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Abstract: Quantitative measurements of the luminescence spectra, decay times, and quantum yields of ruthenium(Il) cations 
of Z)3 symmetry containing 2,2'-bipyridine and substituted-bipyridine ligands have yielded energy-level splittings and radia
tive and radiationless decay constants for the states arising from the dTr*(a2) charge-transfer configuration. The derived 
radiative rate constants provide additional evidence for the state symmetry assignments previously proposed. Rapid thermal 
relaxation among emitting levels is observed and attributed to strong spin-orbit coupling tying the spins to the lattice. The 
polarization characteristics of the emitted radiation is predicted to be strongly temperature dependent. Detailed descriptions 
of the techniques for making the measurements are included. Extension of both the techniques and interpretations to other 
ions displaying charge-transfer luminescence is discussed. 

Recently a group theoretic coupling model was proposed 
to rationalize the measured decay times of the photolumi-
nescences observed from the tris(2,2'-bipyridine)rutheni-
um(II) and tris(4,4'-diphenyl-2,2'-bipyridine)rutheni-
um(II) cations and m-dicyanobis(2,2'-bipyridine)rutheni-
um(II).4 The model was devised to account for the depen
dences of the decay times of these systems on temperature 
and magnetic field strength and to allow provisional sym
metry labels to be assigned to the manifold of excited levels 
responsible for the intense orange photoluminescence ema
nating from complex ions of this type. The present series of 
investigations was undertaken to test further the validity of 
the proposed coupling model for charge-transfer (CT) ex
cited states and to provide a quantitative measurement of 
the fundamental molecular parameters controlling their op
tical properties. In particular we set out to answer the fol
lowing questions, (a) Do the state symmetry assignments 
proposed on the basis of a comparison of selection rules 
with measured decay rates of excited states hold up when 
tested against the radiative decay rates of the levels? (b) 
Can the energy-level splittings derived from computer anal
yses of decay time curves be observed directly by monitor; 
ing spectral changes with temperature? (c) Can quantita
tive information on the radiationless rate constants for the 
individual sublevels be obtained and correlated with struc
ture? (d) What is the relationship of the experimentally de
termined rate constants and splittings of the observed excit
ed states to the ligand ir electronic structure? Can dereali
zation of the promoted electron over the ir system be mea
sured and correlated with the detailed structures of the sur
rounding ligands? What is the origin and magnitude of Ii-
gand-ligand interaction in complexes of this type? (e) 
What is the role of the central metal ion, in particular its 
strong spin-orbit forces, in governing the disposition and 
natures of the CT excited states? (f) Are there fundamental 
molecular parameters that can be extracted from measure
ments on CT excited states of one molecule and be trans
ferred with confidence to other similar molecular systems? 
(g) Is the proposed coupling model extensible to the charge-
transfer-to-ligand excited states of complexes with other 
metals, other ligands, and other symmetries? (h) How far 
can the proposed model be quantified and still retain rela
tive simplicity? What further experimental checks can be 
made on its validity? What are its predictive capabilities? 
Where does it fail? (i) What is the relationship of the spec-
troscopically defined CT excited states to the photochemi
cal properties of these materials and, ultimately, to their 
electrochemical and chemical behaviors? 

In this article attention is focused on quantitative spec

troscopic investigations of ruthenium(II) cations of D^ sym
metry containing 2,2'-bipyridine and substituted bipyridine 
ligands. In the succeeding one analogous results on a set of 
ruthenium(II) species containing o-phenanthroline and sub
stituted o-phenanthroline ligands are analyzed, compared 
to those of the bipyridine series, and correlated with struc
ture.5 In the third article a detailed mathematical develop
ment of the proposed coupling model is presented, and 
quantitative assessments of the role of excited state charge 
distribution and spin-orbit coupling in determining CT 
level splittings in molecules of this type are made.6 

Experimental Section 

Preparation and Purification of Samples. Tris(2,2'-bipyri-
dine)ruthenium(II) chloride hexahydrate, [Ru(bpy)3]Cl2, was 
purchased from G. Frederick Smith Company and was used with
out further purification. The sample of tris(4,4'-diphenyl-2,2'-bi-
pyridine)ruthenium(II) chloride, [Ru(4,4'-Ph2bpy)3]Cl2, was syn
thesized and analyzed previously,7 and the tris(4,4'-dimethyl-2,2'-
bipyridine)ruthenium(II) chloride tetrahydrate, [Ru(4,4'-Me2-
bpybJCh, was prepared and purified by the methods employed in 
this laboratory for analogous complexes.7 

Anal. Calcd for [Ru(Ci2H12N2)3]Cl2-4H20: C, 54.82; H, 5.58; 
Cl, 9.01; N, 10.65. Found: C, 54.61; H, 5.44; Cl, 8.35; N, 10.66. 

