cr3+:K2NaScF6
and Cr3+:K2NaGaF6, respectively[37]. The A values are
approximately 1013 s−1.

The parameters for the low-field crystals are included in
Table 1. In only a few cases are the absolute emission quan-
tum yields known and the relative contributions ofk2 and
k3(0) tokrelaxare uncertain. It can be said, however, thatk3(0)
does not exceed∼105 s−1 in the low temperature limit. Only
at high enough temperatures fork3(T) to contribute can we
be sure that nonradiative relaxation is important. This con-
tribution is signaled by a reduction in the emission intensity.

3.7. Summary of ionic crystal results

The major results of Cr3+ relaxation studies in ionic crys-
tals are: (1) when2E is the lowest excited level the thermal
quenching pathway involves population of a4T2 component.
k2 + k3(0) can only be determined indirectly; (2)4T2 and
2E are in equilibrium and thermally induced fluorescence is
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Table 1
Kinetic parameters for CrO6 systems

Ionic crystals k2 + k3(0) (s−1) �E (cm−1) A (s−1) Ea (cm−1) Reference

2E lower
Ruby 2.3× 104 2350 6
Emerald 3× 104 400 3× 1010 7000 6
Alexandrite (Cs) 1.4 × 105 800 15
Alexandrite (Ci ) 6.7 × 102 1430
MgO (cubic) 1.7× 104 1100 20
Garnet (YAG) 3.3× 104 1161 65

4T2 lower
Garnet (LLGG) 1.1× 104 −1000 26
Al(PO3)3 6 × 103 39
ScBO3 4.9 × 103 1.8 × 109 4000 36
LiTaO3 1.3 × 105 4.3 × 1012 2960 33, 34
MgO (rhombic) 2.9× 104 20

Molecular complexes
Cr(urea)6(ClO4)3 >107 90 40
Cr3+:NaMgAl(ox)3·9H2O 3.5 × 108 1050 41
Cr3+:Al(acac)3 5 × 1013 1014 3320 42
Cr3+:AlCl3·6D2O 2 × 106 540 41

observed at temperatures where the phosphorescence life-
time is markedly reduced.k2 + k3(0) ≤ 105 s−1 (Table 1)
and k2 varies from 102 to 105 s−1, depending on the site
symmetry; (4) at high temperatures an activated4T2 ⇒ 4A2
crossing contributes tok3 and dominateskrelax; (5) some
systems with oxygen coordination exhibit both broadband
fluorescence and narrow phosphorescence at low tempera-
tures. This dual emission occurs when4T2 and2E are nearly
equienergetic and mixing between the two states becomes
substantial; (6) when4T2 is lowest large lifetime quenching
is mainly due to activated4T2 ⇒ 4A2 surface crossing.

4. Cr3+ in ionic glasses

As in ionic crystals there is little translational motion in-
volving the neighbors of the Cr3+ ions during the excited
state lifetime. The essential feature of a glass is disorder.
Instead of the small number of sites encountered in crys-
tals with substitutional disorder, a near continuum of sites
is present in an ionic glass. Furthermore, the composition
of glasses is variable. For example, silicate glasses are the
most common, but modifiers and stabilizers can be added
in varying amounts and comparisons between the results of
different authors are often uncertain.

Although in a glass there is no long range order the lu-
minescent species in ionic glasses can still be described as
CrX6. In oxide glasses X is oxygen while in fluoride glasses
fluorine is coordinated. The average distance between the
Cr3+ and the nearest neighbors ions is larger than in most
ionic crystals due to the looser structure of the glass[43].
This loose structure gives rise to voids or defects that lead
to reduction of the4T2 energy and to a larger shift of the
potential minimum. The result is a displacement of the ab-
sorption and emission spectra to longer wave lengths and to

a larger Stokes shift than in crystals. This effect is shown
by the emission spectra of Cr3+ in crystalline and glassy
Al(PO3)3 hosts[39].

