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ABSTRACT

The luminescence of tetrakis-(8-qui noli nolato)-thori um 

(IV) and several 1,1O-phenanthroline rutheni um(11)-chelates 

was investigated.

Luminescence data may be used to supplement data obtained 

by more conventional methods - e .g. , spectrophotometry, 

potentiometry, in studying metal chelates and their reac­

tions. The luminescence data may be most useful in revealing 

important information regarding the structure and other prop­

erties of the luminescent species that may not otherwise be 

easily obtained.

The orange thori um(IV)-8-qui noli nol material precipitated 

from slightly acidic aqueous solution is shown to be a non- 

stoi chi ometri c mixture of tetraki s-(8-qui noli nolato)thori um 

{IV), ThQ4, and 8-quinolinol, HQ , with the approximate compo­

sition ThQ4 . 0.6HQ ; previously the 1:1 adduct, ThQ4 . HQ, 

had been the accepted composition.

The near-ultraviolet absorption spectrum of absolute 

ethanol solutions of the 4:1 chelate, ThQ4, indicate that the 

compound is unstable in solution and extensive dissociation 

occurs. Its fourth step-wise formation constant. , is ap­

proximately 1010.

The effect of ligand field strength on charge transfer 

luminescence of several bj s-(l ,1O-phenanthroli ne)-rutheni um 

(II) chelates was investigated. The luminescence (or lack



thereof) from these chelates appears related directly to the 

strength of the ligand field. The luminescence intensity of 

those complexes which are luminescent in fluid solution is 

very sensitive to the sample temperature. These observations 

are explained in terms of excited state spin crossover be­

tween the low- and high-spin charge transfer excited state 
* * 

configurations (n , t^) and (n , e^t^) .

Investigation of the formation of tris-(1,10-phenanthro- 

1ine )-ruthenium(11) when a solution of Ru(111) and 1,10- 

phenanthroline are heated together at pH2 suggests the first 

species formed are bridged diols. The rate of appearance of 

the final product, [Ru(11)(phen)3J2+ , is equal to the rate 

of appearance of ruthenium(11)-phen species. However, the 

nature of the intermediate steps are not known for certain 

and the several possibilities are discussed on the basis of 

available data.
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I. INTRODUCTION

A . UV-Vi si ble Luminescence

Extensive comprehensive surveys of luminescence theory 

are readily available in several recent books (1-3). Only 

a brief summary of the more important aspects pertinent to 

the present work is given here.

Luminescence is a process in which uv-vi si ble radiation 

is emitted by molecules that have been raised to an excited 

electronic state. Excitation is usually accomplished by 

exposing the molecule in dilute solution to radiation of 

suitable energy to effect an electronic transition. The 

absorption transition occurs very rapidly - in ca_. 10 sec 

Nearly all molecules in a solution at room temperature are 

in the lowest vibrational level of the ground electronic 

state. Absorption therefore occurs from the zeroth vibra­

tional level of the ground electronic state to several of 

the many vibrational levels within an excited electronic 

state. .

In dilute solution the vibrationally excited molecule 

quickly loses its excess vibrational energy - usually by 

transfer to the solvent during collisions with surrounding 

solvent molecules. This process, known as vibrational re­

-13 -11 . .
Taxation, is complete in TO to 10 sec, which is sev­

eral orders of magnitude shorter than the lifetime of a spin 

allowed excited (singlet) electronic state : approximately 
- 3 -



10“9 to 10"7 sec. Thus, before the excited molecule can 

emit a photon, it will undergo vibrational relaxation to the 

lowest vibrational level of the excited (singlet) state 

having lowest energy. If a molecule in the lowest vibration­

al level of an excited (singlet) state emits a photon and 

returns to the ground state, this process is fluorescence; 

no afterglow is perceptible - i .e. » luminescence will per­

sist for only ca^ 10 ns. after removing the excitation en­

ergy source.

Emission may take the molecule to one of several vi bra- 

tional levels of the ground state ; nonradiati ve relaxation 

to the lowest vibrational level of the ground state follows 

quickly. The loss of excitation energy to the solvent causes 

the fluorescence emission spectrum to appear at longer wave­

lengths than the absorption spectrum - usually by several 

thousand cm'^.

