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Quantum Efficiencies on Transition Metal Complexes. 1I.

Charge-Transfer Luminescence™
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Abstract:

Absolute luminescence quantum yields and lifetimes in a rigid alcoholic glass at 77°K have been mea-

sured for six ruthenium(II), three osmium(Il), and one iridium(III) complex containing either 2,2’-bipyridine, 1,10-

phenanthroline, or 2,2’,2'/-tripyridine as ligands.

Some yields ranged as high as 0.5-0.6. An intrinsic lifetime,

70, @ radiative rate constant, ., and a quenching rate constant, k., have been determined for each complex. Evi-
dence for a near-unity efficiency for population of the emitting level following optical pumping of any upper excited
state was obtained. A semiempirical spin-orbit-coupling model gave semiquantitative predictions of trends in
ro's for related complexes and adds support to the assignment of these charge-transfer emissions to principally a
spin-forbidden process, at least at 77°K. Radiative lifetimes for emitting states have been evaluated by use of the

Einstein and Strickler-Berg formulas.

ompounds exhibiting d-d luminescences appear to

be well characterized experimentally, and the orbita]
and spin descriptions of the emitting levels seem to be
readily rationalized. In contrast, the assignment of the
orbital and spin labels to the emitting levels of sub-
stances producing charge-transfer (CT) luminescence
has been a much more difficult problem.

Indeed, even confirmation of the assignment of the
emission from tris(2,2’-bipyridine)ruthenium(Il) as a
charge-transfer luminescence has been a most elusive
goal. Originally, this emission was tentatively assigned
as a charge-transfer fluorescence;? subsequently, Porter
and Schlafer described the process as a ligand-field
(d-d) phosphorescence.® Later, Crosby, Perkins, and
Klassen* proposed a d-d fluorescence assignment based
on the appearance of a very weak absorption transition
(assigned to a 'A;, — 3T, transition in octahedral
microsymmetry) at longe: wavelengths than the emis-
sion; this weak band was shown to arise from an im-
purity, and the question was reopened.

The assignment of the luminescence from ruthenium-
(1) complexes to a charge-transfer process was finally
confirmed by Klassen and Crosby by means of a com-
prehensive study on a series of ruthenium(II) molecules.’
A d-d assignment was eliminated by demonstrating that
a crystal-field model was not capable of explaining the
observed trends in emission energies. In addition the
emission energies were shown to follow the strong
visible absorption bands which were obviously charge
transfer in character. No decision was made, however,
concerning the multiplicity of the emitting states,
Zuloaga and Kasha® also assigned the luminescences of
several Ru(II) [and Os(1I)] molecules to charge-transfer
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The values were one to two orders of magnitude smaller than the same
quantities derived from the quantum-yield measurements.

transitions, basing their argument on the similarities be-
tween the structures of the emissions and the charge-
transfer absorption bands and on the dissimilarities be-
tween the observed emission bands and the d-d emis-
sions observed from other d® complexes. They postu-
lated that the emissions were fluorescences, i.e., singlet-
singlet transitions.

The CT luminescence of ruthenium complexes was
assigned to a spin-forbidden process by this laboratory.”
The assignment of a triplet-spin label to the emitting
states rested on the magnitudes of the observed life-
times (0.5-10 wsec) and the presence of a unique lumi-
nescence band from a given complex. The usually
short lifetimes of the luminescences from the complexes
were attributed to a strong heavy-atom perturbation of
the emitting triplet state rather than to a lov quantum
yield. Lytle and Hercules® subsequently confirmed that
the absolute yield of [Ru(bipy);]*+ at 77°K was high;
they also assigned the luminescence to a phosphores-
cence, i.e., a triplet-singlet transition.

Currently, the experimental evidence strongly sup-
ports the contention that the CT emissions from ruthe-
nium(II) complexes are principally spin forbidden in
character, at least at 77°K. Similar, although less ex-
tensive, evidence exists for assigning the CT emissions
from analogous osmium(II) and iridium(111) complexes
to spin-forbidden processes.

In the present article we assume the luminescences ob-
served from these complexes to be charge transfer in
character and, at low temperature, mainly spin-for-
bidden processes. The current study adds corrobora-
tive evidence for these assignments, supplies quantita-
tive information on the rates and efficiencies of the re-
laxation processes in these types of d® molecular sys-
tems, and supplements the information already avail-
able for d® complexes displaying d-d luminescences.®

Experimental Section

Table I lists all the complexes investigated. The [Ru(bipy);]Cl:
from G. Frederick Smith Chemical Co. was used without further
purification. The Ru(CN)«bipy): was a sample prepared by
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Table L.
Complexes in an Alcohol Glasse at 77°K

Quantum Yields, Lifetimes, and Rate Constants for Ruthenium(II), Osmium(II), and Iridium(III)

Radiative
Intrinsic rate constantd Quenching
Quantum yielde Lifetime lifetime ¢ ke X 1074, rate constante
Complex? 7, usec To, uSEC sec™! kq X 1074, sec™!