The 4T2 − 2E energy difference and ordering is related
to the crystal field at each site. In most glassy hosts, the
preponderance of emission at room temperature is fluores-
cence and the emission at low temperatures is either ex-
clusively broadband fluorescence or a mixture of fluores-
cence and phosphorescence. The simultaneous emission of
broadband and sharp luminescence has two possible origins.
Since there is a distribution of sites with different Dq val-
ues, some of the sites may be high-field in which2E ⇒ 4A2
obtains, while other sites are low-field and4T2 ⇒ 4A2 oc-
curs. This is the situation in borate glasses where energy
transfer from the higher energy2E species to4T2 levels in
ions in low-field sites has been established[44]. Alterna-
tively, the nearly equienergetic4T2 and2E states can mix,
leading to simultaneous fluorescence and phosphorescence
from the same level at low temperatures. The lowest level
is predominantly4T2. The different sites vary in the amount
of mixing and decay times. This leads to lack of decay time
identity of the broadband and sharp emissions. In a silicate
glass, the 13 K lifetimes are not the same even though state
mixing is assumed to be important[4].

The distribution of sites has several consequences. The
emission spectrum shifts to lower energies andIF/IP in-
creases as the excitation wave length within the4T2 ⇐ 4A2
band increases. This means that the lower field sites are pref-
erentially excited at longer wave lengths. The most striking
contrast between glassy and crystalline environments is the
relatively small fluorescence yields in the glasses at room
temperature[43–45]. The low-field sites also have the small-
est emission yield and are preferentially thermally quenched.
This has been associated with the loose structure[43] Since
the longer wave length portion of the fluorescence emission
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is preferentially quenched, there is a blue shift of the broad-
band emission with temperature. In a borate glass the fluo-
rescence yield is reduced from 25% at low temperatures to
1% at room temperature[44]. Lowered symmetry increases
k3(0) and the emission yields are small[45].

Since site heterogeneity leads to nonexponential decay
no single lifetime can be extracted. Instead, an average life-
time was defined as< τ >= ∫

tI(t) dt/
∫

I(t) dt [45]. This
expression tends to emphasize the decays at longer times
and minimizes the influence of the faster decays. Average
lifetimes for a number of glasses at room temperature var-
ied from 5 to 37�s. 〈τ〉 decreases with both excitation and
emission wave lengths. This leads to a blueshift with delay
in time resolved spectra[46]. Another average is defined
by τav = ∫

I(t) dt/I(0). This definition weights the decay
at early times heavily. This may explain the largek3 in a
phosphate glass[47].

The multiplicity of sites, of necessity, requires some as-
sumptions to be made in order to develop an explanatory
model [48]. In one model, the fluorescence decay in an
aluminosilicate glass of unspecified composition was fitted
to I(t) = ∑

ai exp(−t/τi) with ten fixed lifetimes in each
decade, spaced logarithmically. Theτ distributions were
nearly symmetrical when plotted on a logarithmic time base,
which supports the adequacy of the model. The broad dis-
tributions were displayed as a function of excitation and
emission wavelengths and temperature[48]. The most prob-
able values ofτ can then be obtained. This value at 10 K
varied from 45�s at 800 nm to 37�s at 850 nm. There is
little change up to 100 K, but the lifetimes at the maxima
of the distributions were reduced markedly at 300 K.Ea =
2600–2800 cm−1 andA = 1011 s−1 for this system, but there
is no reason that an Arrhenius dependence should be valid
when the decays are nonexponential. The activated nonra-
diative rate is important at much lower temperatures in the
glass than in crystals. The distributions were broad, encom-
passing lifetimes from 10 to 100�s andk2 + k3(0) varies
from site to site.k2 is sensitive to the site symmetry and it is
not clear ifk3(0) is significant. A negligiblek3 was assumed
below 100 K in the aluminosilicate glass[48]. However, the
emission yields in silicate glasses are only 0.3 at low tem-
peratures, indicative of significantk3(0) [49].

