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Abstract

The emission spectra and excited state decay characteristics @@s in oxide crystals and glasses and molecular complexes are reviewed.
The relevant species can be described as;@r@ both narrowE = “A, phosphorescence and broadbdfig = “A, 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 & = “T, back-transfer are explored.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction are a measure of interelectronic repulsion. The energy level
variation is shown irFig. 1 where the levels are designated
The energy levels of Cr(lll), a%ion, are sensitive to by the group theoretical symbols appropriat©tsymmetry.
environment. Within ligand field theory, the environmental ~ The ruby emission spectrum. and lifetime were measured
effects are expressed by the magnitudes of Dq, the crystalin 1867[1]. In the interim the spectra and excited state re-
field parameter, anB andC, the Racah parameters which laxation rates have been recorded for hundreds &f @r
ionic crystals, ionic glasses, and molecular (Werner) com-
plexes[2,3]. TheZE level energy is not very sensitive to Dq,
* Tel.: +1-520-298-2120; fax:+1-520-621-8407. but depends on the Racah parameters.*Theenergy varies
E-mail address: forsterl@u.arizona.edu (L.S. Forster). linearly with Dg. The emission spectrum depends upon the
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Fig. 3. Spectra of Quregg>" in an alcoholic glass at 78K (redrawn
from [50]).

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

The smal*T, —2E gap in most Cr@systems permits in-
terlevel thermal excitation at moderate temperaturées Q).
Although broadband emission is common in ionic crystals
relative disposition of T, and?E. In most case¥T, is above and glasses there are a number of molecular complexes in
2E (Fig. 2) and only sharp intraconfigurational phosphores- which delayed fluorescence has not been detectetEoss
cence § = t3,%E = “A,) is observed. At low Cr(lll)  “T2 back-transfer has been claimed as an important pro-
concentration the phosphorescence consists of narrow ori-cess. In the absence of delayed fluorescence one must rely
gin features, designated as R-lines, and vibronic sidebandson indirect arguments to implicate back-transfer whEris
As Dq is reduced the level order is reversed and broad inter-the emitting level. The location of th&E origin is usually
configurational fluorescencete = tg, 4T, = 4A5) emis- directly made from absorption or emission spectra. In con-
sion dominates at low temperatures. The difference betweentrast, the* T, origin band is often not resolved in the spectra
the spectra fofT» and2E emission makes the assignment and AE, the energy separation betwe®fp andE, is not
of the emitting level relatively secure. A rule of thumb that directly measurable. Whether the failure to observe delayed
separates high-field sites whefE is lower from low-field fluorescence is due to efficient nonradiative depletiotiTef
sites wheré T, is below?E is Dg/B ~ 2.3 [4]. or °E is a question to be addressed. The answer to this ques-

In ruby there are six nearest neighbor oxygen atoms in tion bears on the problem of identifying tR& relaxation
a nearly octahedral disposition. This species can be repre-mechanism in the panoply of Cr(lll) complexgy.

In this review, the relaxation of &t excited states in ionic
K.(T) crystals and glasses, as well as molecular complexes will
3 be examined with the aim of presenting a unified picture of
‘J_r’ excited state relaxation as a function of temperature. The role
of environmental heterogeneity in mechanistic inferences
2 will also be discussed.

Fig. 1. Dependence of energy levels on crystal field parameters.

2. Kinetics of excited state decay

The?T; level lies some 500—700 cr above?E. The?T;
and2E populations are often combined for kinetic purposes.
When2E is the lowest excited level the essential features
of excited state decay can be represented by the processes:
’E = 4T, = %A, and?E = *A,. If 4T, is lower, only
Fig. 2. Schematic energy levels and rate constants. the 4T, = %A, processes need be considered. In the first
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cay with the same rate constanty = krlax. The decay
25r of either fluorescence or phosphorescence is then=
1(0) exp(—krelaxt). There will be a time interval that depends
on the relative magnitudes @f and i, before equilibrium
20 E, is established. In transition metal complexes>>> A1 and
2 this pre-equilibrium time is short.
- If the symmetry around the central ion is reducés and
,5 sl AE |/ 4T, are split. In the equilibrium limit
= E _ kot kiKi
,?_, krelax —1+ ZKi (2)
10§- whereK; = g exp(—AE;/kgT) is the Boltzmann ratio for
the population of théth level to that of the lowesE compo-
nent. The degeneracy ratiag, will be 1, 2, or 3 depending
st upon the energy splittings of the several thermally accessi-
ble levels. For applications wheiE is the lowest excited
‘A state only one term in the summation is commonly used
0 ? and AE is the energy difference betweéR and the lowest
Q component of' T». In this case,
Fig. 4. Potential energies as a function of configuration coordir@te, ks + kg + (ko + k3) K
Energies are applicable to ruby (frofg]). krelax = 1+ K (3)

) ) _ wherek_4/ks = K.

mechanism a three-level model is assumed in whigh= The temperature dependencekafiax reflects the differ-

T, back-intersystem crossing is involved and the excited gnce in the zero-point energies i, and2E, AE, and any

state populations are given fg] activation energies fofT, depopulationEa.

4 When*T, is below?E the major decay process‘i§, =
To] = a1 exp(—A1t) + az eXp(—Aat . .

["T2] = a1 exp(=111) + a2 exp(—121) 4A,. Population ofE will reducekrelax.