[Ru(bipy)s]Cl, 0.376 =+ 0.036 5.21/ 13.9 7.19 12.0
[(Ru(phen)3]l, 0.584 = 0.065 9,797 16.8 5.95 4.26
[Ru(tripy)e]ls 0.479 =+ 0.027 10. 66/ 22.3 4.48 4.90
cis-[Ru(CN)«bipy).] 0.269 =+ 0.008 3.967 14.7 6.80 18.4
[Ru(en)(bipy):]1, 0.0222 + 0.0009 0.96 43.2 2.32 102
[Ru(ox)(bipy).] 0.0124 = 0.0009 0.61 49.2 2.03 162
[Os(bipy)s]L, 0.0348 = 0.0020 0.89 25.6 3.91 109
[Os(phen)s]I, 0.126 =+ 0.009 2.43 19.3 5.18 36.0
[Os(tripy).]l, 0.124 =+ 0.0015 3.88 = 0.07 31.3 3.20 22.6
cis{IrCly(phen),]Cl 0.496 =+ 0.017 6.92 = 0.05 14.0 7.14 7.31

e Ethanol-methanol glass (4:1, v/v).
tripyridine; en = ethylenediamine; ox = oxalate.
therein. ¢ Absolute accuracy is estimated to be =307,
inref 7.

Demas, Turner, and Crosby,¥ and the iridium complex was pre-
pared by Carstens.!! The remaining ruthenium complexes were
taken from samples prepared and studied by Klassen and Crosby.®
The solvents and their purification procedures were the same as re-
ported previously.® All solutions were saturated with air, since
earlier work’” suggested that oxygen quenching did not occur sig-
nificantly in low-temperature glasses. At room temperature Oxy-
gen quenched some of the complexes; however, since only wave-
length dependences of the quantum yields were measured, this
was of no consequence.

The instrumentation and calibration procedures used for this
study have been described earlier.? For the wavelength-dependence
studies on [Ru(bipy);]Cl: and for those measurements on [Os-
(tripy):)I; which go beyond 600 nm, however, a Hitachi MPF-2A
spectrofluorimeter was used. Calibration of the excitation mono-
chromator source was accomplished with an Eppley 12-junction
linear bismuth-silver thermopile. Blanks were run in all measure-
ments.

The relative yield of [Ru(bipy);]Cl. at room temperature was
measured by an optically dense method (optical density greater
than 10/cm). A 1-cm cuvette filled with a concentrated solution
of the complex was placed at the focus of the excitation mono-
chromator, while the luminescence was viewed from its backside
by an EMI 9558QC phototube, mounted off axis. The blocking
filters over the phototube were a Corning 2-59 and 1.5 cm of aqueous
[Fe(bipy);]Cl: (0.6 g/1.). Relative quantum yields were computed
by eq la of part I° (using the approximation 10—4MZL = 0), The
remaining relative quantum-yield measurements were made by
the optically dilute method (4 < 0.01), and the yields were calcu-
lated using eq Ib of part 1> The excitation band pass was 5.0
nm for measurements made on the Hitachi and 5.5 nm for those
made on the infrared-sensitive instrument.

All emission spectra and absolute quantum yields were obtained
using 436-nm excitation (5.5-nm band pass for yields). For the
yield determinations stray light above 450 nm was reduced by an
Optics Technology 450 blue-edge blocking filter, while extraneous
radiation below 420 was largely eliminated by a Corning 3-73 filter
(ruthenium complexes) or by Corning 3-73 and 3-74 filters (osmium
species). For emission and yield measurements concentrations
(0.2-5 X 105 M) were low enough to avoid the necessity for re-
absorption corrections. Absolute yields were determined by an
optically dilute relative method using a fluorescein standard. Part
I* discusses the relevant experimental details, the numerous cor-
rections, and the formula employed (eq 3 of ref 9); the accuracy of
these procedures is estimated to be only =30, mainly because of
possible cumulative systematic errors.

Except for [Ru(en)(bipy).]l; and [Ru(ox)(bipy):] the lifetimes of
ruthenium complexes were taken from our published data;” the
values of Table I are averages of the several values previously re-
ported. The instrumentation used for measuring the lifetimes of
the remaining complexes is discussed elsewhere.” In all but the

(10) J. N. Demas, T. F. Turner, and G. A. Crosby, Inorg. Chem., 8,
674 (1969).

(11) D. H. W. Carstens, Ph.D. Dissertation, University of New Mex-
ico, Albuquerque, N, M., 1969,

b Abbreviations of ligands: bipy = 2,2’-bipyridine; phen = 1,10-phenanthroline; tripy = 2,2’,2’/-
For proper chemical names and formulas see Experimental Section and references
d Calculated from eq 1.