More evidence for nonradiative relaxation in a variety of
glasses lies in absolute quantum yields of emission[43].
These yields ranged from 1 to 17% at room temperature.
The upper limit fork3(0) is close to 105 s−1.

In summary, compared to ionic crystalline hosts, solutions
of Cr3+ in ionic glasses are associated with lowering of the
4T2 energy due to reduction of the crystal field strength. As
a result4T2 is either below2E or proximate to the latter
level. The glassy environment leads to a near continuum of
environments with the result that the emission decays are
nonexponential. Glassy solutions exhibit emission quantum
yields that are small. Emission quenching via activated sur-
face crossing to the ground state is significant at 300 K, in-
dicating a smallEa compared to crystalline systems.

5. Molecular complexes

In one of the first reports of emission from Werner com-
plexes of Cr(III) both phosphorescence and fluorescence
were observed from Cr(urea)6

3+ in a rigid glass solution
at 78 K [50] (Fig. 2). Schläfer predicted that only phos-
phorescence would be emitted when4T2 was not thermally
accessible from the lower2E level [51]. He advanced a
spectral criterion for predicting which of the three possi-
ble luminescence spectra would obtain at 88 K, phosphores-
cence only, fluorescence and phosphorescence, or fluores-
cence only. This criterion was based on the energy difference
between the absorption maximum of the4T2 ⇐ 4A2 transi-
tion and the2E ⇒ 4T2 origin. When this difference was in
the range 1700–2400 cm−1 both sharp and broadband emis-
sion was predicted. Schläfer’s rule is equivalent to Dq/B =
2.3 for many complexes. The relative disposition of2E and
4T2 depends upon the nature of the coordinated ligands. In
most Werner complexes of Cr(III) only phosphorescence oc-
curs, but the Dq of oxygen is low and some complexes with
the CrO6 framework exhibit delayed fluorescence.

If population of4T2 is in the pathway for the decrease in
the 2E lifetime, thermally induced fluorescence should be
detectible. From a kinetic viewpoint the absence of fluores-
cence can be understood by reference toEq. (4). Since the
fluorescence is broad it will always be more difficult to detect
than the phosphorescence. A reasonable lower limit is the
total fluorescence and phosphorescence intensities should be
nearly equal. In the equilibrium limit this requiresK ≈ 0.01.
k3 plays a pivotal role in detecting fluorescence. Ifk3 is large
the lifetime will be short at temperatures whereK = 0.01
and the emission intensities would be small under steady il-
lumination. To see delayed fluorescence with pulsed excita-
tion, short times need to be employed. Delayed fluorescence
was detected in the nanosecond domain in aqueous solutions
of several complexes[52].

The simplified model for thermal quenching that proved
adequate for most ionic crystals involves thermally activated
contributions tok3 and equilibrium between4T2 and2E. The
suitability of this simple model will be examined for the in-
dividual molecular complexes. In all of the CrO6 complexes
4T2 is above2E. Two possibilities will be explored: (1)k3
is constant and large with thermal quenching due solely to
population of4T2 and (2)k6 is thermally activated. The for-
mer case is the back-transfer mechanism for2E decay while
the latter involves only processes originating in2E With few
exceptions, as described below, the2E ⇒ 4A2 emission de-
cays of Cr(III) molecular complexes in glasses are exponen-
tial at 77 K showing that environmental heterogeneity does
not affectk5 + k6 in these molecules.

5.1. Cr(urea)6
3+

This complex exhibits both fluorescence and phosphores-
cence. In pure crystals�E varies with the anion from 130
to 500 cm−1 [53] and the fluorescence disappears at 1.3 K
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[40]. In some lattices, [Cr(urea)6](ClO4)3 and [Cr(urea)3]I3,
the decays are exponential, while in others it is nonexpo-
nential[54]. The nonexponentiality was ascribed to multiple
sites. The exponential decay in the perchlorate and iodide
salts might be due to identical sites for all complexes, but
energy transfer may play a role as well. There is evidence
for energy transfer in Cr(urea)6I3 from the majority sites
to the emissive minority sites that was associated with rise-
times of 2–30�s at different emission wavelengths at 5 K
[55]. At 77 K, the decays of the ClO4− and I− salts exhib-
ited no risetime at the 1 ns level[54]. There was, however,
a risetime in the Cl− salt. The possibility of multiple sites
requires caution in assigning2E splittings.