Preparation of Plastics. To facilitate sample handling over large 
temperature ranges, the three complexes were studied in polymeth
ylmethacrylate (PMM) matrices. The rigid doped plastic matrices 
were prepared by dissolution of both the complex and PMM in 
chloroform and then removal of the solvent under vacuum. The re
sultant solid solutions had a uniform color and showed no sign of 
solute crystallization. The PMM displayed no significant absorp
tion in the visible and near-uv regions down to 370 nm, and repeat
ed exposures of the samples to thermal stresses and to high intensi
ty uv and visible radiation produced no measurable deterioration. 

Spectra. Photoluminescence spectra both at 77 and 4.2 K were 
recorded with a red-sensitive spectrometer constructed in this labo
ratory.8 Excitation was achieved by passing light from a 1000-W 
Hg-Xe lamp through 5 cm of aqueous CuSO4 (100 g/1.) and a 
Corning 7-60 uv filter. For recording the 77 K spectra the plastics 
were suspended in liquid nitrogen in a quartz dewar. The 4.2 K 
spectra were measured on the same samples immersed in liquid he
lium in an Andonian Model 0-24/7M-H dewar. The luminescence 
spectrum of [Ru(4,4'-Me2bpy)3]Cl2 was also measured in a rigid 
ethanol-methanol (4:1, v/v) glass at 77 K. Excitation conditions 
were the same as those for stimulating the plastic samples. The ab
sorption spectrum of this latter molecule was recorded at room 
temperature and at 77 K in the ethanol-methanol solvent with a 
Cary Model 14 spectrometer. Both the absorption and the lumines
cence (77 K) of each of the other two molecules dissolved in this 
same solvent system have been reported previously.7'9 

Quantum Yields. The absolute quantum yields of [Ru-
(bpy)3]Cl2

10 and [Ru(4,4'-Ph2bpy)3]Cl2" at 77 K in ethanol-
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Figure 1. Block diagram of apparatus for relative intensity measure
ments. 

methanol glasses have beenreported previously.Theyieldof[Ru(4,4'L 

Me2bpy)3]Cl2 in a rigid ethanol-methanol glass at 77 K was mea
sured12 by the modified Parker-Rees technique used in this labc.-a-
tory that has been described in detail elsewhere.10 '" The standard, 
the excitation and filter systems, and the experimental techniques 
for obtaining spectra and absorbances were identical with those 
presented previously. No photochemical decomposition of the sam
ple in the light beam was apparent. 

Decay Time Measurements. The lifetime of the luminescence 
from each complex in the PMM matrix was measured in the same 
Andonian dewar used for obtaining the spectra. The operation and 
the temperature control of this particular system have been de
scribed previously.413 One-centimeter squares of the doped plas
tics were subjected to the intense filtered uv light from an EG&G 
FX-12 flashlamp. The filtered light output'was monitored by an 
EMI 9558QC photomultiplier and displayed on a Tektronix 535A 
oscilloscope. Mean decay times, recorded for all three complexes 
between ~1.8 and 77 K, were determined by a linear least-squares 
fit of In intensity vs. time. Even at the lowest temperatures reached 
no deviations from exponential behavior were detected. The decays 
could be followed for several mean lives at the low temperatures. 

Relative Intensity Measurements. To obtain a measurement of 
luminescence intensity as a function of temperature a ratio record
ing apparatus was designed and constructed. Two sets of data were 
recorded under different experimental conditions; only the experi
mental setup for the preferred set of measurements is described 
here in detail (Figure 1). Light from the 1000-W Hg-Xe arc lamp 
was First passed through 5 cm of aqueous CuSO4 solution (200 g/ 
1.). This solution transmitted from 330 to 580 nm and served to de
fine partially the excitation band and to block the intense ir radia
tion emanating from the arc. The light was then focused to fill the 
full 1 -in. aperture of the aluminum barrel containing a quartz 
beam splitter. Light deflected by the beam splitter passed through 
a neutral density filter and fell onto the photocathode of an EMI 
9558QC photomultiplier that generated a reference signal for the 
ratio module. The main light beam passed through an Optics 
Technology 450 redpass and a Corning 7-59 glass filter before fall
ing on the sample mounted in the dewar, which was equipped with 
fused quartz windows. Together with the CuSO4 solution these two 
filters defined a broad excitation band spanning 430-480 nm. 

Emitted light passed through a pair of Corning 3-69 glass filters 
and a neutral density filter (OD = 2.0) onto the photocathode of a 
RCA C31034 photomultiplier. The transmission characteristics of 
this particular filter system were checked arid found to be virtually 
flat between 540 and 800 nm, the wavelength region of the moni
tored emissions. The RCA C31034 tube possesses a nearly flat 
quantum efficiency in the region between 500 and 800 nm, a nec
essary requirement for using it as a quantum counter.14 Photocur-
rents in the range of 1.0 \iK generated by this detector were fed 
into a Keithley Model 410 microammeter, which, in this appara
tus, functioned as a current to voltage converter and amplifier. The 
temperature dependent output voltage from the Keithley was then 
applied to the ratio module. 

