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Abstract

Photophysical kinetic results have played an important role in assessing excited state relaxation pathways in transition metal
complexes. The applicability of a kinetic analysis is critically dependent on the quality of the individual decay rates, the
temperature range examined, and the model used to extract the activation parameters. The extensive literature describing the
temperature dependence of excited state depopulation in d* and d® complexes permits an evaluation of both the power and
limitations of kinetic arguments in assessing the mechanism of excited state relaxation. © 2002 Elsevier Science B.V. All rights
reserved.

Keywords: Transition metal complexes; Photophysics; Temperature dependence of decay rates; Environmental mobility and heterogeneity

1. Introduction

A molecule in an electronically excited state differs
from one in the ground state in an important way—it
must leave the excited state sooner or later. The se-
quence of processes that follows population of the
excited state constitutes the relaxation pathway. This
pathway and the rates of the individual processes de-
pend upon intramolecular and extrinsic factors. The
possible competitive processes for excited state depopu-
lation include radiative return to the ground state,
nonradiative transitions to other states (including the
ground state), and chemical reaction (Fig. 1). Tempera-
ture is often a very important determinant of the indi-

A

vidual rates, either directly or by altering the properties
of the environment. Since new channels for excited state
relaxation can be opened as the temperature is in-
creased, the overall pathway may change. The measured
quantities include the quantum yields of emission and
reaction and the emission decay time. Each of these
depends on several rate constants and the direct evalua-
tion of the individual rate constants is seldom possible.
The variation of the measured quantities with tempera-
ture provides additional information about the relax-
ation pathway.

Transition metal complexes form a class of substances
that are useful in assessing the effect of intramolecular
and environmental factors on thermal quenching pro-

Fig. 1. Schematic energy levels and rate constants. For d* complexes, g = *A,, a="*T,, b =E. For d° complexes, g="'A,, a="T,, b and c are

3MC, 3LC, or *MLCT.
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cesses. This is so because both the metal ions and the
ligands can be altered, with a concomitant change in the
energy levels. It is possible to tune the emission spec-
trum and excited state properties by appropriate choice
of ligands and environment. Furthermore, there is a
very large body of results that can be used to suggest
general principles that affect decay rates.

After excitation of a transition metal complex, a
long-lived level is usually populated. Excited levels can
be classified in an approximate but useful scheme in
terms of orbital parentage as metal-centered (MC),
ligand-centered (LC), and charge-transfer from metal-
to-ligand (MLCT) or ligand-to-metal (LMCT). Orbital
parentage is essentially a way to describe the difference
in electron distribution between the ground and excited
states. In MC levels this change is concentrated on the
central metal ion. LC levels involve electronic changes
in one or more of the ligands and in an MLCT level
there is a charge displacement from the metal to a
ligand. The ordering of these levels can affect the
pathway by which the excitation energy is dissipated.

The preponderance of the extant results are centered
on d*® complexes, mainly Cr(III), and d® complexes
(Ru(Il), Re(I), Os(II), Ir(IlI), Rh(III), Mo(0), and
W(0)). The emission in d* complexes is largely MC and
arises, for the most part, from intraconfigurational (t3)
transitions. In contrast, the emissive levels in d® com-
plexes span the entire range of orbital parentage. The
thermal behavior of these two groups prior to 1980 has
been reviewed [1] The literature in this area has been
extensive in the interim but only limited aspects have
been surveyed [2-5]. An updated review of thermal
effects on excited state relaxation in these metal com-
plexes is now appropriate. The concern here is with
intramolecular processes including environmental per-
turbation; bimolecular quenching and energy transfer
between complexes will be ignored. The aim is to
identify the factors that mediate the thermally enhanced
excited state decays. Although some inferences can be
made on the basis of data obtained at a few tempera-
tures, it is much more informative to obtain sufficient
quantitative kinetic data to extract activation energies.
Since the approach is mainly kinetic, the data quality is
a key factor and there will be much emphasis on this
feature. Only complexes containing a single metal atom
are considered.

2. General principles
2.1. Kinetic analysis

The rate constants in Fig. 1 designate radiative (k,),
nonradiative return to the ground state (k,,), interstate

transitions (kyise, Kise» Kbiser Kves kep), and reactive (k,y)
processes. The excitation in the spin-allowed manifold

a < g can be transferred to b prior to thermalization
(kpise) or from thermalized a (k;,.). Not all excited states
that may be accessible from b and sublevel splittings are
shown. A general treatment for interconversion between
all excited levels is possible [6], but a three-level model
is often adequate. In this model the relevant levels for d*
complexes are g =“*A,, a ="*T,, and b =2E. In d°® com-
plexes g ='A,, b and c are assigned to °T,, *MLCT, or
3LC. Only processes following population of b are
included. The three-level model will first be discussed
and the effect of sublevel splitting described later.

The time dependence of the 2E population in d°
systems is given by [7]

[’E] = (@, exp( — 411) + ay exp( — 4,1))/(A2 — 4y) (1)
with
Ao = 0.5[k, + kige + Ky + Kpise

F (kg + kige — by — kise)” + Heigehise) '] (2)

where k, = k* + k3 +k® and k, = kP + kb + kB,
Since A, » 4; and the emission intensity for ’E = A,
is 1(t) = k*[E]

1(1) = 1(0)exp( — Kyerax!) 3)

where K g = 41-
When k; ky;o/(k, — k,)> < 1, a good approximation
for k,epx 18 [1]:

krelax = (kb + (1 - kisc/(ka + kisc))kbisc (4)

This is based on the establishment of a steady state for
[*T,] at short times compared with the decay time, which
requires that k, > k.

It has been shown that the efficiency of populating the
lowest triplet level is close to unity in d® complexes [8],
although some exceptions have been claimed [9,10].
Assuming k;. =0

krelax = Os[kc + kcb + kb + kbc
- ((kc + kcb - kb - kbc)z + 4kcbkbc)1/2] (5)

with k.= k¢, + k€. For d° complexes, the steady-state
condition, (ky.k./(k. — ky)?) < 1, leads to

krelax = kb + (1 - kcb/(kc + kcb))kbc (6)

The validity of this equation is dependent upon k> k.

When the interconversion rate between *“T, and 2E is
fast enough to establish a near Boltzmann distribution,
a quasi-equilibrium condition obtains and Eq. (4) is
replaced by

P 3 Ay o
el 1 + kbisc/kisc

for d* complexes. An analogous expression can be
written for fast interconversion between b and c¢. This
equation has been generalized to describe the popula-
tion decay of manifolds containing any number of states
in equilibrium [11].

(M
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The absolute emission quantum yield is the fraction
of absorbed photons that is reemitted. The relation
between the measured yield and the individual rate
constants is [233]:

quanta emitted
= d = Nollem (8)

em

~ quanta absorbe

where 7, is the fraction of absorbed quanta that reaches
b and includes recycling between @ and b for d* com-
plexes and ¢ and b for d® complexes. 5., = k2/(ky, + ky.)
for d° and #,,,, = k°/(ky, + kyse) Tor d* complexes. 7, =
kool (ky + Kuo)s Mo = Kew/ (ke + kep); Mise = Kise/ (Kise + K);
Mbisc = kbisc/(kbisc + kb)

The radiative rate for » = g can be evaluated from

D)7 = npky &)

where 71, designates the fraction of the absorbed quanta
that reaches b on the time scale of the a decay.

The measured @,, is the sum of prompt reaction
before thermalization and the delayed reaction [233]:

@, (delayed) = 17,(1 2 + Mpisc? 1)(A7)
(Drx(delayed) = (7] Ex + Mo (r:x)/(l - ;/Ibc’/lcb)(dé) (10)

The delayed reaction contains contributions from direct
reaction in b and reaction in any level that is thermally
accessible (@ or c¢). ¢?P represents the primary (not
necessarily the overall) quantum yield for reaction from
b, and by analogy to Eq. (9):

P2t =ik (11)
2.2. Thermal contributions to the decay rate

The overall depopulation rate of b can be partitioned

into temperature dependent and independent
contributions
krelax = kO =+ k(T) (12)

where k, = k°(0) + k2.(0) is the low temperature decay
rate.

If the radiative rate is temperature independent, the
steady state limit for b yields:

k(T)zkgr(T)+k1t')x+(1 _”isc)kbisc (13)
for d* complexes and
k(T) = kp(T) + k2 + (1 = nep)kne (14)

for d° complexes. In general
krelax:k0+ZAi exp(_Ei/kBT) (15)

The number of terms in the summation that are
meaningful is limited by the data quality (see Section
2.4). In addition, there is always a question of the
physical interpretation of the parameters in a multiex-
ponential fit.

Another limit applies when quasi-equilibrium obtains
between two or more excited states (Eq. (7)). For three
non-degenerate states, j, k, and /, where j is the lowest
excited state and AG, and AG, are the free energy
differences between j and the other two states, respec-
tively [11].

—AG; —AG
kj+kkexp< A Tk>+k1 exp< A T1>
B B
A

relax — 1+CX —AGk e _ AGl
P\k,T P Akt

If entropy differences are negligible AG = AE;,. When
the denominator in Eq. (16) is near unity, Eq. (15) and
Eq. (16) will fit the data equally well, but the interpreta-
tion of E; will differ in the steady state and equilibrium
limits [136].

k

(16)

2.3. Data collection and analysis

2.3.1. Excited state decay

Measurements of the excited state depopulation rates
can be made with pulsed or modulated steady excita-
tion sources. The first lifetime estimates were made on
ruby in 1867 by means of chopped radiation with what
is now called a phosphoroscope [13]. Modern versions
of this method are still used occasionally [14]. Phase
modulation measurements of excited state decay are
common in measurements of organic and biological
molecules [15], but this method is seldom employed for
measurements of transition metal complexes. Most of
the decays from excited states of transition metal com-
plexes have been obtained with pulsed excitation and
the discussion of data collection will be confined to this
procedure.

Two methods have been employed for recording
decays, current sampling and time-correlated photon
counting. In the 1970s, the availability of N, lasers
made detection of submicrosecond decays by current
sampling much easier than had been possible with
flashlamp excitation. Prior to 1980, most pulsed mea-
surements were made by photographing an oscilloscope
screen following a single excitation pulse. The traces
were then ‘digitized’ by hand, a procedure that limited
the data quality. The introduction of transient
recorders that transferred the digitized output to a
computer facilitated signal averaging of multiple excita-
tion events by the current sampling method. The signal
to noise ratio was thereby significantly improved.

High repetition rate pulsed sources, especially dye
lasers, coupled with the fast instrumentation developed
for nuclear particle research, led to the use of time-cor-
related single photon counting detection [16]. This
method can produce the highest quality data and is
recommended for extracting the parameters in nonex-
ponential decays.

Regardless of the data collection method, there must
be an analysis procedure that yields physically mean



L.S. Forster / Coordination Chemistry Reviews 227 (2002) 59-92 63

ingful quantities. The data are represented as y =f(a,,
x) and the aim is to extract the parameters, «,, by a
least-squares algorithm. The first step is to assume a
function relating the measured y,, x; pairs. This func-
tion, also called the model, can be linear or nonlinear in
the parameters, a,. An example of a linear model is
¥y =a, + a,x + a;x?, while y = a,exp( — a,x) + asexp( —
a,x) is nonlinear. In general,

1(t) =Y. I(0)exp — (t/7;) (17)

In both the steady state and equilibrium limits, a
single term is sufficient no matter how many competing
processes are involved. Nonexponential decay requires
additional terms to fit the decay. This problem is dis-
cussed in Section 2.4.

A single term function can be linearized, but baseline
errors are reduced by a nonlinear least-squares fit of
I(t) =B + I(O)exp( - krelaxt)'

No closed solution exists for a nonlinear least-
squares fit. Instead, an iterative procedure is used.
Different algorithms are available (Simplex, Marquart—
Levenberg, and Gauss—Newton) to make the search
efficiently [17,18]. There is no unambiguous test for the
applicability of a given model. Both systematic and
random errors will affect the goodness-of-fit. The corre-
lation between parameters makes fitting of multiexpo-
nential models uncertain unless the exponential factors
are more than twofold different. At the very least, the
fit must be the same over a wide range of initial
parameters. This will ensure that a global rather than a
local minimum has been reached.

2.3.2. Emission spectra

When recorded under steady illumination, an emis-
sion spectrum is obtained by scanning over the wave
length range where the emission intensity is appreciable.
If the monochromator-detector sensitivity varies
markedly over this range, it is desirable to calibrate the
detection system against some standard that has a
known spectral distribution. The corrected spectrum
represents a time integral:

1) = r 10,0)dt (18)

Time-resolved emission spectra are recorded by time
gating with a box-car integrator. The monochromator
is then scanned with a predetermined delay time (A¢?).
This provides I(4,At?).

2.3.3. Emission quantum yields

The relative quantum yield can be determined by
measuring quanta emitted/quanta absorbed for the
sample and some reference material. Artifacts that must
be considered in quantum yield measurements have
been reviewed [19]. These include corrections for refrac-

tive index, reabsorption of emission, and polarization.

In order to use Eq. (9) for the calculation of radiative
rates, absolute emission yields must be evaluated. If a
standard with a known absolute yield is used, the
relative quantum yield can be converted into an abso-
lute yield. Methods have been developed for determin-
ing absolute yields that do not depend on the use of a
reference with a known yield [19].

2.4. Nonexponential excited state decay

Assessment of any deviation from exponentiality is
important in two areas: (1) establishing the rate of
population decay in the excited state; (2) relating the
extent of nonexponentiality to physically meaningful
inferences such as connecting environmental hetero-
geneity to the thermal decay pathway. More impor-
tantly, significant deviations from exponential decay
would invalidate the use of Eq. (15) to extract thermal
activation parameters.

Observed deviations from exponentiality can be real
or artifactual. Artifacts include baseline errors, emis-
sion from lenses and dewars, scattered excitation light,
temperature inhomogeneity, impurity luminescence (in-
cluding photoproduct emission), as well as polarization
and emission spectral changes during the decay. As
data collection methods become more precise, smaller
deviations from exponentiality will be detectable, but it
is risky to reach conclusions based on small effects,
which can be artifactual.

No foolproof method exists for detecting impurity
emission, but several strategies are useful. The most
obvious approach is to record the decay after successive
attempts at purification. The lifetimes of the impurity
and the genuine emission usually differ. The emission
spectrum would then vary with the delay time in a
time-resolved spectrum, but environmental heterogene-
ity can also lead to spectral changes with delay time.
The variation in the emission characteristics with exci-
tation wave length can also be informative. Alterna-
tively, marked dependence of the emission spectrum on
temperature may be an indicator of impurity emission,
but there are many examples of genuine emission ex-
hibiting such a change.

When the emission is highly polarized, molecular
rotation during the decay will introduce nonexponen-
tiality in the emission decay even when no polarizers
are used in the detection system [21]. For microsecond
lifetimes, polarization artifacts will only be significant
at low temperatures where the solvent is very viscous.
Few lifetime reports have explicitly considered the po-
larization effect. The Re(CO);(phen)Cl emission is
highly polarized, yet the emission decay is exponential
in a solution where molecular rotation competes with
decay [22]. Polarized *MLCT emission has been ob-
served [23,24].
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If deviations from exponentiality are due to environ-
mental heterogeneity in a glass or supercooled liquid
(Section 2.5), the decay should become exponential
when solvent motion is much faster than the excited
state decay. Persistence of nonexponentiality in the
fluid is evidence for impurity emission. However, multi-
ple emission might also lead to nonexponentiality (Sec-
tion 2.9).

Spectral changes with delay time will generally lead
to artifactual nonexponentiality when measurements
are recorded at a specific emission wave length. The
decays in Ru(bpy);™*, collected by the highly precise
time-correlated single photon counting procedure and
analyzed by a weighted non-linear least-squares treat-
ment, yielded a good single-exponential fit at tempera-
tures where time dependent spectral shifts prevail [46].
This puzzling observation was addressed by recording
the emission at different emission wave lengths [25].
The expected deviations from exponentiality were de-
tectable at most wave lengths, but at a particular wave
length the fast decay component became negligible and
exponentiality obtained. At longer wave lengths, a rise-
time was observed. When the entire emission was mon-
itored, I(¢) decayed exponentially.