A fit of the relative fluorescence and phosphorescence
intensities in Cr(urea)6(ClO4)3 to Eq. (4) yielded �E =
90 cm−1 [40], somewhat smaller than the 130 cm−1 value
obtained withEq. (3)assumingg = 1 [53]. The lifetimes are
not well fitted byEq. (3)over the temperature range 5–77 K.
This is not surprising since the2E splittings are not small
compared to�E and the model represented byEq. (3) is
incomplete. In any event�E is small. The absence of dual
emission due to4T2−2E mixing is noteworthy. The thermal
quenching of the lifetime at 77 K in the crystal requiresk3 >

107 s−1.
In an alcoholic glass, both the fluorescence and phospho-

rescence intensities decreased with temperature but the flu-
orescence yield was less thermally quenched than the phos-
phorescence yield, as expected in the equilibrium limit[56].
The fluorescence and phosphorescence decays were both
nonexponential in rigid solvents with different lifetimes in
the sharp and broad bands[54]. The nonexponentiality is
reasonable since�E is so small that back-transfer is impor-
tant at 77 K and environmental heterogeneity will lead to a
distribution of�E values. As expected, when the solvent be-
comes fluid exponentially prevailed with identical lifetimes
at all monitoring wave lengths. The 25 ns lifetime at 180 K
[54] in the fluid demonstrates thatk3 is not very different
in the fluid and crystalline environments and that activated
surface crossing plays no role in the excited state relaxation.

The threefold difference in�E between the iodide and
perchlorate salts leads to a 200-fold difference in [4T2]/[2E].
This compares favorably withIF/IP at 77 K for the two salts
where the measured ratio is 350[57]. This indicates that
k2/k5 is nearly invariant to the anion, at least in these two
salts. The decay time in water at 295 K was 0.7 ns[52]. There
was a negligible activation energy forkrelax near ambient
temperatures.

5.2. Chromium oxalates

No fluorescence was observed in Cr3+:NaMgAl(ox)3·
9H2O (ox = oxalate) at temperatures where there was sub-
stantial quenching of phosphorescence. The absorption and
emission spectra suggest that the4T2 − 2E gap is small in
Cr(ox)3

3− and thermal relaxation via4T2 has been proposed
[58]. The decays in the mixed crystal were exponential

at all temperatures. The low temperature limiting lifetime
of 900�s was reduced to 45�s at 140 K[41]. The decay
rates were fitted toEq. (3) with k2 + k3 = 3.5 × 108 s−1,
k5+k6 = 1120 s−1, and�E = 1050 cm−1. With these con-
stants,k4 was varied inEq. (1). and a good fit tokrelax was
obtained from 77 to 140 K as long ask4 exceeded 1011 s−1.
These values lead to [4T2]/[2E] = K. In order for equality
of the fluorescence and phosphorescence yields to obtain
with this parameter set, assumingk2/k5 = 100,T > 265 K
must be achieved and the lifetime would be submicrosec-
ond at this temperature. At room temperatureτ = 1.2 ns in
water and weak delayed fluorescence was detected[52].