Figure 2. Schematic wiring diagram of the ratio recording dividing 
module: (amplifiers) A, Analog Devices 118K; B, Analog Devices 40J; 
(multiplier divider) C, Analog Devices 426A. 

Shown in Figure 2 is a schematic wiring diagram of the ratio 
module. The reference and signal voltages were adjusted to appro
priate levels by the variable gain amplifiers A and B before being 
applied to the multiplier divider C. In the dividing configuration 
the output is X0Z/X where Z is the amplified signal voltage and X 
is the amplified reference voltage. By means of this experimental 
arrangement raw voltage data, proportional to the integrated in
tensities, were recorded for each of the complexes between ~4.5 
and 77 K. Changes in the intensity of emitted light due to fluctua
tions of the exciting source were reduced to negligible values. The 
relative intensity curves recorded for the samples in PMM were 
normalized at 77 K to the known quantum yields obtained from 
ethanol-methanol glasses at this temperature. 

As mentioned above the temperature dependent relative quan
tum yields were also measured with an experimental arrangement 
differing from that described. To indicate the reliability of our pro
cedures and to give an indication of the effect of known systematic 
error in the results, it is pertinent to describe the setup used for the 
inferior measurements. First, the excitation light was filtered 
through 5 cm of aqueous CuSO4 (200 g/1.) and a Corning 7-60 
glass filter. This combination isolated the region between 330 and 
390 nm that contains both ir*-* and CT bands of the molecules. 
Second, the output filter system consisted of one 3-68 and two 3-67 
Corning glass filters. These were later shown to cut off slightly the 
high-energy edge of some of the emission bands. Third, the refer
ence signal was generated with a GE 929 photodiode instead of the 
9558QC photomultiplier. The GE 929 was subsequently shown to 
be slightly nonlinear in the uv region. Finally, the emission was 
viewed with a 9558QC photomultiplier whose quantum efficiency 
changes by almost 90% over the luminescence bandwidths of these 
complexes. In spite of the many uncertainties introduced by these 
less than optimum components, the relative quantum yields ob
tained by this experimental setup did not differ as much as expect
ed from the other superior arrangement. The deviations of the two 
sets of measurements are portrayed in Figure 3 for [Ru(bpy)3]Cl2. 
Analogous data plots for the other molecules were similar. Com
puter analyses of the less precise data yielded radiative rate con
stants that differed slightly (<10%) from the better data; the 
major patterns and trends were not modified, however. 

Results 

Absorpt ion and luminescence spectra of [Ru(4 ,4 ' -Me2-
b p y h J C h in the alcohol med ium are presented in Figure 4. 
W e note tha t methyl substi tut ion has modified the bands 
corresponding to those of the parent [ R u ( b p y ) 3 ] C b com
plex only slightly.9 Ne i the r the main charge- t ransfer ab 
sorption region maximizing at 458 nm nor the irir* absorp
tion band peaking at 286 nm is shifted measurab ly by meth
yl substi tut ion. T h e C T luminescence band has , however, 
been red shifted ~ 0 . 3 kK from its position in the parent 
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Figure 3. Quantum yield data for [Ru(bpy)3]Cl2 obtained under two 
sets of experimental parameters: + + + + , EMI 9558QC photomultipli-
er, CuSO4 + Corning 7-60 excitation filter, two Corning 3-67 + one 
Corning 3-68 emission filter; , RCA C31034 photomultiplier,-

CuSO4 + Corning 7-59 + Optics Technology 450 redpass excitation 
filter, two Corning 3-69 emission filter. 

38 34 30 26 22 18 14 kK 
Absorption and luminescence spectra of [Ru(4,4'-Me2-

-rjjii— i in ethanol-methanol (4:1, v/v): (—) absorption at room 
temperature; (- • -) absorption at 77 K (a 20% contraction of the glass 
has been assumed); (- - -) luminescence at 77 K. 

Figure 4. 
bpy)3]Cl2 

molecule. The ~1.3-kK vibrational progression, indicative 
of a CT luminescence,15 is clearly displayed. 

Shown in Figure 5 are the luminescence spectra at 4.2 
and 77 K of the three complexes doped in PMM matrices. 
The basic similarities among the spectra are obvious. All lie 
between 10 and 18 kK; all display the ~1.3-kK vibrational 
progression typical of these systems; none undergoes unusu
al sharpening as the temperature is varied. Significant spec;_ 
tral changes do occur, however, between 4.2 and 77 K. In 
all three cases the second prominent peak grows in at the 
expense of the highest energy adjacent peak as the tempera
ture is lowered. Thus, the intensity distribution changes 
considerably, although the basic envelope structure re
mains. 