[E] = az exp(—A1f) + as exp(—Azt) Several models have been advanced for the calculation
of nonradiative rates in Cr(lll) systen{5—8]. These are
where based on the general theory of nonradiative decay which
a2 = 0.5[(kT + ke) F ((kr — ke)? + Akak_4)°5] 1) involves se_parating. theloverall rate constant into a product
of electronic and vibrational factors. The electronic factor
kt = ko + k3 + ka, ke = ks + ke + k_4. ko and ks are depends on a promoting vibration while the vibrational fac-

radiative rate constants alkg andkg the nonradiative rate  tor involves the Frank-Condon overlap of accepting modes.
constants that include chemical reactitp.andk_4 refer Two limiting cases have been described, weak coupling
to intersystem and back-intersystem crossing, respectively(small-offset) and strong coupling (large offset). In the weak
There are allowed and vibrationally induced components of coupling limit, as exemplified by in the 2E = %A, tran-

the radiative rate constants. The vibronic parts are temper-sition, there is little difference in the coordinates of the

ature dependent and increase as daifiPkgT), wherew level minima. A single configuration coordinate is used in
is the frequency of the promoting mode. = k3(0) + k(T) Fig. 4. The configuration coordinate model does not reveal
whereks(0) is due to tunneling anklz(T) is the thermally all the possible relaxation pathways in multidimensional
activated contribution. Both terms refer1d, = “A, pro- space. Weak coupling processes involve tunneling and the
cessesk; is the energy required to reach the crossing of the rate is proportional to exp(Eo/hw), whereEy is the energy

4T, and*A, potential surfacesF{g. 4), but a simple Arrhe- difference between the zero-point levels of the two states

nius dependencies(7) = Aexp(—Ea/kgT) has been ques- involved in the nonradiative transition amdis the accept-
tioned [5—7]. Neverthelessk, is an empirical measure of ing mode frequency. There is little effect of temperature on
the energy required for the thermally activated nonradiative tunneling rate$9], but a large deuterium isotope effect is a
transition from*T5 to 4A.. good marker for this limit. The strong coupling limit corre-
Eqg. (1) assumess-function excitation and does not re- sponds to an activated surface crossing. Note Byatfers
quire either equilibrium or steady state conditions. However, to k3(T) and it can be smaller thafnE.
there are many parameterskig. (1)and fitting a decay by If adequate corrections for the wave length dependence of
trial-and-error can be tedious. It has the virtue of showing the the detection system are made, the total emission intensity
conditions required for exponential decay to be observed. will be proportional to the sum of the absolute fluorescence
Whenky > kp + ks andk_4 > ks + ke the 4T, and and phosphorescence emission yields. In principle, a thermal
2E populations are in quasi-equilibrium and both levels de- decrease ity indicates a contribution dés(0), but due to
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calibration errorks(0) must be a substantial fraction kyf However, the populations might not be in quasi-equilibrium
before an intensity decrease will be sufficient to infer nonra- in that event.
diative decay[10]. A nearly constant intensity is consistent Equilibrium betweerfT, and?E is established at 123K;
with a modest value df3(0). Only if the absolute emission the T, population below 350K is too small to induce
yield is unity can it be concluded that all nonradiative rates quenching. The lifetime and emission intensity decreases
are negligible. Large intensity decreases are dug(fp). above 350K were attributed to increases in bkthand
The three-level model is clearly oversimplified. In addi- ks(T). The effect of populatind T, without any contribution
tion to a contribution fron?Ty, the splitting of*T» could from activated surface crossing is masked by the laxge
require the use oEq. (2) However, including these addi-  k3(T) was assumed to be responsible for the quenching of
tional levels does not change the overall interpretafn ltota) @above 450 K.
The ambiguity in curve fitting to extract kinetic param-
eters is illustrated by a comparison of the foregoing with
3. Cr3* inionic crystals another study in whickg. (3)was used without thermal re-
duction of AE [64]. A reasonable fit in the 300-570 K range
There is no translational motion on the time scale of the Was obtained withA E' = 1957 cnt* andkz/ k3 = 230.
excited state lifetime in crystals and the ions occupy po-
sitions dictated by the crystal symmetry. In some crystals 3.2. Emerald
all chromium ions experience the same crystal field whose
magnitude is determined by the nature and distance of the Emerald (C#:BesAl(SiOs)s) is another ionic system
surrounding ions. The emission decay is then exponential. With a CrQs moiety. °E is the lowest excited level and only
In other systems G occupies more than one nonequiva- Phosphorescence obtains at 77K]. The*T, — %E gap is
lent site and the decay will be nonexponential if emission Small and the broad fluorescence, already intense at 195K,
from more than one site is monitored. By choosing appro- dominates at 300K. The site symmetry ig Bnd the*T,
priate excitation and emission wave lengths it is sometimes SPlitting is near 100 cm' with %A1 lower [13]. The*T, —

possible to monitor emission from a single site. ’E gap has been estimated 00 ¢ * [10]. The CP*
concentration was only 0.05at.% in this work and energy
3.1 Ruby transfer was probably unimportant.

In one analysis, lattice expansion was again assumed to

lower 4T, andA E = 500—2.1kg T cm~! was propose{b].

This assumption leads t> — 2E level inversion at 343 K.

4T, — 2E equilibrium is established at 28 K. In contrast to
ruby, the smalAE leads to marked lifetime quenching below
343K due to*T, 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 assumif@, = “A; is largely ra-
diative withk, ~ 3 x 10*s™ 1. Sinceks = 7 x 1*s 1 the

Ruby (CP+:Al,0z) has been the subject of numerous
spectroscopic and kinetic studies. EaciCis surrounded
by a trigonally distorted (&) octahedron of six nearest
neighbor oxygen atoms. All sites are identical &6 is
above?E. The*T, splitting is 500 cnt! with the #E(Cay)
level lower[11]. TheZ2E splitting is 29 cnmlwith a*E — 2E
gap of about 2300 crt [6]. The emission below 400K is
the narrow structure@E = “*A but fluorescence is evident
at higher temperaturekg is small at 300K but is increased . o .
somewhat at 373 K12]. ks is 2355 at 20K and is only  ato of the radiative rates is only 43.
slightly changed at 373 K due mainly to increasing sideband . The _total emission yield does_nt de_crease below 450K,
intensity. There is a small lifetime reduction below 100K |nd|cat_|ve of a smalks(0). The intensity decrease above
due to changing populations between #ecomponents. 450K is due taks(T).