In principle, the decays can always be fit to Eq. (17)
and the relative magnitudes of 7,(0) will indicate the
extent of nonexponentiality. Not even the highest data
quality will yield an acceptable fit if more than three
terms are required and two-exponential fits may not be
physically meaningful. The stretched exponential func-
tion, I(¢) = I(0)exp( — (¢/7,)”) has been used for fitting
nonexponential data [26—28]. The reduction of f from
unity is a measure of nonexponentiality, but the
stretched exponential function has rarely been used to
describe excited state decays [28]. The time for I(z) =
I(0)/e is often used as an average ‘lifetime’. Other
averages that have been used are {r) = [I(r)d¢/I(0) and
t= [ tI(¢)de/[ I(z)dr [29], but these do not provide a
quantitative estimate of the deviation from exponential-
ity. An arbitrary measure of relative deviations from
exponentiality has been used to assess the effect of
solvent mobility on excited state decay [26].

2.5. Environmental heterogeneity

A common source of intrinsic deviations from expo-
nentiality is environmental heterogeneity. The kinetic
analysis presented in Section 2.1 refers to a collection of
complexes in the same environment. An ideal environ-
ment would be a perfect crystal in which all complexes
occupied crystallographically identical sites. Under
these conditions, the excited state decay would be
strictly exponential.

When solvent motion is fast on the time scale of the
emission decay, each complex is in the same average
environment and the decay is exponential. At the other

extreme, as in a rigid solution, a multitude of environ-
ments are frozen-in and the decay should be nonexpo-
nential unless k.., is the same in all environments. It is
remarkable that very good exponentiality is observed in
rigid solutions of many complexes at low temperatures,
indicating the insensitivity of k, to environmental het-
erogeneity in those cases.

If all the complexes are in a crystal where the envi-
ronments are identical, a spectral feature is a superposi-
tion of rovibronic lines, each homogeneously
broadened. The line width in a homogeneously broad-
ened line in the emission spectrum would be much less
than 1 cm ~! [30]. Homogeneous broadening in higher
vibrational levels is increased by relaxation. In practice,
the emission lines are broadened inhomogeneously by
small variations in the environment even when all of
the complexes are in crystallographically identical sites.
Inhomogeneous broadening in an amorphous medium
is much larger, and can exceed 1000 cm '

The consequence of inhomogeneous broadening is
most significant when two electronic states are proxi-
mate. In that case, the relative disposition of the two
levels can vary from one complex to another. There can
be a broad distribution of energies due to the site
inhomogeneity. This, in turn, would be reflected in the
dependence of the time-resolved spectrum with delay
time and deviations from exponential decay. The possi-
ble overlap of broad distributions is central to the
analysis of multiple emission (Section 2.9).

2.6. Thermal activation parameters

The aim of determining k(7') is to extract activation
parameters and thereby to infer the relative importance
of the several pathways for the depopulation of excited
states. A quantitative approach to this analysis involves
fitting Eq. (15) for the steady state limit or Eq. (16) in
the equilibrium limit.

As in the case of fitting excited state decays by Eq.
(17), the application of either of these equations is
limited by the data quality. Compared with the decay
rate case, fewer data points are usually available in the
fitting of the thermal decay parameters. The paucity of
data limits the reliability of the fit when statistical
techniques based on the least-squares criterion are em-
ployed. Good statistical fits require that the data set be
overdetermined with many more data points than
parameters. Furthermore, the temperature range is of-
ten small and the reliability of the extracted A, and E,
values is limited. The preponderance of the literature
results was obtained with one or two-exponential mod-
els, and the assessment of model adequacy is important.
There is sometimes a concordance between the high
temperature E, obtained in a two-exponential fit with
the value obtained in single-exponential fit, but not
always.
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An example of a complex in which the least-squares
fit can be misleading is Ru(bpz),(bpy)** [31]. A single-
exponential model yielded E = 1859 ¢cm ! in the tem-
perature range 243-330 K. When the upper
temperature was increased to 373 K, a two-exponential
model produced activation energies of 4632 and 736
cm~!. Only by increasing the temperature range was
the higher activation energy process revealed.

Prerequisite to applying Eq. (15) is a good fit of k.«
to an adequate model at each temperature. If a single
term model is assumed for Eq. (17), the decays must be
exponential. In principle, two-term fits of the decays
could yield two k(T) values, but this presumes such a
fit yields physically meaningful values. Failure of k(T)
to conform to a single term in Eq. (15) (Arrhenius
behavior) [32] may be due to the nonexponential char-
acter of the excited state decay or to competing thermal
relaxation pathways [33].

The interdependence of A and E also indicates that
caution should be exercised in making inferences based
upon activation energy differences. Near room temper-
ature (r.t.) an order of magnitude change in A4 is
equivalent to a 5 kJ mol~' (400 cm~') change in E.
Furthermore, nonlinear least-squares fitting may lead
to different results, depending upon the convergence
criterion, the least-squares algorithm, and the presence
of local minima. This problem is exemplified by a fit of
the trans-Cr(cyclam)(NH;)3+ lifetime data in [34],
which yields E = 56 kJ mol~!' [35] instead of the pub-
lished 73 kJ mol ~! value.

2.7. Nonradiative transitions

The k,.(0) component of the nonradiative rate, k,, =
k. (0) + k,(T), is treated theoretically in the weak-cou-
pling limit where the geometry differences between the
ground and emitting states is small [246]. Application
to transition metal complexes has been made [247,251].
In the weak-coupling limit, nonradiative processes in-
volve tunneling between the two surfaces and a useful
approximation is

kni(0) = BF (19)
where £ is the electronic factor that involves promoting
modes and F represents the overlap of accepting vibra-
tional functions between the initial and final electronic
states [36]. The major contribution to F is AE, the
energy difference between the two state origins. This
leads to an energy gap dependence, wherein £, (0)
decreases exponentiality with AE. The energy-gap law
has been validated [37—-39], but changes in f cannot be
ignored [87,111].

k.(T) has also been treated in the weak coupling
limit and an Arrhenius dependence was predicted [40].
A linear relation between In k,, and 7 was derived by
Claude and Meyer [36,45]. The temperature dependence

is very small for both complexes, which are *MLCT
emitters. There is less than a 50% increase in k,, over a
90° temperature interval.

The weak coupling limit does not apply to activated
surface crossing and large changes in k(7)) cannot be
attributed to tunneling unless solvent motion reduces
the energy gap. In weak coupling, the largest contribu-
tions to F come from the high frequency modes since
fewer accepting mode quanta are needed to span the
energy gap. The high frequency stretching NH and OH
modes are often the major accepting modes
[87,111,252]. The frequencies of these modes are de-
creased by deuteration and the larger number of quanta
required to dissipate the excitation energy leads to a
decrease in k,, No deuterium effect is expected when
weak coupling is not obtained.

2.8. Solvent motion, emission spectra and excited state
decay

The effect of environmental mobility on the emission
depends upon the relative time scales of 7, the correla-
tion time for solvent mobility, and z,,,, the measurement
time. 7, can be measured by dielectric and light scatter-
ing techniques [214] and many solvents have been char-
acterized as a function of temperature. In decay and
steady excitation emission spectral measurements, ¢, is
the excited state lifetime, 7. When time resolved spectra
are recorded, 7., is the delay time, Az. Three solvent
motional domains can be distinguished; fast, 7, > 7
intermediate, ¢, & 7,; and slow, 7, <1,

Relevant solvent motions are translation, rotation,
and side chain movement. At any instant there is a
distribution of solvent environments around the solute
molecules. Each solvent disposition can be character-
ized as a solvate species. In a rigid medium, there is no
change in the solvates with time. The spectral and
kinetic properties vary from one solvate to another. As
solvent motion becomes significant on the timescale of
the excited state lifetime, interconversion between the
solvates occurs. Two effects of such motion can be
distinguished. In one case, there is a difference in
polarity between the ground and excited levels as in the
SMLCT «'A, transition. At the instant of excitation
the excited and ground state solvates are the same. Due
to the polarity change, there will be a free energy
difference between the equilibrium distributions in the
two levels. In a rigid medium no relaxation is possible,
but in a fluid there is a driving force toward lowering
the free energy in the excited level by solvent rotation
[132]. The result will be a shift in the emission spectrum
to longer wave lengths. The redshift is due to a reduc-
tion in the *MLCT-'A, energy gap and there is a
concomitant increase in k, (7). At higher temperatures
thermal motion reduces the interaction and the *MLCT
energy is increased [46]. If there is an abrupt change in
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solvent mobility with temperature both k,.(7) and
wavelength will exhibit a plateau after the first sharp
change, but in some cases only an inflection occurs
[20,52]. These phenomena are observed in the relax-
ation of Ru(I) *MLCT levels [45,46,51].

Changes in energy levels that accompany the transi-
tion from the slow to the fast regimes have been termed
rigidochromic [41]. Many putative rigidochromic effects
have been observed at only two temperatures; low
(slow) and high (fast). Thermal population of higher
levels can also contribute to the spectral changes. In
order to separate thermal from solvent mobility effects,
the spectral shifts must be correlated with solvent mo-
bility. Purely thermally induced spectral changes have
been observed in solids [42,43].

Rigidochromism has also been observed in the emis-
sion of some quadrate d* complexes [44]. It is generally
assumed that *LC and *MC emission will not exhibit
rigidochromism, but several examples of spectral red-
shifts in supposed 3MC emission from Rh(IIT) and
Ir(I1T) complexes have been found [48,49]. There is a
rigidochromic shift in the d—d absorption band of
Cr(acac), [50].

In the second class of solvent mobility effects, exem-
plified by MC levels, there is no free energy difference
to drive changes in the excited state. The structure of
each solvate can affect the shape of potential surfaces
as well as the solute energy levels. In particular, there is
a viscosity effect on the potential surface anharmonicity
[248,249]. In a rigid medium there is no interconversion
between solvates. If there are different decay rates
among the solvates, the decay will be nonexponential in
the rigid environment. Solvent motion in this context
means fluctuations that correspond to solvate intercon-
version. In the fast solvent motion limit each complex
will sense the same average environment and the decay
becomes exponential.

It is the range between the fast and slow limits that is
interesting. In this domain the solvate interconversion
rate permits the excited complex to sample a range of
species and in an activated process those solvates with
the fastest relaxation rate will dominate k(7). In Cr(III)
complexes fluctuations could influence &, (7T) or k.
The source of the relaxation rate variation among the
solvates is a question, which will be addressed below.

2.9. Energy transfer, localization, and multiple emission

When the emitting level is metal-centered, as in d*
complexes, the main effect of electron delocalization
onto the ligands is the reduction of electron repulsion
with the concomitant shift of the emission to longer
wave lengths [50].

There have been long-standing controversies about
the extent to which *MLCT and *LC excitations in d°
complexes are localized in individual ligands [53-55].

In the localized model, the SMLCT or 3*LC emission
originates in an excited level associated with the ith
ligand rather than with more than one ligand. If the
ligands in a homoliganded complex are in identical
environments, there are three equienergetic-localized
levels. When the transfer rate is very fast, an exciton
(delocalized) description is appropriate. Otherwise, the
excitation is said to be more or less localized. The
conditions for delocalization in crystalline hosts have
been detailed and localization does not imply absence
of energy transfer between ligands [56]. It was con-
cluded that the excitation is localized in Ru(bpy);* but
delocalized over the entire complex in Os(bpy); ™
[57,58]. The localized model for Ru(bpy);* excitation
in crystals at low temperatures has been challenged
[59,60].

Even in a crystal the three ligands in a homoliganded
complex need not be in equivalent sites and the energy
identity would then be destroyed. If energy transfer is
fast on the emission time scale, but still localized, the
excitation would lead to population of the lowest level
or to levels that are thermally accessible from it.

Much of the controversy about localization results
from an analysis of very low temperature spectra of
complexes in crystalline environments. Though there is
disagreement about the appropriate description in crys-
tals, it is generally agreed that localization is obtained
in glassy hosts where each ligand environment is differ-
ent and the separation between the localized levels is
substantial. The excitation is then localized on the
ligand with the lowest energy.

The most direct evidence for localization in
Ru(bpy);* and Os(bpy); © at ambient temperatures in
fluid media comes from excited state time-resolved Ra-
man spectra [61-63]. These spectra are consistent with
Ru*(bpy),(bpy~)** as the structure in the *MLCT
level. The rate of interligand energy transfer depends
upon 7, [64]. The dynamic nature of the localization in
fluid solutions of Ru(bpy);+ has been demonstrated
[232]. The excitation is initially delocalized but becomes
localized in less than a picosecond. Other evidence
supporting the localized model has been summarized by
Kalyanasundaram [65].

Crosby suggested long ago that “emission from a
transition-metal complex with an unfilled d shell will
occur from the lowest electronic state in the molecule or
from those states that can achieve a significant Boltz-
mann population relative to the lowest excited state”
[118]. This rule implies that energy transfer rates be-
tween excited levels is faster than decay to the ground
state. It is useful to distinguish interligand energy trans-
fer between levels of the same orbital parentage CLC =
LC and *MLCT = *MLCT) from transfer between
levels of different orbital parentage. If transfer of either
type is sufficiently slow to prevent thermalization prior
to decay, multiple emission can be observed. Some
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authors term this dual emission, while others describe
emission from two thermally equilibrated levels as dual.

In heteroliganded complexes, where the energies of
the levels localized in different kinds of ligands are no
longer the same, the Crosby rule implies that energy
transfer should lead to localized emission from the
ligand with the lowest excited level, as observed [181].
Although this model is important in systematizing the
SMLCT and 3LC excited state relaxation results, a
number of exceptions have been claimed. An apparent
case of slow interligand transfer between localized *LC
levels was apparently observed in glassy solutions of
Rh(bpy),(phen); *,. The decay was exponential in the
homoliganded pair but nonexponential in the heteroli-
ganded complexes [67]. This result was interpreted to
indicate *LC localized emission from both phen and
bpy when n=1 or 2. Instead of multiple emission, the
nonexponentiality has been attributed to inhomoge-
neous broadening in the glass due to environmental
heterogeneity [68]. The energy difference between the
localized phen and bpy excited states is small enough to
ensure overlap between the phen and bpy inhomoge-
neously broadened energy levels. The phen energy is
then the lowest excited state in some complexes and the
bpy energy the lowest in others. The observed decays
were due to a superposition of emission from different
complexes [30].

Multiple emission has been associated with inhibition
of thermal communication between energy levels of
different orbital parentage. The emission from several
Ir(NN),Cl5; complexes has been interpreted as multiple
in that the higher *MLCT or *LC levels do not relax
readily to the lower *MC levels [73-76]. The specific
model proposed for cis-Ir(bpy),Cly; in which the
SMLCT level is 370 cm~! above *MC [73] has been
questioned, but multiple emission was not rejected [69].
Two emission bands with lifetime dependence on the
monitoring wave length have been observed in a het-
eroliganded Ru(Il) complex [70]. The emission is strong
in both regions and is invariant to sample preparation.
Interlevel conversion is inhibited by solvent rigidity
[69].

Most examples of supposed multiple emission were
observed in rigid media and are probably due to envi-
ronmental heterogeneity, as evidenced by the rarity of
such emission in fluids. Multiple emission in a fluid
medium has been claimed for Ru(bpy),(pztr)* [70] and
for some Re(I) complexes [71]. It is difficult to distin-
guish unambiguously between a real failure to achieve
intramolecular thermalization from the effect of envi-
ronmental heterogeneity [72]. This problem will be ex-
amined again in the sections dealing with d® complexes,
but it appears that multiple emission is rare in Ru(Il),
Os(I), Rh(IIT), and Ir(IIT) complexes. It is only in
Re(I) complexes that many examples of multiple emis-
sion have been described, and usually the nonexponen-

tiality disappears in the fluid.