As demonstrated in Figure 6 the lifetimes of all three 
complexes increase manyfold as the temperature is lowered 
from 77 to ~1.8 K, the changes being most pronounced 
below 10 K. At the same time the relative intensity of lumi
nescence, and by inference the quantum yield, of each of 
the three complexes decreases monotonically as the temper
ature is lowered from 77 to 4.5 K. 

To convert to absolute yields the relative intensity curves 
in the plastics were normalized to the known quantum 
yields measured in the ethanol-methanol glasses at 77 K. 
This procedure was adopted because an optically clear glass 
of the alcohol mixture could be maintained for quantum 
yield measurements at 77 K. To transfer the yields mea
sured under these conditions to the species dissolved in 
PMM requires some justification. Measurements of the 
decay times of several of the complexes at 77 K were car
ried out both in the ethanol-methanol glass and in the 
PMM matrix. For all samples tested the values are slightly 
shorter in the PMM matrix compared with their values in 
the alcohol glass. The discrepancies range from 3 to 8% and 
are molecule dependent. We suspect that all of this change 

Figure 5. Luminescence spectra of ruthenium(II) complexes in PMM: 
(a) [Ru(bpy)3]Cl2, (b) [Ru(4,4'-Me2bpy)3]Cl2, (c) [Ru(4,4'-
Ph 2 bpy) 3 ]CI 2 ; ( - )4 .2K, ( . . . )77K. 

Figure 6. Temperature dependence of the lifetimes and quantum yields 
of ruthenium(II) complexes and computer generated parameters for 
each luminescing charge-transfer manifold: (a) [Ru(bpy)3]Cl2 in 
PMM, (b) [Ru(4,4'-Me2bpy)3]CI2 in PMM, (c) [Ru(4,4'-, 
Ph2bpy)3]Cl2 in PMM; (• • •) experimental values, (—) "best fit" com
puter generated curves. Lifetimes, curve A, are read from the left ordi
nate; quantum yields, curve B, from the right. 

can be attributed to an increase in the quenching constants 
and thus to a lower quantum yield in the plastic. Since the 
systematic error in the quantum yields measured in the al
cohol glass could easily exceed 10%, however, we have cho
sen to adopt the values measured in the glass for the PMM 
matrix also. Thus, we attribute the large variations in decay 
times and quantum yields depicted in Figure 6 to molecular 
properties independent of the chosen matrix. 

Phenomenological Model. To explain the steep increase 
of the measured lifetime and the concomitant decrease in 

Hager, Crosby / Charge-Transfer Excited States of Ru(II) Complexes 



7034 

E k2=k2r+k2q - p * 
AC1 

A1 M k 1 ^ k 1 , -L - L 

Figure 7. Schematic diagram of emitting charge-transfer states of tri
gonal ruthenium(II) complex ions: kir, radiative rate constant; kiq, ra-
diationless rate constant for conversion of the ith level to ground state. 
Proposed symmetry labels are for complexes of Dj symmetry contain
ing x-conjugated ligands. 

the relative intensity of luminescence that occur as the tem
perature is lowered, a multiple state model of charge-trans-" 
fer luminescence has been proposed.4 The physical assump-_ 
tions of the model are (a) the CT luminescence in these DT, 
complexes is a superposition of the emissions of three close
ly spaced electronic states, (b) each of the sublevels is capa
ble of coupling with the ground state either radiatively or 
radiationlessly, and these pathways are controlled by first-
order kinetics with temperature independent rate constants, 
kr and kq, (c) Boltzmann equilibrium is established and 
maintained in time domains much shorter than the charac
teristic lifetimes of any of the sublevels, and (d) the mani
fold of luminescing states is populated from higher excited 
states with near unit efficiency at all temperatures and this 
efficiency is independent of excitation wavelength. The pos
ited excited state description is depicted in Figure 7. 

Based on the physical assumptions about the nature of 
the charge-transfer luminescing states stated above, analyt
ical expressions giving both the lifetime and quantum yield 
of a complex as functions of temperature can be derived. 
(See appendix.) The temperature dependence of the life
time of a manifold of decaying excited states in thermal 
equilibrium has been given by Azumi, O'Donnell, and 
McGlynn.16 The expression, derived in the appendix, appro
priate for the systems under discussion here is 

1 + 2e-A(>/kT + e-^i/kT 
T(T) = k] + 2k2e-A<>/kT+k3e-^kT 0 ) 

where the rate constants and energy gaps correspond to 
those defined in Figure 7. 

Employing the same assumptions delineated above, one 
can derive an expression for the functional dependence of 
the quantum yield on temperature. The result, also derived 
in the appendix, is 

= kir + 2k2re-^/kT+k3re-^kT 

0U> kl+2k2e-^kT+kie-^kT K) 

We note here that the second level of the manifold has 
been assigned a degeneracy of two. This factor appears both 
in the T(T) and <t>(T) expressions above. Although not der
ivable from the experimental data reported here, our pro
posed theoretical model requires a twofold degeneracy for 
the intermediate level (vide infra). We have therefore incor
porated this factor in the data reduction procedures. 