If every molecule in the excited state emitted its exci - 

tat ion energy as fluorescence, the fluorescence quantum yield 

would be unity; the fluorescence quantum yield is the frac­

tion of excited molecules that fluoresce. There are, however, 

processes that compete with fluorescence for the excitation ? 

energy and tend to lower the fluorescence quantum yield.

One such process is internal conversion. Although de­

tails are poorly understood, this is a radiationless process 

whereby molecules in an excited state may return to a lower

-4 -



energy state of the same multiplicity - , from an excited

singlet to the ground state, without the emission of a photon 

by converting all of the excitation energy into heat. The 

rate of internal conversion is inversely proportional to the 

energy difference between the combining states. Although in­

ternal conversion is an important process among excited 

states of the same multiplicity, it is generally believed 

negligible for the loss of excitation energy between excited 

singlet states and the ground state in most molecules. In­

ternal conversion is very efficient in cases where there is 

extensive overlap of vibrational levels of several electronic 

states - e.g. , among excited singlet states. Thus, regard­

less of the singlet state to which the molecule is excited, 

it will undergo vibrational relaxation and internal conver­

sion rapidly relative to the rate of photon emission. There­

fore, the luminescence spectrum of a molecule is almost al­

ways independent of the wavelength of the exciting light.

Only spin-allowed excited states of a molecule have been 

considered thus far - M., singlet states for most molecules. 

The extent of populating the triplet state by direct absorp­

tion from the ground singlet state is almost insignificant 

because it would require a spin-forbidden transition: 

AM / 0. However, it is possible to populate the triplet 

states by a process called intersystem crossing. This proc­

ess often involves vibrational coupling between the lowest 

excited singlet state and a triplet state (4,5).

-5-



Intersystem crossing is often rapid enough to compete 

with the fluorescence process and provides an effective 

means of quenching the fluorescence as well as populating 

the triplet state. If the rate of intersystem crossing is 

fast enough, the singlet state may be completely depopulated 

in favor of the triplet state and no fluorescence will be 

observed. The intersystem crossing rate is enhanced by the 

presence of heavy atoms and especially by paramagnetic 
* 

species .

The effect of diamagnetic species containing heavy atoms 

is to increase the spin-orbit coupling which in turn increases 

the probability of intersystem crossing. Hoi j ti nk has at­

tributed this effect of paramagnetic species to an exchange 

interaction between the excited and the paramagnetic species 

(6); Murrell and others considered mixing of the singlets 

and triplets with charge-transfer states involving the para­

magnetic species (7,8). Thus, paramagnetic species are usu­

ally nonfluorescent, and, moreover, may also be very effi­

cient quenchers of the luminescence of other species, e. g. , 

Og and NO.

The triplet state is usually long-lived, c_a. 10 to 10 \ 

sec., because the emission of a photon and return to the 

ground state, referred to as phosphorescence, is a spin-for­

bidden (triplet -> singlet) transition. When working with 

internal and external to excited species.

- 6 -



fluid solutions this long lifetime allows the excited mole­

cule to sustain many encounters with other molecules and, 

thus, undergo collisional deactivation. This kind of radi- 

ationless transfer of energy is so effective and important 

that phosphorescence is normally observed only from mole­

cules excited in a rigid matrix.

Figure 1 summarizes the various processes that have been 

described. Radiative processes are illustrated by straight 

lines, nonradiative processes by wavy lines. The observed 

luminescence behavior of a molecule depends upon the rela­

tive rate of these processes under the conditions of the 

experiment.



Figure 1

Summary of Processes for Excited Molecules

so - ground state

*
S] - lowest excited singlet state

*
$2 * second excited singlet state

*
T] - lowest triplet state

A - absorption

VR - vibrational relaxation

IC - internal conversion

IX - intersystem crossing

Fl - fluorescence

Ph - phosphorescence

CD - collisional deactivation
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B. Luminescence of Metal Chelate Compounds

Many metal ions, while nonluminescent in themselves in 

solution, may be made to luminesce by forming a metal che­

late. The chelating ligand usually has bonding, thus pro­

viding loosely-held (tt ) electrons and vacant low energy
* *

*
Most fluorescent metal chelates exhibit tt -> tt type 

fluorescence. Because of the nature of the combining states, 

the emission spectrum (at room temperature) will consist of

(anti bondi ng, n ) orbitals for excitation (? *•  n) without 

photodecomposition.