The intensity ratio of the broad fluorescence to the narrow thA fit WITF? ?t ""‘ﬁ'ce e>.<panS|1c_>rr]1 was neatrly as g(;)od as
phosphorescence is e one with level inversiof6]. The parameters used were

AE = 388cnTl, ky = 85 x 10%s7%, ks = 700572, A =

Ie ko [4T2] 3 x 101971 and E; = 7000cnT!. ko/ks exceeds 100,

Ir = k_sﬁ (4) a more reasonable value than 43. Whenever there are so

many adjustable parameters more than one fit is likely to

In the equilibrium limit Eq. (4) was fitted with be satisfactory. This does not change the major conclusions

[*T2]/[’E] = K = 2exp—AE/kgT) and AE = that nonradiative processes are unimportant below 450K

2350— 1.4kgT cm™1, with, ko/ks = 164[6]. g = 2 was and activated nonradiatii, = 4A, is dominant at higher

used inK because it was assumed that the trigonal splitting temperatures.

of 4T, was so large, 500 crt, that only*E(Csy) was ap- In a later study, the impurity concentration in emer-

preciably populated. The second termAfk was used to  ald was increased to 3at.%. Nonequivalent sites were

include the lowering of T, induced by thermal expansion identified and energy transfer from the higher energy

of the crystal.Eq. (4) does not require thdts be constant,  sites induced nonexponential decfl4]. It was possi-

i.e. is valid when activated quenching F, is important. ble to resolve the emission from different sites and the
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T T T T The situation is quite different for Cr(lll) in the ;Gites
_‘\ of alexandrite. At first the emission was thought to be tem-
perature invarianfl5], but in later work with a more di-
lute crystal the lifetime did decrease with tempera{d@.
Emission reabsorption is important in alexandrite and this
may be responsible for the dependence of the lifetime on
concentration. ThEE energy in the Csites is lower than
. in the G sites and the Cons could be selectively excited.
The decays from the jGons were exponential with a 0.1s
lifetime below 100 K. The temperature dependence of the
Ci krelax could not be fit withEg. (3) unless thermally en-
hanceds was included. In that case, a good fit was possible
with AE = 1430cnt! and ks + k3(0) = 6.7 x 10Ps L.
The small values for the decay rates are due to the inversion
symmetry.
EMERALD ° ks andk_4 for the G ions were determined independently
o | { L i as 37 x 10'% and 35 x 10°s71, respectively, at room tem-
0 200 400 600 800 peraturd18]. These rates lead to an equilibrium constant of
TEMPERATURE, °K 0.095, much larger than computed for an 800¢raepara-
Fig. 5. Emerald lifetimes and total emission intensities (frig}h): (O) tion. In .Splt.e of this dlscrepanc_y,.lt Is safe .to conclud_e that
experimental results and solid curves are calculated. Below 450K, the thermalization between the emitting levels in thespecies

lifetimes were computed frorq. (3) Above 450 K ks(T) was calculated is achieved.
from theory.

.03

A A _l_.llll.li

T

3.4. Cr3+:MgO
emission decay from the low energy acceptor sites was The CPT:MgO system is of especial interest because
exponential. there is a charge mismatch between the impurity and host
cations. In addition to Cr@in Oy sites there are tetrago-
3.3, Alexandrite nal and rhombic sites produced by lattice vacanigs20]

4T, is above?E in the cubic and tetragonal sites but the

Cr(Ill) in alexandrite (C3:BeAl,04) occupies two sites order is reversed in the rhombic sites. This leads to phos-
of different symmetry, Gand G [15]. The narrow?E = 4A, phorescence and thermally induced delayed fluorescence in

emissions from the two sites have been monitored separatelyin€ cubic and tetragonal sites and only fluorescence in the

and the decay times recorded as a function of temperature_rhombic sites. In an early study emission from the different

In the G sites the low temperatugejay is 435! increas- sites was not differentiated and the R-line lifetime thermal
. . . _ 1

ing sharply at 130 K. Fittingcelax as a function of temper-  duénching was associated wifE = 834 cnt ~ [21]. [twas

ature toEq. (3)up to 300K withg = 1 andky + k3(0) = possible to record the emission from only the cubic sites by

1.4 x 10°s 1 yielded AE = 800 cnm L, which is in accord a time-resolution t(_achniqu@O]. Fitting Eq.1(3)with K =

with the spectroscopic value of 807 ch[16]. The broad 3exu—AE/keT) yielded AE = 1100cnT -, verzy nearly

fluorescence was readily discernible at room temperature. (e Same as the spectroscopic value for'he— *E sepa-

In another study2E emission from both sites was moni- ratlon[_ZO]. The 77 K lifetimes of the cubic, tetragon_al, and
tored and the low temperatukgjax was 3x 10351 [17]. A rhombic ienters?re 11.6 ms, 8.6 ms, gnqLQSrespectivgly.
good it of the lifetime withg = 1from 30010 973K was ob-  Kelec f0r ‘T = "2 n the hombic sites, & 10°s~", is
tained for a quasi-equilibrium betwed8, 4T, and the acti- ~ VeTY close to the ' > 10"s = value for the same process
vated species at tHa» — A, crossing point. Since the con- in the'cublc sites, estimated froly. (3)by neglecting non-
centration of the activated species is so small, this approachfadiative processes.