Figure 7 and eq 1 and 2 define the luminescing manifold 
completely. In principle a simultaneous computer fit of both 
T(T) and 4>(T) to the measured data points in Figure 6 
should yield all the parameters defined. The actual data re
duction procedure is detailed in a later section. The resul
tant level schemes are included in Figure 6. Extension to a 
three-level scheme is justified by the fact that an acceptable 
two-level fit could not be generated by the computer. Inclu
sion of a fourth level was unjustified since a three-level fit 
was manifestly adequate. Support for the assumed three-
level scheme also comes from our theoretical model dis
cussed below. 

Group Theoretic Model for Charge-Transfer Lumines
cence. To rationalize the existence of three closely spaced 

electronic emitting states possessing the properties dictated 
by our analysis of the experimental data, we invoke the fol
lowing simple group theoretic model of charge-transfer lu
minescence. First we imagine the optical electron as having 
been completely removed from the metal core, creating a d5 

complex in its ground state. The ground level of the resul
tant Ru(III) system is known to be a strongly spin-orbit 
coupled E', where E' is the spinor representation of the Di* 
double group.17 The optical electron with spin = E' is now 
placed in the symmetric (with respect to the threefold axis) 
combination of the lowest unoccupied antibonding orbitals 
of the three ligands. This orbital transforms as a.2 in the 
group Z>3.18 The symmetries of the microstates resulting 
from this core-state coupling with the excited ligand elec
tron are found by reducing the direct product, (E')core X (E' 
X 32)iigand in Dj*. They are Aj, A2, and E. In the absence 
of coupling, these states are accidentally degenerate. Split
ting occurs as the excited electron on the ligand is allowed 
to interact through coulombic forces with the spin-orbit 
coupled E' core state. In this simple model the resultant 
splitting patterns (Figure 6) are interpreted as being due to 
weak exchange forces between the promoted electron and 
the d5 core. Further implications of this model for the dis
position and character of CT excited states are explored in 
the third paper of this series. Here we restrict attention to 
the lowest excited manifold that is manifested by the lumi
nescence. 

Data Reduction. The temperature dependent lifetime and 
quantum yield data for each complex were analyzed using a 
multiparameter least-squares curve-fitting computer pro
gram. Based on the Newton-Raphson method with inter
nally approximated gradients,'9 this program was capable 
of analyzing data in terms of functional forms that con
tained up to 20 parameters in five independent variables. 
The lifetime data for a given complex were analyzed first. 
The derived expression contains five parameters, three total 
rate constants, and two energy gaps (eq 1). Numerical 
values for these quantities were determined by finding that 
unique set of parameters that generated the "best fit" of the 
equation to the data points generated by the flash measure
ments. Next, the corresponding quantum yield data of the 
complex were analyzed. A set of parameters was generated 
to provide a "best fit" of the quantum yield expression, 
4>{T), to the experimental data. In this second data reduc
tion step the total rate constants and energy gaps appearing 
in 4>(T) were not varied. Instead they were assigned the 
fixed numerical values determined from the lifetimes in the 
first data reduction step. Thus, numerical values of the 
three remaining radiative rate constants contained in eq 2 
for each sublevel were determined by the second procedure. 
Once the values of the radiative and total rate constants for 
the sublevels were determined, the quantum yields and 
quenching rate constants for them were easily calculated. 

Although the use of curve-fitting techniques to extract 
physical parameters from experimental data is open to criti
cism, we wish to emphasize that a high degree of self-con
sistency of the results was required. The same total rate 
constant and energy gap values that were derived from the 
decay time measurements were also required to generate 
acceptable computer fits of the quantum yield data. The 
precision of the values of the energy gaps and rate constants 
obtained in this way has been assessed elsewhere.4 Until in
dependent measurements of the quantities are performed, 
we have no definitive methods of judging their reliability. 

Discussion 
The important results of this study are summarized in 

Figure 6, where, in addition to the experimental data, the 
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final analytical expressions for r(T) and 0(T) generated by 
the computer are plotted. On the same figures we have plot
ted the energy-level diagrams, relaxation times, and quan;_ 
turn yields for the individual levels supplied by the comput
er "best fit" to the data of the two experimental curves. The 
results for all the ions are very similar. Each complex has a 
lowest long-lived level followed by a second level ~10 cm -1 

away that decays somewhat less than ten times faster than 
the first one. A third level ~60 cm -1 higher than the lowest 
one decays 25-30 times faster than the second. Previously 
we tentatively assigned the lowest level to Ai (forbidden), 
the second to E (jc,y-allowed), and the highest to A2 (z-al-
lowed) symmetry in Di on the basis of these measured lives 
only.4 Our present data fully corroborate these assignments. 
In fact, we see that a comparison of radiative lives shows 
that the second level decays 12 times faster than the first 
and the third level decays 37-60 times faster than the sec
ond. Thus, radiative lives point again to a forbidden level 
lying lowest followed by two levels of varying degrees of al-
lowedness. In previous work we labeled them Ai, E, and A2, 
respectively, on the basis of a qualitative singlet-triplet 
argument that we no longer consider appropriate because of 
the strong spin-orbit coupling present in these systems. 
Nonetheless our previous assignments are verified quantita
tively by the radiative decay rates extracted from the data. 
They are also justified theoretically by the coupling model 
presented in the third paper of this series. We have labeled 
the levels appropriately in the figure. 