¢ Calculated from eq 2. 7 Average of values reported

iridium case, the standard excitation filter system was 1.5 cm of
aqueous CuSO,-5H,O (100 g/l.) plus a Corning 7-60 glass filter
(320-400-nm excitation). Our sample of iridium complex was,
however, slightly impure as shown by its nonexponential decay
when excited in this spectral region. Since 436-nm excitation was
used in the quantum-yield measurement on this complex, it was
deemed necessary to have the lifetime under similar conditions.
To effect this the excitation filter was changed to a 10-nm band
pass Balzers 437-nm narrow-band interference filter followed by a
Corning 7-59 glass filter. Under 436-nm excitation the decay was
exponential, which indicated that the impurity was not excited
efficiently at this wavelength. All lifetimes shorter than 4 usec
were calculated by numerical curve fitting or by the methods of
moments.'? The reliability of these short lifetimes is estimated
to be =157 for all except the oxalato complex, where a probable
error of & 209 is more realistic.

Results

Table I lists the quantum yields and lifetimes for all
the substances. Also included are radiative (k;) and
quenching (k,) rate constants and the computed in-
trinsic lifetimes (ro). These quantities were calculated
by means of the equations

kr = 1/7'0 = Q/¢isc,7' (1)
kg = (1l = (Q/disc)] ()

which are analogous to eq 4 and 5 of part I, but the
meaning of ¢’ must be somewhat modified (see below).
For these calculations the yield for population of the
emitting state from the pumping state (¢ic’) was as-
sumed to be unity for all the molecules.

The relative quantum yield and absorption spectrum
of [Ru(bipy);]Cl; at room temperature and at 77°K are
given in Figures 1 and 2. Corresponding data are
shown for [Os(phen);]1; in Figure 3 and for [Os(tripy).]l.
in Figure 4. Only in the case of the [Os(tripy).]l; at
room temperature was excitation carried to wave-
lengths longer than 600 nm, Figure S displays the low-
temperature absorption spectrum and the relative yield
of [Os(bipy)s]l.. These last data are less reliable than
those for the other molecules.

Discussion

The Nature of the Low-Lying Excited States. The
complexes of Ru(ll) and Os(II) have visible absorp-
tion spectra and emission spectra which possess the
same gross features. Both series display intense

(12) J. N.Demas and G. A. Crosby, Anal. Chem., 42, 1010 (1970).
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Figure 1. Relative quantum yield (a) and absorption spectrum
(b, ¢) of tris(2,2’-bipyridine)ruthenium(II) chloride in methanol at
room temperature: (a) 0.2 g/Smlina l-cmcell, (b,¢) 6.7 X 107* M
in a 1-cm cell. The first and last yield points are less accurate
than the others.
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Figure 2. Relative quantum yield (a) and absorption spectrum
(b) of tris(2,2’-bipyridine)ruthenium(I) chloride in an ethanol-
methanol glass (4:1, v/v) at 77°K: (a) 3.4 X 107 M in a 1.76-cm
cell; (b) curve A (right-hr 1d scale), 1.32 X 107¢ M in a 1.76-cm
cell; curve B (left-hand scale), 2.65 X 1075 M in a 1.76-cm cell.
Dotted curve is the estimated contribution of the singlet-triplet
absorption.

charge-transfer absorption bands at energies lower than
the ligand 7—7* transitions, and each compound dis-
plays a unique strong luminescence at 77 °K which has a
prominent vibrational progression and a short lifetime
(~0.5-10 psec). The first strong absorption band
(e ~10,000-20,000) is generally broad and virtually
structureless at room temperature, and its maximum is
removed by a considerable energy from the onset of the
emission band. For ruthenium complexes the lumi-
nescence overlaps the tail of the absorption spectrum
little or not at all.?> In contrast, all the osmium mole-
cules are distinguished by the presence of a series of ab-
sorption peaks of moderate intensity (e ~4000) which
span the region between the first intense absorption
peak and the luminescence. Overlap of absorption
and luminescence is prominent.'®* The visible absorp-
tion spectrum of the iridium complex differs consider-
ably from those of the other two series. The bands as-
signed as charge transfer occur only as shoulders on the
first prominent 7—7* transition with intensities less than
2000. The emission spectrum definitely overlaps the