Nonthermalization between the emissive level and a
non-emissive level has been suggested in Ru(bpy),-
(dmpbq)** [9].

Since most claimed examples of multiple emission
have been ascribed to environmental heterogeneity that
leads to inhomogeneous broadening of excited levels
[68,78], it has been asserted that no genuine case of
multiple emission exists [30].

3. Cr(III) complexes

Kirk has reviewed the photochemistry and photo-
physics of Cr(III) complexes in some detail [5]. His
main conclusions that bear on the present discussion
are:

1. *T, is the photoactive level in many (most?)
complexes.

2. Stereochemical
photoreaction.

3. Back-intersystem crossing is the major thermal re-
laxation pathway in all but a few complexes.

4. The best estimate of the *T,—2E gap in a fluid
medium is the activation energy for ZE
depopulation.

change usually accompanies

3.1. Energy levels

Fig. 1 serves as a starting point for the kinetic
analysis of d* complexes. The b (E) energy is not
sensitive to the ligand field strength of the coordinated
ligands, but will be reduced when the metal d electrons
are delocalized onto ligands that have low-lying empty
n* orbitals (acac™, CN ™) [50].

The a (*T,) energy varies with the ligand field
strength of the coordinated ligands. Consequently, both
the *T,—2E 0-0 energy difference (AE) as well as the
“T,—2E crossover energies vary markedly from complex
to complex. The estimation of AE from spectra has
proven to be unreliable. The ?E energy is readily evalu-
ated from the sharp ’E = *A, emission spectrum. In the
absence of *T, = A, fluorescence, the *T, energy can
only be estimated from the broad *T, <= *A, absorption
spectrum. Rarely is the origin of T, <= %A, resolved
and it is difficult to determine the *T, energy from the
absorption spectrum. One exception is Cr(NH3)2+ in a
crystal where the origin has been located at 501 nm
[250]. A number of methods have been suggested for
the determination of the *T, origin but none have been
validated [79].

In most complexes, °E = *A, emission occurs in the
660—720 nm region [7], but delocalization onto the
ligands can shift the spectrum to 800 nm. The sharp
’E = *A, emission is indicative of very little geometry
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change between the ground and excited states as ex-
pected for an intraconfigurational (t3) transition. Broad
4T, = %A, (t3e = t3) fluorescence is not observed at very
low temperatures when *T, is above °E, the usual
situation in Werner complexes. When fluorescence is
detectable, the emission bands are broad [29,80].

The 2E splittings can be as large as 200 cm ! in
tetragonal fields [82], but are usually smaller. The T,
splitting increases with the tetragonal field strength and
one of the components can be driven below 2E [83]. The
splitting of the T, levels in low symmetry fields can be
substantial. “T, is subject to Jahn-Teller distortion
[250].

1

3.2. Thermal relaxation pathways

Identification of the thermal relaxation pathways for
many Cr(IIT) complexes has been a continuing problem
[2,7,84]. Each of the three contributions to k(7') in Eq.
(13) corresponds to a process that can depopulate ZE.
These processes are: direct 2E reaction (kE), back-inter-
system crossing to “T, (ky;.), and enhanced nonradia-
tive return to the ground state or to some intermediate
species (kE(T)). All of these can lead to product forma-
tion, but chemical reaction need not be directly related
to depopulation of 2E, since reaction can occur in *T,
prior to population of 2E. Even the absence of photore-
action does not exclude kE because geminate recombi-
nation can reduce @,. A good fit by a single term
Arrhenius function indicates the dominance of one
relaxation channel.

In spite of the uncertainty in the magnitude of the
“T,—2E gap, it is possible to identify complexes in which
the k,;,, contribution is energetically allowed. There are
some complexes in which *T, is only slightly above °E
and is thermally accessible at moderate temperatures.
In one of the first reports of luminescence from a
Cr(IIT) complex both fluorescence and phosphorescence
from Cr(urea); ™ were observed in a glass at 87 K [85].
The fluorescence increases relative to the phosphores-
cence as the temperature is raised, indicating that back-
intersystem crossing leads to “T, = *A, emission [86].
However, thermally induced delayed fluorescence is
rarely detectable even when *T, is populated because k[
can be much smaller than kT

The effect of ligand field strength on the *T, energy is
exemplified by the Cr(NH;),_,(H,O)>* series, where
the onset temperature for k(7) decreases with n [87].
The phosphorescence emission position is hardly af-
fected by n, but the reduction of the *T,—°E gap is
evidenced by the weak fluorescence in Cr(D,0);* [88].

The activation energy for k(T), E, must be at least as
large as the energy difference between the *T, and *E
origins, AE, for k. to contribute significantly to *E
depopulation. In the limit of quasi-equilibrium between
‘T, and ?E, E=AE. In the steady state limit, the

activation energy of k. reflects the energy to reach the
crossover between the *T, and 2E potential surfaces
rather than the energy difference of the minima must be
at least as large as AE.

By varying the “T,—*E gap, solvent mobility, and
temperature, the contribution of back-intersystem to
the thermal decay pathway can be inferred [26,94]. The
salient points are: (i) when the “T,—?E energy difference
is small, thermal quenching begins in rigid media and is
accompanied by significant nonexponentiality, indicat-
ing a distribution of E values in the solvates. Increasing
the “T,—2E gap increases the temperature at which
nonexponential decay is observed; (ii) as AE increases
k(T) becomes important only when solvent motion is
either comparable to or faster than excited state decay.
Changing the solvent alters the temperature at which
approximates 7. Solvent motion is assumed to lower the
“T,—?E crossover energy by changing the potential en-
ergy surface (PES) [248,249]; (iii)) when AE is large k(T)
occurs only when the solvent is very mobile. For these
complexes, it becomes difficult to find solvents that are
immobile at the higher temperatures required for
k.(T). However, embedding large AE complexes in a
crystalline host suppresses thermal decay.

Steric effects on energy levels may be characterized as
static and dynamic. Static distortions involve departure
of the skeletal framework from near-octahedral symme-
try and are detectable by X-ray crystallography. The *E
energy is only slightly affected by a static distortion [79]
and there is no driving force for a geometry change in
the 2E level when a rigid environment becomes mobile.
There is some evidence from absorption spectra that
the energy of one *T, component is reduced by large
static distortions [79]. The absorption in a highly substi-
tuted strained Cr(en)3* derivative is markedly red-
shifted [89]. Dynamic distortions are changes that are
permitted by solvent movement on the timescale of the
’E decay and reduce the *T,—*E crossover energy. An
abrupt increase in k(7') in the temperature range where
environmental constraints are relaxed is the evidence
that dynamic distortions are involved.

The low temperature limiting decay rates for many
Cr(IIT) complexes have been reported [7]. Quantitative
analysis of the thermal behavior has been less extensive.
Typically, there is a small thermal increase in k,.,, at
low temperature (E <5 kJ mol~!) followed by a large
increase at higher temperatures. Most of the results in
Table 1 have been obtained by single-exponential fits in
the high temperature region. The scatter in the E values
for a particular complex indicates that inferences based
on small differences are risky. Some of this scatter may
be due to poor fits to a one-term (Arrhenius) model
[32,33]. This in turn may reflect deviations from expo-
nentiality in the individual decays. Some of the solvent
dependence of the Arrhenius parameters is due to a
compensation between 4 and E. In solutions of
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Cr(NH;),(NCS),, E varies between 40 and 55 kJ
mol~! and A from 6 x 10" to 9 x 10'® s—! [90]. The
graph between E and In 4 is called a Barclay—Butler
plot; this dependence was originally a thermodynamic
one [231]. A linear plot is sometimes assumed to indi-
cate a common thermal decay pathway, but there are
exceptions to this generalization. Although entropic
contributions can increase 4 above 10" s~ !, pre-expo-
nential factors of 10" s ~! are suspect and the result of
fitting artifacts or poor data quality.

Chemical reaction can be prompt or delayed. Prompt
reaction is not affected by quenching of the ?E emission
and has been observed in rigid and crystalline media
[91,92]. Delayed reactions will be reduced by quenching
of ?E as indicated by the effect of O, on the @, of
Cr(NH;),(NCS),; [92,93]. Whether delayed reaction oc-
curs directly in 2E, after back-transfer to *T, or after
leaving ?E by another nonradiative process such as
formation of a ground state intermediate [2] cannot be
determined by kinetic measurements alone.

3.2.1. CrNg4 complexes

Complexes in which all six coordination sites are
occupied by aliphatic nitrogen atoms have been exten-
sively studied. Arguably, the effort to identify the ther-
mal relaxation pathway in this group has received more
attention than other question involving photoprocesses
in Cr(III) complexes [79]. This problem arises because
the *T,—2E gap is on the borderline of permitting
back-intersystem crossing to compete with other contri-
butions to k(T); the E values for Cr(NH;);* and
Cr(en);* are in the 41-48 kJ mol ~! range with 4 =
10"2-10" s—!. k(T) in these two complexes becomes
significant only in the fast solvent motion domain when
common solvents are involved [94]. The “T,—°E gap
was accurately determined for Cr(NH,)?* in a crystal
as 57 kJ mol ~! [250] definitely larger than E. A smaller
gap has been estimated in solution and back transfer
was assumed to be energetically feasible [253]. The
activation energies for Cr(NH;)2 ™ in several solvents in
a narrow temperature range near r.t. varied from 46 to
50.6 kJ mol—! [81].

Thermal decay is suppressed when Cr(NH,);* is
embedded in a crystalline host [2]. This might be due to
raising the energy of the *T,—2E crossover along one or
more coordinates. When E is large, it is difficult to find
a solvent that is rigid when k(7)) becomes appreciable.
Sorbitol has a high glass temperature and is very rigid
at r.t. The lifetime of Cr(en);™ in sorbitol is only
reduced from 108 to 98 ps between 77 and 266 K and
the decays are nearly exponential. The decay of the
same system at 296 K is quite nonexponential with a
tail lifetime of 30 ps [26,35]. This shows that the “T,—°E
crossover in Cr(en)3* can be reached without solvent
motion, before any change in the potential surfaces.

Back-transfer is consistent with the belief that pho-

toreaction occurs in T, and requires stereomobility [5].
An extensive series of papers by the Endicott group has
dealt with the effect of molecular distortion on thermal
decay [79,95,97,149]. Static distortions are nearly the
same in Cr(en)3* and Cr(sen)’* (sen = 4,4’ 4"-ethyli-
dynetris(3-azabutan-1-amine)) [95], yet k(T) is 10*
larger at ambient temperature in Cr(sen)®* [79]. Molec-
ular mechanics calculations indicated that the steric
strain could be substantially reduced by a 15° twist in
Cr(sen)* ™ but no such reduction occurs in Cr(en)3*
[79]. A similar correlation of steric strain and large k(7))
was found for two other pairs of complexes. Endicott
interpreted the enhanced thermal quenching in a fluid
as due to an activated kEZ(T). AOM calculations indi-
cate that changes in geometry along a trigonal twisting
coordinate reduces the *T,—2E gap and increases the
geometry difference between ?E and “A,. The gap re-
duction could enhance k,;,.. The activation energy is
appreciably smaller in Cr(sen)** than in Cr(en); ™.
When Cr(sen)®* is doped into Rh(sen)(ClO,)3 ", the
thermal quenching requires a higher temperature [95].

An effect of relaxed distortion on the energy levels is
demonstrated by the emission spectra of Cr(BCNE)**
in different environments at 77 K [79]. There is a
decrease in the 2E = %A, energy when the environment
is changed from the isostructural Rh(BCNE)(CIO,)3*
to rigid DMSO-H,0, where there is less resistance to
reduction of steric strain. The increased k(7) in this
complex compared with the value in the related
Cr([9]aneN,)3* would then be due to the larger steric
strain energy.

The “T,—2E gaps, as judged by the *T, origin bands
in the absorption spectra, are nearly the same in crys-
talline frans and cis-Cr(cyclam)(NH;)3 ©, 47 kJ mol ~!
[98]. In frans-Cr(cyclam)(NH;)3 * Eis 59—-67 kJ mol ~ .
The cis complexes, Cr(cyclam)(NH5;)3* and Cr-
(cyclam)(en)**, have much smaller E values, 36-44 kJ
mol ! [98]. Since the activation energy is smaller than
the “T,—?E gap when the cis complex is in a rigid
environment, it was suggested that the static distortion
in the cis complex facilitated solvation and led to a *T,
energy decrease in a fluid medium. This made k. the
major contribution to k(7).

The suggestion that the thermal decays in cis and
trans-Cr(cyclam)(NH;)3+ involve different pathways
[99] was based on a small 4 value, 5 x 10* s~ !, for the
trans isomer [100]. However, this was a typographical
error and the correct value is 5 x 10'* s =1 [101].

&, is large in cis-Cr(cyclam)(NH;)3+ but negligible
in the frans counterpart. This result points to *T, as the
seat of the delayed reaction.