The individual quantum yields listed in Figure 6 also fol
low qualitative expectations. The electronically forbidden 
level has the smallest luminescence yield, and the quantum 
yields of the other two parallel their radiative decay rates. 
The uppermost level, which has the shortest radiative decay 
time, also displays the highest yield, a rational result. 

The present analysis shows that the level scheme and as
signments inferred previously4 withstand the test of addi
tional experimental evidence. The current data also indicate 
that the methods of measurement and data reduction em
ployed can supply both radiative and radiationless decay 
parameters of the individual luminescing sublevels as well 
as the level splittings. Further discussion of these parame
ters, especially their relationship to the detailed molecular 
structures of the individual complexes, is contained in the 
second paper of this series where additional data on o-phen-
anthroline complexes are presented. 

Once one accepts the existence of the excited state mani
folds depicted for these systems, then several means of fur
ther testing the scheme and exploring its consequences un
fold. First, any hope of resolving the band structures suffi
ciently to observe the origins of the separate transitions di
rectly is dashed by the diffuseness of the spectra displayed 
in Figures 4 and 5. Individual peaks are ~300 cm -1 wide 
even at 4.2 K, whereas the predicted levels are <100 cm -1 

apart. Thus, unless some matrix capable of sharpening the 
spectra by an order of magnitude is found, direct observa
tion of the separate band origins for the allowed transitions 
is precluded. Band shape changes do occur as the tempera
ture is varied, but, in our opinion, they are more properly 
related to apparent shifts dictated by vibronic coupling 
mechanisms and changing Boltzmann factors associated 
with each of the electronic states and not to the simple reso
lution of separate transitions. 

In the appendix we have derived expressions for the per
centage of emitted radiation arising from each of the sub-
levels (eq A7) as a function of the energy gaps and decay 
parameters for the luminescing manifold. Substitution of 
the known values of these parameters obtained from the 
computer fits permits a computation of the fraction of ra
diation originating at each electronic level at any given tern-

Figure 8. Temperature dependence of the fractional intensity of light 
emanating from the A|, E, and A2 states of (a) [Ru(bpy)3]Cl2, (b) 
[Ru(4,4'-Me2bpyb]Cl2, and (c) [Ru(4,4'-Ph2bpy)3]Cl2 in PMM. 

perature. These fractional intensities are plotted in Figure 
8. The similarities of the level structures of these three sys
tems are reflected in the fractional intensities. At 77 K, 
~90% of the photoluminescence from each of the species 
arises from the A2 (z-allowed) electronic level. As the tem
perature decreases, this fraction steadily decreases as the 
Boltzmann factors change. Finally, at 10 K, the A2 level is 
responsible for a negligible amount of the luminescence ob
served from each of the complexes. The E (xj>-allowed) 
level contributes about 10% of the emitted radiation at 77 
K, a fraction that maximizes at a value greater than 75% at 
about 12 K. Below 10 K its contribution falls precipitously, 
becoming negligible below 2 K. The intensity of the radia
tion emanating from the Ai (forbidden) level becomes sig
nificant only below 25 K, approaching 100% as T -* 0. 

It is obvious from the figure that the electronic polariza
tion should switch from essentially z to predominantly x,y 
as the temperature falls from 77 to ~12 K. Thus, relative 
polarization measurements should be expected to supply 
confirmations for the electronic assignments. Aside from 
the experimental problems associated with obtaining reli
able polarization measurements there are other factors pe
culiar to these complexes that may vitiate any conclusions 
drawn from such experiments. First, as shown in Figure 5 
the vibrational bands are diffuse; there is little possibility of 
viewing the polarizations of the zero-phonon transitions of 
the two allowed bands, since the origins should be separated 
by only ~50 cm-1. One would be restricted to measuring 
the relative polarization of the whole band envelope or, at 
least, to monitoring one of the prominent peaks. Adjusting 
the temperature would, as discussed above, permit one to 
weigh one allowed state heavily, for instance, the E(x,y) 
state at ~12 K. As shown in Figure 5, the spectra do not 
change very much as the temperature is varied. One con
cludes that the frequency distributions of the two allowed 
transitions must be quite similar. Thus, it is not likely that 
the polarization information buried under the band enve-
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lope will provide definitive corroborative evidence for our 
proposed electronic state assignments. 