(13) B.J.Pankuch and G, A. Crosby, unpublished data.
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Figure 3. Relative quantum yields (a, b) and absorption spectra
(c) of tris(1,10-phenanthroline)osmium(I) iodide in ethanol-
methanol (4:1, v/v): (a) 4.5 X 1077 M in a 1,76-cm cell at room
temperature; (b) 4.5 X 1077 M in a 1.76-cm cell at 77°K (glass);
(c) -—, 9.0 X 1076 M in a 10-cm cell at room temperature; ——,
7.12 X 10~% Mand 1.42 X 1075 M in 1,76-cm cells at 77°K (glass).
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Figure 4. Relative quantum yields (a, b) and absorption spectra
(c) of bis(2,2’,2’'-tripyridine)osmium(II) iodide in ethanol-methanol
(4:1,v/v): (a) ©,6.9 X 1077 M in a 1.76-cm cell at room tempera-
ture; X, 2.3 X 10¢ M in a 1-cm cell (Hitachi MPF-2A; solvent,
methanol only) at room temperature; (b) 6.9 X 1077 M in a 1.76-
cm cell at 77°K (glass); (c) ---, 1.37 X 107% M in a 10-cm cell at
room temperature; ——, 6,55 X 1075 M and 1.31 X 1078 M in
1.76-cm cells at 77°K (glass).

tail of the absorption and displays the prominent well-
defined vibrational progression (1.4 kK interval) char-
acteristic of CT luminescences from molecules with
these ligands.3-1!

Although all these ions have dé electronic configura-
tions, charge-transfer absorption bands, and apparently
charge-transfer emission spectra, the relative impor-
tance of oxidation state, oxidation potential, and spin-
orbit coupling in determining the nature and sequence
of the excited states in the various molecules certainly
varies drastically, and it is risky to push analogies
among them too far. We will attempt to build a model
to account satisfactorily for the presently available
evidence, to exploit the analogies which appear reason-
able, and to delineate clearly where we believe these
generalizations may fail.
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Figure 5. Relative quantum yield (a) and absorption spectrum
(b) of tris(2,2’-bipyridine)osmium(II) iodide in an ethanol-meth-
anol glass (4:1, v/v) at 77°K: (a) 7.2 X 1077 M in a 1.76-cm cell,
(b)6.73 X 1075 Mand 1.35 X 1075 M in 1.76-cm cells.

The experimental evidence derived from lumines-
cence measurements indicates that the lowest excited
state is formally a d-=* triplet state in the Ru(Il) and
Ir(111) molecules. Spin-orbit coupling splits the triplet
into two or three components. The splitting is small
for ruthenium molecules (10-20 ¢cm~!) and somewhat
larger for iridium species.'* The lowest lying excited
state for the Os(II) molecules is probably *d-=*) also,
but the obvious new features in the low-energy region of
the Os(I1) absorption spectra and the radical changes in
the Os(I1) luminescence properties at very low tempera-
tures (<30°K)¥ indicate that the detailed disposition of
Os(I1) low-lying excited states may prove to be funda-
mentally different from those of Ru(Il) and Ir(III).

The intense main absorption band which is present in
the ruthenium and osmium molecules signals the oc-
currence of a highly allowed electronic transition. We
interpret this absorbance as the onset of the first spin-
allowed CT transition which is strongly orbitally al-
lowed, i.e., 'A;, — Yd-w*). Other singlet transitions
lower in energy but only weakly allowed may be present
but are overlapped too strongly to be clearly identified.
At much higher energies m—7* transitions can be seen.
For the iridium(I1I) complex the first really intense ab-
sorption lies in the uv and is mainly w—=*, but it is over-
lapped by CT transitions of moderate intensity. Be-
cause of the lack of knowledge concerning energies, in-
tensities, and spin designations of states which lie be-
tween the emitting level(s) and the first highly allowed
level where optical pumping occurs, it is not possible for
us to distinguish experimentally between intersystem
crossing (relaxation between states of different multi-
plicities) and internal conversion (relaxation between
states of the same multiplicity). Indeed, especially for
iridium and osmium, where spin-orbit coupling is large,
such labeling may be deceiving. For these reasons we
use the term ¢’ in eq 1 and 2 to designate the effi-
ciency of relaxation from the singlet excited state
reached by light absorption and the manifold of ther-
mally populated emitting states (vibrational, spin orbit,
or electronic).

Relaxation Efficiencies. Essential to a quantita-
tive determination of the radiative and quenching rate

(14) R. J. Watts, R. W. Harrigan, and G. A. Crosby, Chem. Phys.
Lett., 8, 49 (1971).
(15) R. W.Harrigan and G. A. Crosby, unpublished data.

constants for depopulation of the emitting level is a
value for ¢;.’. For all of our computations we as-
sumed a value of unity for this quantity, an assumption
based on the following experimental information.