4 ; i~ aite i 2
using Eq. (2)with two terms is equivalent to using. (3) The Ty level in a rhombic site is 684 cnt below *E in
with ks(T). With this interpretationd = 1.5 x 101451, cubic sites and energy transfer from cubic to rhombic centers

E, = 11,700cnTy, AE = 745¢cmL, ks = 36451, and has been demonstrated at 77 K in 0.05%Cerystals[22].
ko + k3(0) = 3.6 x 10°sL. The good fit below 450 K con-  The CP* concentration in the earlier work was much lower
firms that population of T is the pertinent process and that and those results were not affected by energy tranf$r

above 450K activated ;T= “A, is the source of the ac-

celerated decay at high temperatures. The fit was improved3.5. Garnets

wheng = 3 was use4]. ThenAE = 857 cnt ! from 290

to 650 K. Extending the temperature range to 930K led to  Crystals with the garnet structure have the general for-
E, = 10,807 cn1l. mula AzB2C3012. Many different ions can exist in the three
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different cation sites. G substitutes in the B site, whichis  phosphorescence lifetime was assumed to be radiative with
octahedral with trigonal distortion and inversion symmetry. ks in each site determined by spin-orbit coupling and there-
The inversion center leads to a vibronically induced radia- fore to the*T» — 2E gap. Since this gap varies among the
tive rate[23]. The crystal field strength varies in this group sites the R-line emission decay was nonexponential. In con-

of crystals and the low temperature emission gGé012 trast, the fluorescence decay was exponential at 14 K. Since
(YGG) is exclusively phosphorescence, while in several of the 4T, = #A, transition is radiative and spin-allowed, the
the garnets with smafiT, — 2E separations, G&6GagO12 4T, — 2E gap is not important because spin-orbit mixing

(GSGG) and GgSoAl3012 (GSAG), both sharp and broad- does not affecky very much. The substitutional disorder
band emissions were obseri@8-25] When two or more increasesks(T) due to large distortions from octahedral
host cations can occupy the same site in the garnets, substisymmetry and shape changes in the potential surfaces that
tutional disorder occurf26]. This disorder is due to &t reducek, [31,32]

ions in crystallographically identical sites but which expe-  Another example wheréT, is lower and the effect of
rience a range of crystal fields because the second nearesemperature otz has been studied is &r:LiTaOs. In this
neighbor cations are randomly distributed. Nonexponential crystal ks is either small or constant up to 150 33]. It
decay and lifetimes that vary with the emission wavelength is thermally activated at higher temperatures and exhibits

are the resulf25,26] good Arrhenius behavior with = 4.3x 102s 1 andE, =
krelax in Cr*t:YAG, a crystal in which*T, is above?E, 2960cntl. The fluorescence lifetime at 5K isu& and

was well fitted byEq. (3)between, 77 and 550 K with = 3 400 ns at room temperatufg4]. Consequentlyks is about

if the vibronic contribution tds was included65]. 2 x 10° s~ at ambient temperature. The Arrhenius parame-

When emission from a single site was monitored in GSGG ters refer directly to the activated nonradiative transition to
both fluorescence and phosphorescence persisted at low tenthe ground state without including the effect of populating
peraturg24]. Ig/lp was constant below 20 K, an observation the 2E level, which would increase the lifetime. The emis-
that is inconsistent with thermalization between two differ- sion intensity is strongly quenched below 300356].
ent levels. The emission of both the sharp and broadband The decay rates in €r:ScBG;, a low field complex, can-
spectra from the lowest energy level has been ascribed to thenot be fitted to a single thermal decay procg§. Instead
small energy difference betwe@i and“T, that leads to there is an increase iKejax from 5 x 103s™1 at low tem-

extensive mixing by spin-orbit couplin@4—29] This mix- perature to 1Hs~! at 300K, accompanied by fluorescence
ing leads to one level which is predominanfig and an- yields near unity, indicating thermally enhanded This is
other which is mainly*T». The mixing also increasds. At followed by a markedkelax increase at higher temperatures
low temperaturegE is lower in GSGG but the admixture  with an activation energy of about 4000 cth

of 4T, is evident in the emission leading fg/Ip ~ 5 at Other low-field ionic systems are perovskity] and

10 K. If both emissions originate in the same, albeit mixed, alkaline earth fluorided38]. In the perovskites, where
state the lifetimes should be identical. The phosphorescenceCrFg is the emitting moiety, there are again two processes.
lifetime of 225us is matched by the 230s long lived tail The emission quantum yield is near unity at room tem-
in the nonexponential fluorescence de¢ag]. The faster perature. The small lifetime decrease below 300K was
decay component would then be due to emission from an-attributed to increasind, by the population of a higher
other site. The calculatedE after mixing was 110 cmt. 4T, component. Above this temperature, the activated pro-
The general shape of the lifetime versus temperature plotcess hasEq = 7300and 9200 cm for Cr¥t:K,NaSck
resembles that of emeralBi@. 5). The lifetime decrease as and CPt:K,NaGalfg, respectively[37]. The A values are
a result of populating th&T, level below 200K is followed  approximately 18*s-1.
by a plateau until 450 K and a steep drop due to the activated The parameters for the low-field crystals are included in
surface crossing process. Table 1 In only a few cases are the absolute emission quan-

Cr¥t:(La,Lu)sGa012 (LLGG) is a garnet in whicHT; tum yields known and the relative contributions lef and
is 1000 cnm below?E and only fluorescence prevails at 4 K k3(0) toksejaxare uncertain. It can be said, however, t0)
where the lifetime is 9Qus. [26] Since the lifetime is only ~ does not exceed10° s~1 in the low temperature limit. Only
reduced to 6@.s at 300K,k3 < 10*s~! at room tempera-  at high enough temperatures () to contribute can we
ture. be sure that nonradiative relaxation is important. This con-

tribution is signaled by a reduction in the emission intensity.
3.6. Miscellaneous hosts
3.7. Summary of ionic crystal results

