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I. Introduction

A. Scope of This Review

Most investigations in inorganic photochemistry have
been concerned with classical coordination compounds,
and these have lead to a good understanding of the
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excited-state processes in these complexes. This field
has developed rapidly over the past 30 years, and there
already exist a number of review papers that have
helped capture the vast expansion of its literature.'™!!

Although the photoreactivity of metal carbonyls has
been studied extensively and has been the subject of
several reviews,'"2! the photochemistry of other types
of organometallic complexes remains much less un-
derstood. Only recently have critical summaries ap-
peared on this topic.%?

This review paper is concerned with the luminescence
properties of organometallic complexes and in particular
emphasizes how studies of this nature have been used
to gain valuable insight on the excited-state processes
of these molecules. An indication that this is a rapidly
growing area of interest is demonstrated by the fre-
quency of literature citations. There are very few re-
search papers in this area prior to the mid 1970s, and
a significant fraction of the early reports on lumines-
cence represent rather isolated examples rather than
structured research investigations. It is the primary
purpose of this review to link together these reports and
thus provide a foundation for future studies in this area.
An attempt has been made to be definitive, and the
literature has been extensively searched from 1968 to
1986 via both book and online searches of Chemical
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Abstracts. Furthermore, this review draws attention
to the enormously rich photophysical behavior exhib-
ited by organometallic compounds and describes studies
that have characterized various aspects of emission
phenomena, including multiple luminescence, electro-
chemically generated luminescence, low-temperature
vibronic coupling, room temperature emission,
quenching by energy- or electron-transfer mechanisms,
and chemiluminescence. This review is concerned only
with transition-metal organometallic complexes and
does not include metal cyanides.

B. Types of Excited States in Organometallic
Complexes

Organometallic compounds are known to exhibit
many of the electronically excited states found in co-
ordination compounds. However, the low-valent metal
center and the high degree of covalency associated with
the metal-ligand bond in an organometallic complex
give rise to some notable differences in the excited-state
properties. Like classical coordination compounds, a
great deal of photophysical and photochemical behavior
can be explained with the use of a localized molecular
orbital approach and simple one-electron excitations.
A brief summary of the excited states commonly found
in organometallic complexes is given below.

1. Ligand Field Excited States

Low-lying ligand field (LF) or metal-centered excited
states of organometallic compounds arise from elec-
tronic transitions between the metal d orbitals. As
carbon-donor ligands are high in the spectrochemical
series, the LF transitions of organometallic complexes
are normally observed in the ultraviolet and visible
regions and are at relatively high energies compared to
those of most classical coordination compounds. For
example, the lowest energy t,,%e,” — to,%,! spin-allowed
transition (*A;, — 'T},) of Cr C(S)e appears at 317 nm,?
whereas the lowest energy ty,%,’ — to,%,! spin-allowed
transitions (4A,, — *Ty,) of Cr(ITI) complexes are typ-
ically in the 450-750-nm region.?* Furthermore, the
high degree of covalency associated with the metal-
ligand bond of an organometallic complex means that
the metal-centered d — d transitions incorporate a fair
amount of ligand character. This covalency results in
relatively high molar absorptivities, commonly in the
103-10* M cm™ range, for the LF transitions of or-
ganometallic species. This contrasts sharply with the
molar absorptivities of the d — d bands of classical
coordination compounds, which are typically in the
10-102 M! cm™ range.?* It is also known that exci-
tation into LF states often brings about efficient ligand
dissociation.18

2. Metal to Ligand Charge-Transfer Excited States

Metal to ligand charge-transfer (MLCT) states in-
volve electronic transitions from a metal-centered or-
bital to a ligand-localized orbital. Thus, in a formal
sense this excitation results in metal oxidation and
ligand reduction. These transitions are commonly ob-
served in organometallic complexes because of the
low-valent nature of the metal center and the low-
energy position of the acceptor orbitals in many ligands.
Depending on the metal center and the coordinating
ligands, these transitions may appear in the near-in-
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frared, visible, or ultraviolet regions. Analogous to
classical coordination compounds MLCT transitions are
typically intense (e = 10*-10° M ¢cm™) and both sol-
vent and substituent dependent.

3. Ligand to Metal Charge-Transfer Excited States

Ligand to metal charge-transfer (LMCT) states in-
volve electronic transitions from a ligand-localized or-
bital to a metal-centered orbital. As previously noted,
carbon donors are high in the spectrochemical series,
and this results in large ligand field splitting energies
for organometallic systems. Therefore, many complexes
exhibit LMCT states that are fairly high in energy. As
a consequence, it is generally only the early transi-
tion-metal organometallic complexes in high oxidation
states that exhibit readily identificable LMCT excited
states.

4. Metal to Solvent Charge-Transfer Excited States

Metal to solvent charge-transfer (MSCT) states ori-
ginate from electronic transitions from metal-centered
orbitals to solvent-localized orbitals. In a formal sense
these transitions result in oxidation of the metal and
reduction of solvent, and the energy position of these
states are dependent on the ease of these processes.
Only a few MSCT states have been characterized for
organometallic species and these have usually been in
halocarbon media.

5. Metal to Metal Charge-Transfer Excited States

Metal to metal charge-transfer (MMCT) states arise
from electronic transitions between metal-centered
orbitals of two or more metals. The most characterized
systems involve metal-metal-bonded binuclear com-
plexes formed by coupling two 17-electron moieties. In
these cases the MMCT states are the result of o, — o*
transitions and thus lead to efficient M-M bond
breaking. These bands are typically present in the blue
or near-ultraviolet regions, and their energies are nor-
mally not dependent on solvent. In cluster complexes
the metal-metal excited states are more delocalized over
the core of metal atoms and are relatively poorly
characterized. Furthermore, these states are less con-
sequential with respect to the overall metal-metal
bonding.

6. Intraligand Excited States

Intraligand (IL) states derive from electronic tran-
sitions between orbitals thdt are mainly localized on the
ligand. Organometallic complexes may exhibit IL
transitions that have spectral properties which closely
resemble the free ligand states. This is the case where
upon coordination there is only a minor perturbation
of the ligand orbitals that are involved in the IL tran-
sition. When the IL transition arises from a orbital
involved in the ligand bonding, however, it is usually
of very different character from the free ligand tran-
sition.

I11. Photoluminescence

A. Metal Carbonyls

Metal carbonyl complexes are recognized as being
some of the most light-sensitive inorganic materials, and
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TABLE 1. Emission Characteristics of M(CO)¢®
emission max

(width at T
half-height), e (£10%),
compound 10-% em™? (£20%) us
[(n-Bu),N][Ta(CO)g) 17.20 (3.0) 0.05 23
[PhAs][Ta(CO)] 17.36 (2.2) 0.16 63
[(PhyP);Au][Ta(CO)e] 17.08 (1.8) 0.25 74
[K(diglyme);][Nb(CO),] 17.10 (2.6)

¢Reprinted with permission from ref 25. Copyright 1976 Amer-
ican Chemical Society. ®Recorded from pure powders at 25 K fol-
lowing excitation at 370 nm.

TABLE I1.° Vibrational Band Maxima in the Emission
Spectrum of [Ph,As][Ta(CO)] at 25 K

band max, " - "}, band max, ¥ — L

cm™! cm™} cm! cm!
19212 17848 91
18788 424 17363 (max) 485
18364 424 16970 393
18 242 122 16606 364
18091 151 16167 439
17939 152 15667 500

¢Reprinted with permission from ref 25. Copyright 1976 Amer-
ican Chemical Society.

the mechanisms of their photoreactions have been in-
vestigated in detail for a number of systems. These
complexes are now known to exhibit all of the types of
excited states discussed in the previous section, and, in
fact, the majority of published work on organometallic
emission pertains to these important species. These
luminescence studies have played an invaluable role in
determining the nature of their excited states and their
deactivation pathways. The review of the literature on
these complexes is divided according to the group of the
central metal and presented according to their order
from left to right in the periodic table.

1. Vanadium, Niobium, and Tantalum Complexes

Difficulties in preparing V, Nb, and Ta carbonyls
have precluded many investigations. Notwithstanding,
an extensive study has appeared on the M(CO);” (M =
V, Nb, Ta) species, and this is notable as it represents
the first report of luminescence from an O, d° low-spin
hexacarbonyl complex.?> It has been shown that the
M(CO)s (M =V, Nb, Ta) complexes exhibit low-lying
excited states very similar to those of the much studied
isoelectronic M(CO)s (M = Cr, Mo, W) analogues.?®
Consequently, the lowest energy absorptions in the
hexacarbonyl anions have been assigned to 1A, (to,%,")
— ITy,(tss%,") and 1A1,(to,%,%) — 3T, (ta,%,) LF tran-
sitions.

The luminescence properties of the M(CO),™ species
enable considerable insight to be obtained on the
character of their excited states. Emission has been
determined only from the Nb and Ta salts as powdered
samples at low temperature (see Table I) and has been
attributed to originate from the lowest energy LF state.
It can be seen that although the emission maxima of
the Ta salts are relatively unaffected by the nature of
the counterion, the emission quantum yield (¢,) and
lifetime (7) show some variation. The absence of
emission from the corresponding V compounds is
thought to be an indication that spin—orbit coupling is
an important factor in bringing about efficient radiative
deactivation.
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Figure 1. Corrected emission spectrum of [Ph,As][Ta(CO)]

powder at 25 K. Excitation wavelength is 454 nm. Reproduced

with permission from ref 25. Copyright 1976 American Chemical

Society.
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Figure 2. Temperature dependence of emission quantum yields
(®) and emission lifetimes (O) for [Ph,As][Ta(CO)¢] powder at
25 K. Reproduced with permission from ref 25. Copyright 1976
American Chemical Society.

The emission spectrum of [Ph,As][Ta(CO)g] is par-
ticularly informative as it exhibits clear vibrational
structure (see Figure 1 and Table II). The highest
energy resolved vibrational component is at 19212 cm™,
and this, together with the lowest energy vibrational
component observed in the 25 K absorption spectrum
at 19608 cm™, provides an accurate bracket of the 0~-O
electronic transition. The vibrational progression on
the emission spectrum of this complex (see Table II)
is close to the ground-state Ta-C stretching frequency
recorded at 410 cm™ by infrared spectroscopy. Fur-
thermore, as this value corresponds with the energy
spacing of the vibrational structure in the low-tem-
perature absorption spectrum, it appears that there is
rather little distortion of the excited state compared to
the ground state in these molecules. Both the small
excited-state distortion and the fact that this is the only
observation of emission from a powdered sample of a
low-spin d® octahedral hexacarbonyl can be attributed
to additional mixing of M — 7*(CO) CT character in
the lowest energy LF state of these complexes.

Temperature studies of the emission lifetime (r) and
emission quantum yield (¢,) have been carried out for
the Ta(CO); system, and the results are displayed in
Figure 2.%% The relationship between these emission
parameters may be obtained from the definitions of the
lifetime and quantum yield with respect to the radiative



714 Chemilcal Revlews, 1987, Vol. 87, No. 4

/7Y
-
154 i " ~150
l( !
;o
|
t o
3 P g
2 0 v 00 §
¥ ' - i3
Y F " i ~ P H
e t 3 |
i '
3 i £
t | H 5
R { 1 bt )
8 ! ! i
b
< ) T
o5k N 50
/! v '1
i ’ ’
/ ~- t
! |
"
N

! ok L el
200 250 300 350 400nm

Figure 3. Electronic absorption (---) and emission (—) spectra
of Mo(CO); at dilute concentration in a CH, matrix at 12 K.
Reproduced with permission from ref 30. Copyright 1979 Royal
Society of Chemistry.

(k,) and nonradiative (k,,) decay rate constants (see eq
1-3).

T= 1/(kr + knr) (1)
be = ky/ (R + ky) 2
thus ¢ = k.7 (3)

The data in Figure 2 illustrate a constancy in the
temperature dependencies of 7 and ¢, over the 20-80
K range. Therefore, it can be deduced for these Ta
complexes that &, does not vary significantly with tem-
perature and that spin—orbit coupling must be so large
that a higher energy spin—orbit state cannot be reached
by thermal activation in this temperature range. It is
notable that these results contrast with those obtained
for the isoelectronic d® low-spin Co(CN)¢* system in
which the emission has been thought to originate from
a Boltzmann distribution of A;, T,, T,, and E states
derived by spin—orbit perturbation of the *T, state.?"®

2. Chromlum, Molybdenum, and Tungsten Complexes

A featureless luminescence spectrum (A, = 400 nm)
has been reported from Cr(CO)g in Ar matrices at 10
K; this emission was only observed following triplet
sensitization with toluene, and because of this it has
been attributed to °T;, — A, LF phosphorescence.?
More recently emission has been recorded following
direct excitation of M(CO)g (M = Cr, Mo, W) in frozen
Ar or CH, matrices at 12 K (see Figure 3). The
proximity of this emission to the low-lying absorption
bands has led to its being assigned as Ty, — A, or ITy,
— 1A, fluorescence.® To date, there are no definitive
reports of luminescence from the parent hexacarbonyls
at higher temperatures, which is consistent with rapid
nonradiative deactivation from these complexes. On
the other hand, there are detailed emission data
available from a variety of M(CO);L (M = Cr, Mo, W)
type complexes, and this has greatly enhanced available
knowledge of their electronic structures.

Depending on the nature of the coordinated ligand,
M(CO);L complexes exhibit either LF or d — »*(L)
MLCT excited states at lowest energy in the visible and
near-ultraviolet regions.!41831-4% The d — #*(CO)
charge-transfer transitions are at higher energies in
these complexes. The earliest report of emission for any
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type of metal carbonyl complex concerns a number of
W(CO);sL species either as pure solids or in rigid organic
glasses at 77 K, where L is an amine, pyridine, ether,
or a ketone ligand.®® For each case the emission was
observed to be centered in the 510~-545-nm region and
assigned to a E(e®b,%a;) — 1A,(e*b,?) LF transition.
Although the emission energies are virtually inde-
pendent of L, the lifetimes range from 0.6 to 26 us;!
these values are fairly typical for spin-forbidden lu-
minescence of heavy transition-metal compounds.?2-5
The variations in emission lifetime have been inter-
preted in terms of variations in the nonradiative rate
constant (k,;) as L is changed.’! It was also noted that
the corresponding chromium and molybdenum com-
plexes were not emissive under identical experimental
conditions, and this has been associated with the ab-
sence of a 1A; — 3E absorption feature.® A number of
closely related phosphorous-donor complexes have also
been determined to emit in glasses at 77 K.*’ These
results closely parallel those of the complexes discussed
above with the LF emission maxima independent of
phosphorous ligand and occurring at 530 nm. This is
rather a peculiar finding as the !A;(e*h,?) — 3E-
(e%by%a,?) transitions of the W(CO);(P-donor) complexes
are blue shifted in comparison to the W(CO);(N-donor)
complexes (vide infra).

Interestingly, the emission lifetimes for W(CO);L
complexes, where L is a series of aliphatic amines, ex-
hibit a dependence on the number of hydrogen atoms
attached to.the donor nitrogen ligand. Complexes of
primary amines yield lifetimes at 77 K of approximately
1 us, whereas complexes of secondary and tertiary
amines lie in the 2.6-5.1- and 6.9-25.5-us ranges, re-
spectively.5! This effect is in accordance with the theory
of Robinson and Frosch, which states that the high-
frequency vibrational modes associated with the geom-
etry changes of a molecule (and its local environment)
are the most important with respect to radiationless
deactivation.® In this particular example the amine
N-H stretches may be the key to effective nonradiative
decay. Also, in this connection, studies on a series of
aliphatic ketones have illustrated that the «-CH
stretching modes are a significant factor in the dissi-

pagiiso;; of energy via radiationless T; w— S, process-
€8.%6

Further studies of the emission of W(CO);L com-
plexes in EPA glasses at 77 K have been carried out for
a series of pyridine derivatives.5®%® Several complexes
have been assigned to possess lowest energy LF states,
and these exhibit emission maxima in the 18100~
19700-cm™ region with lifetimes in the 0.82-1.25-us
range. In contrast, when the pyridine ligand contains
a highly electron-withdrawing substituent (e.g., 4-
cyanopyridine), the d — 7*(py) MLCT state is assigned
to be at lowest energy and the emission maxima are
between 15200 and 17 000 cm™ with lifetimes ranging
from 15.0 to 38.3 us. Varying degrees of LF and MLCT
characters have also been noted for the lowest energy
excited states of W(CO);(cis-diazene) complexes.®® The
emission spectrum reported for W(CO)g(cis-azobenzene)
is typical of those attributed to be from a LF state, and
this is shown in Figure 4. Emission of MLCT origin
has also been observed for a number of these W-
(CO);(cis-diazene) compounds but, again, it is at sub-
stantially lower energy.%
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Figure 4. Electronic absorption (curve 1) and uncorrected
emission (curve 2) spectra of W(CO)g(cis-azobenzene) in a 2,3-
dimethylbutane-n-hexane (8:3 v/v) glass at 77 K. Emission
recorded following excitation at 23.2 X 10° em™), Reproduced with
permission from ref 60. Copyright 1978 American Chemical
Society.