The results of other caged complexes, Cr(sar)®*
(sar = 3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) and
the diamino derivative Cr(diamsar)®** [102,103], sup-
port the thesis that trigonal twisting is necessary for
good thermal quenching. The lifetime of Cr(sar)®™* is
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Complex Solvent T range (K) ko 57 A(s™hH E (kJ mol~1) References
Cr(NH,)3* DMF-CHCl, 180-285 1.3x10* 47 [96]
Cr(NH,)3 DMF 253-288 452 [149]
Cr(NH,)3* EGW 1.1x10'2 37.2 [87]
Cr(NH,)3 DMSO-H,0 13% 10 %1012 469 [32]
Cr(NH,)3+ H,0 273294 L1x10% 418 [208]
Cr(ND,)3 H,O 273-294 58x10% 523 [208]
Cr(ND,)3* DMF-CHCl, 180-285 2.9x10% 48 [96]
Cr(en)} + 12x10% 40 [200]
Cr(en)}* DMF 253288 46.9 [149]
Cr(en)} + H,O 273294 L1x10 418 [208]
Cr(en)}* 1.1x10* 16x10% 473 (1]
Cr(en)} + H,O 286-318 40.8 [84]
Cr(tn)3* 9.2x 103 17x102 380 (1]
t-Cr(cyclam)(NH3)3 + H,O 274333 5.7%10° 5x10% 59 [100]
1-Cr(cyclam)(NH,)3 H,0 a 27x10" 64 210]
t-Cr(cyclam)(NH;)3 * DMF a 3.3x 10" 69 [210]
1-Cr(cyclam)(NH,)3 H,0 283334 5.7%10° 6x10'5 65 [34]
c-Cr(cyclam)(NH;)3 + H,O 281-320 43 [34]
¢-Cr(cyclam)(NH,)3 * H,0 274-313 36 [100]
¢-Cr(cyclam)(NH;)3 + H,0-MeOH 263-293 2.7x 1012 37 [211]
Cr(cyclam)(en)®* DMSO-H,0O 7.4x103 2x 1013 439 [32]
¢-Cr(cyclam)(NH3)3 H,O-McOH 283-323 3x0x 102 41 [211]
¢-Cr(cyclam)(NH,)3 2x10° 443 [209]
Cr([9]aneN,)3 + DMSO-H,0 250-295 63x10'" 42 [212]
35-150 0.5
D-Cr([9]aneN,)3 + DMSO-H,0 250-295 5x102 47 [212]
Cr(BCNE)** 25%10" 17.9 [209]
t-tetb(NH)3 DMSO-H,0 5.4x10° 8% 10° 314 [32]
Cr(TCTA)® 38x104 299 [209]
Cr(sen)®* DMSO-H,0 29 [95]
Rh(sen)(ClO,), 33 [95]
Cr(sep)** DMF 253-288 51.0 [149]
Cr(diamsar)** CH,CN 100-210 29 [103]
Cr(NH,)s(CN)2+ H,O 283-303 LIx10% 47 [213]
Cr(NH,)5(CN)>+ DMSO 291-311 19%104 55 213]
Cr(NH,)s(CN)2+ DMF 284-308 14x104 53 [213]
Cr(NH,)4(NCS)>* DMSO-H,0 1.11x 104 3x102 339 (32]
Cr(NH,)(Cl)>* DMSO-H,0 2.4 10* 2x102 544 [32]
Cr(NH,)5(Cly2+ [Rh(NH,)sClICl, 23 % 10* 110" 289 (32]
Cr(NH,)F>+ DMSO-H,0 2.0%10* 6x10% 301 [32]
Cr(NH,)y(H,0)* * DMSO-H,0 1.76 % 10* 2x10% 322 (32]
Cr(NH,)s(H,0)* ¥ EGW 162-212 3 87]
Cr(NH,)y(H,0)* Glycerol H,0 200244 50 87]
Cr(NH,)s(ONO)* DMSO-H,0 1.6 10 8x 102 268 [32]
Cr([14]JaneN,S)(NH)3 DMSO-H,0 8.6x 10° 6x102 351 (32]
t-Cr(cyclam)(CN), H,O Near ambient 2x10° 27.5 [216]
t-Cr(cyclam)(NH;)(CN)>* H,0 Near ambient 1x10"3 47.0 [216]
t-Cr(cyclam)(NCS)(CN)* H,O Near ambient 2x 10! 38.1 [216]
1-Cr(cyclam)(H,0)(CN)>+ H,0 Near ambient 6x10'5 549 [216]
t-Cr(cyclam)(F)(CN)* H,O Near ambient 6x101° 46.8 [216]
t-Cr(cyclam)CI(CN) ™ H,0 Near ambient 5x 10 45.5 [216]
1-Cr(NH,),(CN); H,O 281-303 2.0% 10° 27.6 [213]
1-Cr(NH,),(CN)," DMSO 291-311 35%10% 55 [213]
¢-Cr(NH,),(CN);" H,O 280-303 22%10° 27 [213]
¢-Cr(NH,),(CN);" DMSO 291-311 3.2% 10° 30 [213]
¢-Cr(NH,),(CN);" DMF 280-307 9.8 108 25 [213]
1-Cr(NH,),(H,O)(CN)>*+ H,0 279-303 58x105 55 [213]
t-Cr(p-cyclam)(CN);5 H,O 320-550 38 [215]
c-Cr(tetb)(CN);" H,O Near ambient 50 [99]
¢-Cr(tetb)(CN); 42x1083 454 [209]
1-Cr(en)o(NCS)5 H,0 278-308 29.3 84]
1-Cr(en),(NCS)5" H,O 273-294 72%10° 318 [208]
t-Cr(cyclam)Cl;y DMSO-H,0 1.1 x 10* 4x 10" 49.9 [32]
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Complex Solvent T range (K) ko 57 A(s™hH E (kJ mol~1) References
¢-Cr(cyclam)Cly" DMSO-H,0 1.9 % 10* 1108 272 32]
c-Cr(cyclam)Cly 4x 10" 25.1 [209]
1-Cr([15]aneN,)Cly" DMSO-H,0 1.5 10* 3x102  59.8 32]
t-Cr(cyclam)(NH;)CI2* DMSO-H,0 9.6x 10° 710 359 [32]
¢-Cr(cyclam)(NCS); DMSO-H,0 1.04x 10* 7x101° 314 32]
t-Cr(cyclam)(H,0)3 * DMSO-H,0 9.4x10° 3x10% 318 [32]
-Cr(tetb)(NCS); 1102 275 [209]
Cr(NH,),(NCS), EtOH Fluid 1x10' 36 [26]
Ct[14]aneN,S)Cly" DMSO-H,0 1.5 10* 3x102% 615 32]
1-Cr(NH2)o(NCS); H,O 273-294 43%10'° 418 [208]
1-Cr(NH,),(NCS); Alcohol H,0 160-2 3.8%10° 6.1x10% 415 (1]
1-Cr(NH,),(NCS); EtOH 200-290 5x10% 40 [26]
1-Ct(NH,),(NCS); Acetone 200-290 2x10'5 48 26]
t-Cr(NH;),(NCS), Acetone 6.3 x 10" 46 [93]
1-Ct(NH,),(NCS); PG 200-290 5%10'¢ 51 26]
1-Cr(NH2)o(NCS); H,O 278-318 26.9 [84]
1-Ct(NH,),(NCS); Various 278-303 10'5-10"7 41-55 [90]
1-Cr(NH2)o(NCS); Alcohol-H,0 163-235 26 [217]
1-Cr(NH,),(NCS); Acetone H,0 220-295 38x 105 493 [245]
Cr(phen)(CN); DMSO-H,0 58x102 33 [33]
Cr(acac), Al(acac), 80-220 6.10'2 33.5 [255]
Cr(acac), Alcohol-H,O 135-195 25 [217]
Cr(NCS)2~ Acetone H,0 235295 52%105  49.7 [245]
Cr(NCS)z~ EtOH Fluid 7105 44 [26]
Cr(NCS)z~ Alcohol H,0 183-240 30 217]
Cr(NCS)3 - H,O 280-317 33.5 [84]
Cr(urea)i ™ H,O 270-310 0 [84]
Cr(ox )3~ H,O 270-310 5.4 [84]
t-Cr(py) F,+ H,0 286318 49.9 84]
Cr(CN)3 - Alcohol-H,0 2.5% 102 14x10"  30.5 [33]
Cr(CN)g~ CH;CN 278-322 4.7x10° 24 [106]
Cr(CN)e~ EtOH 223-330 2.7x10° 31 [106]
Cr(CN)~ Various 108-10' 20-37 [106]
Cr(CN)3 - DMF 33.5 [107]
Cr(CN)2~ DMF 6x 108 38 [106]
Cr(CN)3 - Alcohol-H,0 153-250 25 [217]
Cr(bpy)}* 2%10° 30.2 33]
Cr(bpy)} * H,O 273-294 3.6x10° 29.2 [208]
Cr(bpy)3* DMSO-H,0 185-294 200 9.7x10° 30.0 [35]
Cr(phen)3 + 6x10° 384 [209]
Cr(tpy)} 2x107 478 [209]
¢-Cr(phen),(NH3)3 + 3Ix10" 347 [209]
Cr(phen)(en)3 *+ DMSO-H,0 170-265 28x10" 302 33]
Cr(bpy)(en)3 ~ DMSO-H,0 170-265 24%10" 295 [33]
-Cr(bpy),(CN); DMSO-H,0 150-250 1L.0x10° 336 33]
¢-Cr(phen),(NCS)5 DMSO-H,0 150-250 51x10' 348 [33]
¢-Cr(bpy),(NCS);" DMSO-H,0 161-265 41x10" 348 33]

@ High temperature value from two-exponential fit.
® TCTA = 1,4,7-tris(acetato) 1,4,7 triazacyclononane.

reduced from 65 ps at 77 K to < 10 ns at 298 K [104].
The abrupt k(T) increase in Cr(diamsar)** does not
appear to require solvent motion [103]. There was very
little thermal quenching in another caged complex with
the ligand fac-1,5,9,13,20-pentamethyl-3,7,11,15,18,22-
hexaazabicyclo[7.7.7]tricosane [102]. The marked differ-
ence between these complexes was again attributed to
larger trigonal twist in Cr(sar)** and Cr(diamsar)®~*
compared with the other caged complex. kE(T) was
implicated as the source of the thermal decay pathway

in Cr(sar)**, but the enhancement was ascribed to an
increase in f rather than Fin Eq. (19). The reduction in
the Cr(diamsar)®* lifetime at 200 K corresponds to
E=29 kJ mol~!and 4 =10%-10" s~ 1,

322 Cr(N)XY and Cr(NH;);X complexes
Substitution of one or two nitrogen coordinating
ligands in CrNg complexes by other ligands can in-
crease the average ligand field (CN~) or decrease it
(halides and H,0). Decreasing the ligand field would
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reduce the “T, energy and delocalization of d electrons
onto CN~ and NCS~ decreases the E energy. Several
of the results for complexes in this group are associated
with unrealistically high 4 values. No clear interpreta-
tion of the data for this group can be made.

Replacing an NH; ligand by Cl~ reduces the “T,—2E
gap. The concomitant reduction in E results in nonex-
ponential decay in a rigid solvent when k(7 is signifi-
cant [94]. k(T) for Cr(NH;);* in the same solvent
begins in the fast solvent domain as evidenced by the
exponential decay.

3.2.3. Cr(CN)7~

This complex is of particular interest since the strong
field CN~ ligand, coupled with a lowering of °E by
delocalization (4., =810 nm), leads to such a large
“T,—2E separation that k. is negligible at ambient
temperatures [105]. Consequently, the activation
parameters should correspond to a pathway in which
back-intersystem crossing can be ignored. The photore-
action is entirely prompt and is unaffected by 2E relax-
ation as expected if k. is negligible. Therefore, the
thermal decay pathway is via kZ(T).

The decays are exponential in both rigid and fluid
media [26], although there appear to be specific solvates
with low energies [254]. The E values are very solvent
dependent and range from 21 to 38 kJ mol ~! near r.t.
[106]. In dimethylformamide (DMF) there is a poor fit
in the absence of external quenchers (E=33.5 kJ
mol ~ ') but a much better fit in the presence of 0.01 M
ICN with £E=38 kJ mol~! and 4 =5 x 10'° [107]. This
latter £ is in concord with the earlier report [106]. Some
of the variation in £ and 4 may be due to fitting errors,
but the sensitivity of the thermal decay to environment
is evident.

When Cr(CN)?~ is in an isostructural crystalline
host, k(T) ~ k(T) and the temperature dependence is
quite small [88]. k, is also very small in the crystal, 8§
s~ !. This compares with 240 s~! in rigid alcohol-wa-
ter at 77 K [7]. Sorbitol suppresses k(7T) completely at
r.t. [26].

3.2.4. Cr(urea)i* and Cr (H,0)*

These two complexes represent the extreme of a small
“T,—2E gap as evidenced by thermally induced fluores-
cence even at low temperatures [86,88]. In some crys-
tals, but not all, the Cr(urea)? ™ decays are exponential
[109,110]. Exponential decays are also observed in
Cr?®:AlCL,-6D,0, where the complex is Cr(D,0):+
and a weak thermally induced fluorescence is detectable
[88]. The delayed fluorescence due to ki, is accompa-
nied by marked nonexponentiality in glassy solutions of
Cr(urea); ™ [110]. The fluorescence and phosphores-
cence decay rates are different under these conditions.
This difference, coupled with the nonexponential de-

cays, demonstrates the
environment.

sensitivity of k. to

3.2.5. Cr(ox)3~ and amineoxalates

Cr(ox)3~ is another complex with a small *“T,—°E
gap in which k(T) is large at 77 K. The decays, which
are exponential in Cr® *:NaMgAl(ox);-9H,0 at all tem-
peratures, are nonexponential in a rigid matrix at 77 K
[94]. The *T,—%E gap increases progressively with re-
placement of ox*~ by NH;. In rigid solutions, the
temperature at which k(7)) becomes appreciable in-
creases in the order Cr(ox);~ < Cr(ox),(NH;); <
Cr(ox)(NH,); [94]. The *T,—*E gap increases in the
same order. In all three complexes increasing k(7)) is
accompanied by increasing nonexponentiality in the
slow solvent motion regime. These results again point
to the importance of k., as an important component
of k(7).

In contrast to Cr(urea)?*, no fluorescence is de-
tectable at any temperature in these complexes. This
demonstrates that the absence of delayed fluorescence
does not rule out back-intersystem crossing as an im-
portant process.

3.2.6. Cr(polypyridine)3* complexes

Cr(bpy);* and Cr(phen);™ have large and nearly
equal *T,—2E gaps (> 70 kJ mol—! [33]). The E values
are about 30 kJ mol ~ !, respectively, in several solvents.
Back-transfer should not be possible in these com-
plexes. The A values are somewhat small, suggesting
that kZ(T) is the source of the thermal decay. The
onset temperature for k(7" varies with solvent [44]. The
decays are exponential in rigid media.

Parenthetically, no emission was detected from
V(bpy):+ and V(phen); ™ in the 700—1100 nm range at
77 K [112]. The 2E lifetime was determined by transient
absorption to be ~ 1 us at r.t.

3.3. Tetragonal complexes

There is a group of complexes in which large tetrago-
nal fields lead to such a large >T, splitting that one of
the components (°E?) is below *E and the emission is
the broader *ER = “T, band that peaks at longer wave
lengths [113—115]. The position of the 2EQ = “A, band
is often solvent dependent—a redshift is induced when
the rigid solvent is changed from hydrogen-bonding to
non-hydrogen-bonding [83]. The emission maximum of
cis-Cr(phen),F5 in DMF-H,O shifts from 730 to 8§10
nm as the water content is decreased. Hydrogen-bond-
ing appears to increase the 2ER energy. The tetragonal
field also splits “T,, but there is no compelling evidence
for back-transfer as the dominant thermal decay
process.

The trans-Cr(py),F5 and trans-Cr(py),FBr* 2ER de-
cays are slightly nonexponential in rigid media, but the
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nonexponentiality is more marked in cis-Cr(phen),F;
solutions [44]. In some cases, cis-Cr(phen),F; for ex-
ample, there is a ER-2E level inversion induced by
solvent motion, which apparently disrupts hydrogen-
bonding. The spectral broadening and redshift occurs
between 178 and 184 K in EGW.

The redshift induced by solvent motion is accompa-
nied by an increased k., as expected from the energy
gap law. In trans-Cr(py),F5 and trans-Cr(py),FBr+
there is a plateau in the lifetime—temperature plot that
is analogous to that observed in Ru(Il) polypyridine
complexes (Section 4.2.1). This, coupled with the sol-
vent motional induced redshift, suggests that at least
part of the enhanced thermal decay is due to increased
nonradiative decay that accompanies the lowering of
2EQ,

3.4. Population of °E

Excitation is usually into the quartet manifold. The
fraction of the excitation that is transferred to 2E after
absorption in the quartet manifold is [5]:

(I)D = ”pisc + (1 - ﬂpisc - ﬂpr)’?isc = 77;3 (20)

where 7, is the fraction of excitation that leads to
prompt reaction. Unless 7. = 0, #1, 1s not the same as
7y, the fraction of the total reaction that is quenchable,
since 7, includes contributions from multiple passes
between “T, and E. 5, is also obtained by comparison
of the slow and fast components of reaction by the
pulsed conductivity method [116]. 7, can exceed @p.
Kirk [5] has summarized the estimates for @,. With few
exceptions, ®@p > 0.7. Inferences based on *E lifetimes
are not affected by uncertainties in @. There has been
a report that the quenchable Cr(NH,)? + &,, varies with
the excitation wave length [117], which indicates 7. or
11, also contributes at some wave lengths. However, the
fraction of the conductivity changes that occur with the
same lifetime as the 2E decay is not only higher than the
quenchable fraction but also the wave length depen-
dence is smaller and in the opposite direction [116]. In
these two studies, it was 7, that was computed and the
lack of agreement indicates the difficulty in assessing
intersystem crossing magnitudes.

Evidence has been presented for an unquenchable
reaction in rigid glass solutions of Cr(NH,;)(NCS);
[92].

3.5. Mechanistic inferences

The extensive debate about the relative contributions
to k(T) underscores the difficulty of evaluating the
pathways for the nearly universal thermal enhancement
of excited state relaxation. Changes in excited state
potential surfaces could enhance both k. and k. (T)
The evidence provided by the E values collected in

Table 1 is, at most, suggestive. Rough estimates of the
“T,—2E gap from spectra, the effect of solvent motion
on k(T), and the extent of nonexponential decay lead
to a model in which k,;,. is a dominant contribution to
k(T) in most cases. A definite exception to this general-
ization is Cr(CN)2~ where the “T,—2E gap is too large
for back-transfer. Back-transfer in Cr(polypyridine)3*
complexes also seems improbable. The effect of solvent
mobility on k(7T) in the two large gap complexes is
different than in the other complexes. This suggests a
different decay pathway when back-transfer is energeti-
cally prohibited.