The forbidden Ai state is a special case. If the state is 
truly Ai, then all of the emitted light must be a conse
quence of some vibronic borrowing mechanism. Indeed, at 
very low temperatures (Figure 8) it should be possible to 
measure both the spectrum and the wavelength dependence 
of the polarization of the emission band, thus to obtain de
finitive vibronic coupling information. Measurements of the 
spectrum of [Ru(bpy)3]2+ in a crystalline host at ~1.6 K 
show that the first prominent peak at ~17 kK has virtually 
disappeared, and a new spectrum is beginning to grow in 
with its first prominent peak red shifted about 400 cm -1 

from the spectrum shown in Figure 5a.20 This behavior is 
expected for a vibronically allowed transition that is show
ing up because of the discrimination against the other two 
electronically allowed levels dictated by their small equilib
rium populations at the low temperature. 

We now turn to the central question of the ultimate va
lidity of the phenomenological model. We reiterate that the 
entire treatment of the data is based on the maintenance of 
Boltzmann populations of the postulated levels at all times 
and at all temperatures. Above 2 K we have no experimen
tal evidence to the contrary, either for this bipyridine series 
or for any of the other molecules we have studied. The 
faithful linearity of our logarithmic decays for all molecules 
was somewhat surprising, since it is well known that equili
bration among components of spin multiplets does not ob
tain at temperatures below ~7 K.21 Since, in our systems, 
such equilibration is evidently maintained down to ~1.6 K, 
we infer that the strong spin-orbit coupling present in these 
complexes of ruthenium ties the spin and orbital motions so 
tightly together that every state contains a high degree of 
orbital parentage. Thus the observed states are coupled to 
the molecular frame and hence are coupled strongly to the 
thermal motions of the solids. Equilibrium is maintained. In 
hydrocarbons the triplet states are virtually pure spin states 
due to the low atomic numbers and weak spin-orbit forces 
coupling the spins to the lattice motions. Thermal equilibri
um is not maintained at low temperatures. The disparate 
thermal behaviors of these CT excited states of heavy metal 
complexes and the well-studied triplet states of aromatic 
molecules are indicative of the major role played by spin-
orbit coupling in governing the dispositions and properties 
of CT levels. We explore this role mathematically in paper 
III of this series. 

Our attention in this work has been directed toward ru-
thenium(II) complexes containing ^-conjugated ligands. In 
particular we have limited our analysis to complexes of D3 
symmetry. We can report, however, that similar spectro
scopic behavior has been observed for ruthenium(II) com
plexes containing terpyridine ligands (Did symmetry) and 
for five cis iridium(III) complexes containing bipyridine 
and o-phenanthroline as ligands that are of Ci symmetry.22 

(The decay time characteristics of a'.s-dicyanobis(2,2'-bipy-
ridine)- and m-dicyanobis(l,10-phenanthroline)rutheni-
um(II) have already been reported.4) Iridium(III) com
plexes are expected, on theoretical grounds, to possess CT 
excited states analogous to the ones posited here for ruthen-
ium(II) species. All these molecules and ions mentioned dis
play CT luminescence, exponential decays, and strong tem
perature dependences of both the decay times and the quan
tum yields, similar to those reported here. Since the systems 
are of lower symmetry, no degeneracies are permitted and 
the coupling model loses some of its appealing simplicity. It 
is gratifying to find that three-level computer fits cannot be 
found for most of these other systems except over a restrict
ed temperature range; we must go to four levels. Qualita
tively, this behavior is expected since the central metal ion 

in a d5 configuration is a Kramers ion and must possess a 
twofold degenerate ground state. Coupling this state with 
the promoted optical electron on the ligand system should 
give rise to four levels, just what the data require. Osmi-
um(II) complexes are under investigation. They too display 
intense luminescences that are CT in nature23 and strong 
thermal dependences of their decay times and intensities.24 

A model similar to that proposed here may apply, but the 
combined effects of the unusually large spin-orbit coupling 
inherent in the osmium atom and its low oxidation potential 
have not been fully explored. It appears, however, that the 
general model of CT luminescence proposed here is extensi
ble, at least in principle, to other d6 complexes of the sec
ond- and third-row transition elements that display low-
lying CT excited states. 

Other current investigations in this laboratory are 
supplying additional evidence that rapid relaxation among 
spin-orbit coupled excited states at sub-10 K temperatures 
is the rule and not peculiar to CT excited states. Our mea
surements of the temperature dependent lifetimes of both 
ruthenocene25 and the hexacyanocobaltate ion26 reveal ex
ponential decays at all temperatures reached (<2 K), al
though the shapes of the resultant T(T) curves are radically 
different from those reported here. Both these latter mole
cules display dd luminescence. 