There are two nonequivalent sites irf€mallogermanates
[30]. Substitutional disorder in each site results from in-  The major results of Gt relaxation studies in ionic crys-
terchangeability of gallium and germanium ions. In the tals are: (1) wheRE is the lowest excited level the thermal
high Dq sites the R-line emission predominates, while the quenching pathway involves population df& component.
emission from the low-field sites is mainly fluorescence. k» + k3(0) can only be determined indirectly; (2Y» and
The 14K phosphorescence decay was nonexponential. ThéE are in equilibrium and thermally induced fluorescence is
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Table 1
Kinetic parameters for Crsystems
lonic crystals ko +ks3(0) (s71) AE (cm™Y) A Ea (cm™1) Reference
2E lower
Ruby 2.3x 10* 2350 6
Emerald 3x 10* 400 3x 1010 7000 6
Alexandrite (G) 1.4 x 10° 800 15
Alexandrite (G) 6.7 x 10? 1430
MgO (cubic) 1.7x 10 1100 20
Garnet (YAG) 3.3x 10 1161 65
4T, lower
Garnet (LLGG) 1.1x 10 —1000 26
Al(PO3)3 6 x 10° 39
ScBOy 49 x 106 1.8 x 10° 4000 36
LiTaO3 1.3 x 1P 4.3 x 10% 2960 33, 34
MgO (rhombic) 2.9x 10 20
Molecular complexes
Cr(ureay(ClOy)3 >10 90 40
Cr¥*:NaMgAl(ox)z-9H,0 35x 108 1050 41
Cr3t:Al(acacy 5 x 103 10t 3320 42
Cr+:AICI3-6D20 2 x 10° 540 41

observed at temperatures where the phosphorescence lifea larger Stokes shift than in crystals. This effect is shown

time is markedly reduced;, + k3(0) < 10°s~! (Table 9 by the emission spectra of &r in crystalline and glassy
and ky varies from 18 to 1°s™1, depending on the site  Al(POs)s hosts[39].
symmetry; (4) at high temperatures an activfegd = *A, The T, — 2E energy difference and ordering is related