In Figure 1 the results of a room-temperature relative-
quantum-yield measurement on a solution of [Ru-
(bipy);]Cl; are shown. To at least 17.7 kK (the approx-
imate maximum of the lowest energy absorption band
discernible at 77°K) there is no increase in the relative
yield. Thus, at room temperature there is no evidence
for a ¢’ less than unity. This result is not impeccable,
however. Since the weak absorption band is not re-
solved, it is impossible to tell what fraction of the ab-
sorbed light excites molecules directly to the triplet
manifold. Consequently, the invariance of the yield
could be attributed to virtually total absorption by the
tail of the strongly allowed transition or to excitation of
a weak singlet nearby. In view of the very low extinc-
tion coefficient in the red region (¢ <400), this objection
does not seem too serious. A second criticism of our
interpretation of the invariance of the quantum yield in
this region stems from the fact that a near coincidence of
singlet and triplet levels could possibly occur and pro-
mote S-T thermal crossover at 300°K.% Thus, even if
¢isc’ Were unity at room temperature, it might be much
smaller at 77°K. To test this latter hypothesis, the
77°K optically dilute measurement of the molecule
(Figure 2) was carried out. If the dotted-in curve rep-
resents the approximate position and intensity of the
absorption band inverse to the emission, as seems rea-
sonable both from the shape of the absorption curve
and from the strong overlap of the emission with this
band, then there is no evidence for a low ¢;s.” at 77°K.
From a consideration of the constancy of the quantum
yield with wavelength, the experimental spread in the
measurements, and the probable fraction of the ex-
citing light being absorbed in the band inverse to the
emission, ¢is’ is estimated to be greater than 90%;, and
it is believed to be unity at 77°K. This complex is
typical of the ruthenium compounds, and consequently
it is reasonable to assume that ¢;.’ ~ 1.0 for all the
other ruthenium complexes at liquid nitrogen tempera-
ture. It is important 1o note that if ¢’ ~ 1.0 and the
emission is predominantly a phosphorescence, the inter-
system-crossing yield must also be on the order of
unity.

The results of similar experiments on the osmium
complexes are shown in Figures 3-5. There is no evi-
dence for a low ¢;..’ in any of the Os(Il) complexes at
77°K or at room temperature. Furthermore, for the
one case where a measurement was carried out to 680
nm (Figure 4a), the yield does not increase at the longer
wavelengths. If the relatively weak structured absorp-
tion bands in the 500-700-nm region can be assigned to
an unusually well-resolved, heavy-atom-perturbed S, —
T absorption and there are no singlet states falling in the
lower energy range investigated, then @', the inter-
system-crossing yield, must be on the order of unity.
Thus it seems probable that under our conditions
¢ise’ and possibly even ¢ in osmium complexes are
also within 10-15%7 of unity.

To determine the efficiency of relaxation between
w—7* states and an emitting d-=* charge-transfer state

(16) E. C. Lim, J. D. Laposa, and J. M. H. Yu, J. Mol. Spectrosc.,
19,412 (1966).
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only one experiment was carried out. The molecule
chosen was [Ru(bipy);]Cl;. Figure 1 shows the result.
There is no evidence for an increase or decrease in the
quantum yield when excitation occurs in the m-7*
singlet band vs. excitation in the prominent d-=*
singlet band.

These data rule out the possibility of significant
quenching to the ground state from the levels through
which the molecule passes as it loses energy. Since re-
laxation from the lowest allowed (d-=*) to the ¥d-
7*) emitting manifold of excited states is believed to
proceed with unit efficiency, then we conclude that
(r-m*) = (d-7*) relaxation has nearly unit efficiency
also. From our measurements one cannot distinguish
between the probable paths (7—7*) s> (d-7%) s>
Yd-7*) and Wm—7*) s> H(T—7*) s> ¥(d-7*).

That relaxation between m—7* and d—=* states would
be rapid is not surprising in view of the fact that a d—=*
state function contains a large admixture of = character.
Since the two types of wave functions have a consider-
able degree of common = parentage, it seems likely
that relaxation between these states would be efficient
(relaxation between w—7* levels of aromatic molecules
in condensed media almost always proceeds with unit
efficiency). Similarly, it would be reasonable to as-
sume that relaxation between d-r* and lower d-d
levels would also be rapid since both wave functions
contain a large component of d character. The effi-
ciency of direct relaxation from w—7* to d-d levels,
either by internal conversion or intersystem crossing,
has not yet been measured. Since the wave functions
are spatially separated and have different parentage,
such relaxation might be appreciably hindered (see
part 1). More experimental evidence is required to
settle this question.

Rate Constants. It is of interest to determine the
actual magnitude of ki /, the rate of relaxation from the
highly allowed (d-=*) state to the 3(d-=*) emitting
manifold. Although it is not possible to determine
kis' directly in these compounds, since they do not
fluoresce from the !(d-=*) levels reached by direct
excitation, it is possible to set lower limits on ki’ by
making suitable approximations.