Appendix 

To derive the expression for the decay time of an ensem
ble of excited systems in thermal equilibrium (eq 1), we as
sume a nondegenerate p-level manifold satisfying the crite
ria stated in the text (a-d, Phenomenological Model). At 
some time after the excitation flash, the rate of decay of the 
excited manifold is given by 

dN/dt=y±n,= -±kini (Al) 
d f , = i i 

where N = total population of the manifold at time / and fc, 
= total rate constant for depopulation of the /th level to the 
ground state. These A:,-'s do not include terms responsible for 
maintaining Boltzmann equilibrium among the individual 
levels. 

Since, the levels are assumed to remain in Boltzmann 
equilibrium during the decay process, we can write 

n, = Ne-^kT/ te-lJ/kT (A2) 
/ j=\ 

Substitution of eq A2 into Al yields the expression 

AN/At = - (Jt kie-^
kT/ f. e-^kAN (A3) 

Defining Ae,-1 = «/ — t\ and multiplying both numera
tor and denominator of (A3) by el^kT, we obtain 

AN I At = --N = - (£kie-
A"-</kT I Jte-At'-i/kT)N 

(A4) 
This is a first-order decay law with a decay time T that is 
temperature dependent. By truncating the expression to 
conform to a three-level system possessing a twofold degen
erate level, we produce eq 1 of the text. 

The expression for the temperature dependence of the 
total quantum yield of an ensemble that is in Boltzmann 
equilibrium over a p-level manifold of nondegenerate levels 
proceeds as follows. We define 4>, the total quantum yield of 
the ensemble, as the fraction of decaying systems that de
populate radiatively, i.e., 

0 = £ nikir I £ tijkj (A5) 
/ = / / ;=1 
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Since the system is under constant illumination and in 
thermal equilibrium, all the population numbers are time 
independent and are equal to the Boltzmann distribution 
numbers. Insertion of the expression for «, from (A2) into 
(A5) and simplification produces the expression 

<t>= £ kiTe-«lkT I t , kje-v/kT 

i=\ I 7 = 1 

This equation is easily transformed into the final expression 

4> = t kiTe-^kTI £ kje-^J-'/kT (A6) 
( - 1 ' 7 = 1 

which becomes eq 2 in the text upon being particularized to 
a three-level manifold with a twofold degenerate second 
level. 

We define /,, the fraction of radiation originating at level 
;' of the emitting manifold as the ratio of the rate of radia
tive decay from level / to the rate of radiative decay from all 
levels. 

/,• = riikir I £ tljkir 

Once again the insertion of Boltzmann distribution num
bers and simplification of the result produces the desired 
expression 

/,• = k,te-*»-tlkT I £ kje-*<J->/kT (A7) 
' j 

This equation, adapted to the appropriate level scheme, was 
used to generate the plots of Figure 8. 

Quantitative spectroscopic studies of the metal-to-ligand 
charge-transfer (CTTL) excited states of ruthenium(II) 
with bipyridine and substituted-bipyridine ligands have 
been reported in the preceding paper of this series.4 The 
data strongly supported the previously proposed orbital and 
symmetry assignments of the lowest excited levels that are 
responsible for the observed photoluminescence.5 In this ar
ticle we present the results of extensive investigations of the 
properties of the lowest excited electronic states of rutheni-
um(II) complexes containing 1,10-phenanthroline and sub
stituted 1,10-phenanthroline as ligands. The spectroscopic 
properties of these molecules not only corroborate the con
clusions reached in the previous paper but, in conjunction 
with the other data, allow the detailed properties of the ex-
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cited states of both series to be correlated with molecular 
structure. 

Experimental Section 

Synthesis and Sample Preparation. The tris(l,10-phenanthro-
line)ruthenium(II) iodide monohydrate, [Ru(phen)3]I3, was a 
sample prepared by Klassen.6 Tris(4,7-diphenyl-l,10-phenanthrol-
ine)ruthenium(II) chloride pentahydrate, [Ru(4,7-Ph2phen)3]Cl2, 
was prepared previously.7 Both the tris(4,7-dimethyl-l,10-phe-
nanthroline)ruthenium(II) chloride septahydrate, [Ru(4,7-Me2-
phen)3]Cl2, and the tris(5,6-dimethyl-l,10-phenanthroline)ruthen-
ium(ll) chloride nonahydrate, [Ru(5,6-Me2phen)3]Cl2, were pre
pared and purified by published methods for analogous com
pounds.7 
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Abstract. Energy-level splittings and radiative and radiationless rate constants for the lowest excited dir* states of seven ru-
thenium(II) cations are compared and related to molecular structure. Exchange integrals between the promoted electron on 
the ligand system and the remaining core electrons have been calculated to lie in the range of 18-65 cm"1, indicative of es
sential removal of the electron from the core during the excitation. Relationships between radiative and radiationless rate 
constants for individual levels have been demonstrated, and a dominant role for spin-orbit coupling in determining the en
ergy-level splittings and promoting rapid relaxation among excited states has been assumed. Relations between excited state 
properties and chemical and electrochemical behavior are discussed. 
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