crossing contributes tkz and dominatesielay; (5) some to the crystal field at each site. In most glassy hosts, the
systems with oxygen coordination exhibit both broadband preponderance of emission at room temperature is fluores-
fluorescence and narrow phosphorescence at low temperacence and the emission at low temperatures is either ex-
tures. This dual emission occurs wHEp and?E are nearly clusively broadband fluorescence or a mixture of fluores-
equienergetic and mixing between the two states becomescence and phosphorescence. The simultaneous emission of
substantial; (6) whefiT, is lowest large lifetime quenching  broadband and sharp luminescence has two possible origins.
is mainly due to activateiT, = #A, surface crossing. Since there is a distribution of sites with different Dqg val-
ues, some of the sites may be high-field in whieh=> %A,
obtains, while other sites are low-field afifl, = %A, oc-
4. Cr3t in ionic glasses curs. This is the situation in borate glasses where energy
transfer from the higher enerE species tdT, levels in
As in ionic crystals there is little translational motion in- ions in low-field sites has been establisHdd]. Alterna-
volving the neighbors of the &t ions during the excited tively, the nearly equienergetfT, andE states can mix,
state lifetime. The essential feature of a glass is disorder.leading to simultaneous fluorescence and phosphorescence
Instead of the small number of sites encountered in crys- from the same level at low temperatures. The lowest level
tals with substitutional disorder, a near continuum of sites is predominantly*T,. The different sites vary in the amount
is present in an ionic glass. Furthermore, the composition of mixing and decay times. This leads to lack of decay time
of glasses is variable. For example, silicate glasses are thddentity of the broadband and sharp emissions. In a silicate
most common, but modifiers and stabilizers can be addedglass, the 13K lifetimes are not the same even though state
in varying amounts and comparisons between the results ofmixing is assumed to be importaj].
different authors are often uncertain. The distribution of sites has several consequences. The
Although in a glass there is no long range order the lu- emission spectrum shifts to lower energies apflp in-
minescent species in ionic glasses can still be described agreases as the excitation wave length withintfig < “A,
CrXg. In oxide glasses X is oxygen while in fluoride glasses band increases. This means that the lower field sites are pref-
fluorine is coordinated. The average distance between theerentially excited at longer wave lengths. The most striking
Cr3t and the nearest neighbors ions is larger than in mostcontrast between glassy and crystalline environments is the
ionic crystals due to the looser structure of the glas. relatively small fluorescence yields in the glasses at room
This loose structure gives rise to voids or defects that lead temperaturg43—45] The low-field sites also have the small-
to reduction of theé*T, energy and to a larger shift of the estemission yield and are preferentially thermally quenched.
potential minimum. The result is a displacement of the ab- This has been associated with the loose stru¢#8gSince
sorption and emission spectra to longer wave lengths and tothe longer wave length portion of the fluorescence emission
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is preferentially quenched, there is a blue shift of the broad- 5. Molecular complexes
band emission with temperature. In a borate glass the fluo-
rescence yield is reduced from 25% at low temperatures to In one of the first reports of emission from Werner com-
1% at room temperatufd4]. Lowered symmetry increases plexes of Cr(lll) both phosphorescence and fluorescence
k3(0) and the emission yields are smgb]. were observed from Qurege® in a rigid glass solution
Since site heterogeneity leads to nonexponential decayat 78K [50] (Fig. 2). Schlafer predicted that only phos-
no single lifetime can be extracted. Instead, an average life-phorescence would be emitted wHEFy was not thermally
time was defined as © >= [tl(s) dt/ [ I(r) dr [45]. This accessible from the lowefE level [51]. He advanced a
expression tends to emphasize the decays at longer timespectral criterion for predicting which of the three possi-
and minimizes the influence of the faster decays. Average ble luminescence spectra would obtain at 88 K, phosphores-
lifetimes for a number of glasses at room temperature var- cence only, fluorescence and phosphorescence, or fluores-
ied from 5 to 37us. () decreases with both excitation and cence only. This criterion was based on the energy difference
emission wave lengths. This leads to a blueshift with delay between the absorption maximum of the, < “A, transi-
in time resolved spectrfd6]. Another average is defined tion and the’E = 4T, origin. When this difference was in
by tav = [ I(2) dt/1(0). This definition weights the decay the range 1700-2400 cth both sharp and broadband emis-
at early times heavily. This may explain the largein a sion was predicted. Schlafer’s rule is equivalent to/ Bg=
phosphate glagg7]. 2.3 for many complexes. The relative dispositior?&f and
The multiplicity of sites, of necessity, requires some as- 4T, depends upon the nature of the coordinated ligands. In
sumptions to be made in order to develop an explanatory most Werner complexes of Cr(lll) only phosphorescence oc-
model [48]. In one model, the fluorescence decay in an curs, but the Dq of oxygen is low and some complexes with
aluminosilicate glass of unspecified composition was fitted the CrQ; framework exhibit delayed fluorescence.
to I(r) = )_ a;exp(—t/t;) with ten fixed lifetimes in each If population of4T; is in the pathway for the decrease in
decade, spaced logarithmically. Thedistributions were  the 2E lifetime, thermally induced fluorescence should be
nearly symmetrical when plotted on a logarithmic time base, detectible. From a kinetic viewpoint the absence of fluores-
which supports the adequacy of the model. The broad dis-cence can be understood by referenc&dp (4) Since the
tributions were displayed as a function of excitation and fluorescence is broad it will always be more difficult to detect
emission wavelengths and temperati4@. The most prob-  than the phosphorescence. A reasonable lower limit is the
able values ofr can then be obtained. This value at 10K total fluorescence and phosphorescence intensities should be
varied from 45us at 800 nm to 3s at 850nm. There is  nearly equal. In the equilibrium limit this requirés~ 0.01.
little change up to 100K, but the lifetimes at the maxima ks plays a pivotal role in detecting fluorescencek3lfs large
of the distributions were reduced markedly at 300H;.= the lifetime will be short at temperatures whete= 0.01
2600-2800 cm' andA = 10*! s for this system, butthere  and the emission intensities would be small under steady il-
is no reason that an Arrhenius dependence should be validumination. To see delayed fluorescence with pulsed excita-
when the decays are nonexponential. The activated nonra-ion, short times need to be employed. Delayed fluorescence
diative rate is important at much lower temperatures in the was detected in the nanosecond domain in aqueous solutions
glass than in crystals. The distributions were broad, encom-of several complexe?2].
passing lifetimes from 10 to 1Q0s andk, + k3(0) varies The simplified model for thermal quenching that proved
from site to sitek; is sensitive to the site symmetry and itis adequate for most ionic crystals involves thermally activated
not clear ifks(0) is significant. A negligiblés was assumed  contributions tdg and equilibrium betweefiT, and?E. The
below 100K in the aluminosilicate glag$3]. However, the suitability of this simple model will be examined for the in-
emission yields in silicate glasses are only 0.3 at low tem- dividual molecular complexes. In all of the Cg@omplexes
peratures, indicative of significakg(0) [49]. 4T, is above?E. Two possibilities will be explored: (1R
More evidence for nonradiative relaxation in a variety of is constant and large with thermal quenching due solely to
glasses lies in absolute quantum yields of emis$#s]. population of*T, and (2)ks is thermally activated. The for-
These yields ranged from 1 to 17% at room temperature. mer case is the back-transfer mechanisnfdecay while
The upper limit forkz(0) is close to 1Bs2. the latter involves only processes originatingWith few
In summary, compared to ionic crystalline hosts, solutions exceptions, as described below, #e= *A, emission de-
of Cr¥t in ionic glasses are associated with lowering of the cays of Cr(lll) molecular complexes in glasses are exponen-
4T, energy due to reduction of the crystal field strength. As tial at 77 K showing that environmental heterogeneity does
a result*T, is either below?E or proximate to the latter  not affectks + kg in these molecules.
level. The glassy environment leads to a near continuum of
environments with the result that the emission decays are5.1. Cr(urea)g>"
nonexponential. Glassy solutions exhibit emission quantum
yields that are small. Emission quenching via activated sur-  This complex exhibits both fluorescence and phosphores-
face crossing to the ground state is significant at 300K, in- cence. In pure crystal&E varies with the anion from 130
dicating a smalE; compared to crystalline systems. to 500 cnt? [53] and the fluorescence disappears at 1.3K
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[40]. In some lattices, [Cr(uregl(ClO4)3 and [Cr(uread]l 3, at all temperatures. The low temperature limiting lifetime
the decays are exponential, while in others it is nonexpo- of 900us was reduced to 45s at 140K[41]. The decay
nential[54]. The nonexponentiality was ascribed to multiple rates were fitted t&q. (3) with k2 + k3 = 3.5 x 10°s71,
sites. The exponential decay in the perchlorate and iodideks + kg = 1120s %, andA E = 1050 cnTL. With these con-
salts might be due to identical sites for all complexes, but stantsks was varied inEq. (1) and a good fit tdgejax Was
energy transfer may play a role as well. There is evidence obtained from 77 to 140K as long &g exceeded 18 s1.

for energy transfer in Cr(uregly from the majority sites  These values lead tdT2]/[?E] = K. In order for equality

to the emissive minority sites that was associated with rise- of the fluorescence and phosphorescence yields to obtain
times of 2-3Qus at different emission wavelengths at 5K with this parameter set, assumikgy ks = 100,T > 265K
[55]. At 77 K, the decays of the CI{D and I~ salts exhib- must be achieved and the lifetime would be submicrosec-
ited no risetime at the 1 ns levi4]. There was, however, ond at this temperature. At room temperature 1.2 ns in

a risetime in the Ct salt. The possibility of multiple sites  water and weak delayed fluorescence was detdb@d

requires caution in assignirfde splittings. In contrast to Cfox)33~ in a dilute crystalline host, the
A fit of the relative fluorescence and phosphorescence decay in propanediol was nonexponential at 7/68&]. The
intensities in Cr(uregfClOg4)3 to Eq. (4) yielded AE = nonexponentiality is confined to the first 5@8 of the de-