An intense (~15,000) 'A; — (d-7*) transition lies at
~470 nm in the osmium complexes. Because of the
strongly allowed nature of this transition k;, the radia-
tive rate of depopulation of this (d-=*) state, would
probably be very rapid; 107 sec™! is a reasonable lower
limit since almost all orbitally allowed fluorescences
have rate constants higher than this value. From our
measurements the fluorescence quantum yield from this
state is at least 10°® times smaller than the observed
phosphorescence yield in the 2,2’,2''-tripyridine and
1,10-phenanthroline complexes. Since the phosphores-
cence yield is about 0.1 for these compounds, the fluo-
rescence quantum yield (¢;) from the allowed Y(d-=*)
level must be less than 1074 ¢; is related to funda-
mental rate constants by

b: = kef(ke + kise' + ko) (3)

where kg is the rate for nonradiative quenching of this
state directly to the ground state and k.’ is the sum of
the rate constants for intersystem crossing to the triplet
manifold and for internal conversion to lower excited
singlet states. Since the crossing yield is estimated to
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be near unity, k..’ is much greater than k,. Therefore,
based on the values for ¢¢ and k¢ estimated above,
kis.’ must be greater than 10! sec™!. Even if k; were
really only 10¢ sec™!, the lower limit for k;.’ would still
be 1020 sec™!. A lower limit of 5 X 10 sec! for inter-
system crossing has been set by Lytle and Hercules for
[Ru(bipy)s]Cl; using similar arguments. Comparable
values are expected for the other CT emitters.

We wish to emphasize that the k.’ estimated above
could actually represent either an intersystem-crossing
constant or an internal-conversion constant, even if S
were a good quantum number. If the strongly allowed
I(d—-7*) state is really the lowest excited singlet state in
the complex, then k.’ does represent an intersystem-
crossing rate. If, however, this (d—7*) level is not the
lowest singlet state, then k.’ can be interpreted as an
intersystem-crossing rate, an internal-conversion rate,
or a combination of the two, depending upon the re-
laxation mechanism assumed. We have as yet no
unambiguous information about intersystem-crossing
rates in these molecules.

A Spin-Orbit-Coupling Model. Since the quantum-
yield measurements permit an evaluation of radiative
decay constants for the emitting states of the molecules,
it is of interest to develop a model to rationalize the
observed trends in 7, values and to make predictions of
7o values for analogous molecules containing these ele-
ments. Since the determination of spectroscopic pa-
rameters from first principles is not a realistic goal, we
have adopted a semiempirical approach in which only
the spectroscopic properties of the molecules and the
atomic properties of the component elements are utilized
in the calculation.

For an emitting triplet state a formula relating the in-
trinsic life to the absorption intensity is"?

Ifro = K'Ex* [ exds 4)

where 7o = the intrinsic lifetime of the emitting state,
K’ = a constant, E1 = the energy of the emitting state
above the ground state, ey = the molar extinction co-
efficient of the transition connecting the ground state
with the emitting state, and # = the energy in kilo-
kaisers. The integration is carried out over the entire
absorption band inverse to the emission.

Since the singlet-triplet absorption band which we
assume to be the inverse of the luminescence is not
clearly resolvable in these molecules, we have chosen to
calculate the So — T absorption intensity from a mea-
surement of the intensity of the spin-allowed band from
which the intensity is assumed to be “borrowed,” the
energy gap between the two excited states, and an em-
pirical spin-orbit-coupling matrix element connecting
the emitting and the “perturbing’ state.

From perturbation theory'® we have

[ exds = (Ex/ESN | Mo |*/(Ex — E9fesdr (5)

where e = the molar extinction coefficient of the
singlet-singlet transition from which the triplet ‘‘bor-
rows” its intensity, £5 = the energy of the perturbing
singlet state, and Mg, = the spin-orbit-coupling

(17) J. G. Calvert and J. N. Pitts, Jr.,, “Photochemistry,” Wiley,
New York, N. Y., 1966, p 174,

(18) C. J. Ballhausen, “Introduction to Ligand Field Theory,”
McGraw-Hill, New York, N. Y, 1962, p 191.
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matrix element connecting the perturbing singlet and
the emitting triplet state.

This formula is based on the assumption that only
one singlet state contributes significantly to the inten-
sity observed for the singlet-triplet transition. If two
or more states with different energies and intensities are
really involved, the computations as described here are
invalid, or at best one must think of the quantities as
average values. Substitution of eq S into eq 4 yields
the relation

l/ro = K'(ExY/Es) | Mso |*/(Ex — Es)zlfesdl7 (6)

One must choose the mixing singlet. Because of the
squared energy term in the denominator, significant
mixing between states of widely different energies is not
expected. Because of the small energy separation in-
volved, the most reasonable choice for the mixing
singlet was presumed to be the state responsible for the
first prominent charge-transfer absorption band. The
energy of the first absorption maximum of this highly
allowed band (e >10%) was taken as Es.