To a first approximation the ligand and metal ion each 

has its own set of energy levels. Within this approximation 

four different and distinct kinds of luminescence emission 

may occur :

1 . (n  -+ tt ) : radiative transition localized on the*

1i gand.

2 . (it  + m) : . 1 i gand-to-metal charge -transfer .*

*
3 . (m ■+ tt  ) : metal-to-li gand charge-transfer.

*
4 . (m ■> m): transition between atomic orbitals of the 

metal ion.

These transitions are illustrated in Figure 2.

*
1 . TT -» tt Fluorescence of Metal Chelates

-10-



Figure 2

Orbital and Energy Level Diagram for a Metal Chelate



m. o.

of the 
Metal 

Ion



a rather broad band showing little or no vibrational struc­

ture . Because this transition is located almost entirely on 

the ligand, the metal ion has little influence on the posi­

tion of the absorption and emission bands and on the i nten- 

si ty of the spin-allowed % +- it absorption (per chelated 

ligand species). The metal ion does, however, have a marked 

effect on the i ntensi ty of luminescence because the metal i on 

affects the efficiency of the various pathways available for 

dissipating the excitation energy of the chelate. The pri- 

mary factor is probably the effect of the metal ion on the 

intersystem crossing rate. When diamagnetic chelates of 

heavier metal ions of several ligands were examined, the fl u- 

orescence intensity was lower and in some cases the intensity 

of phosphorescence was enhanced compared to their counter­

parts with the lighter metals of the same ligands (9-11).

Paramagnetic complexes do not fluoresce because of 

the very high intersystem crossing rate. Thus , most transi - 

tion metal ion chelates are paramagnetic and nonfluorescent 

due to the unpaired electron spins in the partly-filled outer 

d-subshel1 .

2. TT  -» m Charge Transfer Luminescence of Metal Chelates*

A it -» m type of emission yields a spectrum which is 
* 

usually somewhat narrower than the typically broad ir ir 

luminescence band because one of the combining orbitals in­

volved in the radiative transition is localized on the metal

-13-



ion. As the name implies there is a transfer of an electron 

from an excited orbital largely localized among the ligands 

to an atomic orbital confined mostly to the metal ion.

Among the first reports of charge transfer lumines­

cence were those by Paris and 

orange luminescence from some 

They described absorption and 

2,21-bi pyri di ne-rutheni um(11 ) 

complexes in fluid solutions.

Brandt which described the red 

Ru(11)-complexes (12,13). 

luminescence spectra of tris- 

and several other Ru(11)-i mi ne 

Rutheni um(11) is a d6 metal

ion and in the presence of strong octahedral ligand fields ,

such as those provided by six coordinated nitrogen atoms, it

assumes the diamagnetic, low-spin configuration, 4g' The

charge transfer emission was assigned on the basis of the 

visible absorption band intensities, their position, and 

their broadness : The visible absorption band is broad which 

suggests involvement of ligand levels (7). Paris and Brandt 

called the emission "line-like", indicating the involvement 

of metal ion d orbitals in the luminescent transition. The 
*

tt ■+ TT assignment was eliminated by comparing the absorption 

spectrum of the chelate with that of the diprotonated form 

of the ligand. The latter exhibits electronic properties in 

the uv (below 320 nm) similar to those found in the coordi- 
*

nated compound thereby locating the n ■«- tt  bands which are 

far removed in energy from the 
*

d «- d absorption would appear
*

to lie under the intense uv tt

red-orange luminescence. Any 

at sufficiently high energies 

* tt  ligand bands ; in addition

-14-



bands due to d * d transitions seldom have molar absorptiv­

ities which are greater than 100. Because the visible ab-
3 

sorption bands under consideration have e > 10 , they are 

definitely "allowed" transitions. Transitions of the type 
*

d *•  TT are excluded on the basis of the high energy that 

would be necessary to effect this transition. In his thesis 

Paris (13) assigned the charge transfer luminescence of tris­
*

2 ,2 1 -bi pyri di nerutheni um( II ) as phosphorescence, (3ir d ) 

based on the fact he found no evidence of any other emission 

at low temperature in solid solution, i.e., phosphorescence, 

than was observed in solution at room temperature. Since the 

presence of the heavy ruthenium ion would promote singlet­

triplet intersystem crossing,Paris reasoned that the lumines­

cence he observed at low temperatures was phosphorescence 

and thus, that same luminescence which he observed at room 

temperature in liquid solution must also be phosphorescence. 