4. d° complexes
4.1. Classification of emitting levels

In contrast to the d*> complexes, where only MC
states of Cr(IIl) are involved in the decay pathway,
states of different orbital parentage, *MC, *MLCT, and
*LC can participate in the excited state depopulation of
d® complexes. A wuseful first step in unraveling the
mechanism is the classification of the emitting state in
terms of orbital parentage. Criteria for classifying the
emitting state as *MC (d—d*), *MLCT (d—=*), or *LC
(m—7*) were advanced many years ago [118] and have
been very useful. They are not, however, sufficient for
assignments in some Rh(IIT) and Ir(IIT) complexes [30].
These criteria include spectral shape and position, and
the effect of ligand and solvent changes on the emis-
sion. The relative order of the three types of excited
states is dependent on the metal ion and the ligands.
*LC emission, exemplified by Rh(phen)3 T, is structured
and resembles the free ligand emission, slightly red-
shifted. In contrast, *MC emission is unstructured and
the energy depends upon the Dq values of the coordi-
nated ligands. Cyclometallation of an azaaromatic lig-
and involves replacement of a coordinated nitrogen by
a carbon atom. This change increases the ligand field
strength markedly. *MC emission corresponds to °T, =
'A, in octahedral symmetry and the broad band is the
result of the geometry change that accompanies the
promotion of a t, electron to an e orbital.

The position of the SMLCT level is sensitive to the
difference between the ligand reduction potential and
the metal oxidation potential [119]. The assignment of
this level is problematical when configuration mixing
with *LC or *MC levels is significant. The structure of
a putative *MLCT emission can closely resemble a ’LC
band [121]. Zeeman splitting patterns obtained under
resonant line narrowed conditions have provided a
useful criterion for distinguishing *MLCT from °LC
emission [30,120]. *MLCT emission spectra in fluids are
invariably structureless. Since the *MLCT spectra ex-
hibit rigidochromic redshifts, the emitting level can be
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3LC or *MC in a rigid glass and *MLCT in a fluid.
Consequently, the level ordering at low and ambient
temperatures may differ.

Macroscopic rigidity does not necessarily imply lack
of environmental motion on the microscopic level.
Ru(II) and Os(II) complexes with polypyridine ligands
in a rigid matrix exhibit thermally induced red shifts
[108,122].

The lifetime has been suggested as diagnostic for the
assignment of the emission [118]. While 3LC lifetimes at
77 K are usually >100 ps and *MLCT and *MC
lifetimes are shorter, this parameter is not always a
reliable guide for characterizing the emitting level. The
magnitude of the radiative rate may be a more useful
quantity [123], but even here mixing between states can
cloud the picture.

Each level is split into a number of sublevels. Under
some conditions, particularly *MLCT emitters at low
temperatures, the differential decay rates of the sublev-
els leads to significant thermal changes in k., At
higher temperatures, the sublevel splittings can be ig-
nored and the manifold treated as a single level, since
the relative populations will not change appreciably
with temperature.

Although the orbital parentage classification is less
valid when excited states belonging to different cate-
gories are proximate, it has proven useful in systematiz-
ing a large body of results. There has been some
question about the validity of the spin designations
[124,234]. In this review no harm will follow from
labeling the states as singlets and triplets.

Emission in Ru(Il) and Os(II) complexes is usually
limited to complexes with at least one azaaromatic
ligand, but *MC emission is obtained in Rh(III) com-
plexes without azaaromatic ligands. The lowest energy
excited level in most Co(III) amines is a MC quintet
state that provides a facile nonradiative relaxation
pathway and explains the absence of emission [[126],
Endicott in [127]]. A conspicuous exception is
Co(CN)2 ~, where the strong field ligand depresses *T,
below °T,. That no emission has been reported from
Fe(II) complexes can also be ascribed to low-lying T,
levels.

4.2. Thermal relaxation

4.2.1. Ru(ll) complexes

The complexes of Ru(Il) have been the subject of
more photochemical and photophysical studies than
any other d® ion. The lifetimes and emission quantum
yields at r.t. and 77 K of more than 200 Ru(II) com-
plexes have been tabulated [4]. The less extensive litera-
ture on the thermal dependence of the decay rates over
a wide temperature range has been reviewed [128] but a
more complete summary of the extant results is col-
lected in Table 2.

The emitting state in Ru(Il) complexes is usually
*MLCT in character. Ru(i-biq)3* is an exception to
this generalization. The assignment of the emission in
this complex as *LC = 'A; is based on the similarity
between the emission spectra of the complex and the
free ligand and the relatively long emission lifetime
[128,129]. Cyclometallation also leads to *LC emission
[130]. The *MLCT energy is a linear function of the
difference between the metal oxidation potential and
the reduction potential of the most easily reduced lig-
and [119]. *MC emission is rare in Ru(II) complexes
and the *MC energy can only be estimated indirectly
from kinetic data. The approach used in assigning the
emitting levels in Ru(NN);* and cis-Ru(NN),Cl,
(NN =bpy, biqg, i-big, DMCH) has been detailed
[129,131]. All three types of emitting levels were iden-
tified, but there is uncertainty in the assignment of the
cis-Ru(i-biq),Cl, emission as a superposition of
SMLCT and *MC.

The main points to be addressed are the reliability of
the thermal activation parameters and the use of these
parameters for the assessment of the relaxation path-
way. Secondary issues are the effect of environmental
rigidity on k., and the connection between the
SMLCT decay rate, photochemistry and the population
of *MC.

4.2.1.1. Ru(bpy)3*. The spectroscopy of Ru(bpy);* has
been critically reviewed [133] and this complex provides
a basis for describing Ru(II) complexes in general. In
this model, thermal equilibrium is established among
the lowest three MLCT sublevels and the k,,, varia-
tion below 77 K is due to the changing population of
these closely spaced levels [11]. The validity of the
equilibrium hypothesis in Ru(bpy)?* and the precise
values of the energy separations within the MLCT
manifold has been questioned [133] but it has been
demonstrated that equilibration is achieved down to 1.4
K at low laser powers, although some departure from
thermal equilibrium obtains at high excitation energies
below 20 K [134]. By combining lifetime and quantum
yield data it was possible to extract the radiative and
non-radiative rates for each of the three *MLCT sub-
levels in Ru(bpy);*t dissolved in polymethyl-
methacralate (PMM) [11]. Assuming thermalization, a
good fit to

k

relax

5.46 x 10.64 x exp <—;(O;>+ 1.47 x 10 exp (_21;)
B B

B 1+ 2ex —ﬂ + ex —@
P\ "1 P\ "%, T
(21)

was obtained. The energies in Eq. (21) are in cm ~ ' and
the preexponential factors in s~!. Since the relaxation

1
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Fig. 2. Temperature dependence of emission lifetime (O) and relative
emission intensity (e) for Ru(bpy)?* in propionitrile—butyronitrile
(4:5 v/v). From reference [46] with permission from the American
Chemical Society.

rates of the individual levels increase with energy, k..«
decreases markedly with temperature below 77 K, but
more slowly at higher temperatures as the level popula-
tions become nearly constant. The emission quantum
yield and lifetime do not change with temperature in a
parallel fashion, as is usually the case, because the
radiative rate increases in the higher energy *MLCT
components more than the non-radiative rate. Several
substituted Ru(bpy)3 = complexes were also successfully
analyzed by fitting to an analog of Eq. (21) [11].

Above 77 K, the equilibrium limit is replaced by the
steady state limit corresponding to Eq. (14). With few
exceptions [135], the transition between rigid and fluid
solvents is accompanied by an abrupt change in life-
time, followed by a plateau where the activation energy
is small, and a high temperature range with a large E,
as shown in Fig. 2 [137]. The transition temperature
interval is usually 20-30 K, solvent dependent and
associated with a rigidochromic shift of the MLCT
emission to longer wave lengths. The correlation of the
spectral and lifetime changes in the region of the rigid
to fluid transition implicates solvent motion as the
source of the abrupt increase in k.., In order to treat
the thermal variation of k., in solvents where the
temperature range spans the change from rigid (slow
solvent motion) to fluid (fast solvent motion) Eq. (14)
must be modified. Eq. (22) was introduced to allow for
solvent motion changes [136].

ko=ko+ B/{1 +exp[C(A/T - 1/TYI} (22)

ky 1s temperature independent and the abrupt change in
the transition region is fitted by the second term in Eq.
(22). This latter term was justified by a specific model
for the effect of solvent motion on k., [51,136]. How-
ever, it could as well describe the k increase induced

relax

by the lowering of the SMLCT-'A, energy gap that is
evidenced by the spectral shift. In any event Eq. (22)
can be viewed as an empirical tool for extracting A,,
E,, A,, and E,, over a temperature range that includes
the rigid to fluid transition. The adequacy of this
approach is validated by the results for Ru(bpy):* in
EM where the E; and A; parameters are nearly the
same in the 84—330 K and the fluid ( > 140 K) ranges
[137].

If the ‘high temperature’ domain is reached in the
slow solvent motion limit, no plateau is observed. A
comparison of the behavior of Ru(big);* in two sol-
vents demonstrates this point; the plateau that obtains
in PB is absent in EM [137].

Most of the results in Table 2 were obtained by
fitting the data in a temperature range where the sol-
vent was fluid and using Eq. (15) with one or two
terms.

The extensive Ru(bpy); * results permit evaluation of
the reliability of the published parameters extracted by
least-squares fitting. With one exception, E, obtained
by single exponential fitting of the Ru(bpy)2* k..., in a
fluid solvent range from 3100 to 4040 cm~' with
A, =10"-10" s—'. E, is a measure of the energy
necessary to reach the crossing between the MC and
SMLCT potential surfaces.

It is clear from Eq. (21) that a fit at low temperatures
will yield an activation energy below 100 cm ~!. The E,
and E, values greater than 100 cm ~' in Table 2 are not
due to thermalization in the three lowest SMLCT levels,
but result from population of higher levels. The
'MLCT level is some 5000 ¢cm~! above *MLCT in
Ru(bpy);* [133] and other thermal decay pathways
must be involved. These include fourth charge-transfer
(®*MLCT,,;,) and *MC levels.

Small activation energies (<1000 cm~!) that are
associated with small 4, (10°-~10° s—!) have been as-
cribed to relaxation through *MLCT,,, [138]. This level
has been identified in the absorption spectrum of
Ru(bpy);(ClO,), at 800 cm ~! above the emitting levels
[134]. E, in pure crystals of Ru(bpy);(PF), is larger
than the solution values and the *MC level is only
accessible above 300 K [43]. A rigid environment does
not necessarily increase E; since the activation energy in
Ru(bpy);Cl,:6H,O is only 3300 cm ! even at high
temperatures.

When Ru(bpy); ™ is embedded in Zeolite and the
decays recorded below 300 K, both E, and A4, are
drastically reduced. A similar reduction of the activa-
tion parameters occurs when other complexes are em-
bedded in Zeolite. The small activation parameters
point to decay via *MLCT,,, as the dominant thermal
relaxation process in the temperature range 195-300 K
[139]. This indicates that *MC cannot contribute to the
thermal decay before *MLCT,,, quenches the emission.
In PMM and boric acid the r.t. lifetime is greatly
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Table 2