In contrast to Cr(ox)3
3− in a dilute crystalline host, the

decay in propanediol was nonexponential at 77 K[58]. The
nonexponentiality is confined to the first 500�s of the de-
cay. There is a very exponential tail withτ = 610�s. The
nonexponentiality alone does not identify the thermal decay
pathway since environmental heterogeneity could affect ei-
therk5 + k6 or �E. It was suggested that back-transfer was
responsible for the nonexponentiality since the environmen-
tal heterogeneity in the glass leads to a distribution of�E
values[58]. The gallogermanate results indicate thatk5 is
sensitive to the4T2−2E gap. Sincek5 > k6 at 77 K, site vari-
ation ofk5 could also lead to the observed behavior. Support
for back-intersystem crossing to4T2 comes from the decays
of Cr(ox)2(en)− (en= ethylenediamine) and Cr(ox)(en)2

+
in propanediol and glycerol. In both complexes, the decays
were exponential at 77 K with lifetimes near 80�s, but non-
exponential at higher temperatures. The2E energy is not
very different in the three Cr(ox)3−n(en)n2n−3 complexes
but the4T2 energy increases with the number of en ligands.
The progressive increase in the4T2 − 2E gap is reflected
in the higher temperature required to observe nonexponen-
tiality. In the n = 1, 2 complexesk5 < k6. If the relax-
ation pathway was a thermally enhancedk6 changing the
4T2 energy should not affect the temperature dependence of
k6. The strongest argument for back-transfer in Cr(ox)3

3−
comes from the analysis of the thermal lifetime variation in
the dilute crystal.

5.3. Chromium acetylacetonate

The 2E energy in Cr(acac)3 is reduced substantially by
delocalization onto the ligands[59]. This leads to a spec-
troscopic value of around 4000 cm−1 for the 4T2 − 2E gap
in a alcohol–hydrocarbon glass (EPA) at 85 K. The decays
were exponential in dilute Cr3+:Al(acac)3 andkrelax depends
upon two thermally activated processes[42]

krelax = k0 + A1 exp

(−E1

kBT

)
+ A2 exp

(−E2

kBT

)
(5)

wherek0 corresponds tok5 + k6(0) = 1810 s−1. Refitting
the mixed crystal relaxation rates yieldedE1 = 589 cm−1

and A1 = 5.93 × 104 s−1. These parameters could cor-
respond to the thermally activated rate (k6(T)) for 2E ⇒
4A2. A fit to Eq. (5) then yieldedE2 = 3326 cm−1 and
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A2 = 1.1 × 1015 s−1. The second parameter set indicates a
strongly coupled surface crossing process, most likely2E ⇒
4T2. If k5 + k6 is calculated fromE1 and A1 and k−4 =
A2 exp(−E2/kBT), Eq. (1)provides a good fit up to 220 K
whenk3 has a constant value of 5× 1013 s−1. While some
variation in these parameters will lead to a reasonable fit,
it is clear thatk2 + k3 must be very large and2E is not in
quasi-equilibrium with4T2. Consequently, [4T2]/[2E] < K

and high temperatures would be required for appreciable
4T2 population. A large4T2 ⇒ 4A2 rate would result ifEa
were small.

E2 appears to be smaller than the spectroscopic estimate
of the4T2−2E gap. In the absence of a resolved 0–0-feature
in the4T2 absorption spectrum of the crystal�E might not
be larger thanE2. Another possibility is a second activated
crossing between2E and4A2. The potential curves for2E
and4A2 are nested and the activation energy is rather small
for this pathway. It has been suggested that activation en-
ergies above 3300 cm−1 are not compatible with back in-
tersystem crossing[52]. Since4T2 − 2E equilibrium is not
achieved, the population ratios inEq. (4) will be smaller
thanK and fluorescence will be very weak.

The decays in glycerol, propanediol, and 2-methyltetrahy-
drofuran were exponential at 77 K with lifetimes of
400–575�s. The influence of environmental heterogeneity
on the decay that was described in connection with the
oxalate emission in glasses is also found in Cr(acac)3. The
nonexponentiality of the decays was evident at 148 K in
glycerol, propanediol, and ethylene glycol–water glasses
[58] Thermal quenching begins when solvent motion is
slow compared to the2E decay rate and the intensity de-
cays became nonexponential in this regime. This behavior
parallels that of Cr(ox)2(en)− and is attributed to a distribu-
tion of 4T2 − 2E gaps in rigid media. The totality of results
point to back-transfer in the thermal quenching pathway.