Luminescence data have also been obtained from
W(CO);L (L = CI, Br, I, NCO", Ny7) complexes in 77
K glasses.”® Again, the emission of each complex has
been assigned to occur from a LF excited state. In
general, these complexes are less photoactive and ex-
hibit longer lifetimes than the aforementioned neutral
nitrogen- or phosphorus-donor species, and this indi-
cates that the nonradiative deactivation routes are more
favorable for the complexes which undergo efficient
ligand photosubstitution.#55% It has been hypothesized
that the nonradiative decay pathway in these species
may involve rearrangement of the excited state from
a square pyramidal to a trigonal bipyramidal geome-
try. 1861

An extensive study of the electronic, vibrational, lu-
minescence, and magnetic circular dichroism spectra of
W(CO);5(N;)™ has led to a proposed description of the
lowest energy excited-state potential surface for this
molecule.®* This model incorporates a high degree of
configuration interaction between low-lying ligand field
(LF) and azide to metal charge-transfer (LMCT) ex-
cited states. Experimentally determined photoreac-
tivity routes may be rationalized on this model; azide
photodecomposition and CO photosubstitution are
thought to arise from LMCT and LF reaction channels
on the excited-state potential surface. The lowest point
on the potential surface may represent the LF potential
well because the luminescence of W(CO);(N;)™ is similar
to that of other types of W(CO);L complexes which
exhibit LF emission.*"485°

Matrix isolation studies of M(CO);L complexes,
where M = Mo or W and L = pyridine, 3-bromo-
pyridine, pyridazine, piperidine, trimethylphosphine,
or trichlorophosphine, are significant as they have
provided the first reports of fluorescence from substi-
tuted metal carbonyls.?%6263 The absorption and
emission spectra of matrix-isolated W(CO);(pip) (pip
= piperidine) are illustrated in Figure 5. It is notable
that two emission bands were recorded from a number
of the W(CO);L complexes in either Ar or CH, matrices
at 12 K.® The long-wavelength feature (Ap,; = 520 nm)
has been assigned to a °E, — !A; LF phosphorescence;
this energy position and its lifetime (e.g., 3.4 £ 0.2 us
for W(CO)s(pyridine) in a 12 K Ar matrix) are in good
agreement with the earlier studies in glasses at 77
K.515859 The higher energy emission feature (A, = 420
nm) has been attributed to !E, — !A; fluorescence as
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Figure 5. Electronic absorption and emission spectra of W-
(CO)s(pip) isolated in CH, (—) and Ar (---) matrices at 12 K.
Reproduced with permission from ref 63. Copyright 1981 Am-
erican Chemical Society.

it has only a small Stokes shift of approximately 1300
cm™ from the corresponding spin-allowed absorption
band (see Figure 5). Excitation spectra obtained on this
system have provided further evidence for the
fluorescence and phosphorescence assignments.5?
Although the fluorescence lifetime has not been ob-
tained experimentally, it may be estimated with the
application of eq 4.9%% In eq 4 values of ¢; ~1072 and

Tt = PiTraq = ¢f(10_4/5max) (4)

€max ~ D000 may be used to yield 7, ~200 ps at 12 K.
Additionally, as fluorescence has not been observed in
room temperature fluid conditions an upper limit of ¢;
= 10~ may be entered into eq 4, which yields an upper
estimate of the fluorescence lifetime to be 2 ps. Al-
though this procedure for estimating excited-state
lifetimes involves several approximations, it has been
demonstrated to be accurate to £10% for a number of
aromatic molecules.5®

Changing the matrix material has been shown to
affect the fluorescence and phosphorescence, intensities
of W(CO);L in an inverse relationship. When CH, is
replaced by Ar, the fluorescence is decreased, whereas
the phosphorescence increases in intensity (see Figure
5). In a Kr matrix any fluorescence is completely un-
detectable, whereas the phosphorescence is further en-
hanced. This trend is thought to indicate an en-
hancement of intersystem crossing rates because of an
external heavy-atom effect of the matrix material.
Similar observations have previously been made for
benzene and perdeuteriobenzene phosphorescence in
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Figure 6. Top: Experimental emission spectrum of W(CO);(py)
at 10 K. Bottom: Calculated emission spectrum. Reproduced

with permission from ref 69. Copyright 1982 American Chemical
Society.

CH,, Ar, and Kr matrices.%8

Fluorescence has also been determined from W-
(CO)5(PMe;) and W(CO);(PCly) in Ar and CH, matrices
at 12 K. These emission spectra are blue shifted
4000-5000 cm™, in accordance with their absorption
spectra and the increased w-backbonding character of
phosphorus-donor ligands compared to that of nitro-
gen-donor ligands. Phosphorescence of these molecules,
however, is conspicuously absent, and this has been
explained in terms of ineffective internal heavy-atom-
induced spin—orbit coupling in the phosphorus-donor
complexes. These results also suggest that the earlier
observations of emission at 530 nm (which is at the
same energy position as several of the nitrogen-donor
analogues) from W(CO);(P-donor) complexes in glasses
at 77 K* may have arisen from photolysis decompo-
sition products.5?

Vibrational structure in the luminescence spectrum
of W(CO);(py) (py = pyridine) shown in Figure 6 has
been studied in detail.?®’® Although the vibronic
spectral features of W(CO);(py) are regularly spaced at
550 cm’l, there is no ground-state normal mode that
corresponds to this frequency.®%’%72 This effect has
been referred to as the “missing mode effect” or MIME,
as the normal mode that appears to be present in the
emission spectrum does not actually exist. The MIME
effect has been interpreted in terms of a time-depend-
ent picture of electronic transitions by employing a
Franck-Condon analysis;®7® with this analysis and an
estimate of the excited-state displacement (from ex-
perimentally determined preresonance Raman inten-
sities), a calculated spectrum can be derived that is in
good agreement with the experimental data (see Figure
6).8%7 The normal modes that give rise to the 550-cm™
MIME frequency for W(CO);(py) are predominantly
the W-C stretch in the 400-500-nm region, the W-N
stretch at 195 cm™, and the WCO bend at 636 cm™.
Additionally, it has been shown that the MIME effect
can occur under a variety of conditions and that it may,
in fact, not be uncommon.”

High-resolution polarized luminescence spectra have
been obtained from a series of W(CO);L single crystals
in the 1.9-80 K temperature range.”® When L = pyr-
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Figure 7. Corrected emission spectra at 298 K of (a) W(CO);-
(4-AC-py), (b) W(C0)5(4-BN-py), (¢) W(CO);(4-CN-py), and (d)
W(CO)s(4-FM-py); (—) solid, (---) (6-8) x 10° M W(CO)sL in
methyleyclohexane and (~-~) (4-6) X 105 M W(CO);L in benzene.
Intensities are scaled to make maxima equal. Excitation wave-
length is 400 nm. Reproduced with permission from ref 80.
Copyright 1982 American Chemical Society.

idine, 4-methylpyridine, 4-tert-butylpyridine, 3,4-di-
methylpyridine, and 4-aminopyridine, the emission
spectra are observed to be extremely temperature de-
pendent and exhibit distinct sharp-lined fine structure
at low temperature. These spectra have been attributed
to LF luminescence from Ay, 2A,’, and E’ levels that
are derived from spin-orbit coupling of a 3E state. In
addition, these LF emissions are sensitive to the ap-
plication of a homogeneous magnetic field and these
magnetic field effects have been explained in terms of
a reduction of molecular symmetry from C,, to C,.
When L = 3-acetylpyridine, 3,5-dibromopyridine, 3-
benzoylpyridine, and 4-formylpyridine, the observed
luminescence spectra are structureless and not tem-
perature dependent and have been assigned to arise
from lowest-lying MLCT states.

In the above studies luminescence has been detected
from M(CO);L (M = Mo, W) complexes at low tem-
perature either as pure solids, in frozen glasses, or in
a matrix environment. Metal carbonyl complexes were
not thought to emit in room temperature solution be-
cause of rapid ligand dissociation and efficient nonra-
diative relaxation to the ground state.*!® Recently,
however, several reports concerning room temperature
luminescence of M(CO);L. (M = Mo, W) complexes
have appeared.”#? These studies have illustrated that
complexes which possess a MLCT state as the lowest
energy excited state undergo relatively slow radiative
deactivation and that this can be readily detected under
fluid conditions. Hence, only the M(CO);L complexes,
where M = Mo or W and L is a pyridine derivative with
an electron-withdrawing substituent, exhibit lumines-
cence at room temperature; reported lifetimes and
emission quantum yields of the W complexes in me-
thylcyclohexane at 298 K range from 0.25 to 0.46 us and
2.2 X 107 to 7.7 X 1074, respectively.”>? Importantly,
the complexes that emit in room temperature solution
undergo ligand photosubstitution with a much reduced
photoreactivity efficiency.*#82 Emission under fluid
conditions has not been observed from the M(CO);L
complexes in which the LF excited state has been es-
tablished as lowest lying, and these latter complexes
undergo ligand photosubstitution with much greater
photoreactivity efficiency values.
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Figure 8. Quenching of W(CO)s(4-CN-py) photosubstitution
quantum yields (¢) and emission lifetimes () at 298 K by an-
thracene in methylcyclohexane containing 0.05 M ethanol (O °/7;
0 ¢%/¢; A ¢°/¢). Excitation wavelengths are (0) 530, (O) 520,
and (A) 430 nm. The 530-nm wavelength corresponds to MLCT
excitation; the 430-nm wavelength corresponds to excitation into
overlapping LF and MLCT states. Reproduced with permission
from ref 80. Copyright 1982 American Chemical Society.

The observation of room temperature luminescence
has made possible studies of quenching, temperature,
and solvent dependency. Figure 7 depicts the lu-
minescence of W(CO);L. complexes, where L = acetyl-
pyridine (4-AC-py), 4-benzoylpyridine (4-BN-py), 4-
cyanopyridine (4-CN-py), and 4-formylpyridine (4-FM-
py), as solids or in solution at room temperature. On
the basis of energy position and ligand dependence the
luminescence features have been assigned to the MLCT
excited states in these complexes. In nonpolar solvents
the emission lifetimes and efficiencies were noted to be
considerably greater than in the more polar solvents.
This phenomenon has been attributed to an increased
rate of nonradiative decay from the MLCT excited
state; this may be due to collisional deactivation of the
emitting state or, because the energy gap between the
LF and MLCT states is reduced, an increased popula-
tion of the photochemically active LF excited state in
the polar solvents.

An extensive series of quenching experiments have
been undertaken to bracket the energies of the MLCT
states of W(CO);L. For example, the luminescence of
W(CO);(4-AC-py) is quenched by 1,2-benzanthracene
(Et = 16500 cm™)® and acenaphthaquinone (Et =
17900 cm™),% but not by 1,2:5,6-dibenzanthracene (Et
= 18300 cm™) and fluoranthene (Ep = 18500 cm™).%
Thus, it can be concluded that the lowest lying MLCT
transition of W(CO);L lies between 17900 and 18 300
cml. This quenching process is thought to be energy
transfer as the W(CO);L complexes also act as
quenchers at diffusion-controlled rates for benzo-
phenone and biacetyl phosphorescence. The lumines-
cence of W(CO);L is also quenched by dissolved oxygen.
Therefore, both the luminescence and energy-transfer
properties of these complexes indicate that they behave
much like organic triplet donors and acceptors, even
though the heavy metal center precludes a “pure” triplet
description. In metal carbonyls, however, the MLCT
excited state will have substantial ligand character, and
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Figure 9. Emission excitation spectrum of 10™* M Mo(CO);(4-
BN-py) in benzene at 298 K. The excitation spectrum was re-
corded with emission monitored at 640 nm. Reproduced with
permission from ref 82. Copyright 1986 American Chemical
Society.

this will tend to lower the effects of spin—orbit coupling.
The emission lifetime (7) of W(CO);(4-CN-py) has
been shown to be quenched by anthracene according
to Stern—Volmer kinetics with a bimolecular quenching
rate constant (k,) approaching that of the diffusion
limit. This slope is in agreement with that for the
photosubstitution reaction quenching following MLCT
excitation (see Stern—Volmer plot of Figure 8). The
common slope indicates that the emitting state of this
complex is implicated in the photochemical pathway;
that is, chemical reaction occurs from or via this excited
state. Photosubstitution quantum yield data indicate
that a higher lying !A,(e*b,?) — 'E(e®b,%a,!) LF state
is responsible for the photochemistry in these molecules.
Furthermore, quantum efficiency data obtained fol-
lowing 430-nm excitation do not obey Stern—-Volmer
kinetics (see Figure 8). This behavior can be explained
in terms of direct population of this LF excited state
which can chemically react at a rate competitive with
internal conversion to the lower lying MLCT states.®
Temperature-dependence studies of the luminescence
intensity of W(CO);L complexes have indicated be-
havior that is not characteristic of a single emitting
state. These results have been interpreted in terms of
two MLCT excited states in which the higher state is
thermally populated by the lower energy state.®
Several Mo(CO);L complexes, where L = a substi-
tuted pyridine ligand, are also known to luminesce
under fluid conditions.?"82 The emission of the com-
plexes are broad and unstructured and exhibit maxima
in the 630-668-nm region. From the relative position
of the bands in the absorption and emission spectra, the
emission has been assigned to a low-lying MLCT ex-
cited state that is estimated to lie at 19200 %+ 500 cm™
for each complex. Excitation spectra of these complexes
have revealed a wavelength dependence for ¢, and in-
dicate the energy deactivation pathway; an excitation
spectrum of Mo(CO);(4-BN-py) in benzene at 298 K is
shown in Figure 9. The most intense feature in the
excitation spectrum at 455 nm has been attributed to
the low-lying MLCT excited state. The excitation band
at 366 nm suggests the presence of a higher lying excited
state that effectively populates the emitting state. The
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Figure 10. Excited-state schemes for Mo(CO);L complexes.
Vertical and wavy lines depict radiative and nonradiative pro-
cesses, respectively. Heavy horizontal lines denote successive
complex-solvent cage energies as vibrationally excited states relax
(only a few of these lines are shown). Scheme A illustrates energy
degradation proeessesin complexes where the MLCT state is at
lowest energy (e.g., L = 4-CN-py). Scheme B depicts energy
degradation processes in complexes where the LF state is lowest
lying (e.g., L = 3-CN-py). Reproduced with permission from ref
82. Copyright 1986 American Chemical Society.
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minimum in the excitation spectrum at 398 nm corre-
sponds to the energy of the 1A, (e*b,?) — 'E(eb,?a,;!) LF
absorption, implying that this state does not efficiently
populate the emitting MLCT state and that its energy
degradation is by an alternative nonradiative route,
possibly by ligand dissociation.®! Further studies on the
wavelength dependence of photosubstitution quantum
yields have illustrated that these complexes do indeed
undergo efficient LF photochemistry. It has also been
suggested that a triplet LF state which lies very close
in energy to the MLCT state may be reactive.’? Re-
active LF excited states have been determined for the
isoelectronic Ru(NH,);L2* %83 and Fe(CN),L% %2
complexes. .

The photophysical and photochemical properties of
these Mo(CO);L complexes are greatly dependent on
the nature of the ligand substituent.®? For example,
when L = 4-cyanopyridine (4-CN-py), the MLCT ex-
cited state is at lowest energy and luminescence is ob-
served under room temperature solution conditions. In
contrast, when L = 3-cyanopyridine (3-CN-py), the LF
states are lowest lying and no room temperature
emission has been determined. Furthermore, when the
LF states are lowest lying, the quantum yields depict
fairly efficient photoreaction; this may be rationalized
on the basis of the above e*b,? — e%b,%a;! LF assign-
ment, where the weak field (pyridine) ligand is labilized
following population of the metal d,? orbital.2 When
the MLCT states are lowest lying, the quantum yields
indicate substantially reduced photochemistry. Ex-
cited-state schemes summarizing the ordering of the
energy levels and the photophysical and photochemical
properties of these Mo(CO);L complexes are shown in
Figure 10. Schemes A and B of Figure 10 depict energy
degradation processes in complexes where the MLCT
and LF states are at lowest energy, respectively. Thus,
the 4-CN-py complex is representative of Mo(CO);L
complexes that exhibit room temperature luminescence
(scheme A), and the 3-CN-py complex represents those
which have efficient photoreactivity pathways (scheme
B).

A few reports have dealt with the luminescence
characteristics of cis-M(CO) L, complexes, where M =
Cr, Mo, or W and L = pyridine or a substituted pyri-
dine. The cis-W(CO),L, complexes have been reported
to luminesce in EPA or 1:1 toluene/methylcyclohexane

Lees

TABLE II1.° Emission Spectral Data for cis-M(CO),L,
(M = Mo, W) Complexes in Benzene at 298 Kb¢

emission?
half-width,®
complex max, nm  10%cem™  10%,f

¢is-Mo(CO)4(py), 610 2.8 0.1
cis-Mo(CO)(4-Ph-py), 636 3.2 3.0
¢is-Mo(C0)4(3,5-Cl,-py), 645 3.1 0.2
cis-Mo(CO) ((4-BN-py), 665 41 0.4
cis-Mo(CO)(4-CN-py), 650 3.4 1.4
cis-W(CO)4(4-Et-py), 565 5.7 0.5
cis-W(C0),(4-Me-py), 575 6.0 0.3
¢cis-W(CO),(py); 629 5.1 14
cis-W(CO)4(4-Ph-py), 641 65 56.4
cis-W(C0)4(3,5-Cly-py), 678 3.5 0.9
¢is-W(CO),(4-BN-py), >700
¢is-W(C0)4(4-CN-py), >700

¢Reprinted with permission from ref 97. Copyright 1984 Amer-
ican Chemical Society. ’Recorded at 283 K for molybdenum
complexes. °8 X 107%-4 X 10" M deaerated solutions. “Spectra
were corrected for variation in instrumental response as a function
of wavelength. The excitation wavelength is 400 nm. °Width of
emission band at half-height. fMeasured relative to the emission
of Ru(bpy)s?*. Accurate to within £15%.

glasses at 77 K.%® For complexes where L = pyridine,
3,4-dimethylpyridine, or 4-ethylpyridine, the emission
maxima are approximately at 560 nm and the emission
has been attributed to originate from a LF excited state;
these emission energies are close to the 545-nm emission
of ¢is-W(CO),(pip), (pip = piperidine), which clearly
exhibits low-lying LF transitions.®* For complexes
where L = 3-benzoylpyridine, 4-phenylpyridine, 3,5-
dichloropyridine, 3,5-dibromopyridine, 4-benzoyl-
pyridine, and 4-cyanopyridine, the emission maxima are
at lower energies (600-735-nm region), and in each case
they are assigned to a MLCT excited state. In either
type of emission the lifetimes are fairly long (6.2-28.5
us) and the emitting states can be inferred to have
considerable triplet character.® In this connection, no
emission has been detected from the closely related
cis-W(CO) (trans-4-styrylpyridine) complex either as
a pure solid or in solution at 77 or 298 K despite the
MLCT assignment for its lowest energy band.%
Room temperature luminescence spectra have been
obtained from a number of ¢is-Mo(CO),L, and cis-W-
(CO),L, complexes (see Table III).%*” For each com-
plex the emission has been assigned to be from a single
M — 7*(L) MLCT excited state. The emission maxima
shift to lower energies as the L becomes more electron
withdrawing; this energy shift is parallel to that ob-
served in absorption. It is also noted that for any given
ligand the emission energies are ordered Mo > W,
corresponding to the position of the MLCT transition
seen in the absorption spectra. In accordance with the
MLCT assignment the emission energies are solvent
dependent; for example, cis-W(CO),(4-Ph-py), (4-Ph-py
= 4-phenylpyridine) yields emission maxima at 641 nm
in benzene and at 671 nm in tetrachloroethylene.
Analogous to the W(CO);L type complexes emission
was not observed from the cis-W(CO),L, complexes in
more polar solvents. Emission quantum yields for
¢cis-W(CO),L, complexes also show considerable varia-
tion with ligand changes. Accompanying these increases
in emission quantum efficiencies are reductions in the
photosubstitution reactivities of these molecules (see
Table III); this is particularly striking in the case of the
Mo and W complexes where L = 4-Ph-py. A higher
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TABLE 1V.° Emission Data for M(CO),L Complexes in
EPA Solution at 77 K°

band T
maxima half-width  (£10%), &
M L (£50), cm™!  (£50), cm™! us (£20%)
Mo bpy 15250 3440
phen 15660 3150 11.6 0.09
5-CHjz-phen 15 550 3260 13.2 0.08
5-Cl-phen 14400 2940 13.3 0.04
5-Br-phen 14900 3325 9.5
W bpy 15100 3500
phen 15300 3210 11.6 0.05
5-CHyphen 14900 3200 12,5 0.04
5-Cl-phen 14400 2950 7.9 0.02
5-Br-phen 14 400 3340 7.9
en 18320 23.5

¢Reprinted with permission from ref 94. Copyright Elsevier
Sequoia S.A. ’From corrected emission spectra; emission half-
width is the width of the emission band at half-height; excitation
from an argon jon laser at 351.1 and 363.4 nm. ¢Measured relative
to rhodamine B.

lying LF state has been shown to be responsible for the
photochemistry in this system. Apparently the non-
radiative processes that intercommunicate the LF and
MLCT excited states depend on the coordinated ligand
and become much more competitive for the cis-M-
(CO)(4-Ph-py), complexes.”