90 cnt ! [40], somewhat smaller than the 130chwvalue cay. There is a very exponential tail with= 610ps. The
obtained withEqg. (3)assuming; = 1[53]. The lifetimes are nonexponentiality alone does not identify the thermal decay
not well fitted byEq. (3)over the temperature range 5-77 K. pathway since environmental heterogeneity could affect ei-
This is not surprising since th&E splittings are not small  therks + kg or AE. It was suggested that back-transfer was
compared toAE and the model represented Bg. (3)is responsible for the nonexponentiality since the environmen-
incomplete. In any evemhE is small. The absence of dual tal heterogeneity in the glass leads to a distributiom\&
emission due t6T, —2E mixing is noteworthy. The thermal  values[58]. The gallogermanate results indicate tkatis
guenching of the lifetime at 77 K in the crystal requikgs> sensitive to théT,—2E gap. Sincés > kg at 77 K, site vari-
10’s 1. ation ofks could also lead to the observed behavior. Support

In an alcoholic glass, both the fluorescence and phospho-for back-intersystem crossing {@> comes from the decays
rescence intensities decreased with temperature but the fluof Cr(ox)2(en~ (en= ethylenediamine) and Qux)(en),™
orescence yield was less thermally quenched than the phosin propanediol and glycerol. In both complexes, the decays
phorescence yield, as expected in the equilibrium I[B6{. were exponential at 77 K with lifetimes near 88, but non-
The fluorescence and phosphorescence decays were botaxponential at higher temperatures. T4 energy is not
nonexponential in rigid solvents with different lifetimes in very different in the three Qox)s_,(en),2'~3 complexes
the sharp and broad ban{4]. The nonexponentiality is  but the*T, energy increases with the number of en ligands.
reasonable sincAE is so small that back-transfer is impor- The progressive increase in th&, — 2E gap is reflected
tant at 77 K and environmental heterogeneity will lead to a in the higher temperature required to observe nonexponen-
distribution of AE values. As expected, when the solvent be- tiality. In the n = 1,2 complexesks < kg. If the relax-
comes fluid exponentially prevailed with identical lifetimes ation pathway was a thermally enhandedchanging the
at all monitoring wave lengths. The 25 ns lifetime at 180K “T» energy should not affect the temperature dependence of
[54] in the fluid demonstrates thag is not very different ke. The strongest argument for back-transfer ifd3y33~
in the fluid and crystalline environments and that activated comes from the analysis of the thermal lifetime variation in
surface crossing plays no role in the excited state relaxation.the dilute crystal.

The threefold difference il\E between the iodide and

perchlorate salts leads to a 200-fold differencéirp] /[2E]. 5.3. Chromium acetylacetonate
This compares favorably with/Ip at 77 K for the two salts
where the measured ratio is 3§7]. This indicates that The 2E energy in Cr(acag)is reduced substantially by

ko/ks is nearly invariant to the anion, at least in these two delocalization onto the ligand$9]. This leads to a spec-
salts. The decay time in water at 295 K was 0.752§. There troscopic value of around 4000 cthfor the *T» — 2E gap
was a negligible activation energy féfeax Nnear ambient in a alcohol-hydrocarbon glass (EPA) at 85K. The decays

temperatures. were exponential in dilute €t :Al(acac) andkrelax depends
upon two thermally activated procesgég]
5.2. Chromium oxalates —E; —E,
krelax = ko + Arexp| —= | + A2exp| —= (5)
keT keT

No fluorescence was observed in3€iNaMgAl(ox)s-
9H,0 (ox = oxalate) at temperatures where there was sub- whereky corresponds tds + kg(0) = 1810s 1. Refitting
stantial quenching of phosphorescence. The absorption andhe mixed crystal relaxation rates yieldéd = 589 cn!
emission spectra suggest that ffie — 2E gap is smallin ~ and A; = 593 x 10*s1. These parameters could cor-
Cr(ox)3%~ and thermal relaxation vi#T > has been proposed  respond to the thermally activated rate({T)) for °E =
[58]. The decays in the mixed crystal were exponential A,. A fit to Eq. (5) then yieldedE, = 3326cnT! and
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Ar = 1.1 x 10's1. The second parameter set indicates a
strongly coupled surface crossing process, most likElys

4T,. If ks + kg is calculated fromE; and A andk_4 =

A2 exp(—E2/kgT), Eq. (1) provides a good fit up to 220K
whenks has a constant value of6 1013s~1. While some

variation in these parameters will lead to a reasonable fit,

it is clear thatk, + k3 must be very large anfE is not in
quasi-equilibrium with*T». Consequently,T2]/[?E] < K
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There was no sign of fluorescence in the emission spectra
of either crystal at 4 K61]. Fitting the CF*:AICI3-6D,0
results in[41] to Eq. (4)yielded AE = 540cnTl. A rea-
sonable fit of théE lifetime with Eq. (1) in turn, leads to
k3 =2x10°s71.

As the T, — 2E gap decreases with n in @fHz)g_,
(H0),,3+ complexes the thermal decay characteristics
change[62]. Whenn = 4-6 the low temperature decays

and high temperatures would be required for appreciablein an alcohol-water solvent were nonexponential, although

4T, population. A large*T, = #A, rate would result ifE5
were small.

the effect was marginal when = 4. The low temperature
decays in bothcis- and trans-Cr(NH3)4(H20),%t were

E, appears to be smaller than the spectroscopic estimatexponential, but at higher temperatures in a rigid solvent
of the*T,—2E gap. In the absence of a resolved 0—0-feature the emission from th&rans isomer became nonexponential

in theT, absorption spectrum of the crystaE might not
be larger tharkE,. Another possibility is a second activated
crossing betweeAE and*A,. The potential curves fofE

while that from thecis species did not. This is consistent
with population of a*T, component since the splitting in
the trans isomer is larger as evidenced by the absorption

and“A, are nested and the activation energy is rather small Spectra, and th&T, — 2E gap is smaller. A similar pattern

for this pathway. It has been suggested that activation en-

ergies above 3300cm are not compatible with back in-
tersystem crossinfp2]. Since*T, — 2E equilibrium is not
achieved, the population ratios Bq. (4) will be smaller
thanK and fluorescence will be very weak.