5.4. Cr(D2O)6
3+, Cr(H2O)6

3+, and the aquoammines

Cr(D2O)3+
6 is unique, the lifetime in Cr3+:KAl(SO4)2·

12D2O at 4 K is 750�s and there is no evidence for a plateau
in this value at low temperatures[60]. There was a hint of
a plateau at 77 K with AlCl3·6D2O as the host[41]. The
low temperature limiting lifetime in this crystal is greater
than 325�s and is reached slightly below 77 K. The life-
time is reduced markedly at 125 K. Thatk6 is large in the
protiated analogs is demonstrated by the marked intensity
increase upon deuteration, the signature of weakly coupled
nonradiative processes. The fluorescence and phosphores-
cence spectra overlap, but the intensity of the weak unstruc-
tured long wave length tail grows with temperature while
the sharp phosphorescence intensity decreases, characteris-
tic of thermally populated4T2. Similar behavior is observed
in Cr3+:C(NH2)3Al(SO4)2·6D2O where Cr(D2O)6

3+ emits.
However, in this crystal there are multiple sites leading
to nonexponential decays, in contrast to Cr3+:AlCl3·6D2O.

There was no sign of fluorescence in the emission spectra
of either crystal at 4 K[61]. Fitting the Cr3+:AlCl3·6D2O
results in[41] to Eq. (4) yielded�E = 540 cm−1. A rea-
sonable fit of the2E lifetime with Eq. (1), in turn, leads to
k3 = 2 × 106 s−1.

As the 4T2 − 2E gap decreases with n in Cr(NH3)6−n

(H2O)n
3+ complexes the thermal decay characteristics

change[62]. When n = 4–6 the low temperature decays
in an alcohol-water solvent were nonexponential, although
the effect was marginal whenn = 4. The low temperature
decays in bothcis- and trans-Cr(NH3)4(H2O)2

3+ were
exponential, but at higher temperatures in a rigid solvent
the emission from thetrans isomer became nonexponential
while that from thecis species did not. This is consistent
with population of a4T2 component since the splitting in
the trans isomer is larger as evidenced by the absorption
spectra, and the4T2 − 2E gap is smaller. A similar pattern
is observed in thefac and mer pair whenn = 3. Keeping
in mind the possibility of artifactual nonexponentiality, the
totality of results in the aquoammines point to back-transfer
as an important2E relaxation mechanism.

6. Discussion and conclusions

A unified picture of excited state decay of Cr3+ in ionic
crystals and glasses and molecular complexes can be formu-
lated for the CrO6 moiety. The emission spectral behavior
depends on the relative disposition of the4T2 and2E levels.
Either level can be lower in ionic crystalline hosts, but4T2
is usually lower in oxide glasses.2E is lower in molecular
complexes and only narrow phosphorescence is observed at
low temperatures in these complexes.

In ionic systems with4T2 above2E the appearance of
thermally induced broadband emission is correlated with the
decrease in2E lifetime. This is unambiguous evidence for
2E relaxation through back-transfer. A kinetic analysis can
be made for a three-level system involving components of
the ground level,4A2, and two excited levels,4T2 and2E. In
the ionic crystals described, most of the thermal quenching
is centered in4T2. At low temperatures the tunneling con-
tribution, k3(0), is operative while activated surface cross-
ing, 4T2 ⇒ 4A2, becomes important at higher temperatures.
[4T2]/[2E} is close to the Boltzmann ratio in ionic crystals
andk2 + k3(0) does not exceed 1.4× 105 s−1. The lifetimes
in ionic crystals where4T2 is below2E confirms the upper
limit for k2 + k3(0).