Several studies have characterized LF and MLCT
excited states in the low-energy absorption system of
M(CO),(a-diimine) complexes.?»?®1% Luminescence
data have been reported for M(CO),L, where M = Cr,
Mo or W and L = 2,2-bipyridine (bpy), 1,10-
phenanthroline (phen), or a derivative of these ligands,
in EPA glasses at 77 K.%197 Early reports of emission
spectra of M(CO),(bpy) (M = Cr, Mo, W) noted that

M(CO)4(bpy)

these molecules underwent rapid relaxation to their
lowest M — 7*(bpy) excited triplet states. These com-
plexes are thus able to undergo emission without sub-
stantial CO dissociation because the photoactive d —
d excited states are higher in energy than the lowest
MLCT state.l91%® Emission data obtained from several
Mo(CO),L and W(CO),L complexes are shown in Table
IV.% The luminescence of W(CO),(en) (en = ethyl-
enediamine) has been assigned to originate from a LF
excited state, analogous to a number of the previously
discussed cis-W(CO),L, complexes. Emission spectra
from the other M(CO),(a-diimine) complexes are at
significantly longer wavelength and have consequently
been assigned to arise from MLCT excited states.
These latter compounds are also emissive as solids at
room temperature with maxima determined in the
14 230-15450-cm™! region.

The photophysical properties of M(CO),(a-diimine)
complexes are especially interesting as they are known
to exhibit dual luminescence features in room tem-
perature solution.!®11!1 Although multiple-state emis-
sion has now been established for a number of classical
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Figure 11. Electronic absorption (—) and emission (---) of 2 X
10™* M Mo(CO)(phen) in benzene at 298 K. Emission spectrum
is corrected for variations in instrumental response as a function
of wavelength, and the excitation wavelength is 400 nm. Re-
produced with permission from ref 110. Copyright 1986 American
Chemical Society.

TABLE V. Emission Maxima for M(CO),L Complexes in
Benzene at 298 K?

emission max,

107 em™
complex high energy low energy

Cr(CO)(bpy) 16.00 12.85
Cr(C0O)4(4,4'-Mes-bpy) c ¢

Cr(CO),(phen) 16.22 12.85
Cr(C0O),(4-Me-phen) 16.30 12.74
Cr(C0),(5-Me-phen) 17.22 12.82
Cr(CO)4(5-Ph-phen) d d

Cr(C0)4(5-Cl-phen) 16.18 c

Cr(C0)(5-NO.-phen) ¢ c

Mo(CO),(bpy) 17.30 12.94
Mo(C0),(4,4’-Mey-bpy) 17.90 13.19
Mo(CO),(phen) 17.33 12.99
Mo(CO),(4-Me-phen) 18.42 13.33
Mo(CO)(5-Me-phen) 17.85 13.11
Mo(CO),(5-Ph-phen) 17.87 12.99
Mo(C0)(5-Cl-phen) 17.55 12.99
Mo(CO),(5-NO,-phen) ¢ ¢

W(CO),(bpy) 17.08 12.97
W(CO0),(4,4’-Meybpy) 17.15 12.99
W(CO),(phen) 17.08 12.97
W(CO0),(4-Me-phen) 16.73 12,79
W(CO)4(5-Me-phen) 17.08 12.74
W(CO)(5-Ph-phen) 16.83 12,94
W(CO0),(5-Cl-phen) 16.10 12.74
W(CO),(5-NO,-phen) c c

¢Reprinted with permission from ref 110. Copyright 1986
American Chemical Society. °Spectra were corrected for varia-
tions in instrumental response as a function of wavelength. The
excitation. wavelength is 400 nm, ‘Emission not observed.
4Complex is thermally unstable, and emission data could not be
obtained.

coordination compounds,!%1% this phenomenon has
been largely unrecognized for organometallic systems,
particularly under fluid solution conditions. Figure 11
depicts the absorption and emission spectra recorded
from Mo(CO,(phen) in benzene at 298 K.!® Similar
dual luminescence features have been reported from a
series of M(CO) (diimine) complexes, and these are
summarized in Table V.10 The dual emission bands
may be associated with the a; — 7*(L) and b, — 7*(L)
y- and z-polarized MLCT absorptions;!%0-104106 the
higher energy transition shows a solvent sensitivity
comparable to that observed in absorption,?61%" and the
lower energy transition appears too red shifted to be
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TABLE VI1.° Spectral Data of High-Energy Emission
Compgnent for Mo(CO),(4-Me-phen) in Various Solvents at
298 K

emission
max, half-width,®
solvent 107 em™? 103 em? 10592
dimethyl sulfoxide 19.45 3.30 8.9
acetone 18.80 3.07 14
ethanol 18.30 3.07 3.2
benzene 18.10 2.7 1.3
trichloroethylene 17.45 1.75 0.9

¢Reprinted with permission from ref 110, Copyright 1986 Am-
erican Chemical Society. °®Spectra were corrected for variations in
instrumental response as a function of wavelength. The excitation
wavelength is 400 nm. ¢Width of emission band at half-height.
4Measured relative to the emission of Ru(bpy)s®*; accurate to
within 15%.

a LF emission. Furthermore, the emission energies for
any particular ligand typically follow the Mo > W > Cr
order that is seen for the MLCT absorption maxima.

Fluid solution luminescence was not observed from
the 5-NOy-phen derivations (see Table V) despite the
MLCT excited state being lowest lying and low quan-
tum yields for photosubstitution.!’® Moreover, it is
noticeable that emission from these complexes has not
been observed at low temperature either.®* The pres-
ence of a nitro substituent on phen apparently provides
an efficient vibrational relaxation route; this may in-
volve M—-N bond breaking as the 5-NO,-phen ligand is
the weakest base of the 5-substituted phen series.!?%12

Solvent dependence of the higher energy emission
band of Mo(CO),(4-Me-phen) is illustrated in Table VI.
This solvent sensitivity is typical of the M(CO),LL (L =
bpy or phen) series. The variations in half-width and
quantum yield data have been attributed to differences
in the degree of overlap of the two MLCT bands; in a
more polar solvent the lower energy MLCT component
overlaps substantially with its higher energy counter-
part. It may also be noted that the M(CO),(en) com-
plexes exhibit !1A; — !E or !A — 3E LF states at ap-
proximately the same energies as the M(CO),(a-di-
imine) complexes®®® but they do not possess low-energy
MLCT excited states or give rise to room temperature
luminescence following !A — 'E excitation. Addition-
ally, the large differences in energy between the two
emission maxima indicate that the lowest lying MLCT
excited state is much more distorted with respect to the
ground state than the other MLCT component.

Emission lifetimes have been determined to be ~350
+ 35 ns for both the high- and low-energy MLCT ex-
cited states of Mo(CO),(4-Me-phen) in benzene at 293
K, and it has been concluded that the two MLCT states
possess considerable triplet character.!’® Previous re-
ports of emission from these M(CO),(a-diimine) com-
plexes in rigid media have placed the emission maxima
in the 14 400-15660-cm™ range (see Table IV). These
maxima are believed to correspond with the low-energy
emission components determined at room temperature,
concordant with observations made from other sub-
stituted group 6 metal carbonyl complexes.8%®” This
energy shift upon cooling was first noted for a series of
CIRe(CO)sL (L = bpy, phen, or a related derivative
ligand) complexes (vide infra) and has been referred to
as “luminescence rigidochromism”.1% The exact cause
of this effect is not clearly understood at the present
time.

Lees
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Figure 12. Luminescence spectra at 293 K in C¢Hg (—) and at
80 K in 2-Me-THF (---) of (a) W(CO),(4,7-Ph,-phen), (b) W-
(CO),(i-Pr-pyca), and (c¢) W(CO),(i-Pr-dab). The excitation
wavelength is 488 nm. Reproduced with permission from ref 111.
Copyright 1986 American Chemical Society.

In contrast to the above bpy and phen complexes,
photophysical measurements of W(CO),(R-dab) and
W(CO),(R-pyca) (R-dab = 1,4-diaza-1,3-butadiene;
R-pyca = pyridine-2-carbaldehyde imine) complexes

H H H
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Q@
R—N N—R N—R
R-dab R-pyca
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have shown only a single emission feature in room
temperature solution.!’! Figure 12 illustrates a com-
parison of the luminescence spectra obtained from
W(CO),L complexes, where L = 4,7-Phy-phen, i-Pr-
pyca, and i-Pr-dab, in benzene at 293 K and in 2-Me-
THF at 80 K. The emission spectra of the pyca and
dab complexes were observed to be dependent on the
excitation wavelength, indicating the presence of two
emitting states under these apparently single emission
bands. These emission features are solvent sensitive
and can be assigned to MLCT transitions analogous to
the corresponding W(CO)(bpy) and W(CO)(phen)
compounds. When the temperature is lowered to 80 K,
the emission spectrum of the W(CO),(i-Pr-pyca) com-
plex exhibits a low-energy component, resembling that
of the bpy and phen complexes. On the other hand, the
emission spectrum of the W(CO)(i-Pr-dab) complex
undergoes relatively minor alternation on cooling. It
may be concluded that the emission spectra of these
W(CO),(a-diimine) complexes are strongly influenced
by the MLCT character of the z-polarized transition;
the mixing of metal d,, and ligand 7* orbitals is much
stronger for the dab complexes than in the bpy or phen
complexes.!1131  The MLCT character of the pyca
complexes lies in between the dab and phen derivatives.
The varying degree of MLCT characters are also shown
to be reflected in the solvatochromism and photo-
chemical properties of these and other closely related
complexes,100-104106,132-13¢ A yery weak third emission
feature has been noted for several of the a-diimine
complexes at room temperature and has been associated
with a 8LF excited state.!10111

The nature of the b, — by* transition is the key to
understanding the photophysical properties of these
molecules. Resonance Raman excitation profiles have
illustrated that MLCT b, — b,* excitation mainly af-
fects the metal-ligand skeletal vibrations of the R-dab
complexes, whereas the internal vibrations of the a-
diimine ligands are affected in the bpy or phen deriv-
atives. The R-dab complexes are considered to undergo
efficient nonradiative decay (hence the absence of the
low-energy emission feature) because these metal-ligand
skeletal vibrations most strongly influence the electronic
integral and therefore the matrix element connecting
the ground and excited states.’®®* Resonance Raman
spectra of the W(CO),(R-pyca) complexes indicate that
the z-polarized b, — by* transition has some MLCT
character and, thus, the R-pyca complexes behave
photophysically like the R-dab complexes at room
temperature. However, in a rigid environment at low
temperature the radiationless deactivation processes of
these molecules are reduced and the emission spectra
are more like the bpy or phen derivatives.}!

Luminescence excitation spectra have been reported
for the low-energy emission feature of W(CO),(4,7-
Ph,-phen) at room temperature (see Figure 13).11! This
result has indicated that the z-polarized b, — b,* and
x-polarized a, — a,* transitions (at 530 and 470 nm,
respectively) contribute substantially to the low-energy
emission feature. Moreover, solvent dependence studies
of the excitation spectra further illustrate the highly
solvatochromic nature of the z-polarized b, — by*
transition.
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Figure 13. Luminescence excitation spectrum of W(CO)(4,7-
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Room temperature luminescence spectra have been
recorded from a series of binuclear (OC)sM(pyz)M’-
(CO); complexes, where M and M’ = Cr, Mo, or W and
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(OC)sM-pyz-M'(CO)g
M, M’=Cr, Mo,orW

pyz = pyrazine.}%1% These complexes exhibit !A;(e*b,?)
— IE(e’by%a;!) LF, 1A, (e*b,?) — *E(e’b,%a,!) LF, and M
— 7*(pyz) charge-transfer states in the visible spectral
region and are particularly noteworthy as the MLCT
transitions are far removed from higher energy LF ex-
cited states. The onset of the emission in the 550-
660-nm region and the 675-722-nm position of the
emission maxima have led to an unequivocal MLCT
assignment. The emission features of these binuclear
compounds are broad (half-widths 2900-3900 cm™) and
fairly weak (¢, = 0.7 X 107 to 6.2 X 107 following
MLCT excitation. It is also noted that all of these
binuclear complexes, including the Cr derivatives, emit
in fluid solution. Emission yields are, however, greater
for the heavier metal complexes, consistent with en-
hancement of a triplet—singlet radiative deactivation
mechanism 137138

Metal-metal-bonded [(Cp)M(CO);3], (M = Mo or W
and Cp = C;H;) complexes have been found to exhibit
two weak emission features in room temperature cy-
clohexane solutions following excitation at 354 nm with
a 9-ps pulse.’®® The lowest energy absorption band of
these complexes is very similar to Mn,(CO);,, which has
been assigned from polarized absorption studies!® and
semiempirical MO calculations'*! to comprise 'A; — 1E;
(dr — ¢*) and !A; — 1B, (¢ — ¢*) M-M localized
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transitions. There are also strong parallels between the
homolytic photochemistries of [(Cp)M(CO);], and
Mn,(CO);,.142 However, an excitation wavelength de-
pendence of the short-wavelength emission bands of the
[(Cp)W(CO);], and [(Cp)Mo(CO);], complexes has
prompted the suggestion that the near-UV absorption
bands include a component involving transitions to the
cyclopentadienyl m*-orbitals. Moreover, the Mn,(CO),,
complex has been shown to not be emissive under
identical experimental conditions, which were sensitive
to detection of 10 emission quantum yields. The
lifetimes of the short- and long-wavelength emission
features are ~10 ps (an upper limit) and 4-5 ns, re-
spectively, and are consistent with spin-allowed and
spin-forbidden radiative decay from the metal—cyclo-
pentadienyl excited states.!®

Recently emission in fluid solution has been reported
from an organometallic complex containing a metal-
carbon multiple bond, the complex having the general
formula [XW(CO),L,(CR)], where X = halide, L = a
donor ligand, and R = phenyl.¥3 For example, [BrW-
(CO)o(TMEDA)(CPh)], where TMEDA = tetra-
methylethylenediamine, emits with an excited-state
lifetime of 180 ns and an emission quantum yield of 5.3
% 10™%. The emission spectra of these complexes exhibit
maxima in the 15630-16 000-cm™ region, and the ra-
diative process has been associated with a lowest lying
metal dm — 7* (alkylidyne) charge-transfer state in
which the 7-conjugation extends into the phenyl =*
system.!44145 Thig hypothesis is supported by the ob-
servation that the emission properties are greatly de-
pendent on the nature of both the R group and L lig-
and. If the phenyl group is replaced by a tert-butyl
group, the complexes are not observed to emit under
fluid conditions; this can be attributed to the loss of
w-conjugation between the alkylidyne linkage and the
phenyl 7* system. Also, replacing L by bpy involves
further coupling of the metal dr — =* (alkylidyne)
excited state with a metal d= — =* (bpy) state, and it
is believed that the latter state may effectively quench
the former one.!*3 In view of the luminescence prop-
erties observed for W(CO),(bpy) (vide supra) it may be
anticipated that these [XW(CO),(bpy)(CR)] complexes
are emissive, albeit weakly.

3. Manganese and Rhenium Complexes

Luminescence has been observed from solid XRe-
(CO); (X = Cl, Br, I) compounds at 25 K (see Figure
14).14¢  On the basis of this emission the lowest ab-
sorption bands in these complexes have been attributed
to ligand field (LF) 1A,(e*b,2) — 'E(e’b,%a;!) and !A;-
(e*by?) — 3E(eh,%a,!) transitions, in accordance with the
assignments previously made for the lowest excited
states of a wide range of low-spin d® complexes.?325147-153
Importantly, the corresponding first-row XMn(CO);
complexes were not observed to emit as pure solids at
25 K, and thus the emission of the Re complexes has
been associated with a spin-forbidden °E — !A tran-
sition. These observations are analogous to those made
for the anionic M(CO)s~ (M = V, Nb, Ta) complexes
(vide supra).?®

Although the emission spectral distribution of XRe-
(CO); is not sensitive to temperature, the emission
quantum yield (¢,) and lifetime (7) are reduced sub-
stantially as the temperature is raised. Plots of ¢, and
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Figure 14. Corrected emission spectra of pure powdered XRe-
(CO); at 25 K. Excitation wavelength is 370 nm. Reproduced
with permission from ref 146. Copyright 1976 American Chemical
Society.