The decays in glycerol, propanediol, and 2-methyltetrahy-
drofuran were exponential at 77K with lifetimes of
400-575us. The influence of environmental heterogeneity

on the decay that was described in connection with the

oxalate emission in glasses is also found in Cr(agae
nonexponentiality of the decays was evident at 148K in

is observed in théac 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 importantE relaxation mechanism.

6. Discussion and conclusions
A unified picture of excited state decay of3Crin ionic

crystals and glasses and molecular complexes can be formu-
lated for the Cr@ moiety. The emission spectral behavior

glycerol, propanediol, and ethylene glycol-water glasses depends on the relative disposition of the and?E levels.

[58] Thermal quenching begins when solvent motion is
slow compared to théE decay rate and the intensity de-

Either level can be lower in ionic crystalline hosts, Blip
is usually lower in oxide glasse$E is lower in molecular

cays became nonexponential in this regime. This behavior complexes and only narrow phosphorescence is observed at

parallels that of Cr(ox)en)” and is attributed to a distribu-
tion of 4T, — 2E gaps in rigid media. The totality of results
point to back-transfer in the thermal quenching pathway.

5.4. Cr(D20)6%t, Cr(H20)63, and the aquoammines

Cr(D20)3" is unique, the lifetime in Cr:KAI(SO4),-
12D,0 at 4 K is 75Qus and there is no evidence for a plateau
in this value at low temperatur¢60]. There was a hint of
a plateau at 77 K with AlIG6D,0 as the hosf41]. The
low temperature limiting lifetime in this crystal is greater
than 325us and is reached slightly below 77 K. The life-
time is reduced markedly at 125K. Thigf is large in the

low temperatures in these complexes.

In ionic systems with*T, above?E the appearance of
thermally induced broadband emission is correlated with the
decrease irfE 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*A,, and two excited level$T, and?E. In
the ionic crystals described, most of the thermal quenching
is centered irfT,. At low temperatures the tunneling con-
tribution, k3(0), is operative while activated surface cross-
ing, *T» = 4A,, becomes important at higher temperatures.
[T2]/[?E} is close to the Boltzmann ratio in ionic crystals
andks + k3(0) does not exceed4 x 1P s~1. The lifetimes
in ionic crystals wheréTs is below?E confirms the upper

protiated analogs is demonstrated by the marked intensitylimit for k2 + k3(0).
increase upon deuteration, the signature of weakly coupled Of the four molecular complexes examined here, two
nonradiative processes. The fluorescence and phosphoregCr(ureag® and C(D,0)g3t) exhibit delayed fluorescence

cence spectra overlap, but the intensity of the weak unstruc-

tured long wave length tail grows with temperature while

accompanying?E quenching ks(0) is greater in molecu-
lar complexes than in ionic crystals, but what is small

the sharp phosphorescence intensity decreases, characterisppreciable*T, population is achieved before the lifetime

tic of thermally populatedT,. Similar behavior is observed
in Cr*+:C(NH,)3AI(SO4)2-6D,0 where C(D,0)g3t emits.
However, in this crystal there are multiple sites leading
to nonexponential decays, in contrast t6"CAICI3-6D,0.

is too short. Calculations indicate that the larggE in
Cr(ox)3%~ would requireT = 300K to populaté*T, suffi-
ciently to observe fluorescence The laig€0) would then
lead to a submicrosecond lifetime. The interpretation of the



L.S Forster / Coordination Chemistry Reviews 248 (2004) 261-272

Cr(acac} results is more uncertait\E exceeds 3000 cnt

in this complex and quasi-equilibrium does not obtain. Con-
sequently, théT, population will be small and fluorescence
would be minimal. The possibility thahE 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 effecks(fT). This was not
the case in the molecular complexes.

ks is a radiative rate for a spin-forbidden transition and
is sensitive to spin-orbit coupling witfiT,. Its magnitude
is less than 19s1. k; is increased by departures from cen-
trosymmetry and ranges from 4@ 1P s 1.

A major question is the source of thg(0) difference
in the different classes. The deuterium isotope effect in the
Cr(H»0)63" kg results from the change of the high fre-
quency water stretching vibratiofi8]. There is no correla-
tion between the energy of the high frequency vibrational
modes and the magnitude k§(0) in the molecular com-
plexes. The enhancedd(0) in glasses was attributed to a
looser structure, yet the stronger Cr(lll)-ligand interaction
in the molecular complexes also leads to an increakg(@).
Except for Cr(acag)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 tH& decays are exponential
at all temperatures. Except for Cr(acadhese complexes
exhibit nonexponential decays at 77K in glassy solution.
Site to site environmental heterogeneity leads to a distribu-
tion of AE values and is a source of nonexponential decay
whenAE is small. In that event, the variation iRE not only
affects the back-transfer rate, 4, it could also alteks + kg
through spin-orbit coupling fE with T,. The absence of
dual emission in Cr(uregClO4)3 at low temperatures is
evidence against such mixing whexE is only 100 cnt?.

In most molecular complexeg\E exceeds 2000 cnt and
the 77 K decays are exponential. This;t kg is insensitive

to environment when molecular complexes are embedded in

noncrystalline media.
The*T, — °E gaps encountered in the GyGystems are
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4000cnt?. Using Eq. (1) this quenching requireks and

ks to be roughly 182s~1. Theoretical estimates &g 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
enough*T, 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)g3~ and C(NH3)2(NCS)4~ [52].
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