Complex Solvent T range (K) ko (s7Y) A; (s7hH E (em™Y) 4, (s7hH E, (em~')  References
Ru(bpy)2* EM 140-240 39x10°  1.9x10™ 3859 [152]
Ru(bpy)2 CH,CL,  200-296 41x10°  45x10° 3560 [39]
Ru(bpy)2* CH,Cl, 220298 38x10°5  0.3x101 3068 [153]
Ru(bpy)2* EM 84-330 32x10°  14x10™ 3950 46x10° 84 [137]
Ru(bpy)2* EM 150-330 22x105  2.0x10" 4040 50x10° 69 [137]
Ru(bpy)2* PB 84-330 24%10°  13x10™ 3960 56x10° 90 [46]
Ru(bpy)2* PC 210-295 0.61x10°  04x10" 3275 [153]
Ru(bpy)2* CA 77-298 0.74x10°  1.73x107 803 500x10° 54 1]
Ru(bpy)2* EM Fluid 54%102 3100 [218]
Ru(bpy)2* Zeolite 195-300 3.8x10°  11x10°5 890 [139]
[Ru(bpy)s](PF,), 350-480 43x105  7.6x10" 5200 [43]
[Ru(bpy)s]Cl,-6H,0 >360 53%10°  3.1x102 3300 80 [43]
Ru(phen)2*+ CH,Cl, 260290 14x10°  3.1x10" 3180 [39]
Ru(bpm)2 + PC 210-322 22%106  64x107 375 [154]
Ru(mmb)3* Zeolite 200-300 43x10° 29x107 533 [139]
Ru(bpz)2 * Zeolite 200-300 41x10°  11x107 765 [139]
Ru(biq)3* PB 784-250 4.5%10° 1.8x 10" 2700 [137]
[Ru(big)](CIO,), 77-480 42x10° %10 3100 [143]
Ru(i-big)3* PB 84-330 1.0x10°  1.0x10" 2580 [46]
Ru(decb)? CH,Cl,  220-298 0.33 % 10° 3x107 1177 [153]
Ru(dmb)3+ CH,Cl, 220-298 0.53x 10° 0.3x10'2 2741 [153]
Ru(bpz)2 * PC 243-330 342x10°  1.4x10™ 3902 [31]
Ru(bpz);* PC 210-295 3.3x10° 8x 102 3325 [154]
Ru(bpz)2 * Zeolite 41x10° 11x10° 765 [139]
Ru(hat);* CH;CN 230-330 2.3x10* 2.1x10 3900 1.0x107 1030 [219]
Ru(BL);* EM 150-298 2.45x10° 2x10° 1128 [144]
Ru(pypm)3* EM 160-295 1.17 x 10° 5%10'3 3340 [147]
Ru(4,4'-dpb)3* PB 90-330 3.8x10° 1.0x 10 4700 8.7x10° 300 [221]
Ru(tpy)3* EM 77-135 12x10°  1.9x10" 1500 [140]
Ru(tpy)2*+ PMM L1x10°  24x10° 23 [142]
Ru(tpy)3* Zeolite 220-290 15x10°  93x10'" 2681 3.9%105 929 [222]
[Ru(tpy)s)(PF,), 77-480 15%10°  1.1x102 2000 [143]
[Ru(tpy),](CIO,), 77-480 2% 10° 2% 10" 1100 [143]
Ru(tsite)3 ™ EM 80-250 1.1x10° 1.6x10'* 2300 2.4x10° 110 [140]
Ru(tpy-SO,Me)3*+ BN 250-ambient 13x 10" 2600 [135]
Ru(4,4'-dpt)3* EM 110-220 1.1x10° 3.0x 10" 2200 2.3x 108 360 [140]
Ru(tpy)(d-etpy)? EM 74x10°  0.5x10" 2720 [141]
Ru(tpy)(bpy)(NCCH;)** PEN 17x10°  2.1x10" 1560 [142]
Ru(tpy)(bpy)(NCCH,)>* PMM 12x10°5  3.1x10° 160 [142]
[Ru(tpy)(bpy)(NCCH.)|(PF,), 15%10°  13x10° 1200 [142]
Ru(bpy)(py)2+ EM 140-240 42x105  23x10% 2758 [152]
Ru(bpy),(bpz)> PC 210-345 2.1% 106 3x107 800 [154]
Ru(bpy),(bpz)>*+ Zeolite 200-300 5.4x10° 19%107 894 [139]
Ru(bpy),(bpm)>* PC 210-345 1.2x107 1107 400 [154]
Ru(bpy),(NMI)3* CH,Cl, 260290 25x10°  1.5%x10" 3500 [39]
Ru(bpy),(AEP)>* CH,CL,  260-290 9.1x10°  45x10" 3240 [39]
Ru(bpy)(py)2+ CH.Cl,  260-290 82x10°5  1.7x10" 3410 [39]
Ru(bpy),(phen)>* CH,CL,  260-290 37x10°  69x10 3580 [39]
Ru(bpy),(biq)>* EM 84-330 14x10°  2.0x107 420 [137]
Ru(bpy),(big)** PB 84-250 1.6x10°  80x107 770 (52]
Ru(bpy),(biq)(CIO,),2H,0 77-480 3% 10 5500 50x107 750 [143]
Ru(bpy),(big)(CIO,), 77-480 1.6x 10> 3600 80x10* 300 [143]
Ru(bpy),(big)(PF),2H,0 77-480 1.5% 109 6x 103 4800 1.6x107 520 [143]
Ru(bpy),(i-biq)** PB 84-330 31x10°  48x10 3850 48x10° 65 [46]
Ru(bpy),(DMCH)** PB 84-250 12x10°  2.6x107 630 (52]
Ru(bpy),(4.4-dpb)> + PB 90-330 37x10°  1.5x10™ 4100 6.7x10° 350 [221]
Ru(bpy),(pic)* EM 140-343 13%10"2 2700 [223]
Ru(bpy),(pyd)3 * CH,CL,  260-290 34%10°  1.5x10™ 2710 [39]
Ru(bpy),(BL)> EM 150-298 5.41 % 10° 2x10° 789 [144]
Ru(bpy),(dhab)>* H,O-HCl  283-363 310 [224]
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Complex Solvent T range (K) ko s7h A, (s7hH E (em™Y)  4,(7YH E, (em~!) References
Ru(bpy),(dhab)>+ D,0-DCl  283-363 630 [224]
Ru(bpy),(dcb)> H,O 283-363 110" 4230 [224]
Ru(bpy),(CO)H* EM 145-300 6.78x10°  1.05x 10" 1870 [225]
Ru(bpy),(CO)D* EM 145-300 135x10°  1.14x10" 1665 [225]
Ru(bpy),(dmb)>* Zeolite  200-300 43%10°  68x107 777 [139]
Ru(bpy),(diaz)** EM 140-250 31x10°  85x10 2271 [152]
Ru(bpy),(diaz)>* Zeolite  208-300 1.8x10°  0.8x102 4008 36.4 % 107 94 [145]
Ru(bpy),(diaz)** Zeolite  208-300 42x10° 63.2x107 1128 [145]
Ru(bpy),(bpt) PB 77-250 35105 4.0x105 260 [146]
Ru(bpy),(bpt) PB 250-298 6.5x107 660 [146]
Ru(bpy),(CN), PB >140 and <140  28x10°  x 10 2400 26x107 450 [136]
Ru(bpy),(pypz)** PC 238-345 101105 95x107 764 [226]
Ru(bpy),(pypz)>* Zeolite  200-333 821x10°  6.04x107 703 [226]
Ru(bpy),(hat)> CH,CN  230-330 133 %5 0.16x 10" 1685 [219]
Ru(bpy),(pypm)>* EM 160-295 118x105  22x107 550 [147]
Ru(bpy),(NPP)>* EM 120-142 12x10°  2.6x10'" 956 [151]
Ru(bpy)(bpm)(bpz)** PC 210-345 L1x10°  28x10° 1415 [154]
Ru(bpy)(BL)3* EM 150-298 1.76 106 4x10° 1417 [144]
Ru(bpy)(bpm)3* PC 210-295 5.1x10°  32x10% 3800 [154]
Ru(bpy)(pypm)3 EM 160-295 1.70x 106 13x107 483 [147]
Ru(bpy)(big)3* PB 84-250 6.4x10°  3.0x107 300 [52]
Ru(bpy)(i-biq)2*+ PB 84-330 29%x10°  43x10 3890 78x10° 110 [46]
Ru(bpy)(bpz)(py)3* EM 160-295 23 %109 9%10° 428 [147]
Ru(bpy)(DMCH)2 * PB 84-250 6.8x10°  12x10° 190 [52]
Ru(bpy)(hat)3* CH.CN  230-330 40x 105 0.11x 102 2728 [219]
Ru(bpy)(hat)3* CH,CN  230-330 40x10°  84x102 3700 44x10" 1260 [219]
Ru(bpy)(4.4-dpb)3* PB 90-330 43x10°  1.2x10 4300 12x10° 480 221]
Ru(bpy)(tap)(hat)> + CH,CN 230-330 46x105  0.97x 102 3245 [219]
Ru(bpy)(bpz)3* PC 210-345 7.4%10° 4%10° 2100 [154]
Ru(bpy)(bpz)2 + PC 243-330 739%10°5  13x10° 1859 31]
Ru(bpy)(bpz)3* PC 243373 6.4%10° 9% 10 4632 §x10° 736 [31]
Ru(bpm),(py)3* EM 160-295 8.7 10° 3x107 4776 [147]
Ru(bpm)(bpz)2* PC 210-345 4.75%10° 8§x10" 3917 [154]
Ru(bpm),(bpz)> + PC 210-345 74%10°  35x10 3850 [154]
Ru(dmb),(py)3* EM 160-295 7.1%x10° 4x10'5 3244 [147]
Ru(bpz)(py)3 EM 160-295 1.06 % 10° 5x10M 4212 [147]
Ru(biq)>(CN), PB <140 and > 140 26x10° 620 [66]
Ru(i-biq),(CN), PB 167-310 8.0x 10" 3800 43x107 640 [66]
Ru(dmb),(decb)>* CH,Cl, 220298 0.65 x 10° 4x10° 447 [153]
Ru(dmb)(decb)3 CH,ClL,  220-298 0.41 % 10° 5x10° 612 [153]
Ru(bpz),(dmb)>+ PC 243-330 9.1x10°  1.9x10° 1426 [31]
Ru(bpz),(mmb)>+ PC 243-330 776x10°  3.0x105 1521 31]
Ru(bpz),(mmb)>+ PC 243373 6.7x10°  9.0x10'* 4720 §x10° 706 [31]
Ru(bpz),(diaz)>** PC 243-283 5.2x10° 1.94x 10" 3627 [31]
Ru(tpm)(4,4’X-bpy)py>*  EM [228]
X =C¢Hs 130-280 0.95 x 10° 3.3x 10" 4030

X=H 130-250 1.3 x10° 0.13x 10" 3000

X =CH, 130-235 1.22 x 106 1.8x 10 3200

X =NH; 130-175 0.77 x 10° 1.1x 10 2450

Ru(phen),(hat)>* CH,CN  230-330 100 % 10° 4%10% 1020 [219]
Ru(tap)(hat)3* CH;CN 230-330 28 x 10° 48 x 102 3127 [219]
Ru(tap)(hat)3 ™ CH;CN 230-330 26 x 10° 93x10'2 3240 2.9% 102 1000 [219]
Ru(tap),(hat)>*+ CH,CN  230-330 23x105  122x10"2 3333 [219]
Ru(tap),(hat)**+ CH;CN 230-330 22x10° 340 x 10" 3490 3.1x10" 1000 [219]
Ru(big),(1Meptr)>* EM 150-300 L1x10°  50x10™ 1930 [229]
Ru(biq),(H3Meptr)> + EM 150-300 12x10°  6.0x10'" 1230 [229]
Ru(big),(3Meptr) EM 150-300 21%105  1.6x10° 340 [229]
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increased, the decay is nonexponential and the photore-
action is suppressed [12,27]. These results underscore
the sensitivity of the decay pathway to the environment
and the temperature range explored.

4.2.1.2. Other complexes. As indicated above, the
Ru(bpy);* E, is nearly the same in both one- and
two-exponential fits over a wide temperature range.
There are few systems where this kind of comparison
can be made, but the Ru(bpy)(bpz);* and
Ru(bpz),(mmb)** results demonstrate that the two
fitting models can yield very different results [31]. The
single-exponential fits are definitely poorer for these
complexes than those obtained by including two-expo-
nential terms. The temperature range was extended
from 330 to 373 K in the two-exponential fit. The
single-exponential fits reflect an average of contribu-
tions from *MC and *MLCT,,, to the decay pathway.
A priori, the two-exponential fits should be more reli-
able and the parameters, E, ~ 4700 cm ~ ! and E, ~ 700
cm ! suggest two parallel decay pathways. The large
E, requires higher temperatures in order to populate
MC.

In a good two-exponential fit, E; should correspond
to the MLCT—-3MC crossover. An E, value exceeding
100 ecm~—! would reflect the 3*MLCT—*MLCT,,
separation.

CN~ is a high field ligand that should raise *MC and
only a small activation energy of 620 cm~' was ex-
tracted in the single-exponential fit of the Ru-
(biq),(CN), decay.

The behavior of Ru(tpy)3 ™ and the derivatives, Ru(t-
site)s* and Ru(4,4'-dpt)3 ", differ markedly from that
of Ru(bpy);™. The sharp break associated with the
rigid-fluid transition in most *MLCT emitters is absent
[140,141]. Furthermore, although 4, is 10* s~ ! E,| is
only 1500-2300 cm ~ ! [135,140]. The small £, would be
consistent with a lowering of the *MC energy produced
by distortion from near octahedral geometry [142]. The
large A, value indicates that *MC is the principle
relaxation pathway.

The effect of the lattice on the activation energy is
seen in a comparison of the [Ru(tpy),]J(PF;), and
[Ru(tpy),](ClO,), results [143]. Changing the PF; an-
ion to ClO; reduces E, from 2000 to 1100 cm~'. A
similar anion effect is obtained in [Ru(bpy),biq]-
(PF¢),2H,O and [Ru(bpy),biq](Cl04),-2H,O crystals.

A single-exponential model of the Ru(bpy)(BL)3*
Koeax gives a good visual fit with £, = 1417 cm ~' [144].
However, 4, =4 x 10° s~ ! is indicative of an average
of two processes.

The qualitative effect of rigidity on Ru(bpy)3 ™ is also
seen in other complexes. In general, k(7T) decreases at
ambient temperatures. Activation parameters for a
number of complexes in solution and in Zeolite are
included in Table 2. Except for Ru(tpy)3 *, single-expo-

nential fits lead to much smaller E, and A4, values in
Zeolite than in a fluid, as discussed in Section 4.2.1.1.
When a double-exponential fit is used, both relaxation
pathways are revealed. The 3MC energy in
Ru(bpy),(diaz)**+ embedded in Zeolite, obtained by a
double-exponential fit, is not exceptionally large [145].
The results of the single- and double-exponential fits
over the same temperature range again demonstrates
the dependence of the interpretation on the fitting
model employed.

Ru(bpy),(bpt)* exhibits anomalous behavior [146].
There are two temperature regions where a redshift is
observed. The lower temperature shift is associated with
solvent motion, but the redshift at 160 K definitely
occurs after solvent motion is fast. The spectral shift
anomaly is reflected in the lifetime behavior and there
are two different activation energies that are both
small. No explanation for this phenomenon has been
advanced.

In an enthalpy—entropy correlation [231] of activa-
tion parameters In 4, is assumed to be a function of E,
for a series of complexes in the same solvent [147] or
for the same complex in different solvents [90,148].
Although, a linear relation is taken to indicate that the
reaction mechanism, in one case [147] Ru(Il) complexes
with small and large E, fall on a line in a Barclay—But-
ler graph. Presumably, there is not a common relax-
ation pathway for the entire group of complexes. This
demonstrates that a linear Barclay—Butler plot is not a
reliable criterion for a common mechanism.

Ru(bpy),(NPP)* is a complex with a cyclometallated
ligand. The emission has been assigned as *MLCT =
'A, localized in the bpy ligand. Replacement of a bpy
by NPP decreases the *MLCT energy in the bpy emit-
ting ligand and increases the *MC energy. The result is
to block population of *MC and E, =956 cm —! [151].
The absence of thermally activated photochemistry is
consistent with failure to populate *MC. No rigi-
dochromic effect is observed in a temperature range
where the solvent viscosity changes drastically.

4.2.1.3. RuA,B3?*, complexes. In Table 3 are series of
complexes where the 4 and B ligands are azaaromatics.
When A = bpy and B =i-biq, the presence of a single
bpy is sufficient to ensure localization in that ligand as
evidenced by the near constancy of 4., and E, for
n=1-3. The n—n* emission in Ru(i-biq)3* is higher in
energy.

The emission energies of Ru(bpy);* and
Ru(pypm)3* are the same and the activation parame-
ters are consistent with relaxation via *MC. In contrast,
in the mixed ligand complexes the emission energy is
somewhat reduced and the activation parameters point
to MLCT,,, as the principal relaxation contribution. If
this interpretation is correct, the *MC—*MLCT energy
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n Aem (NM) E, (cm™1) D, Mo References
Ru(bpy), (i-biq)3*, [46]
84 K 293 K
3 583 608 3960 0.73
2 586 610 3850 0.57
1 586 615 3890 0.51
0 540 543 2580 ¢
Ru(dmb), (decb)3 ™, [153]
77 K 298 K
3 593 618 2741 0.005 0.50
2 642 696 447 <1073 0.047
1 632 657 612 <1073 0.42
0 607 629 1150 0.012 0.26
Ru(bpy), (bpm)3*,, [154]
298 K
3 622 3275 0.029 0.46
2 710 400 <10—*
1 670 3800 <1073 0.07
0 639 3375 0.48 0.71
0.049 ®
Ru(bpy),(bp2)3*, [154]
298 K
3 622 3275 0.029 0.46
2 710 800 <10—*
1 654 2100 0.035 0.18
0.0043 ®
0 610 3275 0.45 0.74
Ru(bpm), (bpz)3 *,, [154]
298 K
3 639 3375 0.048 ® 0.71
2 655 3850 0.091° 0.28
1 633 3917 0.24° 0.51
0 610 3325 0.35° 0.72
Ru(bpy),(pypm)i*, [147]
298 K
3 620 3960 0.0021 0.46
2 649 550 0.0039
1 636 483 0.0066
0 620 3340 0.0078 0.81
Ru(bpy),(BL)3*,, [144]
298 K
3 622 3275 0.0021
2 770 789 <10—* 0.98
1 767 1417 7.6x10~4 0.71
0 762 1128 0.029 0.92
Ru(bpy), (big)3*, [137]
84 K
3 583 4040 0.46
2 ~710 410
0 ~705 2690 0.98
Ru(bpy), (4-4-dpb)3*, (221]
90 K 298 K
3 575 617 3960 0.46
2 600 628 4100 0.50
1 616 631 4300 0.21
0 606 638 4700 0.035

2 LC emission.
b 1241].
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difference in the mixed ligand complexes is larger than
in the homoliganded members of the series. The varia-
tion of the activation parameters in the Ru(bpy),-
(bpz)i*,, series is similar. In none of the other series
included in Table 3 is the distinction between homo-
and heteroliganded complexes so sharply drawn.

Within each of the Ru(bpy),(bpm)3*,, Ru(bpy),-
(bpz)3*,, and Ru(bpy),(BL)?*, series a small E, is
roughly correlated with a relatively small emission en-
ergy, but this correlation is absent n the Ru(bpy),-
(pypm)3 *,, sequence.

The interpretation of the dependence on n is compli-
cated by the fact that the *MC level is influenced by the
totality of the coordinated ligands [152] while the
SMLCT level reflects the difference in the orbital ener-
gies of Ru(Il) and the lowest unoccupied orbital of the
ligand involved in the emission.