7 over a 25-90 K range indicate that these parameters
have parallel temperature dependencies; this behavior
is again analogous to the previous measurements on
Ta(CO)¢ 2 and illustrate that k, does not vary signif-
icantly over this temperature range. This conclusion
is, however, not consistent!*® with the spin-orbit cou-
pling model for the *E(e?b,?a,!) excited state previously
proposed for isoelectronic Co(IIT) and Ru(IT) complex-
es, 2315415 which should split this Re(I) state into E, A;,
A,, B;, and B, components of varying radiative decay
properties.!46

The emission bands of the XRe(CO); complexes are
especially broad (see Figure 14), suggesting that there
is a large geometrical distortion of the 3E excited state
with respect to the !A, ground state in this system. This
distortion is thought to arise from an elongation of the
X-Re—CO axis upon excitation to the d,?(a;) orbital
which has o* character.?? It may be noted that the
emission band of XRe(CO); is much broader and more
red shifted from the !A; — °E absorption than in the
isoelectronic d® W(CO);(amine) complexes (e.g., see
Figure 4). This can be rationalized by assuming a
greater weakening of the axial Re—~C bond on excitation,
in comparison to that of the W-N bond.!46

Emission has been reported from ClIRe(CO);L (L =
bpy, phen, or a related ligand derivative) complexes in
EPA glasses at 77 K or in room temperature solution.!®
Absorption and emission spectra obtained from ClRe-
(CO)s(phen) are depicted in Figure 15, and the emission
data reported from this series are illustrated in Table
VII. The emission energy position depends substan-
tially on the nature of L, and in each case the emission
has been associated with the lowest lying M — x*(L)
absorption band. The emissive state is thought to
possess substantial triplet character on the basis that
emission was not detected from the corresponding Mn
complexes.

The luminescence characteristics of these ClRe-
(CO);(phen) complexes depend significantly on the
environment; longer lived and more intense emission
has been observed in rigid polyester resins or in EPA
glasses at 77 K as compared to that in room tempera-
ture fluid solution (see Tables VII and VIII).13% This
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TABLE VIL¢ Luminescence Characteristics for CIRe(CO);L Complexes®

emission max,

102 em™! lifetime, us o, (£15%)° ¢, (£15%)

L 298 K 77K 298 K 77K at 298 K at 77 K
phen 17.33 18.94 0.3 9.6 0.036 0.33
bpy 18.87 0.6 3.8
5-Me-phen 17.01 18.83 <0.65 5.0 0.030 0.33
4,7-Phy-phen 17.24 18.18 04 11.25
5-Cl-phen 17.12 18.69 <0.65 6.25
5-Br-phen 17.12 18.69 <0.65 7.6 0.020 0.20
5-NO,-phen d 18.28 11.8 0.033
phen-5,6-dione d 1845 2.5 .
biquin® d 14,58

¢ Reprinted with permission from ref 130. Copyright 1974 Ame

rican Chemical Society. ®Measurements in EPA at 77 K or in CH,Cl, at

298 K. ‘Quantum yields determined in benzene at 298 K. ¢Luminescence is not detectable from these complexes in solution at 298 K.

¢biquin = 2,2’-biquinoline.
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Figure 15. Electronic absorption (left) and emission (right)
spectra of CIRe(CO)(phen) in EPA at 77 K (—) and 298 K (---).
Room temperature absorption maxima are at 26 100 cm™! (¢ 4000)
and 37030 cm™! (e 30600). The low-temperature spectrum is
uneorrected for solvent contraction, and the emissions at 77 and
208 K were not recorded at the same sensitivity. Reproduced with
permission from ref 130. Copyright 1974 American Chemical
Society.

is consistent with a decrease in the rate of nonradiative
deactivation in the rigid media. It is surprising that the
emission energies are not particularly solvent sensitive
(see Table VIII) despite a ~1500-cm™ shift in the M
— 7*(L) absorption band. This effect was also no-
ticeable for W(CO);L complexes (vide supra) and ap-
pears to be a general one for metal carbonyl complexes;
the implication is that while solvent may energy shift
the excited-state potential well it need not necessarily
affect the potential minimum.!® An alternative ex-
planation is that the thermally equilibrated MLCT
excited states of these types of complexes may undergo
varying degrees of distortion depending on solvation
effects.’% More work clearly needs to be done to fully
understand the influence of solvent on excited-state
properties.

The term “luminescence rigidochromism” has been
used to describe the substantial dependence of the
emission maxima on environmental rigidity. These
complexes exhibit a shift of up to ~1500 cm™, de-
pending on the medium rigidity, giving rise to yellow—
green emission in a rigid medium and red-orange
emission in fluid solution (see Table VIII). The cause
of this effect is not fully understood, although with more
complexes recently established as being emissive under
fluid solution conditions, further environmental com-
parisons indicate that it is not uncommon. This effect
may also reflect changes in the shape of the excited-
state potential well.

TABLE VIIL® Environmental Effects on Absorption and
Emission Maxima of C1Re(CO);L Complexes

first emission max,
environment, absorption 10-% em™?
L (T, K) max, 107 cm™ (, us)
phen CH,C, (298) 26.53 17.33 (0.3)
polyester resin (298) 18.52 (3.67)
EPA (77} © 18.94 (9.6)
5-Me-phen benzene (298) 25.65 17.00 (<0.65)
CH,CI, (298) 26.32 17.01
CH,;0H (298) 27.06 17.00
pure solid (298) 18.42
polyester resin (298) 18.48 (3.5)
EPA (77) 18.83 (5.0)
5-Br-phen  benzene (298) 25.32 17.15 (=<0.65)
CH,Cl, (298) 25.84 17.12
CH,0H (298) 26.88 17.04
pure solid (298) 17.83
polyester resin (298) 18.32 (2.2)
EPA (77) 18.69 (7.6)
5-Cl-phen CH,CI, (298) 25.91 17.12
pure solid (298) 17.99
EPA (77) 18.69 (6.25)

¢Reprinted with permission from ref 130. Copyright 1974 Am-
erican Chemical Society.

Although the heavy metal nature of these complexes
precludes describing the lowest energy excited states
of this system as “pure” triplets,!5” in as far as energy-
transfer phenomena are concerned these complexes
behave like organic triplet donors. The CIRe(CO),L
complexes are quenched by both anthracene (Er =
14700 cm™)® and trans-stilbene (E1 = 17500 cm™)158
according to Stern-Volmer kinetics. Accompanying the
CIRe(CO);L quenching is trans- — cis-stilbene isom-
erization, illustrating that it is the triplet excited state -
of trans-stilbene which is involved in the energy-
transfer process.!®® In fact, the obtained trans- —
cis-stilbene isomerization yields are the same within
experimental error as in the benzophenone sensitization
of trans-stilbene,!®® indicating that the intersystem
crossing efficiency is unity'® for these Re compounds.

Time-resolved resonance Raman spectra have been
obtained from fac-XRe(CO)s(bpy) (X = Cl or Br), and
these strongly support the Re — 7*(bpy) CT assign-
ment for the lowest energy excited state.!®! Intense
excited-state Raman signals have been observed that
may be associated with the bpy radical anion and, ad-
ditionally, the amount of charge transferred from Re
to bpy 7* has been estimated to be 0.84 in the lowest
excited state of the CIRe(CO);(bpy) molecule.162
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Figure 16. Emission spectra excited at 410 nm (top) and 250
nm (middle) for ~10* M fac-[(CH;CN)Re(CO)s(phen)(CF;S05)
in EPA. The total emission of phen (bottom) is shown for com-
parison. The spectra are not shown at the same sensitivity. All
spectra are total emission spectra except the two marked
“phosphorescence”, which were recorded with the phosphoroscope
attachment in place. The phosphoroscope allows only the de-
tection of emissions longer than ~50 us. Reproduced with
permission from ref 163, Copyright 1979 American Chemical
Society.

A series of fac-[SRe(CO);L]* complexes, where S =
CH,CN, PhCN, pyridine (py), or piperidine (pip) and
L = 1,10-phenanthroline (phen) or 2,2-biquinoline
(biquin), are known to exhibit multiple emission char-
acteristics.!® The emission spectra obtained for fac-
[(CH;CN)Re(CO);(phen)]* at 77 K and 298 K are
representative of these Re(I) complexes and are de-
picted in Figure 16. The total emission band envelope
at 77 K comprises two emission features; these have
been assigned to Re — n*(phen) CT and = — 7*(phen)
IL excited states. Emission lifetimes at 77 K for these
states are 11 and 75 us, respectively. Use of a phos-
phoroscope that allows detection of only the long-lived
(>50 us) component clearly illustrates the spectral
features of the IL emission (see Figure 16), and this is
attributable to a perturbed 3(x — ) state on the phen
ligand. The total emission spectrum is, however, dom-
inated by the MLCT emission, and at 298 K the ob-
served emission appears to be exclusively Re — 7*-
(phen) character with a lifetime of 0.80 us. In accord-
ance with the MLCT assignment, the emission maxima
depend on S in the order CH;CN > PhCN > py > pip;
i.e., complexes exhibiting the lowest electron density on
Re have the highest energy MLCT state.

The relative intensities of the Re — 7* CT and 3(x
— 7*) IL emissions are largely dependent on the en-
ergetic separation of these two excited states. Internal
conversion between these two states will be controlled
by the degree of electronic and vibronic coupling, but
apparently this is slow in the fac-[SRe(CO)3L]* system

Lees

even when the Re — #* and 3(x — #*) states are close
in energy. The large difference in geometry of these two
excited states is probably the major factor contributing
to this slow interconversion rate. When the energy gap
between the Re — 7* and 3(w — 7*) states is increased,
the vibronic coupling is strengthened and only the
MLCT emission is observable.6? .

A number of studies have been concerned with the
excited-state properties of these exceptionally long-lived
and intensely emissive fac-XRe(CO);L complexes in
solution. It has been established that the lowest energy
MLCT state of fac-CiRe(CO);L (L = bpy, phen, 4,7-
Ph,-phen) undergoes electron transfer to N,N’-di-
methyl-4,4’-bipyridinium (MV?*) or N,N"“-dibenzyl-
4,4’-bipyridinium (BV?*) and forms MV* or BV* (eq
5) as detected by transient absorption!®* or transient

fac-[CIRe(CO);L]* + Q% e
Q** + fac-[CIRe(CO);L1** (5)

Q2+ = Mv2+ or Bv2+

Raman!%® gpectroscopic techniques. Luminescence
quenching measurements have yielded linear Stern—
Volmer plots with bimolecular quenching constants at
the diffusion-controlled limit for these electron-transfer
processes.!%¢ Moreover, the thermal back reaction (eq
6) is also apparently diffusion controlled.

Q** + fac-[CIRe(CO);L]** —
Q** + fac-[CIRe(CO);L] (6)

These spectroscopic results have illustrated that the
excited-state electron-transfer process is essentially the
same as in photoexcited Ru(bpy)s**/MV?* solutions.!%
Furthermore, luminescence quenching measurements
show that fac-[(CH;CN)Re(CO)s(phen)]* on photoex-
citation undergoes a most unusual electron-transfer
mechalgism that results in substitution of CH;CN (see
eq 7).

[(CH;CN)Re(CO)y(phen)]* —
[LRe(CO)s(phen)]* + CH;CN (7)

L= Py, PPhS

The quantum yields for this excited-state electron-
transfer process far exceed unity, and the substitution
reaction proceeds via a 19-electron [(CH;CN)Re-
(CO);(phen)]® intermediate.

In a related study, luminescence quenching experi-
ments on a BrRe(CO)3(bpy)/ethanolamine/dimethyl-
formamide system have implied that a 19-electron
[BrRe(CO)4(bpy)]™ intermediate is involved in the
photochemical reduction of CO,.!%® Transient absorp-
tion spectra for the production and decay of this in-
termediate have illustrated that it may be observed in
the nano- to microsecond timescale and that it reacts
directly with CO,. This system is specific for the
photoinduced reduction of CO, to CO and is efficient
with quantum yields reaching 0.15.

Effects of pressure and freezing on the radiative and
nonradiative decay rates have been studied for ClRe-
(CO)3(phen) and CIRe(CO)4(4,7-Pho-phen) in solvents
of varying polarity.'® The radiative (k,) and nonra-
diative (k,,) decay rates have been obtained from
emission quantum yield (¢,) and lifetime () data, ac-
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Figure 17. Plot of In &, vs. energy of emission band maxima
for (A) CIRe(CO)4(4,7-Phy-phen) and (B) CIRe(CO)y(phen) in
various solvents (0 DMF, ¢ CH;CN, A heptanol, O m-xylene)
in the liquid phase. F.P. represents value immediately before
freezing. Open and solid symbols represent 1-atm data; half-filled
symbols represent data just before freezing. Reproduced with
permission from ref 169. Copyright 1982 American Institute of
Physics.

cording to eq 8 and 9. Here ¢, has been corrected for
solvent compressibility.

kr = ¢e/T (8)
Bo = (1-9¢g)/7 9

Radiative decay rates correlate substantially with the
solvent dielectric constant (¢) over a 10-kbar pressure
range, and this correlation is particularly evident at the
phase transition of the solvent. In nonpolar solvents
k. and ¢ are only slightly changed at the solvent freezing
point, whereas in polar solvents k, and ¢ drop discon-
tinuously. This large drop in ¢ for the polar solvents
on freezing is due to the great reduction in the orien-
tational polarizability of the solvent molecules. From
these results it can be inferred that the transition mo-
ment is affected in a similar manner.

Nonradiative decay rates in both the liquid and the
solid form depend primarily on the energy of the
emission peak, with k. decreasing as the band maxima
blue shift; the data for CIRe(CO);L in several solvents
are shown in Figure 17. This exponential dependence
of k,, on the energy gap between the ground and excited
states is in agreement with proposed theory (eq 10) that

log F(E) = log F(Eo) - [(E - Eo)/nlf; E>E, )
(10

relates the radiationless Franck—Condon factor to the
triplet excited-state energy,!’® where F is the Franck-
Condon factor, E is the triplet ground-state energy, and
E,, 7, and f are molecular constants.!6%7 Ag the
emission maxima move to higher energy, F and there-
fore k,, decrease.

As the pressure is increased, the orientational po-
larizability and consequently the solvent polarity of the
solvent molecules are increased!” and a blue shift is
observed in the emission maxima from either the liquid
or solid phases.’® Accompanying this pressure increase
is a decrease in k., in accordance with the energy gap
expression (eq 10). However, at the phase transition
on freezing, k., actually rises dramatically despite a blue
shift in the emission band. This seemingly anomalous
effect may be interpreted on a potential diagram in
which the ground-state potential well becomes narrower
on solidification (see Figure 18). Evidence for this has
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Figure 18. Potential-energy diagram for ground state (GS) and
excited state (ES) of CIRe(CO)4(phen) complexes in liquid (L)
and solid (S) phases. E, is the energy barrier between the in-
tersection of the ground- and excited-state surfaces. Reproduced
with permission from ref 169. Copyright 1982 American Institute
of Physics.

been obtained experimentally as the emission band
half-widths are greater for the complexes in the solid
phase than in liquid form. In this description the ex-
cited-state potential well crosses the ground-state well
at a higher energy for the liquid than for the solid. The
radiationless transition probability W can be related to

the energy barrier by the following equations.!72173
we SO CERTH D)

= ——exp(-

kgT* = Yoh(w) coth (h(w)2kgT) (12)

Here C? is a constant representing energy parameters
for internal conversion and intersystem crossing, h is
Planck’s constant, kg is the Boltzmann constant, (w)
is the mean vibrational frequency, 2E); is the Stokes
shift, and E, is the energy barrier between the inter-
section of the ground- and excited-state potential energy
surfaces. A narrowing of the ground-state potential well
will result in an increase of W and hence k.
Studies of the energy gap law have been applied to
the MLCT excited state for a series of fac-[LRe-
(CO)3(bpy)](PFg) compounds.l’ Luminescence data
and the derived radiative and nonradiative decay pa-
rameters are listed in Table IX. In this series the
emission energies (E,,) systematically depend on the
o-donor and w-acceptor properties of the nonchromo-
phoric ligand L. From theory by Englman, Jortner, and
Freed!™»!™ 3 relationship has been determined between
the nonradiative rate constant (k,,) and the emission
energy (E,,,) (see eq 13-16).17* Here, wy; is the angular

m b
lnkm=ln60—SM—[%Ee ] [ X0 ] +
th
[ L( )(‘Yo + 1)] (13)
wM
. 1/2
= (2 _
Bo=C wk[ ShenEo ] (14)
| Eem
Yo =1In Suhent -1 b =(RgT /hwy)(vo + 1)
(15)
wy = 27I'VM; SM = 1/2AM2;
1
Xo = Sph(wy) (16)
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TABLE IX.® Excited-State Decay Parameters for the MLCT Excited States of fac-[LRe(CO);(bpy)](PF;) Complexes in

Deoxygenated Methylene Chloride Solution at 296 K

Eem’
L 1078 em™! be 7, ns k,, s Rory 871
Cl- 16.08 0.005 51 9.79 x 104 1.95 x 107
4-(N,N-dimethylamino)pyridine 16.39 0.017 95 1.78 x 10° 1.03 x 107
4-aminopyridine 16.75 0.052 129 4,06 X 10° 7.34 x 108
N-methylimidazole 16.98 0.058 161 3.59 % 10° 5.85 x 108
4-ethylpyridine 17.64 0.18 604 2.96 x 10° 1.36 X 108
pyridine 17.92 0.16 669 2.36 X 105 1.26 x 108
P(CH,), 18.38 0.27 1169 2.32 X 10° 6.23 X 10°
CH,CN 18.66 0.41 1201 3.43 X 105 4.90 x 10°
¢Reproduced with permission from ref 174. Copyright 1983 American Chemical Society.
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Figure 19. Plot of In k,, vs. E,, for the MLCT excited states
of the series of complexes fac-[LRe(CO)3(bpy)](PFy) at 296 K in
methylene chloride solution. Reproduced with permission from
ref 174, Copyright 1983 American Chemical Society.

frequency of the ground-state acceptor vibration, 4 is
Planck’s constant, kg is the Boltzmann constant, T is
temperature, C? is the nuclear momentum matrix ele-
ment for the promoting vibration (or vibrations) of
angular frequency wy that lead to the transition between
states, Sy is a measure of the distortion of wy in the
MLCT excited state, Ay is the fractional displacement
in vibration wy; between the thermally equilibrated
ground and excited states, S;, and wy, are the low-fre-
quency vibration equivalents of Sy and wy, Sy = 1/2A¢%,
a measure of the average solvent vibrational distortion
in the MLCT excited state, and {wy) is mean frequency
for the collective trapping vibrations of the solvent.!72-174
Equation 13 predicts that for this series of complexes
with closely related chromophores (hence C2w, and Spwr,
remain relatively constant) In &, should reduce linearly
with increasing emission energy (E,). This relationship
is indeed observed experimentally (see Figure 19).
An emitting charge-transfer (CT) exciplex has been
reported to be formed between fac-ClRe(CO)4(4,7-
Ph,-phen) as electron acceptor and N,N-dimethyl-
aniline (DMA) as electron donor.” Emission spectra
obtained from fac-CIRe(CO);(4,7-Phy-phen) in decalin
with various concentrations of DMA are shown in
Figure 20. Importantly, the emission does not appear
to be quenched by addition of DMA to the decalin
solution, but it is quenched according to Stern-Volmer
kinetics by adding DMA in acetonitrile. The lack of
emission in acetonitrile solution is consistent with the
quenching of a CT exciplex in a polar solvent because
of its dissociation into ions, as previously noted for

() 2 X 10 M, and (d) 8 x 10 M DMA. Reproduced with
permission from ref 175. Copyright 1980 Elsevier Sequoia S.A.

organic compounds.!’77 These results can be ex-
pressed in eq 17-19. The enthalpy of this CT exciplex
CIRe(CO)3(4,7-Ph,-phen)* + DMA —
[DMA* CIRe(CO),(4,7-Phy-phen)]* (17)
A*

A alkane DMA + ClRe(CO)3(4,7-Ph2-phen) + hy
(18)

Ax DMA* + CIRe(CO)4(4,7-Phy-phen)” (19)

CH,CN

formation has been determined to be —5.7 kcal mol™!
and the energy of A* estimated to be ~48 kcal. This
compares to a value of 51 kcal that has been calculated
for A* from the redox potentials of fac-ClRe(CO)s-
(4,7-phen) and DMA.175178.179 Exciplex formation was
also observed with other amines as electron donors but
not with any electron acceptors.