The next problem concerns the evaluation of the in-
tegral, since the observed band might be made up of
several overlapping transitions. To simplify we set

[esds = K e(Es) %)

where K’/ = a constant and «(Es) = the molar extinc-
tion coefficient atenergy Es. Although the bandwidths
of the prominent CT transitions are not the same for all
the molecules considered, K’’ is assumed to have the
same value for all the osmium and ruthenium com-
plexes. Any errors introduced by this assumption are
overshadowed by the approximate nature of the equa-
tions.

Only evaluation of Ep remains. Since the singlet-
triplet absorption band is not resolved at all in some
cases, emission data were used to estimate this term.
E1 was assumed to be the energy of the shortest wave-
length emission peak. This procedure is consistent and
is probably reasonably accurate. From these data the
term K Mso|® (K = K'K’’) was calculated for each
molecule. Table II shows the pertinent quantities and
the results.

Table II.  Spin-Orbit-Coupling Matrix Elements in
Osmium and Ruthenium Complexes at 77°K
Eg —
Er, K Msol?
Complex Es, kK Er, kK € kK X 107e
[Ru(bipy);]Cl: 22.02 17.12 20,100 4.90 3.78
[Ru(phen);]I. 22,22 17.62 21,0000 4.60 2.43
[Ru(tripy)s]l. 21.05% 16.62 12,900® 4.43 3.i3
cis-[RUW(CN)(bipy)] 21.19% 17.12 9,810> 4.07 4.83
[Ru(en)(bipy)a]l. 19.76° 14.78 14,400® 4.98 2.44
[Ru(ox)(bipy)a] 19.23> 14.19 11,1000 5.04 3.13
[Os(bipy):]l. 20.92 14.09 14,900 6.83 9.16
[Os(phen)]lz 20.83 14.48 18,500 6.35 7.74
[Osttripy)e]iz 20.92 14.28 16,300 6.64 6.20

@ KiMsgo!?, (mol cm)/(l. usec), computed from eq 6. Intrinsic
lifetimes taken from Table 1. ? Values from D. M. Klassen, Ph.D.
Dissertation. University of New Mexico, Albuquergue, N. M., 1966,

A perusal of Table II shows that K| Mo, ? is remark-
ably constant for all the ruthenium complexes and also
for all the osmium complexes. The results also indicate

that coupling between the emitting triplet and the per-
turbing singlet in both the series is more a function of
the central-metal ion than of the detailed structures
of the ligands or of the molecular geometry. These
factors will probably make this kind of semiempirical
treatment of considerable predictive value in studies of
other types of complexes.

One of the most gratifying results shown in Table II is
that K |Mso | % and presumably |Mso |? also, is greater
for the osmium complexes than for their ruthenium
analogs—as it should be; the average increase is 2.5.
The long lifetimes of the osmium complexes and, inci-
dentally, of the oxalato and ethylenediamine complexes
of ruthenium are thus traceable to the large energy sep-
arations between their interacting states which reduce
the effectiveness of the perturbing singlets even though
the spin—orbit coupling is larger in the molecules con-
taining the heavier element,

The increase in the K | Mo | ? on going from ruthenium
to osmium is not, however, as large as would be pre-
dicted from theory. Subject to several stringent as-
sumptions, K |Mso|? should be proportional to £2,
where £ is the spin-orbit-coupling constant for the metal
d electrons.!’® When extrapolated values® for ruthe-
nium(IT) and osmium(Il) of 1.1 and 3.0 kK, respec-
tively, are used, an increase of 7.5 would be expected
compared with the observed 2.5,

Several reasons could be invoked for explaining the
apparent reduction of spin-orbit coupling in osmium
molecules with respect to ruthenium species. First,
osmium complexes could have a higher degree of co-
valency than the analogous ruthenium ones. Co-
valency would reduce the spin-orbit coupling constant
because of the greater delocalization of the d electrons
onto the ligands. The less the electron feels the heavy-
metal nucleus, the smaller £ is. Secondly, the assump-
tion that the radiative rate constant is proportional to
the integral of er over the entire mixing singlet band
could lead to discrepancies. This assumption would be
valid only if all the components of the triplet state were
equally involved in the emission process, since the in-
tensity of the absorption band calculated by eq 5 would
be the intensity of the triplet band summed over all its
components. In osmium the spin-orbit interactions
are probably large enough to separate the components
of the triplet so that not all levels are thermally pop-
ulated at 77°K. If this occurred one or more of the
possible radiative paths for depopulation of the triplet
state would be cut off, and the intrinsic lifetime derived
from eq 2 would be longer than that evaluated from the
absorption measurements. We note also that 7, would
not be uniquely defined. If several states are in thermal
equilibrium, 7, represents a weighted (Boltzmann) av-
erage of their individual decay constants; consequently
7o may vary with temperature. Finally, the calculation
could be entirely erroneous, and the agreement only
fortuitous. This last possibility seems unlikely in
view of the model’s success for a substantial number of
compounds.