Of the four molecular complexes examined here, two
(Cr(urea)6

3+ and Cr(D2O)6
3+) exhibit delayed fluorescence

accompanying2E quenching,k3(0) is greater in molecu-
lar complexes than in ionic crystals, but when�E is small
appreciable4T2 population is achieved before the lifetime
is too short. Calculations indicate that the larger�E in
Cr(ox)3

3− would requireT = 300 K to populate4T2 suffi-
ciently to observe fluorescence The largek3(0) would then
lead to a submicrosecond lifetime. The interpretation of the
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Cr(acac)3 results is more uncertain.�E exceeds 3000 cm−1

in this complex and quasi-equilibrium does not obtain. Con-
sequently, the4T2 population will be small and fluorescence
would be minimal. The possibility that�E is too large to
permit back-transfer has not been eliminated.

In both ionic crystals and glasses, high enough tempera-
tures were reached to see the effect ofk3(T). This was not
the case in the molecular complexes.

k5 is a radiative rate for a spin-forbidden transition and
is sensitive to spin-orbit coupling with4T2. Its magnitude
is less than 103 s−1. k2 is increased by departures from cen-
trosymmetry and ranges from 102 to 105 s−1.

A major question is the source of thek3(0) difference
in the different classes. The deuterium isotope effect in the
Cr(H2O)6

3+ k6 results from the change of the high fre-
quency water stretching vibrations[8]. There is no correla-
tion between the energy of the high frequency vibrational
modes and the magnitude ofk3(0) in the molecular com-
plexes. The enhancedk3(0) in glasses was attributed to a
looser structure, yet the stronger Cr(III)–ligand interaction
in the molecular complexes also leads to an increase ink3(0).
Except for Cr(acac)3 there is no evidence for d electron de-
localization onto the ligands. This problem deserves more
attention.

When the molecular complexes are present in pure or di-
lute crystals with a single site the2E decays are exponential
at all temperatures. Except for Cr(acac)3, these complexes
exhibit nonexponential decays at 77 K in glassy solution.
Site to site environmental heterogeneity leads to a distribu-
tion of �E values and is a source of nonexponential decay
when�E is small. In that event, the variation in�E not only
affects the back-transfer rate,k−4, it could also alterk5 + k6
through spin-orbit coupling of2E with 4T2. The absence of
dual emission in Cr(urea)6(ClO4)3 at low temperatures is
evidence against such mixing when�E is only 100 cm−1.
In most molecular complexes,�E exceeds 2000 cm−1 and
the 77 K decays are exponential. Thus,k5 + k6 is insensitive
to environment when molecular complexes are embedded in
noncrystalline media.

The 4T2 − 2E gaps encountered in the CrO6 systems are
relatively small. It has been demonstrated that back-transfer
does not occur in Cr(CN)6

3−, a large gap complex. In small
gap CrO6 complexes2E relaxation in molecular complexes
is consistent with back-transfer to4T2, followed by a tran-
sition to 4A2. Whenk4 � k3 there is quasi-equilibrium be-
tween4T2 and2E. As the gap increases this limit no longer
applies, but back-transfer is still a possible thermal quench-
ing process even if delayed fluorescence is not observed.
Can this model explain the thermal relaxation in larger gap
complexes? The Cr(acac)3 results are ambiguous. If the fore-
going model applies, the very largek3(0) is noteworthy.

Much of the controversy about the2E decay pathway
has centered on CrN6 complexes[63]. The kinetic anal-
ysis places limits on back-transfer as a possible step in
the relaxation mechanism. The low temperature lifetime in
Cr(en)3

3+, 120�s, is reduced to 1.2�s at 298 K with�E.

4000 cm−1. Using Eq. (1), this quenching requiresk3 and
k4 to be roughly 1013 s−1. Theoretical estimates ofk3 have
been uncertain because the electronic factor is difficult to
determine, but these magnitudes are not unreasonable. An
unambiguous way to settle this question is to look for de-
layed fluorescence at very short times but achieving a large
enough4T2 population in large gap complexes will be very
difficult. Delayed fluorescence was detected in the nanosec-
ond domain at room temperature in aqueous solutions of
Cr(NCS)6

3− and Cr(NH3)2(NCS)4
− [52].
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