Excited-state lifetimes have been measured for a se-
ries of fac-[LRe(CO)4(bpy)]* (L = NC(CH,),CHy, n =
0,2,5,6,7,9, 10, 13, 17) species in room temperature
solution.’®® Although the emission is of d — 7*(bpy)
character and thus the alkyl chain is electronically
passive in this system, the emission lifetimes of these
complexes depend substantially on the nitrile chain
length. The lifetime 7 is essentially invariant for n =
0~5, but rises steeply over the n = 6-13 range and then
remains constant for n > 13. This overall increase in
lifetime may exceed a factor of 3 in some solvents;
clearly the MLCT excited-state properties in this series
are greatly perturbed by the length of the nitrile chain.
The lifetime dependence may be interpreted in terms
of changes in the environment about the MLCT excited
state where the longer alkyl groups are able to undergo
a foldback of the chain onto a face of the bpy ligand.
This results in displacement of the solvent, and the
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Figure 21. Total corrected emission spectra of ~107* M ClRe-
(CO);(4-BN-py), in solution following excitation at 330 nm. The
298 and 77 K emission spectra are not shown at the same sen-
sitivity. Reproduced with permission from ref 181, Copyright
1978 American Chemical Society.

varying solvent contact significantly influences the rates
of nonradiative decay from the MLCT excited state.
Short chains (n < 5) are unable to fold back, medium
chains (6 < n < 13) are able to interact with the bpy
ligand, and long chains (n > 13) can completely cover
one bpy face. It has been estimated, with the use of
space-filling molecular models, that when n = 9 ap-
proximately 50% of the bpy face is shielded from sol-
vent contact, whereas when n = 13 almost all of a bpy
face is solvent shielded.!®0

Luminescence properties of the closely related fac-
XRe(CO);L, (X = Cl, Br, or I and L = a pyridine de-
rivative) complexes depend substantially on the nature
of the coordinated ligand L.18:182 A comparison of the
emission spectra of fac-ClRe(CO);L,, where L = 4-
benzoylpyridine (4-BN-py) and 3-benzoylpyridine (3-
BN-py), is illustrated by Figures 21 and 22.18! As in
the previously discussed fac-[SRe(CO),L]* complexes,
these room temperature emissions are broad and un-
structured and are typical of those from a Re — 7*(L)
excited state. The lifetimes of ~0.5 us at 298 K are
consistent with this MLCT assignment. These com-
plexes differ greatly, however, in their emission char-
acteristics at 77 K. When L = 4-BN-py, the emission
feature remains unstructured, but intensifies and sub-
stantially blue shifts (see Figure 21); this appears to be
another example of the luminescence rigidochromism
effect on the ML.CT state. The emission lifetime of this
compound at 77 K is 39 us. In contrast, when L =
3-BN-py, the emission becomes much more structured
on cooling to 77 K and exhibits features resembling
those of the free ligand (see Figure 22). Hence, the total
emission spectrum at 77 K may be attributed to consist
of Re — 7*(L) and 3(n — 7*) IL excited states. The
lifetimes of these emission components at 77 K are 18
and 1400 us, respectively, in support of the above as-
signments. The similarity of the IL and free ligand
spectral features (see Figure 22) indicates that the (n
— =*) IL state is only slightly perturbed from that of
the corresponding state in the free ligand. Multiple
emission from the 3-BN-py complex illustrates that the
MLCT and IL excited states are not thermally equili-
brated at low temperature, even though they have been
determined to be close in energy. When the energy gap
between these states is increased (i.e., when L = 4-BN-
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Figure 22. Corrected emission spectra of ~10* M ClRe-
(CO)4(3-BN-py), and ~ 10" M 3-BN-py following excitation at
330 nm. The spectra are not shown at the same sensitivity. All
spectra are total emission spectra except the one marked
“phosphorescence”, which was recorded with a phosphoroscope
in place during spectral acquisition. The phosphoroscope allows
only the detection of emission longer than ~1.0 ms. Reproduced
with permission from ref 181. Copyright 1978 American Chemical
Society.

py), the vibronic coupling is strengthened and only
MLCT emission is observed.!6318!

Similarly, a variable mixture of Re — »*(L) CT and
3(x — 7*) IL characters have been assigned to the em-
issive states of fac-XRe(CO);L, complexes, where X =
Cl, Br, or I and L = 4-phenylpyridine (4-Ph-py) or
4,4’-bipyridine (4,4’-bpy).182 The L = 4,4-bpy com-
plexes may be described as “pure” MLCT emitters,
whereas the L = 4-Ph-py complexes have considerable
mixing of IL character in the lowest energy excited
state. A further interesting aspect of the emission from
the L = 4-Ph-py complex is that despite the MLCT and
IL assignment only one lifetime has been recorded at

. 77 K, in contrast to the above L. = 3-BN-py complex.

This has been attributed to substantial mixing of the
Re(dw) — 7*(L) and = — =* states in the former com-
plex, whereas in the latter compound the Re(dx) —
7*(L) state may not be greatly perturbed by the n —
=% IL state.

Mixing of the MLCT and IL excited states in the
fac-ClRe(CO);4(4-Ph-py), complex is also reflected in the
reported radiative (k,) and nonradiative (k,,) decay
constants. For this complex in EPA from 298 to 50 K,
k. decreases from 6700 to 2100 s, and k,, decreases
from 6.6 X 10° to 2.1 X 102 s71.180 These results are in
contrast to those observed for Ta(CO)s 25 and XRe-
(CO)sM¢ in which k, was invariant with changes in
temperature and the luminescence was assigned to a
single excited state (vide supra).

The protonated form of the above fac-ClRe(CO);L,
complexes are notably not emissive under room tem-
perature solution conditions.!® The absence of solution
emission from the protonated complex may either be
due to increased vibrational relaxation or because of an
electron-transfer mechanism to the attached proton.
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Figure 23. Representation of solvent dependencies of state
geometries and transition energies relative to the ground state
in fac-XRe(CO);L, complexes. Reproduced with permission from
ref 182. Copyright 1979 American Chemical Society.

Unusual solvent effects have been reported for the
luminescence of fac-XRe(CO);L, (L = 4-Ph-py, 4,4’-
bpy) complexes. Emission maxima of these compounds
are blue shifted between 500 and 1000 cm™ in benzene
compared to acetonitrile, despite a >2000-cm™! shift to
the red for the Re — 7*(L) absorption band in the same
solvents. This apparent contradiction may be reasoned
on a potential-energy diagram (see Figure 23) in which
solvation effects on equilibrium geometry of the !MLCT
and *MLCT excited states are described with respect
to the ground state.!®? In this qualitative scheme the
excited state is shown to undergo a compression of the
Re-L bond concordant with the induced dipole pro-
duced on MLCT excitation. The absorption and
emission energies are thus solvent shifted in opposite
directions. It should be recognized, however, that a
potential-energy description involving the formation of
a longer Re-L bond in the MLCT excited states would
equally account for the observed absorption and
emission solvent dependencies.

Luminescence measurements of fac-XRe(CO);L, (X
= Clor I and L. = 4-BN-py or 4-AC-py) complexes have
illustrated that the lowest lying MLCT excited state
may be quenched via an electron-transfer process.!8
The mechanism of reaction is similar to that discussed
above for the closely related fac-XRe(CO);L (L = bpy
or phen) compounds. A significant feature of this re-
action is that the coordinated ligand is able to undergo
a redox process and these excited complexes can be
used to efficiently sensitize the photoreduction of ke-
tones to alcohols.

A series of Re(I) complexes of the general formula
[Re(CO)4(bpy)Ly] (PF;), where L is a tertiary phosphine,
have also been reported to luminescence strongly in
fluid media.!® The emission maxima of the complexes
correlate well with the quantity AE, 5, where AE; ), is
the difference between the reduction potential for the
Re(IT) /Re(I) couple and the ligand-based (0)/(1-) re-
duction. Correlations of this type have also appeared
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in the literature for classical coordination systems.!8

Recently luminescence has been observed for a num-
ber of (C;H,R)M(CO),L. (M = Mn or Re, R = H or CH,,
and L = a series of pyridine derivatives) complexes in
room temperature solution.!® This finding is unusual
as it represents the first determination of radiative
decay from a Mn carbonyl complex under fluid con-
ditions. For each complex the emission has been as-
sociated with the lowest lying M — 7*(L) absorption
system,186.187

Metal-metal-bonded Re,(CO)g(phen) has been de-
termined to emit at A, ~650 nm in EPA at 77 K.188
The lowest energy absorption band has been assigned
to a (M-M)g, — x*(L) CT transition and not to o, —
o* or dr — o* transitions as this band is sensitive to
changes in the nature of ligand, solvent, and tempera-
ture. The 95-us emission lifetime and ~ 1072 emission
quantum vield strongly support this MLCT assighment
and suggest that the emitting state has considerable
triplet character. Emission has also been observed from
the pure solid complexes but not from the corre-
sponding Mn complexes under comparable experimen-
tal conditions.

Emission properties of the closely related metal-
metal-bonded PhyGeRe(CO);(phen) and Phs;SnRe-
(CO)s(phen) complexes have been investigated.!*%1% Ag
in the above system, these complexes exhibit emission
from low-lying metal-metal o, — 7*(L) excited states;
however, in this case the emission is detectable under
room temperature solution conditions. Although these
complexes undergo efficient photodissociation at 298
K (¢ ~0.25), the obtained emission quantum yields and
lifetimes are ~107% and ~2 us, respectively. Quenching
experiments have established that photoreaction (Re—
Ge or Re-Sn bond breaking) and emission both occur
from the metal-metal ¢, — 7*(L) excited state. Rate
constants (k*;;,) for conversion of this excited state to
photoproduct have been calculated from the emission
lifetimes and reaction quantum yields and are 1.0 X 10°
and 1.3 X 10° s7! for the Ge and Sn compounds, re-
spectively. It has been estimated that this represents
at least a 101 enhancement in the excited-state reaction
rate for the dissociation of Re—Ge or Re-Sn bonds as
compared to the ground-state reaction for these com-
plexes.!®® The corresponding Mn complexes have also
been determined to emit, but only in 77 K EPA solu-
tions; emission yields and lifetimes are ~6 X 10 and
~0.4 us, substantially lower than those for the Re
analogues.’®® These Mn complexes emit at higher en-
ergies than the Re derivatives, and they strongly overlap
with the lowest energy absorption. These observations
have led to the suggestion that the emission from the
Mn complexes may arise from the lowest lying metal-
metal o, = 7*(L) charge-transfer singlet state.

Emission has been characterized from the mixed-
valence [Cl(OC)s;Re(bpym)Ru(bpy),](PFe) (bpym =
2,2”-bipyrimidine) dimer complex as a solid at 77 K, but
is notably absent from the solid [C1(OC);Re(bpym)-
Re(CO);Cl] dimer, even as low as 4 K.!®® The lack of
emission from the latter complex is unexpected as the
corresponding monomeric species CIRe(CO)s(bpym)
exhibits an intense MLCT emission (., = 567 nm) in
room temperature solution, and other bridged struc-
tures such as (OC);W(pyz)W(CO);5'%6137 or (bpy);Re-
(bpym)Ru(bpy),** !%2 complexes emit from their lowest
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TABLE X.° Emission Properties of Polynuclear Rhenium Carbonyl Hydrides

solvent conditions E...b Avy

complex (T, K) cm™? cm™? N 7,9 us
H,Re(CO),, pure solid (298) 13700 2000 1.02
pure solid (77) 14600 1700 7.09
3-methylpentane (298) 13800 2100 0.0034 <0.02
3-methylpentane (77) 14 600 1700 0.25 12.11

toluene (298) 13800 2100 0.032 0.096
D,Re (CO),, pure solid (298) 13700 2100 1.30
pure solid (77) 14600 1700 8.65
3-methylpentane (298) 13700 2200 0.0039 <0.02
3-methylpentane (77) 14600 1700 0.33 15.97

toluene (298) 13700 2200 0.037 0.111
[n-Bu4N]2[H6Re‘(CO)12] pure solid 77) 17900 3600 1.64
2-Me-THF (77) 17900 3500 0.012 2.16
(n-Bu,N1,{DsRe,(CO),,] pure solid (77) 17900 3600 , 2.35
2-Me-THF (77) 17800 3600 0.020 3.42

s Reprinted with permission from ref 195. Copyright 1981 American Chemical Society. °Error limits are £100 ecm™). ¢ Ay, /2 is the full
width at half-height of the emission band; limits are £100 cm™. ¢Error limits of ¢, and 7 are £10%.

energy M — w*(bridging-L) excited states. It has been
suggested that a Re(I) — Re(I) charge-transfer
(MMCT) excited state may be lowest lying in this
system and that this state may effectively quench the
MLCT emission. On the other hand, the Re(I)-L-
Ru(Il) dimer at 77 K yields emission at A, = 774 nm,
which has been associated with a Ru(II) = #*(bpym)
CT state. It has been shown that the emission from this
mixed valence complex is obtained following either
direct excitation to the Ru(II) — n*(bpym) CT state
or via an intramolecular electron-transfer process!®19
after initial population of the higher lying Re(I) —
m*(bpym) CT excited state.

Excited-state properties of polynuclear rhenium
carbonyl hydrides have been investigated following
observation of emission from H,Re,(CO);, and [n-
Bu,N],[HsRe (CO),5).1% The lowest energy excited
state of these clusters has been identified as metal
centered involving metal-metal bonding orbitals that
are delocalized over the core of metal atoms and per-
turbed by the interaction with the HY atoms.195:1%
Emission from the H,Re,(CO);, complex has been re-
corded from the solid form or from hydrocarbon solu-
tions at 77 or 298 K, but the [H;Re,(CO);5]* cluster has
only been observed to emit at 77 K. Typical emission
spectra of these hydrides are depicted in Figures 24 and
25, and the emission spectral features recorded in a
variety of experimental conditions are summarized in
Table X. In each case the emission features are asso-
ciated with the lowest energy delocalized metal-met-
al-centered state; from the lifetime values this state is
thought to be predominantly of triplet character.

Replacement of !H by ?H significantly affects the
excited-state properties, increasing the emission quan-
tum yield and lifetime by 20-30% for the neutral
polynuclear carbonyl and by ~50% for the anionic
complex (see Table X). Calculated radiative and non-
radiative decay parameters illustrate that k,, is de-
creased on deuteriation while k, remains relatively
constant. This effect can be identified as an intramo-
lecular one because deuteriation of the solvent does not
affect the experimentally determined parameters. It
has been suggested!® that the greater influence of
perdeuteriation on the excited-state properties of
[HgRe4(CO);,]% may pertain to the edge-bridging na-
ture of the H atoms in this complex,!®” whereas in
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Figure 24. Corrected emission spectra for H,Re,(CO),, (—) and
D Re,(CO},, (---) in 3-methylpentane at (a) 298 K and (b) 77 K.
The excitation wavelength is 470 nm. The spectra in (a) were
recorded at ~1000 times the sensitivity as those in (b). Repro-
duced with permission from ref 195. Copyright 1981 American
Chemical Society.
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Figure 25. Corrected emission spectra for [n-Bu,NJ,[HRe,
(CO)ie] (—) and [n-Bu,NJ];[DgRe,(CO)yp] (---) in 2-methyl-
tetrahydrofuran at 77 K. The excitation wavelength is 375 nm.
Reproduced with permission from ref 195. Copyright 1981 Am-
erican Chemical Society.

H,Re,(CO);, the H atoms are of face-bridging na-
ture.l%81% Tp the former complex the Re-H stretching
frequency is at greater energy, and this will tend to
increase the rate of nonradiative decay.’® Alternatively,
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this isotope effect on k,, may be related to the energy
gap law (vide supra), as it is noted that the emitting
state of [HgRe,(CO);,]% is at higher energy than that
of the HRe,(CO),, complex. Finally, luminescence
quenching experiments on H,Re,(CO),, indicate that
energy transfer occurs from the lowest excited state at
rates close to the diffusion-controlled limit, and these
are consistent with a triplet assignment in this com-
pound. The energy of this excited state has been es-
timated to be at ~46 kcal mol™.1%

An emission spectrum of a Re(C0O),(DTBQ)* (DTBQ
= 3,5-di-tert-butyl-o-benzoquinone) radical complex has
been obtained in benzene solution at room tempera-
ture.? This constitutes the first report of lumines-

e C(CHas
©CuRel| +)
g
C(CHaY

cence from a transition-metal organometallic radical
complex. The observed emission spectrum has band
centers at 345 and 705 nm and closely mirrors the ab-
sorption spectrum, suggesting that the quinone group
is still planar in the radical species.