When the B ligands do not have low-lying ©* orbitals
that lead to low energy localized *MLCT transitions,
they behave as spectator ligands that have little effect
on krelax [39]

4.2.1.4. Photoreaction and the population of *MC.
MNoe = A1exp( — Ey/kgT)/[ko + Ayexp( — E,/kgT)] repre-
sents the fraction of 3MLCT that decays via *MC
(Table 3) [153,154]. It includes recycling between the
two levels and is not necessarily equal to k,./(ky. + kgp)-
There is no connection between @, 7., and FE,
whether *MC or*MLCT,,, is the principal depopulation
pathway. This might seem to be inconsistent with the
generally accepted notion that photoreaction originates
mainly in *MC. However, competition between reactive
and nonradiative processes in *MC makes a direct
correlation between 7., and &, unlikely.

Appending an aromatic group with a triplet level
slightly below *MLCT leads to a lengthening of the
lifetime by reversible energy transfer [155,156]. When
the aromatic triplet energy is too low for efficient
energy transfer, the situation is more complex. For
example, the emission spectrum of Ru(bpy);* with a
pyrene substituent separated by a methylene group
changes slightly with delay time at 77 K in an alcohol
glass [156]. The emission decay of this complex is
nonexponential and this behavior has been ascribed to
multiple emission. However, the time-resolved emission
is invariant to delay time at r.t.

The luminescence of Ru(bpy),(pztr)* appears to
meet the criteria for multiple emission [70]. Two bands
with varying relative intensities and lifetimes persist in a
fluid solution. The short lifetime is associated with the
590 nm band localized in the pyrazine part of pztr—!.
This decay is very temperature dependent in the inter-
val 120-200 K (4 =2 x 10'°s—!, E=850 cm~'). The
long lifetime emission, presumed to be localized in bpy,
changes little with temperature (4 =6.5 x 10s~ ! E=
80 cm~!). The 710 nm band disappears when the

temperature in EM is lowered from 135 to 90 K, an
unusual result, and the decay becomes exponential.
Multiple emission would be expected to persist at low
temperatures.

Non thermalization between an emissive and a none-
missive level has been suggested for Ru(bpy),-
(dmpbg)** [9].

The picture which emerges from the Ru(Il) results,
contains the following elements: (1) thermalization in
the lowest three *MLCT levels leads to an increase in
k.lax With temperature. An activation energy < 100
cm~ ! is expected; (2) at higher temperatures, two pro-
cesses compete—population of *MLCT,, and *MC
levels. The former process is associated with E, < 1000
cm~! and 4, <10° s~ !, while in the latter process
E,; >2800 cm~'and 4, > 10" s—!. Activation parame-
ters between these limits are due to single-exponential
fits when both processes are competitive; (3) the relative
contributions of the two thermal decay processes de-
pend upon the separation between the lowest *MLCT
and the *MC levels; (4) in mixed ligand complexes
energy transfer to the ligand with the lowest energy
leads to localized emission from this ligand; (5) each
SMLCT level is lowered by solvent motion but the same
ordering still prevails.

4.2.2. Os(Il) complexes

The excited state order in polypyridine complexes of
Os(II) is the same as the Ru(Il) analogs, but the energy
separations are distinctly different. Ligand field
strengths are ~ 30% higher in Os(II) leading to an
increase in the MC energy [3]. At the same time, the
energy of the low-lying *MLCT manifold is reduced.
Consequently, the emission is redshifted in an Os(II)
complex compared with the Ru(Il) twin and the
SMLCT—-3MC gaps are much larger.

The temperature dependence of k., at low tempera-
tures has been fitted to an equilibrium model [158] and
only small E, (<50 cm ~!) are again observed below 77
K.

There are few thermal activation parameters avail-
able for Os(Il) complexes above 77 K (Table 4). Some
of the fits were made with an equilibrium model while
others were steady state. None of the activation ener-
gies exceeds 1000 cm ~!, indicating that the principal
thermal decay pathway is via the SMLCT,,, level [138].
This conclusion is consistent with the large *MLCT-
*MC separations.

Rigidochromic effects obtain in this group of *“MLCT
emitters [159] and the enhanced k,,, induced by sol-
vent motion fits the energy-gap law [160]. The small
population of *MC at 298 K explains the relatively
poor photoreactivity of most Os(I) complexes
[159,161].
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Table 4

Complex Solvent T Range ko s7h A (s7h E (cm™) Reference
Os(bpy)2 ™ EM 210-298 3.70 x 10° 7.2 %107 312 [138]
Os(bpy)2* PB 90-298 0.62 x 10° 6.4 107 330 [159]
Os(bpy)2™ CA 77-298 4.2x10° 1.9x 108 607 [138]
0s(bpy),(CH;CN)2* EM 77-298 2.05x 107 21 [230]
Os(bpy),(dppd)>* EM 77-298 7.5x10° 174 [230]
Os(bpy),(diar)3 EM 77-298 1.55% 106 181 [230]
Os(bpy),(CO)H* EM 145298 7.04 x 10° 1.81 x 10° 890 [225]
0s(bpy),(CO)D* EM 145-298 4.49 % 10° 5.08 x 108 750 [225]
Os(bpy),(CO)CI* EM 145-298 7.34 x 10° 2.73x 108 690 [225]
0s(bpy)(dppe)>* EM 140-298 0.55 x 10° 0.8x 107 291 [138]
Os(bpy),(PPh,me)3 + EM 150-298 0.8 % 109 2.5% 107 492 [138]
Os(phen),(das)>* EM 160-298 1.6 x 10° 1.4x107 600 [138]
Os(bpy),(bpt) ™ PB 90-298 3.9x10° 7.8 x 107 440 [159]

Pairing with the counter ion affects the emission
energy and k.., at ambient temperatures in solvents
with low dielectric constants [242].

Os(biq),Cl, is non-luminescent in a low temperature
glass [162]. This was attributed to a low-lying MC level
due to a small ligand field strength.

4.2.3. Rh(I1l) complexes

Emission from Rh(III) complexes without azaaro-
matic ligands is *MC. The low temperature emission
from Rh(NH;);X** (X =NH;, NCS—, and halides) is
strong and the broad spectra are characteristic of the
3T, = 'A, transition [235,236], as are the emissions
from other Rh(III) complexes without azaaromatic lig-
ands [163].

Even when azaaromatics are coordinated, the large
ionization energy of Rh(III) precludes population of
SMLCT levels at ambient temperatures. The emission is
often *MC, but structured *LC emission is observed in
Rh(bpy);*, Rh(phen); =, and other complexes at low
temperatures [47,164] (Table 5). The relative order of
the *MC and 3LC levels is sensitive to the ligand field
strength of the non-azaaromatic ligands and the
crossover between the emission from 3LC to *MC has
been observed when one NH; in Rh(phen),(NH;)3 " is
replaced by Cl~ [165]. Both *MC and *LC emission is
observed in Rh(phen); * solutions at r.t. [239].

Rigidochromic redshifts are expected for *MLCT
emitters, but comparison of an emission spectrum at
two temperatures, in a glass and a fluid, is not sufficient
to establish rigidochromism. Rigidochromic -effects
must first be distinguished from purely thermal varia-
tions. The change in an emission spectrum with temper-
ature in a crystalline solid exemplifies a thermal effect.
There is a redshift of the cis-[Rh(en),CL,](NO;) emis-
sion spectrum in the solid as the temperature is in-
creased from 77 to 298 K [42]. This is a *MC = 'A,
transition and the spectral change was attributed to
population of a second *MC level with a larger dis-

placement of the potential minimum. A thermal broad-
ening and  blueshift is observed in trans-
[Rh(en),CL](PFy).

The Rh(NH;)i* emission in glycerol is thermally
broadened on the red-edge before the glycerol motion is
appreciable and is not a rigidochromic effect [35]. The
low temperature emission of this complex is broader in
a [Rh(NH;)4]Cl; crystal than in the glass, but there is
no thermal broadening. Other examples of thermally
induced redshifts in a 3MC emitter are trans-
Rh([15]aneN,)(CN);" in both a KBr matrix and an
alcohol—water glass [166], Rh(bpy),Br;" in glycerol [35],
[Rh(bpy),CL](PF) [43], and Rh(dpp),Cl5 [48]. The
identification of an accessible second MC level is perti-
nent to the assessment of the thermal relaxation path-
way [220].

Cyclometallation raises the *MC levels and the emis-
sion in Rh(ppy),(bpy)* and other complexes with ppy
and thpy ligands is 3LC [78,157,168].

Separation of k(T) into k,(7T) and k,, can be made
when 7 and @,, are measured under the same condi-
tions. Both measurements were made at r.t. for
Rh(NH,);CI>*, Rh(en),XY, and Rh(NH,),XY com-
plexes [169—178]. In these reports @, was taken as the
totality of the photoreaction, irrespective of the
product. If k, is relatively small k..., = k(T), k. = D/
7 and k,(T) = k.. — k- In this approach k,(7) rep-
resents all thermal decay that does not lead to
detectable products and may include transitions to
higher *MC levels. Sometimes k,, is the major contribu-
tor to k... at r.t. but not always [171,173,174]. Since
the primary product is assumed to be a five-coordinate
species there is always the question about the relation-
ship between @, and the primary quantum yield, ¢,,.
No consistent isomer effect has been established for
either the absolute magnitudes or the relative values of
the two rate constants.

In one case, measurements carried out over a limited
temperature range yielded the thermal activation
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parameters for k,(7T) in trans-Rh(en),Bry [172]. k,(T)
and k.(T) were adequately represented by one-term
functions, but the different activation energies, 920 and
2225 ¢cm~ !, lead to non-Arrhenius behavior for k(7).
The small temperature interval and few data points make
the fits uncertain.

The inadequacy of a single term fit for the trans-
Rh(en),Brs k(T) suggests that the Table 5 parameters
should be viewed with caution. Two terms were required
for a good fit of the Rh(thpy),(bpy)* and Rh(-
ppy).(bpy) ™ data [168]. For the former complex E, = 900
cm~'and 4,=9 x 10°s~ ",

Comparison of the thermal effect on the emission
decay of several dicyano derivatives of Rh(III) complexes
with macrocyclic amine ligands has been made [166]. It
was concluded that the major effect was due to a strong
coupling mechanism for k,(7). It was also
inferred from molecular mechanics calculations that

trans-Rh(cyclam)(CN);- was more resistant to excited
state distortion than either the cis analog or trans-
Rh([15]ane N,)(CN);, a factor that led to a higher
activation energy.

Although there are few data on the effect of environ-
mental rigidity, the incorporation of Rh(NH;)3*,
Rh(NH;);CI**, and Rh(cyclam)Cly into a crystal re-
duces both E and 4 when compared with a fluid medium.
Since the crystals are not dilute, it is possible that the
activation parameters do not represent purely in-
tramolecular processes.

The behavior of Rh(tpy)3 *, Rh(tpy)(bpy)(py)**+, and
Rh(tpy)(bpy)CI>*, *MC emitters, is noteworthy [125].
The E values are very small in these species. In fact no
Rh(tpy)3 * emission was detectable at ambient tempera-
tures. The change of emission from *LC in Rh(bpy)i * to
3MC in Rh(tpy)3 * is consistent with a distortion induced
ligand field strength reduction when tpy is coordinated.fl

Table 5

Complex Solvent T Range (K) ko (s AGH E (cm™ ) Reference
Rh(NH;)3+ EGW 77-193 5.0x 10* 2x10'° 1500 MC [35]
[Rh(NH.,).](CIO,)5 85295 2.6 % 10* 0.08 x 107 420 MC [207]
[Rh(ND3)](CIO,)5 85-295 1.0 % 10 0.03% 107 518 MC [207]
t-Rh(cyclam)(CN);- MeOH-H,0  77-298 6.4 10° 62x101° 2240 SMC [166]
¢-Rh(cyclam)(CN);" MeOH-H,0  77-298 5.9% 10* 6.3 10° 1120 MC [166]
t-Rh(cyclam)(CN); MeOD-D,0O 77-298 1.6 x 10° 1.3x10° 2300 MC [166]
1-Rh(cyclam)(CN); EGW 77-298 7.1% 10° 9.6x10'° 2830 MC [166]
t-[Rh(cyclam)(CN),](CIO), KBr 77-300 7.5% 103 7.8 10° 1750 SMC [166]
1-Rh([15]aneN,)(CN),)(CIO), KBr 77-300 2% 10* 4.6 108 1670 MC [166]
1-Rh([15]aneN,)(CN); MeOH H,0  77-298 22x10% 7.2 108 1460 MC [166]
Rh(NH,).CP>* H,0 274-300 1890 MC 227
[Rh(NH,)sCI(CIO,), 85-295 9.1x10* 1.3x 107 664 MC [207]
[Rh(ND5)-CI|(CIO,), 85-295 2.1x10° 0.8 x 107 769 MC [207]
[Rh(NH,);Br](ClO,), 85-295 6.9 x 10* 0.5x 107 524 MC [207]
[Rh(ND5);Br](CIO,), 85-295 2.7%10° 0.08 % 107 594 MC [207]
Rh(thpy),(bpy) ™ PB 77-310 1.9x10° 2x 1013 3500 SLC [168]
Rh(ppy),(bpy) * PB 77-310 6.1x10° 2x10" 2600 SLC (168
c-[Rh(bpy),CL,](PF,) 350-536 22 % 10* 7x 10" 4400 SMC [167]
c-[Rh(bpy),CL](PF) 150-300 1.0x 10 1.5% 106 853 MC [167]
¢-[Rh(phen),CL](PF,) 350-536 1.5x10'" 3400 SMC [167]
¢-[Rh(phen),CL](PE,) 150-300 1.4x 10 1.6x 109 860 MC [167]
¢-[Rh(en),CL]J(NOs) 300-497 6x10° 2750 MC [42]
¢-[Rh(en),CL,J(NO) 150-300 5.6% 10* 2% 107 710 MC [42]
1-[Rh(en),CL](PF,) 300-497 2% 10! 3100 MC [42]
7-Rh(en),Bry H,0 280-309 38x10° 920 MC [172]°
Rh(bpy)i* EM 77-310 45% 10 6x1012 2200 SLC 168
Rh(phen)?* CH;CN 10" 2107 SLC 168
Rh(phen)3 ™ Glycerol 185-206 2800 LC [14]2
Rh(4-mephen)3 ~ Glycerol 185-206 2500 SLC [1412
Rh(4,7-me,phen); Glycerol 185-206 2900 SLC [14]#
Rh(4,7-me,phen)3 CH:CN 10" 2410 SLC [168]
Rh(3.,4,7,8-me,phen)3 + Glycerol 185-206 3800 SLC [14]#
Rh(bpy),Bry PG 77-236 43%10* 5% 10" 1740 MC [35]
Rh(tpy)(bpy)(py)* * H,O 275-308 490 SMC [125]
Rh(tpy)(bpy)CI2* H,0 275-308 630 MC [125]

2 From rate of reaction.
® From k(7).
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The Table 5 results suggest that two thermally acti-
vated processes contribute to the relaxation of some
SMC states. One process, characterized by E < 1000
cm~ ' and 4 ~ 107 s~' dominates below ambient tem-
peratures while at higher temperatures a second process
with larger £ and 4 is revealed. There are some com-
plexes that do not appear to conform to this model but
the possibility of fitting errors must be kept in mind. F
and A for *LC emitters are much higher and suggest a
relaxation pathway via *MC.

The decay behavior of the 3LC emitters
Rh(bpy),(phen); *, has been described in Section 2.9.
The decay in a glass at 77 K that was exponential in the
homoliganded pair became nonexponential in the het-
eroliganded species [67]. Examination of the Ir(IIT)
analogues (v. infra) pointed to environmental hetero-
geneity rather than multiple emission as the source of
the nonexponentiality [68].