The apparent success of a spin-orbit-coupling
scheme for correlating trends in the measured 7, values

(19) S. P, McGlynn, T. Azumi, and M. Kinoshita, ‘‘Molecular Spec-
troscopy of the Triplet State,” Prentice-Hall, Englewood Cliffs, N. J.,
1969.

(20) B. N, Figgis, ‘“Introduction to Ligand Fields,” Wiley, New York,
N.Y,, 1966, p 60.
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strongly supports the assignment of the observed
luminescences to principally spin-forbidden processes, at
least at 77°K. Until the states intermediate between
the lowest triplet and the first strong CT singlet in both
ruthenium and osmium complexes are better character-
ized as to symmetries, energies, and spin labels, how-
ever, further analysis of the implications of the model
would be perilous.

Because of its success it is worthwhile to see how
useful the model can be for predicting the intrinsic life-
times of new compounds. To test its predictive powers,
an average value of K’Mso ? was calculated from the
data for the tris(2,2’-bipyridine), the tris(1,10-phen-
anthroline), and the bis(2,2’,2’/-tripyridine) complexes
of ruthenium. Using this average value one can cal-
culate the 7,’s of these complexes as well as of the other
ruthenium complexes from eq 6 and 7. The results are
given in Table III. The worst agreement (for the di-

Table III. Calculated and Observed Intrinsic Lifetimes of
Ruthenium and Osmium Complexes
Compound
(77°K) ro{calcd),® usec  rlexptl), usec
[Ru(bipy)s]Cls 16.9 13.9
[Ru(phen);]I, 13.1 16.8
[Ru(tripy)s)i, 22.4 22.3
cis-[RU(CN)bipy).] 22.9 14.7
[Ru(en)(bipy)s]L; 33.9 43.2
[Ru(ox)bipy)] 49.5 49.2
[Os(bipy)s)l2 29.8 25.6
(Os(phen);)I. 19.0 19.3
[Os(tripy)s]lL, 24.6 31.3

e Calculated from eq 6.  The value of K|Msgo|? for the ruthenium
complexes was taken as 3.11 X 1077, and {or the osmium complexes
a value of 7.87 X 10~7 was used.

cyano complex) is only ~40%. Predictions for other
osmium complexes using the average matrix element
value derived from the three analogous osmium com-
plexes are also given in the table; unfortunately no
quantum-yield data for cis-substituted osmium com-
plexes are available for testing the procedure. From
the good agreement achieved for the ruthenium com-
plexes, it is reasonable to infer comparable accuracy for
predictions on related cis-substituted osmium mole-
cules.
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A possible use of eq 6 and 7 is the estimation of ab-
solute quantum yields of new ruthenium and osmium
complexes of a type similar to those studied. 7, could
be calculated from absorption and emission data: then
division of the measured lifetime by this quantity would
yield an estimate of the quantum yield.

A word of warning should be given regarding esti-
mation of radiative lives by the method described here.
All the compounds studied were noncentrosymmetric
(Ds symmetry or lower). In centrosymmetric com-
plexes the lowest charge-transfer transitions may be
symmetry as well as spin forbidden. Thus, the previous
calculations might be invalid for centrosymmetric
molecules.

Integrated Extinction Coefficients. An alternative
approach for estimating intrinsic lives has gained some
acceptance in the treatment of inorganic systems.
The procedure is based on the Einstein integrated ex-
tinction coefficient formula (eq 4 with K’ in terms of
fundamental constants) which relates the intrinsic life
of an emission to the absorption intensity to the state
from which the emission arises.

The application of the formula for d-d or charge-
transfer emissions has been based, however, more on an
act of faith than on a firm experimental verification of its
validity. We have tested the Strickler-Berg modifi-
cation of this formula?! on [Ru(bipy);]Cl. and the
osmium complexes studied here. Assuming that the
degeneracy factor (g,/g;) is unity (see ref 9), we find the
experimentally determined 74’s for charge-transfer
emissions are 8 to 40 times longer than the calculated
values. The Einstein formula yields even worse agree-
ment. In part I of this series we showed that a com-
parable uncertainty (factor of 50) was present for at
least one calculation on a d-d phosphorescence. Re-
cent studies'*¥ suggest that, at least in the case of
charge-transfer emitters, these serious discrepancies may
not be fundamental but may be a result of our present
inability to assess properly the contribution of various
excited states to the emission and absorption processes.
Because of such manifest experimental difficulties, we
are not sanguine of the usefulness of the Einstein or
Strickler-Berg equations for determining radiative life-
times, at least not until these complex inorganic sys-
tems are more fully understood.

(21) S.J.Strickler and R. A, Berg, J. Chem. Phys., 37, 814 (1962).
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