4. Iron, Ruthenium, and Osmium Complexes

There are a number of reports concerning lumines-
cence of porphyrins that contain carbonyl ligands. Both
fluorescence (A, = 556 nm) and phosphorescence (A,
= 658 nm) have been determined from carbonylocta-
ethylporphyrinpyridineruthenium(II), Ru(OEP)(CO)-
(py).?04202 The high-energy emission component of this
ruthenium porphyrin carbonyl is not observable at
temperatures below —10 °C and has, therefore, been
attributed to thermally activated (“E-type”) delayed
fluorescence.2’? Carbonylpiperidinetetraphenyl-
porphyrinruthenium(II), Ru(TPP)(CO)(pip), gives rise
to typical porphyrin 7,7* luminescence.?®?** The LF
state is believed to be higher in energy than the lowest
porphyrin triplet state in this molecule. Replacement
of Ru by the lighter Fe atom reduces the LF splitting
and the Fe(TPP)(CO)(pip) complex does not exhibit
the characteristic porphyrin phosphorescence, but an
emission assigned to the lowest energy LF state.?® It
is not possible to directly observe the LF bands of these
compounds as they are hidden under the intense spin-
allowed ,7* porphyrin absorptions.?®* However, this
suggestion of a lowest lying LF state is in accordance
with previous studies on porphyrin emission spectra
which have established that excited states at lower en-
ergy than the porphyrin triplet effectively quench the
porphyrin phosphorescence.20%6:207

A comparative study of the emission properties of
Ru(OEP)(CO)(py) and Os(OEP)(CO)(py) complexes
has also revealed emitting states of different excited-
state character.2?8 The Ru(OEP)(CO)(py) compound
gives rise to phosphorescence from a porphyrin =,x*
triplet with a sharp O-O origin at 653 nm; emission
quantum yields and lifetimes at 77 K are ~0.06 and 405
s, respectively. The 3(x,7*) phosphorescence is ob-
servable at room temperature, but no evidence has been
found for delayed fluorescence from Ru(OEP)(CO)(py)
in this work.2® Emission from the Os(OEP)(CO)(py)
complex is contrastingly broad (720-780-nm region),
weak (¢, ~6 X 107%), and short-lived (r <6 pus).
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TABLE XI1.° Emission Band Maxima and Decay Lifetimes
for Monomer and Ligand-Bridged Dimer Os(II) Complexes
in Ethanol-Methanol (4:1 v/v) Solution at 77 K?

compound Aemy M 7,5 NS
[(bpy)o(OC)Os(4,4-bpy)][PF¢], 546 5260

[(bpy),(OC)Os(4,4-bpy)Os(C1)(phen)(dppe)]- 550 <104
[PFgls* 625 3930
[(bpy)2(OC)Os(bpa)][PFel, 550 5430
[(bpy)2(OC)Os(bpa) Os(Cl)(phen)(dppe)] [PF¢ls* 550 45
640 3740

¢Reprinted with permission from ref 194. Copyright 1985 Am-
erican Chemical Society. °4,4-bpy = 4,4’-bipyridine; bpa = 1,2
bis(4-pyridyl)ethane; dppe = trans-1,2-bis(diphenylphosphino)-
ethylene. “Error <5% in lifetimes. ¢Lifetime too short to be re-
solved. °Dual emissions are observed for the dimers: an intense
component (>90% of total emission) centered at X\ = 625 nm (L =
4,4’-bpy) or 640 nm (L = bpa) with a weak band on the high-ener-
gy side.

Moreover, this emission is substantially red shifted from
the 3(w,7*) emission of the analogous Ru complex, even
though the absorption band of the Os(II) species is blue
shifted from the Ru complex. As a consequence, the
emission of the Os(OEP)(CO)(py) complex can be as-
signed to a 3(d,7*) MLCT excited state.20®

A series of para-substituted (tetraphenylporphine)-
ruthenium(II) carbonyl complexes, Ru(p-XTPP)(CO),
where X = MeO, Me, H, F, Br, and Cl, have been ob-
served to display porphyrin-ring 3(x,7*) luminescence
in room-temperature solution.?® The emission of these
compounds is centered at 730 £ 10 nm with an excit-
ed-state lifetime of 30 = 10 us, but these parameters
depend on the substituent attached to the phenyl ring.
Emission maxima shift to longer wavelengths and the
lifetimes become longer as the electron-donor ability of
the substituent increases. The emission data of this
system correlate well with the Hammett substituent
constant, ¢,.2%

Also relevant are the closely related Os(TTP)(CO)L
complexes, where TTP = meso-tetra-p-tolylporphyrin
and L. = CH;0H or py, which exhibit luminescence at
653 and 651 nm, respectively.?’ The short-lived
emission (7 ~10 ns) is fairly intense, even at room
temperature, and has been assigned to w,x* phos-
phorescence from the T,;(0,0) state of the porphyrin
ring. This result contrasts with the above (d,7*) MLCT
assignment for the corresponding Os(OEP)(CO)(py)
complex. 208

Emission properties of cis-[ClOs(CO)L,](PF,) (L =
bpy or phen) complexes have been studied as part of
an extensive Os(II) polypyridyl series.?’! Both bpy and
phen complex cations have been reported to emit at 700
nm with emission quantum yields of 1.68 X 107 and
6.84 X 1078 respectively.

A study of the emission maxima and lifetimes of a
series of monomer and ligand-bridged dimer complexes
of Os(II) has indicated that the photochemically pro-
duced mixed-valence dimers undergo deactivation via
an intramolecular electron-transfer mechanism.!%
Emission data obtained from these compounds in eth-
anol:methanol (4:1 v/v) glasses at 77 K are shown in
Table XI; the emission bands centered at ~550 and
625-640 nm are associated with the Os — =*(bpy) and
Os — 7*(phen) excited states, respectively. Here L =
4,4'-bipyridine (4,4’-bpy) or 1,2-bis(4-pyridyl)ethane
(bpa), and dppe = trans-1,2-bis(diphenylphosphino)-
ethylene. In the dimer complexes it is noticeable that
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the emission from the Os(III)(phen*) state is much
more intense and longer lived than the emission of the
Os(ITI)(bpy*") state and that the latter emission is
considerably quenched in comparison to the related
monomers. Apparently electronic coupling is weak in
these dimer systems as reflected in their absorption
spectral features which are similar to those of the mo-
nomers. Thus, excitation into the higher lying Os(II)
— 7*(bpy) state produces a mixed-valence dimer (see
eq 20). Importantly, excitation spectra illustrate that

[(bpy)5(OC)Os(L)Os™(CI) (phen) (dppe) | ——
[(bpy) (bpy*)(OC)0s™(L)Os!(Cl)(phen)(dppe) ]*+*
’ (20)

Os(II) — =*(bpy) excitation does not give rise to
emission from the Os(III)(phen®) state and, therefore,
the short Os(IIT)(bpy*") excited-state lifetime cannot be
reasoned by invoking energy transfer between these two
excited states (see eq 21). Instead, the quenching of

[(bpy) (bpy*")(OC)0s™(L)Os!(Cl)(phen)(dppe) ]*+*
— [(bpy),(0C)0s™(L)0s™(Cl)(phen*) (dppe)]>**
(21)

the Os(IIT)(bpy*~) state has been attributed to an in-
tramolecular electron-transfer mechanism (see eq 22).

[(bpy) (bpy*")(OC)0s™(L)Os™(Cl)(phen)(dppe) |*+*

[(bpy) (bpy*~)(OC)O0s™(L) 0s™(Cl)(phen) (dppe)]***
(22)

Electrochemical measurements have shown that this
process is an exothermic one.!%

5. Rhodium and Iridium Complexes

A series of d® complexes of the general formula
[MLL'(mnt)]" (M = Rhor Ir, L = CO, L’ = CO, PPh,,
or CN-, and mnt = maleonitriledithiolate) have recently
been reported to luminesce.?2 All of the organometallic
Ir(I) complexes emit at room temperature in the solid
state and in frozen EPA solutions at 77 K, whereas the
Rh(I) complexes have been observed to only emit at the
lower temperature. Excitation and emission spectra
recorded at 77 K from the solid state are highly struc-
tured; the spectra recorded for (PPN)[Ir(CO)(PPh,)-
(mnt)] (PPN = bis(triphenylphosphine)iminium) are
typical of this d® system and are shown in Figure 26.
In most cases a small Stokes shift of <400 cm™ may be
observed, which indicates that the emitting state is
essentially undistorted from the planar ground-state
geometry. Moreover, the emission and excitation
spectra mirror each other, indicating that these spectra
arise from the same electronic transition. First emission
maxima at 77 K range from 15110 to 18060 cm™ and
are affected by both the nature of the metal and the
electron-donor ability of the ligand; the emission is
associated with the M — #n*(mnt) MLCT absorption
in all of the complexes. Emission lifetimes at 77 K for
the Rh(I) complexes range from 99 to 389 us and are
8-105 us for the Ir(I) complexes. The shorter lifetimes
for the heavier metal complexes imply that this emis-
sion has substantial spin-forbidden character. Vibra-
tional progressions in the emission and excitation
spectra are attributed to vibrations within the metal-
mnt moiety; the dominant vibrational spacing in this
emission spectra is typically at ~1400 cm™ and corre-
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Figure 26, Emission (—, solid state at 77 K), excitation (-, solid
state at 77 K), and absorption (---, CH;CN solution at 298 K)
spectra of (PPN)[Ir(CO)(PPh;)(mnt)]. The inset shows emission
spectra at different time intervals following pulsed-laser excitation,
indicating that the emissions decay uniformly. Reproduced with
permission from ref 212, Copyright 1983 American Chemical
Society.

sponds to the mnt C==C stretch in the ground-state
molecule. As a comparison, the v stretch in the
infrared spectrum of K[Ir(CO),(mnt)] is reported at
1476 cm™. The vibrational spacing at ~1250 cm™ in
the excitation spectra has been attributed to the mnt
C=C stretch in the =*(mnt) excited state, which is
C==C antibonding and therefore undergoes a slight re-
duction in the bond order.

A series of binuclear d® dimers of the general formula
[CIM(CO)L],, where M = Rh or Ir and L = bis(di-
phenylarsino)methane (dam) or bis(diphenyl-
phosphino)methane (dppm), have been reported to lu-
minesce at 77 K and at room temperature.?’® The
complexes exhibit two emission bands that, on the basis
of spectral position, temperature dependence, and
lifetimes, have been assigned to fluorescence and
phosphorescence np, — (n — 1)d,2 transitions (n = 5 for
Rh, n = 6 for Ir). At 77 K lifetimes of these spin-al-
lowed and spin-forbidden emissions are ~20 ns and ~1
us, respectively. The higher energy emission is rela-
tively weak for the Ir complexes, consistent with an
enhancement of the intersystem crossing rates for the
heavy metal compounds which have large spin-orbit
coupling parameters.

B. Metallocenes

A large number of photochemical studies have been
carried out on this important class of organometallic
compounds,'42°22 byt reports of luminescence are very
scarce.

1. Ferrocene

The electronic structure of ferrocene has been much
discussed in the literature and has been shown to con-
sist of LF, LMCT, and MLCT transitions.2'4221 A
MSCT band has also been identified in the spectrum
of ferrocene in halocarbon solvents in halocarbon sol-
vents.??2223 The lowest energy absorption bands have
been resolved into three spin-allowed A, — a'E,,, IA;,
— 1E,,, and !A;; — b'E,, LF transitions.?'822' A de-
tailed study of ferrocene crystals at 4.2 K has reported
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Figure 27. Corrected emission spectra of solid ruthenocene at
(a) 77 K and (b) 4.2 K. Reproduced with permission from ref
234. Copyright 1974 Elsevier Science Publishers, B.V.

that the lowest lying triplet level is at 18600 ¢cm™ 28
and SCF-Xa calculations have estimated this state to
be at approximately 18900 cm™.22! On the other hand,
ferrocene is known to be an efficient quencher of triplet
excited states, and these studies have placed the lowest
lying triplet state at about 15000 cm™,22422

A phosphorescence band in the ~15000-20 000-cm™
region with a lifetime of ~2 s has been reported from
ferrocene in 3-methylpentane or EPA glasses at 77 K25
This feature was only observed following excitation at
324 nm but not on excitation in the 420~440-nm region;
these results have been discussed in terms of emission
from a higher lying triplet state, and the analogy has
been drawn?!® to the S, — S, process established for
azulene.%%023L A weak emission feature has also been
observed from ferrocene isolated in inert gas matrices
at 20 K and was similarly assigned to a T — S transi-
tion.?®2 Once again, the phosphorescence was only de-
tected following excitation into a higher energy state
at 310-350 nm. The reported emission lifetimes vary
between 1 and 4 s depending on the matrix material.

Other studies have questioned the existence of
phosphorescence in this molecule and have attributed
the earlier reports to be due to sample impurity, solvent
impurity, or to photolysis decomposition products.216233
Moreover, it has been convincingly argued that the
long-lived emission with a spin-forbidden radiative rate
constant of k&, = 0.5 s! would not compete effectively
with Sy wa— §1, Sy w—S,, and S, w— T radiationless
tunneling processes.?!6

2. Ruthenocene

Ruthenocene has been observed to emit as a solid at
4.2-77 K or in an EPA glass at 77 K.2?7.234 Below 40 K
the orange-yellow luminescence becomes much more
intense and is highly structured (see Figure 27).
Emission lifetimes of ruthenocene increase as the tem-
perature is lowered but are constant below 20 K; this
behavior may be interpreted with the use of a spin—orbit
coupling description in which the lowest excited Rus-
sell-Saunders LF °E, term?!8 is split into A,, A;, E;, and
E, levels.?* Tt can be assumed that emission then oc-
curs from each of these four states in which there is
rapid Boltzmann relaxation among the levels compared
with the excited-state to ground-state relaxation. The
experimentally determined decay times and a com-
puter-generated curve fit based on this Boltzmann
equilibration model are shown in Figure 28. At4.2K
the emission may be assigned to arise from the A, level,
which is the lowest energy component of the °E, term.23
Calculated energy splittings above the A, level are also
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included in Figure 27. A later study has illustrated that
the emission quantum yields of ruthenocene and 1,1’
diacetylruthenocene also exhibit similar temperature
dependencies over the 20-100 K range, and it can be
concluded that k&, is essentially invariant over these
temperatures.?”” In this work the authors concur with
the essential features of the earlier spin—orbit coupling
model?* but note that the data could also be fitted to
a one-level scheme in which temperature-dependent &,
values account for the increases in decay constants at
the higher energy levels.

The emission spectrum of ruthenocene is unusually
broad and is red shifted by ~9,000 cm™ from the lowest
energy 'A;, — °E,, absorption maximum. These fea-
tures indicate that there is an exceptionally large dis-
tortion in the excited state of this molecule. The
spectrum at 4.2 K exhibits two main vibrational pro-
gressions, each spaced at 330 (£5) cm™. The well-de-
fined nonconverging progression suggests that the D;
ground-state symmetry is largely retained in the excited
state but the geometry is substantially altered on ex-
citation. Both vibrational progressions have been as-
signed to the Ru—cp ring a,; stretching frequency, ob-
served at 333 cm™ in both infrared and Raman spec-
tra;?352% the excited-state distortion is thought to be
a symmetrical expansion of the molecule about the
Re—cp bonds. A Franck—Condon factor analysis of the
emission band structure has demonstrated that the
Re-cp distance is increased in the A,(°E;) excited state
by about 0.14 A compared to the distance in the ground
state.2%

C. Metal Isocyanides

Isocyanide ligands are both good s-donors and good
m-acceptors, and like CO they lie high in the spectro-
chemical series. Although a wide range of metal iso-
cyanide complexes have been characterized,?7-242 only
a few luminescence studies have been carried out.
However, the nature of the excited states and deacti-
vation processes of metal complexes containing these
ligands provides a useful comparison to the more ex-
tensively studied metal carbonyls. Typically, metal
isocyanides exhibit very low lying metal to isocyanide
charge-transfer (MLCT) transitions; this is particularly
so for aryl isocyanides because of conjugation of one of
the CN =* orbitals with the arene x* orbital.?# Thus,
the MLCT band is blue shifted for alkyl isocyanide
complexes compared to that of the corresponding aryl
derivatives.
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Figure 29. Electronic absorption and emission spectra of W-
(CNPh); in 2-Me-THF at 77 K. Reproduced with permission from
ref 245. Copyright 1977 American Chemical Society.

1. Chromium, Molybdenum, and Tungsten Complexes

Absorption spectra obtained from octahedral M-
(CNPh); complexes, where M = Cr, Mo, and W, have
identified dr — = ,* (CNPh) and dr — m,* (CNPh)
MLCT transitions as lowest lying and = — =* ligand-
localized IL transitions at higher energies.?#* It is also
assumed that d — d transitions are present in these
complexes and that they lie in between the ML.CT and
IL states, but they are weak and have not been directly
observed. The dx — =,* (CNPh) states have been
shown to be lower in energy than the d= — =* (CO)
states of the corresponding hexacarbonyls because of
the stabilization of the r.* (CN) orbital by conjugation
with the 7* (CgH;) system and the increased o-donation
by the more basic CNPh ligands.?43:244

Luminescence has been observed from the lowest
energy dx — m*(L) states of M(CNPh)g and M(CNIph),
(M = Cr, Mo, or W and Iph = 2,6-diisopropylphenyl)
complexes in 2-methyltetrahydrofuran (2-Me-THF)
glasses at 77 K and in room temperature solutions.?®
Absorption and emission spectra obtained for W-
(CNPh)g in 2-Me-THF at 77 K are representative of
these complexes and are shown in Figure 29. Emission
from the Cr(0) compounds is much weaker than that
observed from the corresponding Mo(0) and W(0)
species. Emission lifetimes reported from the M-
(CNIph)g complexes in 2-methylpentane at 77 K are
<10 ns (Cr), 40.2 £ 0.5 us (Mo), and 7.6 us (W) and at
298 K are 43 = 2 ns (Mo) and 83 + 2 nsec (W). These
lifetimes indicate a greater degree of spin-forbidden
character in the emitting excited states of the Mo and
W isocyanides than in the Cr complexes. Thus, the
emission properties of these isocyanides are very similar
to those of metal carbonyl complexes with low-lying
MLCT states. In this context, a number of these metal
isocyanide complexes also appear to exhibit the lu-
minescence rigidochromic effect as their emission bands
are substantially blue shifted and sharpened on going
from 298 K solution to a 77 K glass.