4.2.4. Ir(Ill) complexes

In an early work, all three types of emission were
assigned to the luminescence of Ir(Ill) complexes in
glasses at 77 K [177]. The emission in both Ir(phen); *
and Ir(tpy)3* at 77 K and r.t. was assigned as *LC
[150]. The levels of different orbital parentage are often
proximate and the ordering very sensitive to small
changes in the ligands [65]. In particular, the structured
spectrum of Ir(5,6-me,-phen),Cl;” was assigned as *LC
and the similarly structured emission from Ir(phen),Cl;
was described as MLCT. The major reason for the
distinction was the large difference in the radiative
lifetimes. The assignment of the Ir(5,6-me,-phen),Cl;
emission *LC has been confirmed, but mixing with
SMLCT is significant [178].

The close similarity between the structured emissions
of Ir(bpy):*, assigned as °LC, and those of
Ir(bpy),(acac)** and Ir(bpy),(MeOH)**, classified as
SMLCT, again indicates that spectral shape is not al-
ways reliable in making the assignments [30]. The 77 K
spectra of Ir(bpy)s ™ and Ir(bpy),(MeOH)3 " in a glass
are identical. However, the five-line Zeeman pattern of
Ir(bpy);* under resonant narrow band excitation sup-
ports a *LC assignment and the absence of such a
Zeeman pattern for Ir(bpy),(MeOH)3* points to
SMLCT emission [30]. The low temperature lifetimes of
the two complexes are very different. The assignment of
the structured emission of Ir(bpy),(acac) as *MLCT
was based on the same approach [243].

In one analysis of the emission from Rh(III) and
Ir(IIT) complexes with cyclometallated ligands, the
structured emission was always interpreted as *LC and
the broad emission as *MLCT [78]. The increased *MC
energy induced by ligand cyclometallation eliminates
MC emission [179], but the energies of *MLCT and
3LC may be so close in cyclometallated Ir(IIT) com-
plexes that the emission can originate in either or both

depending on the ligands and environment [78]. In
Ir(thpy),(bpy)™*, this proximity leads to level inversion
between rigid and fluid media; the emission changes
from *LC at low temperatures in PMM to *MLCT in a
fluid. Level inversion is also evident in Ir(ppy),(NN)*
(NN = bpy, phen) and Ir(bzq),(NN)* [182]. The differ-
ential shift in *MLCT and 3LC with fluidity explains
the change in the Ir(ppy)(bpy);* emission from struc-
tured to unstructured without any major redshift [180].

The emission spectra have been recorded for
Ir(tpy)3* and a derivative in BN over a temperature
range that includes the transition from the slow to fast
solvent motion [49]. The emission of Ir(tpy);+ was
assigned as LC and exhibits no rigidochromic effect.
The emission spectrum in Ir(ttpy)3™ has much less
structure and is redshifted by solvent motion, suggest-
ing *MLCT as the emitting level. Substitution of pyri-
dine on tpy appears to retain the *LC character of the
emission [244], but with an aryl substituent (ttpy) the
structure is reduced [49]. The emitting level in
Ir(ttpy)3 * may involve a contribution from *MLCT. In
both cases there is an inflection in k(7') similar to those
observed in Ru(Il) complexes but the break occurs after
the solvent is very fluid. The origin for this break in a
SLC emitter is not clear.

Only a few activation parameters have been pub-
lished. k(T) has been fitted for the *LC emission of the
tpy and ttpy complexes in BN in the range 95-298 K
[49]. The parameters are: Ir(tpy)3 +, E=1790 cm ~ ' and
A=76x10°s" % Ir(ttpy)3+, E=1040 cm ! and 4 =
22 x 107 s~ 1L,

The effect of environment on the energy levels is also
relevant to the interpretation of multiple emission,
which has been suggested to explain the nonexponential
decay of several heteroliganded cyclometallated Ir(III)
complexes, Ir(bzq),(NN)* and Ir(ppy),(NN)* (NN =
bpy, phen) in rigid glasses [182]. In the multiple emis-
sion interpretation there is incomplete thermalization
between two *MLCT levels. An alternative explanation
for the nonexponential decay involving environmental
heterogeneity has been advanced [78]. In this model the
narrow °LC energy distribution is overlapped by a
broad *MLCT distribution and emission from both
levels is superimposed. In a crystalline environment and
in fluid solutions, the decays are exponential at all
excitation wave lengths, evidence against multiple
emission.

The bpy and phen *LC levels in [Ir(bpy),(phen); _
n?** (mn=1, 2) complexes differ little in energy. In
particular, the origin bands are nearly coincident
[30,68]. Bpy is preferentially excited upon irradiation in
the origin bands, yet both phen and bpy emit in the
same way as when the UV bands are irradiated. If
multiple emission occurred, excitation in bpy would
yield only bpy emission. The inhomogeneous widths of
the bpy and phen energies are larger than the energy
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difference between the centroids of the distributions.
Consequently, in some complexes phen is the lower
while in others bpy is lower. The nonexponentiality in
the emission of the heteroliganded complexes is then
due to environmental heterogeneity.

Ir(bpy),Cl5 is another case of putative multiple emis-
sion from *MLCT and *MC levels [73]. However, non-
exponentiality is found only in rigid media and this
interpretation has been questioned [69].

4.2.5. Re(l) complexes

These complexes are designated as organometallics
since stability requires coordination of ligands like CO
in addition to those bonded in the usual Werner fash-
ion. Nonetheless, the excited states can be described in
terms of orbital parentage as in other d® complexes.
The main effect of CO is to raise the *MC levels and
when azaaromatics are coordinated the d® energy level
model with *MLCT or *LC emission has proven to be
adequate. A rigidochromic effect is again diagnostic of
SMLCT emission [183].

SMLCT emission predominates in fluids, but this
does not require that *MLCT be the lowest level. The
larger radiative rate in *MLCT compared with *LC
means that thermal population of *MLCT can lead to
dominant emission from that level even though higher
in energy [184]. Site heterogeneity often produces time-
dependent emission spectra in rigid media.

keax Of Re(NN)(CO),Cl was fitted to Eq. (16) be-
tween 4 and 77 K with the characteristic *MLCT
sublevel splittings [185].

The emission properties of Re(I) complexes have
been reviewed [65,186,187]. Re(I) tricarbonyl complexes
have received the most attention. Studies of the effect
of temperature on emission properties have usually
been carried out at two temperatures, 77 K and ambi-
ent. Criteria for assigning the emission have been ad-
vanced [188]. In some complexes, the 77 K emission is
3LC but the proximity of *MLCT and *LC coupled
with the rigidochromism of *MLCT leads to level inver-
sion during the rigid-fluid transition [189,190]. In one
complex, Re(DEAS-bpy)(CO),;Cl, the 77 K structured
spectrum becomes broad and structureless at 293 K
without much change in energy [188]. The emission was
assigned as ’LC at both temperatures, but this is
questionable.

In Re(NN)(CO);Cl complexes (NN = substituted
bpy) either *MLCT or *LC emission occurred in a rigid
glass [188]. In one case, emission from both *MLCT
and *LC was resolved in a rigid medium. This could
arise from environmental heterogeneity wherein the
3LC and the broadened *MLCT levels overlap.

The emission spectra of a group of Re(NN)(CO);py™*
complexes, where NN was a methyl or phenyl substi-
tuted phenanthroline, have been recorded at 77 K and
r.t. [191,192]. The order and separation of *LC and

SMLCT was sensitive to substituent changes on the
phen moiety. *MLCT emission was always dominant at
r.t. and the decays were exponential. In a rigid environ-
ment at 77 K some complexes were still *MLCT emit-
ters while others exhibited the characteristic *LC
spectrum. The spectra varied with the excitation wave
length and delay time; nonexponential decay kinetics
obtained. Again, environmental heterogeneity played
an important role in the excited state ordering and
there was no multiple emission. In the time resolved
spectra of some complexes, the broad *MLCT emission
at short delay times was replaced by the structured *LC
emission at longer delay.

The dependence of the decays on temperature was
determined for the same group of complexes in fluid
EM in the 150-315 K range [193]. With one exception
(NN = 3,4,7,8-me,phen), the decay could be fitted by a
one-term equilibrium model with E; = 120-900 ¢m —!
and 4,~10% s—!. The small A4, is consistent with
equilibration. The upper level was not identified but it
might be *MLCT),,,,. When NN = 3,4,7,8-me,phen, a
three-level model was required with E; = 1430 cm !
and E,=130 cm~!. E, was associated with 3*LC
population.

Although *MLCT is usually the lowest excited level
in fluid media, extensive delocalization onto an azaaro-
matic ligand can depress *LC below *MLCT [184]. The
Re(dppz)(CO);Cl emission is *MLCT even though *LC
is lower in energy. This was ascribed to thermal popula-
tion of *MLCT. °LC emission is observed in
[Re(dppz)(CO)5(PPh,)]*. 3LC emission is obtained
when other ligands with extensively delocalized © sys-
tems are coordinated [193,194].

The emission of Re(NN)(CO),(PFy) in PMM and in
crystals (pure and dilute) has been assigned as *LC with
some 'MLCT mixing [196]. There was very little ther-
mal decrease in the lifetime in the 20-298 K range
(r=28.5-33 ps) in the bpy complex. However, when
NN = phen the lifetime was much longer (295 ps) at 20
K, due to decreased mixing with *MLCT. The thermal
quenching of the phen complex emission indicates the
accessibility of another level whose identity could not
be established.

The emission of complexes with cyclometallated phen
(bhq) exhibits some *LC structure at both low and r.t.
with ms lifetimes at 77 K [237]. Similar behavior pre-
vails in Re(CO),(thpy) [195].

The assignment of the ReL(CO),X (L = piperidine,
PPh;; X =Cl, I) emission as *MC is expected in the
absence of an azaaromatic ligand [197]. This assign-
ment was based on the correlation of the emission and
absorption energies. The broad emission spectral posi-
tions do not exhibit the solvent sensitivity characteristic
of *MLCT emission.

In addition to locating the several excited states, the
extensive literature has been focused on identifying
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multiple emissions. The overwhelming majority of pur-
ported multiple emissions in Re(I) complexes have
been in rigid media at low temperatures, but a few
cases have involved fluid solvents. Tricarbonyls with
bisquinoline or pyridine derivatives as ligands exhibit
nonexponential decays in fluid media and are appar-
ently cases of multiple emission involving inhibition of
intramolecular transitions from *LC to *MLCT [71].
There are contributions from both levels in the 298 K
emission spectra.

k.. in Re(I) complexes exhibits a dependence that

nr

follows the energy gap law [198].

4.2.6. Cr(0), Mo(0), and W(0) complexes

In an Ar matrix Cr(CO), emits at 10 K only after
population of T, by sensitization, indicating ineffi-
cient intersystem crossing [199]. Emission of this com-
plex at 340-360 nm was assigned as fluorescence
('T, = 'A)) [200]. In fluid methanol (MeOH) fast dis-
sociation occurs [240] and the emission is quenched,
presumably by the photoreaction. Emission in Mo and
W hexacarbonyls has also been observed in matrices
at 12 K [200]. Thermal quenching is again efficient
and no emission was detected in a glass at 77 K.

Substitution of one CO changes the picture dramati-
cally. Emission in W(CO);L (L=Cl-, Br—, I,
NCO~, CS) in a rigid solution is observed at 77 K
with lifetimes in the 10-15 ps range [201]. Tungsten
pentacarbonyl complexes with pyridine derivative lig-
ands have low-lying *MLCT levels [202,203]. The
SMC-*MLCT order is sensitive to L. When L is py
and some derivatives, MC is the lowest with lifetimes
near 1 ps; the order is reversed in other derivatives
with 15-38 ps lifetimes. @,, is much larger when *MC
is the lower. Emission persists at 298 K for the
SMLCT emitters with thermal activation parameters:
E, =525-1100 cm~! and A4,~10® s—! [203]. The
emission intensity increases with temperature as the
lifetime decreases, indicating involvement of more than
one level. The higher level was assumed to also be
SMLCT and to be responsible for most of the emission
in fluid media. In this picture, the separation between
the two *MLCT levels corresponds to E;. In a few
complexes, the involvement of a low-lying LMCT level
has been inferred [204].

The excited state relaxation in Mo(CO)sL complexes
(L = pyridine derivatives) parallels that in the corre-
sponding W(0) species and was interpreted in terms of
close lying *MC and *MLCT levels [205]. This proxim-
ity again leads to sensitivity of the excited state order-
ing to the substituent on the pyridine ligand. When
SMLCT is lower, the emission persists at r.t. and @,, is
small.

Two bands are present in the r.t. and 80 K emission
spectra of W(CO),(NN) and Mo(CO)(NN) with
NN = phen, bpy and derivatives [77,238]. The lifetimes

of the two emissions are different at 298 K, indicating
incomplete thermalization, and both transitions were
assigned as *MLCT. There is also a dependence of the
293 K emission spectra on the excitation wave length
suggesting multiple emission. *MC emission was ob-
served from W(CO),(X), (X =py, en piperidine) at 77
K [206]. When X was bpy, phen, or substituted phen
SMLCT was lower.

5. Summary and conclusions

The reliability of the thermal activation parameters
is critically dependent on the quality of the kinetic
data and the adequacy of the fitting model. It is essen-
tial to examine decay data over a wide temperature
range in order to separate the contributions of com-
peting relaxation processes. Kinetic arguments are sel-
dom decisive in establishing the pathways for
depopulation of excited electronic states. Nonetheless,
when combined with spectral data they can be very
helpful. Spectroscopic data alone are unreliable be-
cause potential surface barriers to kinetic processes are
not always revealed by absorption spectra.

In Cr(IIl) complexes, relaxation of the lowest ex-
cited state involves MC levels. At low temperatures,
nonradiative processes originating in ’E dominate the
relaxation when “E is lowest. Solvent motion facilitates
excited state relaxation by changing state energies and
potential surface anharmonicities. Back-intersystem
crossing from 2E to *T, is energetically allowed and is
the main source of k(7)) in nearly all of complexes in
this class, but there are some exceptions. The absence
of fluorescence does not rule out back-transfer. Envi-
ronmental heterogeneity in a rigid matrix leads to
nonexponentiality when k(7)) is significant. This is as-
cribed to a distribution of *T,—2E gaps. A crystalline
environment drastically reduces k(7).

Only MC levels participate in the relaxation of d®
complexes without ligands that have low-lying n* or-
bitals. Coordination of azaaromatics introduces lig-
and-localized and metal-to-ligand charge-transfer
states. The ordering of these levels is sensitive to the
ligands and to the environment. The classification in
terms of orbital parentage is an approximation that is
surprisingly useful in systemizing excited state relax-
ation behavior for a wide range of complexes involv-
ing coordination of many different ligands with
varying metal ions.

Interligand energy transfer leads to localization in a
single ligand prior to emission for *MLCT and *LC
emitters. If several levels are proximate environmental
heterogeneity in a rigid medium leads to nonexponen-
tiality and emission from more than one level, but in
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different complexes. This is not multiple emission from
nonthermalized levels in the same complex.

When *MLCT is the emitting level, thermal changes
below 77 K are the result of changing populations
among the three lowest sublevels. Above 77 K, *MC
and a fourth *MLCT level are competing relaxation
pathways. When the lowest excited level is not *MLCT,
emission is quenched within the manifold of *MC lev-
els, while the thermal relaxation of *LC probably in-
volves a *MC level.

Photochemistry is mainly the result of *MC popula-
tion but the quantum yield is not a good indicator of
the efficiency for the population of metal-centered levels
since there is competition between nonradiative relax-
ation and photochemistry in MC.

Ligand Structures
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6. Solvents and abbreviations

BN
CA.
DMF
DMSO
EM
EGW
EtOH
MeOH
PB

PC
PEN
PG
PMM

bpm

bpt

bpy

bpz

bzq

cyclam

butyronitrile

cellulose acetate
dimethylformamide
dimethylsulfoxide
ethanol-methanol 4:1 (v/v)
ethylene glycol-water 2:1 (v/v)
ethanol

methanol
propionitrile-butyronitrile
propylene carbonate
C;H,CN-C,H;CN 5:4 (v/v)
propylene glycol
polymethylmethacralate
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