The lowest energy dr — 7,* (CNR) excited states of
these group 6 isocyanide complexes also give rise to a
rich photochemistry, including redox processes, and
associative or dissociative photosubstitution reac-
tions.246:246
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2. Rhodium Complexes

Square planar rhodium(]) isocyanide complexes have
been shown to aggregate in solution,?*’” and emission
(Aem = 697 nm, ¢, = 0.0065, 7 < 2 ns) has been deter-
mined from concentrated acetonitrile solutions of
[Rh(tol)](PFg) (tol = p-methylphenyl isocyanide) at
room temperature following excitation into the dimer
absorption band.8 A [Rhy(bridge),](BPh,), (bridge =
1,3-diisocyanopropane) complex has been prepared and
this complex is highly emissive (A, = 656 nm, ¢, =
0.056, 7 = 1.1 ns).248249 For each Rh(I) dimer the
emission has been associated with a Ay, — A;, (2a,,
— la,y,) spin-allowed transition derived from the
(do)*(do*)!(po)? electronic configuration. Later work
has shown that the lowest excited states of Rh,-
(bridge)2* and Rhy(TMB),2* (TMB = 2,5-dimethyl-
2,5-diisocyanohexane) are the corresponding 3A,, trip-
lets; emission lifetimes obtained from the 770-800-nm
region for these compounds in acetonitrile at 294 K are
8.5 £ 0.5 us and 25 + 5 ns, respectively.?®® The emissive
3A,, state is therefore strongly metal-metal bond-
ing,?1-%% and it is also known to undergo reversible
electron-transfer processes with various donors and
acceptors, 250,265,256

Temperature-dependence studies of Rh,(TMB)2*
have shown that the do* — po triplet (°A,,) lifetimes
are increased considerably on cooling (25 ns at 300 K
to 20 us at 77 K), whereas those of Rhy(bridge),** are
comparatively unaffected (9 us at 294 K to 16 us at 77
K).?*® The activation energy for the former binuclear
cation has been calculated from the emission depen-
dence to be 2250 cm™. As the emission yields and
lifetimes follow the same trend, the excited-state
deactivation apparently proceeds via a temperature-
dependent radiationless mechanism. It has been sug-
gested that the 3(do* — po) excited state is thermally
activated to a d — d state that is Doy distorted (i.e.,
toward a tetrahedral geometry) about the Rh(I) center
and that this state undergoes rapid nonradiative de-
cay.?*® This d — d state may not be easily reached in
the Rh,(bridge)®* complex, as it is held in a square
planar geometry and would be less able to distort (and
deactivate) in this fashion.

D. Alkenes

Photochemical studies of alkene complexes have il-
lustrated that these complexes display a wide range of
reactions, including alkene or ligand substitution,
isomerization, and skeletal rearrangement.!4*7 Actually
there is relatively little detailed information presently
available about the excited states of alkene complexes
that give rise to these processes. Only in a few cases
have luminescence techniques been effectively used to
characterize the nature of their low-energy states.

1. Rhodium and Iridium Complexes

Emission spectra and lifetimes have been determined
for a series of [ML(diene)]* complexes, where M =
Rh(I) or Ir(I), L = en, bpy, phen, 4,7-Ph,-phen, or
2,2’-bipyrazine (bpz), and diene = 1,5-cyclooctadiene
(cod), 2,5-norbornadiene (nbd), or 1,5-hexadiene
(hex).?® Emission data have been recorded at 77 K
from these compounds as solids or in an ethanol-
methanol-dichloromethane (16:4:1 v/v) glass. When
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Figure 30. Emission spectra of [Ir(2=phos)(cod)]PF; in etha-
nol-methanol-dichloromethane (16:4:1 v/v) glasses at the indi-
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L = en, the lowest energy absorption feature is a mix-
ture of metal to diene charge-transfer (A — diene
13CT) and nd,: — (n + 1)p, transitions.?®®%? Emission
was not observed from the [Rh(en)(cod)]ClO, complex,
but two bands have been detected from [Ir(en)(cod)]}-
ClO, at A, = 488 and 508 nm. The emission from the
latter complex exhibits a small Stokes shift and has
been tentatively assigned to a metal to olefin CT excited
state. When L = bpy, phen, 4,7-Ph,-phen, and bpz, the
lowest energy absorption is clearly of metal to N-ligand
charge-transfer (!A; — 7*(L) CT) character, and
emission spectra (A, = 630-810 nm) and lifetimes
(0.5—4.4 us) obtained from these complexes are con-
sistent with a B — !A;(2b; — 2a,) radiative assignment
that has been derived from a mixing of the 7*(L) orbital
with the (n + 1)p, orbital. Complexes containing the
hex ligand exhibit comparatively weak luminescence
features and have large Stokes shifts; this may be due
to the particularly flexible nature of this alkene,25
giving rise to substantial excited-state distortion and
an enhancement of the radiationless decay mecha-
nisms.%%®

Emission lifetimes of [M(bpy)(cod)]ClO4 (M = Rh,
Ir) complexes have been obtained over the 2-100 K
range, and the results indicate that two states are em-
itting.%® The emitting °B, term is apparently spin—orbit
split into A,; and B, (both dipole-allowed) and A, (di-
pole-forbidden) states which are in rapid Boltzmann
equilibrium. In support of this interpretation, com-
puter-generated fits of the emission decay curves have
resolved two lifetimes in this system, a fast decay
(0.11-1.00 us) from the state at higher energy and a slow
decay (4.53-103 us) from the lowest energy state.

Further evidence for spin—orbit splitting of emitting
states and Boltzmann equilibrium among two levels has
been obtained from an emission study of the closely
related [ML(cod)]* complexes, where L =
Ph,PCH,CH,PPh,, 1,2-bis(diphenylphosphino)ethane
(diphos), Ph,PCHCHPPh,, cis-1,2-bis(diphenyl-
phosphino)ethylene (2=phos), and Ph,PC;H ,PPh,,
1,2-bis(diphenylphosphino)benzene (dpbe).*! Figure
30 illustrates the emission spectra recorded from [Ir-
(2=phos)(cod)]PF; in an ethanol-methanol-dichloro-
methane (16:4:1 v/v) glass at several temperatures.
This spectral change can be analyzed according to eq
23,261,262 where I; and I, are the integrated emission

In (I/1) = -Ae/kpT + In (2kac/ky)  (23)

intensities from energy levels 1 (lower) and 2 (upper),
respectively, Ac is the energy gap between these levels,
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kg is Boltzmann’s constant, T is temperature, and &;,
and 2k,, are the radiative rate constants for decay from
levels 1 and 2, respectively. Assuming temperature-
independent k;, and k,, values, a plot of In (I/I;) vs.
1/T should yield a straight line, with slope Ae. This
behavior was indeed observed experimentally (see
Figure 31), and the value obtained for Ae was 151 cm™.

A lifetime treatment may also be applied to this
system based on eq 24.%! The value of Ae obtained in

(T) =
[1 + 2 exp(-Ae/kgT)] /[y + 2k, exp(-Ae/kpT)]
(24)

a least-squares curve-fitting analysis of the lifetime data
was 140 cm™, in good agreement with that obtained
from the emission spectral analysis.

It may be concluded that emission from the upper
level is a partially allowed transition, whereas the
emission from the lower level is forbidden. An %A, —
1A, (agy — 8;,) assignment can be adopted for the
phosphorescence bands of these Rh(I) and Ir(I) com-
plexes; both spin—orbit terms, the shorter lived upper
level assigned to an E, component and the longer lived
lower level assigned to an A;, component, are derived
from the %A,, term.?¢!

Recently pyrazoyl-bridged iridium(I) complexes,
[Ir(u-pz)(cod)], (pz = pyrazoyl), have been reported to
emit in room temperature solution.”®® These complexes
have been shown to have an “open-book” type of ge-
ometry. Both fluorescence and phosphorescence fea-
tures have been observed and are assigned to singlet
(IB,) and triplet (°B,) components of the do* — po
transition, analogous to the “face-to-face” binuclear
rhenium diisocyanide complexes (vide supra). Emission
parameters obtained in acetonitrile solutions at 295 K
are fluorescence Ay, = 564 nm, ¢, = 1 X 107, and 7 <
100 ps and phosphorescence ., = 687 nm, ¢, = 7.8 X
1073, 7 = 250 ns. The emission quantum yield and
lifetime values for the spin-forbidden process increase
greatly on cooling to liquid N, temperatures (r = 2.68
us at 77 K), and this is thought to be mainly due to
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variations in k,,. The temperature dependence of the
observed phosphorescence lifetimes (7,,4) may be fitted
to the two-term expression shown in eq 25.%° Here it

1/Tobsd = kO + kle_E'/RT (25)

is assumed that 1/7,,q is approximately equal to k., as
¢ < 0.1 at room temperature. The calculated activation
energy (E,) is 2600 cm™ for the B,(do* — po) state of
[Ir(u-pz)(cod)]s, and similar values were obtained for
a number of substituted pyrazoyl complexes. The ex-
cited-state deactivation mechanism of these Ir(I) dimers
is, thus, analogous to that discussed for the D, d3-d®
Rh,(TMB),** complex.?*®

Further studies of binuclear complexes of the form
[Ir(u-L)(cod)]o, where L = 2-hydroxypyridinate (hp) or
6-methyl-2-hydroxypyridinate (mhp), have also re-
ported emission from a do* — po state.?* These
molecules have been shown to have the Ir(I) square
planes orientated so that the plane normals are not
aligned but directed toward an olefinic carbon atom of
the opposite metal. This geometry is in contrast to the
face-to-face geometry exhibited by Rh,L,** (L =
bridging diisocyanide) or the open-book geometry
known for [Ir(u-pz)(cod)], (vide supra). However, the
emission is characteristic of the weakly interacting d®-d8
metal dimers; at 77 K both spin-allowed (A, = 598 nm)
and spin-forbidden (A, = 723 nm) spectral features are
observed. At room temperature the emission intensity
of the long-wavelength band is decreased by a factor of
400, consistent with the spin-forbidden assignment.

2. Platinum Complexes

The well-known and historically important Zeise’s
square planar Pt(IT) salt, Pt(C,H,)Cl;", has been ob-
served to emit both in the solid form and in a 50%
aqueous ethylene glycol glass at 77 K.?65 Emission of
this complex is centered at A\, = 700 nm with a weaker
component at A, = 875 nm and has been attributed
to result from a °T,° excited state that is substantially
distorted from the ground-state geometry.

E. Ortho-Metalated Complexes

Very recently a number of examples belonging to this
class of organometallic complexes have been shown to
luminesce in glasses at 77 K or in room temperature
solutions.

1. Ruthenium Complexes

A useful photophysical comparison to Ru(bpy);?* has
been reported for a series of cyclometalated Ru(Il)
complexes, [Ru(bpy),L]*, where L = 2-phenylpyridine
(PP), 2-(3-nitrophenyl)pyridine (NPP), and benzo[k]-
quinoline (BQ).%¢2" The coordination of these ligands
to the Ru(II) center is shown below. The [Ru(bpy).-

\g g\

/ / /

Ry Ru Ru
NO2

CRu(bpy)a(PPII* CRulbpy)a(BQYT*

€ Ru(bpy)(NPP)I*

(NPP)]* complex emits at A\, = 682 nm in an etha-
nol-methanol (4:1 v/v) glass at 77 K; this compares to
the 583-nm emission from Ru(bpy)s?* under the same
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experimental conditions. The red shift in emission
(2490 cm™) for the cyclometalated complex is approx-
imately equivalent to that observed in absorption (1922
cm™!), and the emission has, therefore, been assigned
to the Ru(ty) — 7*(bpy) MLCT band. Furthermore,
the emission spectrum of [Ru(bpy).(NPP)]* exhibits
the fine structure associated with Ru — 7*(bpy) MLCT
emission.?88270 The red shift of the emission from the
cyclometalated derivative is understood to be due to a
raising of the metal-centered t,, orbital, as evidenced
by a substantial increase in oxicfation potential of this
complex in comparison to Ru(bpy);*.266

Luminescence quantum yields and lifetimes of [Ru-
(bpy)o(NPP)]* at 77 K are 0.038 and 878 ns, respec-
tively. However, these values decrease dramatically as
the temperature is raised. When a treatment analogous
to that described above for several of the metal diiso-
cyanides and alkene complexes (also see eq 25) is used,
the emission temperature dependence can be charac-
terized by a two-state scheme, in which the MLCT
emitting state is able to thermally populate a higher
lying triplet MLCT state that contains a significant
amount of singlet character as a result of spin-orbit
coupling.?”? This higher lying state is thought not to
be a LF state as the energy gap between the LF and
SMLCT states in Ru(bpy)s;** has been determined to
be 3560-4000 c¢cm™1,272-2" gnd the LF state would be
expected to be at higher energy in the cyclometalated
complex because a carbanion-donor ligand is much
higher in the spectrochemical series than a N donor.
Moreover, as noted above, the absorption and emission
MLCT maxima are red shifted for the cyclometalated
species. Emission has been detected from the [Ru-
(bpy)o(PP)]* and [Ru(bpy),(BQ)]* complexes, but it is
comparatively weak and only observable below 140 K.
It is thought that the activation energy for population
of the upper 3MLCT state is very small in these com-
pounds.

2. Rhodium and Iridium Complexes

Electronic data obtained from [Ir(bpy).(H,0)(bpy)]**
have indicated that this cation has distinct absorption
and emission spectral characteristics, as well as different
photophysical properties?”>2"" from the [Ir(bpy)s]®*
species.?’8 Additionally, NMR%"%-28! gnd crystal struc-
ture?®2283 evidence has confirmed that the [Ir(bpy),-
(H,0)(bpy)]®* complex does indeed contain three che-
lated bpy ligands but that one of these has a single
carbon atom bonded to the metal center which replaces
one of the nitrogen coordination sites. The 450-625-nm
emission of [Ir(bpy);]®* at 77 K (r ~80 us) has been
assigned to a 3(w,7*) IL transition on the bpy ligand,?8
whereas the 450-650-nm emission at 77 K (7 = 15.6 us)
of [Ir(bpy).(H,0)(bpy)]®* may originate from an Ir —
7*(bpy) MLCT state that is partially mixed with bpy
IL states.?’> Even in room temperature solution, the
emission of the [Ir(bpy),(H,0)(bpy)]®* complex is very
long lived (r = 12.2 us) and intense (¢, = 0.3).

Recently, the ortho-metalated [Ir(bpy)s(bpy)]?* com-
plex (one bpy is coordinated as a C3, N’ isomer) has
been shown to sensitize the valence photoisomerization
of norbornadiene to quadricyclene (eq 26).28428
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Figure 32, Absorption (—) and emission (---) spectra of Rh(III)
dichloro-bridged dimers of 2-phenylpyridine (PP) and benzo-
[A]quinoline (BQ). Absorption measured at 295 K in dichloro-
methane, and emission at 77 K in ethanol-methanol-dichloro-
methane glass (4:1:1 v/v) of (a) [Rh(BQ);Cl], and (b) [Rh(PP),Cl],.
Reproduced with permission from ref 286. Copyright 1984 Am-
erican Chemical Society.

TABLE XI1.° Emission Lifetimes of Dichloro-Bridged
Rh(III) and Ir(III) Dimers of 2-Phenylpyridine (PP) and
Benzo[Ah ]Jquinoline (BQ)

emission lifetime

complex 77 Kb 295 K¢
[Rh(BQ),Cl], 2.7 ms d
[Rh(PP),Cl], 93.0 us d
(I (BQ),Cl, 30.0 us 14 s
[Ir(PP),Cl], 4.8 us 0.14 s

¢Reproduced with permission from ref 286. Copyright 1984
American Chemical Society. ®Measured in ethanol~methanol~di-
chloromethane glass (4:1:1 v/v). ¢Measured in nitrogen-purged
dichloromethane. ¢No luminescence observed.

Accompanying this conversion is a quenching of the
luminescence of the Ir(ITT) complex (A, = 462 and 491
nm and 7 = 10.2 us in acetonitrile at 298 K) according
to Stern-Volmer kinetics with &k, = 1.4 X 10* M7 s and
a limiting sensitization efficiency of 0.72 + 0.05. How-
ever, this result is an unusual one, as the lowest energy
excited state of the ortho-metalated Ir(IIT) complex lies
considerably below the reactive triplet excited state of
norbornadiene. It is believed that the excited metal
complex initially forms an encounter complex with
norbornadiene that may undergo collisional energy
transfer or produce a charge-transfer-stabilized species
before deactivation to ground-state products.?®®

A series of dichloro-bridged dimers of the formula
[ML,Cl],, where M = Rh(III) or Ir(IIl) and L = 2-
phenylpyridine (PP) or benzo[h]quinoline [BQ] (ligand
structures were depicted above), have been shown to
luminesce.?® All four of these ortho-metalated com-
plexes emit in glasses at 77 K, and the Ir(III) dimers
have been reported to emit in deoxygenated dichloro-
methane solutions at 295 K. Emission spectra of these
complexes are shown in Figures 32 and 33. Lifetimes
for these complexes at both temperatures are listed in
Table XII. On the basis of these emission spectral
features and lifetimes, a 3(x — 7*) IL assignment has
been adopted for the Rh(III) dimers, but a MLCT d —
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Figure 33. Absorption (—) and emission (---) spectra of Ir(III)
dichloro-bridged dimers of 2-phenylpyridine (PP) and benzo-
[A]lquinoline (BQ). Absorption measured at 295 K in dichloro-
methane, and emission at 77 K in ethanol-methanol-dichloro-
methane glass (4:1:1 v/v) of (a) [Ir(BQ),Cl]; and (b) [Ir(PP},Cl],.
Reproduced with permission from ref 286, Copyright 1984 Am-
erican Chemical Society.

o

m*(L) assignment has been chosen for the Ir(III) dimers.
In support of this assignment the emission energies are
solvent sensitive for the Ir complexes but not in the case
of the Rh complexes. Overall the emission results are
consistent with the notion that the PP and BQ ligands
are strong o-donors and excellent w-acceptors. Thus,
in comparison with the Ru(diimine);** and Ir(di-
imine);?* (diimine = bpy or phen) complexes these
cyclometalated compounds have relatively high-energy
LF excited states but still exhibit low-energy MLCT
transitions.

Recently, the luminescence properties of a triply or-
tho-metalated Ir(ITI) complex, fac-Ir(PP),, have been
studied.?®” This complex emits in an ethanol-methanol
glass (4:1 v/v) at 77 K or in room temperature solution;
determined lifetimes are 5 us at 77 K and ~2 us in
deoxygenated toluene or acetonitrile at 295 K. An
emission quantum yield of 0.4 £+ 0.1 was obtained in
room temperature toluene, indicating a radiative life-
time of ~5 us at this temperature. This long-lived
emitting state has been assigned to a MLCT state. The
agreement of the radiative lifetime in room temperature
toluene and the observed lifetime in the 77 K glass
(both being 5 us) implies that the luminescence quan-
tum yield is close to unity at the lower temperature.

In deoxygenated methylene chloride at room tem-
perature, however, the emission lifetime of this complex
is only 100 ns, and substantial photoreactivity was ob-
served in this and other halocarbon solvents. A series
of oxidative quenchers have been demonstrated to
quench the luminescence lifetime of fac-Ir(PP); at ap-
proximately the diffusion-controlled limit. However,
there is a sharp lowering in the quenching constants (k)
caused by acceptors with reduction potentials below
~1.8 V. It has been concluded that the quenching is due
to outer-sphere electron transfer from the excited state
of the complex to the acceptor molecule.87288 The
obtained k, values provide a rough estimate of -1.8 V
vs. SCE for the reduction potential of the oxidized
ground state|excited state couple, fac-Ir(PP);*|fac-Ir-
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TABLE XII1.° Emission Data Obtained from Pd(II)
Complexes Containing an Ortho-Metalated Azobenzene
Derivative

complex® excitation A, nm Aem,” DM 7, P8
Pd(azb)Br(L) 540 639 d
Pd(azb)Br(L) 560 638 63¢
Pd(azb)(diphos)* 560 632 64¢
Pd(azb’)Br(L") 400, 500 550 f

sReprinted with permission from ref 290. Copyright 1986 Am-
erican Chemical Society. °azb = ortho-metalated 4-nitro-4’-(di-
methylamino)azobenzene; azb’ = ortho-metalated 4-methoxyazo-
benzene, L = cis-4-gtilbazole; L’ = trans-4-stilbazole; diphos =
1,2-bis(diphenylphosphinc)ethane. ¢Emission maximum in CH,Cl,
at 298 K. 9Not determined. °Sample excited at 585 nm and
emission monitored at 630 nm. /Emission mtenmty unaffected af-
ter bubbling sample solution with O,.

(PP);*. Furthermore, the strong reducing properties
of this excited cyclometalated complex contrast with
the strong oxidizing properties known for the excited
state of the N-bonded fac-Ir(bpy)s** complex.?®

3. Palladium and Platinum Complexes

Lately, the excited-state pathways of several ortho-
metalated azobenzenepalladium(II) complexes have
been investigated.” Emission has been observed from

NMez OMe ‘

& PdBr(L) 4 PdBr(L) N PdBr(L)

\/ \/ \/
NOz OMe

Pd(azb)Br(L) Pd(azb’)Br(L)

several complexes and the data are summarized in
Table XIII. The short-lived room temperature emis-
sion of the Pd(azb)Br(L), Pd{azb)Br(L’), and Pd-
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(azb)(diphos)* complexes (L = cis-4-stilbazole, L’ =
trans-4-stilbazole) was assigned to a ligand-localized
(IL) =, x* fluorescence, and from the absorption and
emission spectral overlap the 00 band has been esti-
mated to be at 47-48 kcal for the Pd(azb)Br(L’) com-
pound. The higher energy emission of Pd(azb’)Br(L’)
has been tentatively attributed to a n,»* fluorescence
and is not noticeably quenched by O,. Neither of the
two free azobenzene ligands emits under these room
temperature conditions; it is thought that the metala-
tion by Pd imparts rigidity to the azo linkage, which
in turn reduces the nonradiative processes and increases
the emission efficiency.

A series of ortho-metalated Pt(II) complexes have
been studied following the initial observation of emis-
sion from solid Pt(PP),.21-2% Emission spectra and
lifetimes have been obtained for PtL, complexes, where
L are the C-deprotonated forms of 2-phenylpyridine
(PP), 2-(2-thienyl)pyridine (TP), and benzo[h]quinoline
(BQ).?** Examples of the coordination of the PP and
BQ ligands were shown above for cyclometalated Ru(II)
complexes; the Pt(TP), complex is shown below. Each

/ \ \ |
:Pt
/4 N\ 4 |
— S
PHTP),

of these PtL, complexes emits in nitrile (propio-
nitrile-butyronitrile in a 4:5 v/v mixture) and me-
thylcyclohexane glasses at 77 K; these spectra are il-
lustrated in Figure 34. Limited work has been carried
out in room temperature solution as only the Pt(TP),
complex emits under these conditions. Emission data
of these complexes are summarized in Table XIV. In
each case the emission of these ortho-metalated Pt(II)
complexes may be assigned to a MLCT excited state,
and it is observed to be slightly solvent dependent in
accordance with the MLCT absorption system.
Moreover, the emission spectra and lifetimes of the free

TABLE XIV.* Emission Data of Ortho-Metalated Pt(II)* and Pt(IV)? Complexes

emission

77K 293 K
solvent Aem" NM 7,9 us Aezmy DM 7,9 us et
Pt(PP), nitrile 491 4.0
methyleyclohexane 505 44
Pt(TP), nitrile 570 12 578 2.2 0.30
methylcyclohexane 580 10 585 3.2 0.36
Pt(BQ), nitrile 492 6.5
Pt(PP),(CH,Cl)C1 nitrile 444 300
methylene chloride 447 150 0.15
Pt(PP),(CHCI,)Cl nitrile 444 360
methylene chloride 446 100 0.10
Pt(TP)y(CH,C1)Cl nitrile 507 340
methylene chloride 513 200 0.05
Pt(TP),(CHCl,)C1 nitrile 507 430
methylene chloride 513 270 0.05

¢Reprinted with permission from ref 293. Copyright 1985 Elsevier Science Publishers B.V. ”Reprinted with permission from ref 294.

Copyright 1986 American Chemical Society.

“Xem i8 the high-energy feature of the phosphorescence emission.

4 Emission lifetime from

deaerated solution; estimated error £10%. ¢ Quantum yield relative to value of 0.028 reported for Ru(bpy)s;?* in water at room temperature

(see ref 295); estlmated error £20%.
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Figure 34. Emission spectra of (a) Pt(PP),, (b) Pt(TP),, and (c)
Pt(BQ), in propionitrile-butyronitrile solution (4:5 v/v) at 77 K.
Reproduced with permission from ref 293. Copyright 1985 Elsevier
Science Publishers B.V.

ligands are distinct from the emission of the complexes.
The radiative lifetime of Pt(TP), has been estimated
from the emission quantum yield and lifetime data to
be 10 us in nitrile solution at 293 K; this value is con-
sistent with the ML.CT assignment and, in fact, is quite
close to that reported for the fac-Ir(PP); complex dis-
cussed above.

Most recently a number of Pt(IV) organometallic
complexes have been reported to strongly luminesce
either in glasses at 77 K or in room temperature solu-
tion.2%¢ These ortho-metalated Pt(IV) complexes have
been prepared by photooxidative addition from the
above PtL, complexes, and their emission parameters
are listed in Table XIV. The exceptionally long-lived
emission lifetimes of these compounds suggest that the
luminescent state is the lowest triplet ligand-centered
(IL) excited state. Emission spectra of the C-
protonated free PP ligand and the Pt(PP),(CH,C1)Cl
complex in nitrile solution at 77 K are fairly close in
energy and exhibit similar vibrational structure (see
Figure 35). This similarity further indicates that the
emitting state is an IL state in which the PP orbitals
are slightly perturbed by metalation.

F. Dinltrogen Complexes

A brief report of luminescence from trans-[W(Ny),-
(diphos),;], where diphos = 1,2-bis(diphenyl-
phosphino)ethane, has appeared.? The emission (Aem
= 565 nm, ¢, = 0.08 £ 0.02, 7 = 19 us) is similar to that
observed from trans-[W(CO),(diphos)s] (Aem = 568 nm,
¢ = 0.14, 7 = 23 us) and for both species is thought to
contain some d — 7* CT character.

III. Chemliluminescence

Chemiluminescence has been determined in the re-
actions of gas-phase Cr(CO)g, Mo(CO)g, W(CO)g, Fe-
(CO);, Ni(CO)4, Mny(CO),4, and Co(CO);(NO) with N,
H, O, He, Ar, and Ne atoms.?®’3% The bright blue
chemiluminescence from the interaction of nitrogen
atoms with metal carbonyls is thought to be caused by
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Figure 35. Emission spectra of (a) C-protonated PP and (b)

Pt(PP,),(CH,CI)Cl in propionitrile-butyronitrile (4:5 v/v) solution

at 77 K. Reproduced with permission from ref 294. Copyright

1986 American Chemical Society.

collisions of metal atoms with metastable A%Z nitrogen
molecules.?” The chemiluminescence spectra have been
shown to be comprised of lines that are exclusively from
the emission of neutral metal atoms. It has been sug-
gested that the chemiluminescence excitation mecha-
nism in the reaction with N atoms involves formation
of metal atoms by stepwise degradation of the metal
complex (see eq 27-29). The M* species are very

M(CO), + N — M(CO),_; + NCO  (27)
M + Np* — M* + N, (28)
Mx* — M + hv (29)

short-lived and deactivate rapidly on the reactor walls.

A closely related study has attributed chemilu-
minescence produced in the reaction of Cr(CO)g, Mo-
(CO)g, W(CO)¢, Fe(CO);, and Ni(CO), with oxygen at-
oms to emission from MCO*, MO#*, and M* species.?®
A stepwise degradation mechanism analogous to that
shown above has been suggested, and the MO* species
are thought to be formed by reaction of the naked metal
atoms with the oxygen atoms. In the reaction of Mo-
(CO)g with hydrogen or nitrogen atoms chemilumines-
cence has been observed at A, = 520 nm and has been
attributed to be from Mo,*. For each complex, reaction
with oxygen atoms produces a chemiluminescence
continuum that, on the basis of kinetic and spectro-
scopic results, has been assigned to MCO*.2%

Intense chemiluminescence has been reported from
the reactions of Fe(CO); and Ni(CO), with metastable
He(2%S), Ne(3P,), and Ar*(3P,) atoms produced in a
hollow-cathode flowing afterglow apparatus.®*3® Again
the emission is attributable to the neutral metal atoms.
Kinetic results have illustrated that the formation of
the excited molecules is dependent on the concentration
of the metastable atoms (A) and the metal carbonyl
prt)assure, thus indicating a bimolecular reaction (see eq
30).

M(CO), + A* > M* + A + nCO (30)
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Also, a preliminary report of redox chemilumines-
cence from a number of organometallic complexes in
solution has recently appeared.3%!

A bright chemiluminescence with A, = 580 nm has
been reported from CIRe(CO);(phen) during the cata-
lytic decomposition of tetralinyl hydroperoxide (TTHP)
in forming a-tetralone (a-TET) and water.2> The
proposed reaction mechanism shown below is analogous
to that known for the peroxide decomposition by or-
ganic compounds.30%303

CIRe(CO)s(phen) + TTHP —
[CIRe(CO);(phen)]*(TTHP)~ (31)

[CIRe(CO);(phen)]*(TTHP)™ —
[CIRe(CO);(phen)]*(«-TET)~ + H,0 (32)

[CIRe(CO);(phen)]*(a-TET)™ —
[CIRe(CO);(phen)]* + «-TET (33)

[CIRe(CO)s(phen)]* — CIRe(CO)4(phen) + hy  (34)

Chemiluminescence of CIRe(CO);(phen) has also
been recorded following the oxidation of Re,(CO)s-
(phen) with chlorine (see eq 35 and 36).3%

(OC)sRe~Re(CO);3(phen) + Cl, —
CIRe(CO); + [CIRe(CO);(phen)]* (35)

[CIRe(CO);(phen)]* — CIRe(CO)z(phen) + hv  (36)

Thus, chemiluminescence has been established from
only a few complexes, but these reactions serve to in-
dicate that the field of transition-metal organometallic
chemiluminescence is in its infancy and certainly it is
one that is attractive to further investigation.

IV. Electrogenerated Chemiluminescence

A special case of chemiluminescence exists when one
or both of the reactant species is or are formed elec-
trochemically. This type of radiative process has been
termed electrogenerated chemiluminescence or ecl,3%
and at the present it has been characterized for only two
organometallic systems.

Cyclic voltammetry measurements on fac-ClRe-
(CO)sL (L = phen or 4,7-Phy-phen) have shown that the
[fac-CIRe(CO);L]°/[fac-CIRe(CO);L]* and [fac-CIRe-
(CO)3L1**/[fac-CIRe(CO);L]° couples (L = phen or
4,7-Ph,-phen) differ by approximately 2.6 V.1%¢ Thus
the recombination reaction of the one-electron-oxidized
and one-electron-reduced species yields enough energy
to electronically excite one of the neutral metal com-
plexes (see eq 37 and 38). This is evidenced by the fact

[fac-CIRe(CO);L]*t + [fac-ClRe(CO)sL]*~ —
[fac-CIRe(CO);L]° + [fac-CIRe(CO);L]%* (37)

[fac-CIReCO);L]* — fac-ClRe(CO)sL + hv (38)

that the emission maximum of fac-ClRe(CO);L in the
electrolyte solution is ~2.0 V. Chemiluminescence has
been observed in this system by cyclic stepping of the
potential of a Pt electrode from —1.3 to +1.3 V vs. SCE,
and its spectral distribution is coincident with that
obtained on photoexcitation.’®4 The electrogenerated
chemiluminescence and photoluminescence spectra
obtained for ClRe(CO);s(phen) are depicted in Figure
36, and similar results have been observed for the
CIRe(CO)4(4,7-phen) complex.

Electrogenerated chemiluminescence has recently
been determined from the ortho-metalated Pt(TP),
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Figure 36. (a) Electrogenerated chemiluminescence from a 0.1
M (n-Bu,N)ClO, CH,CN solution of fac-CIRe(CO);(phen). The
potential of the working Pt electrode was stepped from +1.6 to
-1.6 V (vs. Ag wire) at a frequency of 0.2 Hz. (b) Optically (420
nm) excited luminescence from solution in (a). Figure reproduced
with permission from ref 164. Copyright 1978 American Chemical
Society.
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Figure 37. Photoluminescence (a) and electrochemiluminescence
(b) spectra of 1.0 X 10°* M Pt(TP), in DMF solution. The
photoluminescence spectrum was obtained by 420-nm excitation,
and the ecl spectrum was obtained by stepping the potential
between +0.85 and ~1.80 V, with a pulse duration of 2 s. Figure
reproduced with permission from ref 306. Copyright 1986 Am-
erican Chemical Society.

complex in DMF solution.?® This ecl emission closely
matches the photoluminescence spectrum (see Figure
37) and has, therefore, been attributed to the lowest
energy triplet MLCT excited state of Pt(TP),. The
mechanism of electrochemical luminescence production
is shown by eq 39-42.

Pt(TP), + &~ — P+(TP), (39)
Pt(TP), - &~ — Pt(TP),* (40)
Pt(TP),” + Pt(TP),* — Pt(TP),* + Pt(TP),  (41)
Pt(TP);* — Pt(TP), + hv (42)

An ecl coulombic efficiency (¢,) may be defined as
approximately equal to the number of photons pro-
duced per electron-transfer event, and it has been es-
timated to be 5 X 107 for this complex. Furthermore,
generation of a chemiluminescence signal has also been
shown to yield valuable information on the mechanism
of reaction of Pt(TP), and other redox species in elec-
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trochemical experiments.3% It may be expected that
ecl determination will become an important physical
method that will enable further advances in charac-
terizing organometallic redox processes.

V. Closing Remarks

The examples discussed above illustrate the rich va-
riety of excited states and photophysical behavior ex-
hibited by transition-metal complexes. A great deal has
been learned about the excited states of these systems
from their luminescence properties. In many cases,
detailed studies of the electronic absorption and
emission data have enabled specific excited-state as-
signments to be made.

It is apparent that a wide range of organometallic
compounds have been established to luminesce in a
rigid low-temperature environment or, more recently,
in solution at room temperature. Indeed the fairly large
number of examples can be rationalized by recognizing
that the LF splittings of these complexes are relatively
high, placing these normally photoreactive states above
other emitting states. Low-lying MLCT excited states
are often observed because of the low-valent metal
centers and vacant low-energy ligand acceptor orbitals
in many organometallic complexes. Reported lu-
minescence data are perhaps most extensive for metal
carbonyl complexes, and this has clearly demonstrated
the relationships that exist between the energy ordering
of the excited-state levels and the observed photophy-
sical and photochemical properties. The great majority
of examples of room temperature emission have been
attributed to MLCT excited states that lie below IL or
LF levels. On the other hand, complexes with low-lying
LF states are typically highly photoreactive at room
temperature and have only been observed to exhibit
luminescence in rigid low-temperature media.

In numerous instances emission has been observed
from second- and third-row-metal complexes but is
absent from their first-row analogues. This suggests
that the emissions of these complexes comprise a sig-
nificant degree of spin-forbidden character. Moreover,
energy-transfer experiments support this interpretation;
the luminescence and quencher properties of a number
of systems illustrate that they behave much like organic
triplet donors and acceptors. It should be noted, how-
ever, that the spin-orbit coupling of the heavy metal
precludes a pure triplet description of these emissions,
and in many of the described examples the observed
absorption and emission spectra indicate that this in-
fluence is extensive.

Several complexes have been recognized to display
multiple-emission properties either in fluid solution (see
W(CO) (a-diimine) complexes) or in a low-temperature
glass environment (see, for e.g., fac-XRe(CO);L, com-
plexes). In the former example the emitting states have
been assigned to be of MLCT character, and they are
apparently rapidly thermally equilibrated, whereas in
the latter complexes the emissions are attributed to IL
and MLCT states that are unable to interconvert at low
temperature. A great deal, though, remains to be un-
derstood about the detailed photophysics of multiple-
luminescence systems.

Studies of the temperature dependence of lumines-
cence spectra and lifetimes have yielded valuable in-
formation on the nature of the excited states involved

Lees

in the radiative decay. Models have been developed for
a number of systems that picture the lowest excited
state as being split by spin—orbit coupling into several
levels. Emission may then be described as arising from
each of these levels in which there is rapid Boltzmann
relaxation compared with the excited-state to ground-
state degradation.

Luminescence measurements have shown that the
MLCT excited state may be exceptionally long-lived
and one that is capable of undergoing outer sphere
electron transfer to acceptor molecules. In this manner
photoexcited organometallic complexes have been
demonstrated to sensitize photoreduction process, e.g.,
CO; to CO and ketones to alcohols. Intramolecular
electron-transfer mechanisms have also been invoked
in the deactivation processes of organometallic com-
plexes.

In conclusion, the literature reviewed here has clearly
demonstrated the usefulness of luminescence data in
understanding the photophysical and photochemical
properties of organometallic compounds. This field has
enjoyed rapid progress, and it promises to yield further
significant developments.
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