In a note describing the same work Paris and Brandt referred 
*

to the luminescence as fluorescence, (-> d), rather than 

phosphorescence although they made no specific mention of 

the assignment of the multiplicity of the emitting it state 

as a singlet (12).

In 1964 and 1965 Porter (14), Crosby (15), and their 

coworkers proposed reassigning the luminescence of tri s(2,2 1 - 

bipyridine)- and trj_s_( 1 ,1 O-phenanthrol i ne)-rutheni um( 11 ) as 

ligand field (d*  -» d) fluorescence t^e^ + t^g, (^T^ -*  ^A^). 

They reported the mean lifetime of the emitting state in 

-15-



rigid alcohol solution as 6p sec for the bipyridine chelate 

and 10p sec for the 1 ,10-phenanthrol1ne-rutheni um(11) spe­

cies. These authors did agree that the intense (e ca^ 10^) 

* 
visible absorption band near 450 nm was an *■ d charge 

transfer band, but they also uncovered two weak transitions 

on the red tail of the charge transfer absorption band, at 

1 8,550 cm"1 and at 15 ,050 cm"1 , for tris(2 ,2 1-bipyridi ne)- 

ruthenium(11) . Based upon the assignment of these latter 

transitions as d *•  d bands (1+ 1and +■ 1respec­

tively) at lower energy than the charge transfer absorption 

band, they proposed to reassign the luminescence to a ligand 

field transition 11A^. The 1,1O-phenanthroline complex 

luminescence was assigned in an analogous manner although no 

3 1 11absorption bands due to the T^ «- A^ or T* A^ transi - 

tions were observed.

Mercer and Buckley (16) observed two bands in the 

absorption spectrum of Ru (^O)^ which they assigned as 

d d transitions, the band at 25,640 cm"1 (390 nm) was 

assigned to the lT^ *■ 1A^ transition and that at 18,870 cm 1 

(530 nm) to 1T^ . On this basis - because N-donors give 

* 
much stronger ligand fields, Paris's assumption that d d 

for Ru ( 11 ) imines would be at considerably higher energy than 

the visible charge transfer it d was experimental ly justi­

fied. Crosby (23) later acknowledged that the band they

saw at 15,050 cm”1 was due to some impurity (probably the 

Ru( 111)-imi ne ). Palmer and Piper concluded that, based on 

-1 6 -



the spectrum of Ru(H20)g2+ and the high extinction coeffi- 

ci ent of the 18,500 cm"^ band, there is no reason to assign 

it to a d-d transition (17).

In a later publication Crosby (18) first assigned 

the low temperature emission from rigid solutions containing 

(2,2',2''-terpyridine) ruthenium(11) and transition metal 

6 *
ion complexes of some other d metal ions as d d fluor­

escence: -e . g . , hexacyanocobalt(111) , (2,2 1 ,2' 1-terpyridi ne) 

osmium(II), and (1 ,1O-phenanthroline)1 ri dium(111). In a note 

added in proof in this same paper Crosby reassigned the lum­

inescence from Ru(11)-imine complexes as charge transfer in 

origin and suggested a reassignment of the transitions re­

ported for the Os(II) and Ir(III) complexes to charge trans­

fer emi ssions.

Wunschel and Ohnesorge (19) assigned the emission 

from tri s-(2,2'-bi pyri di ne)-i ri di um(111) and tris-(1 ,10- 

phenanthroline)-iri dium(111) chelates as charge transfer 
* 

(tt -> d) luminescence based upon spectroscopic evidence and 

energy considerations applied to similar I r(111) systems 

studied by Jorgensen (20).

Jorgensen attributed bands in the range 285-345 nm 

in the absorption spectra of 20 Ir(111)-pyridi ne complexes 
* 

to (tt d) charge transfer transitions (20). Spectral 

studies of the tri s-(ethylenedi ami ne)-i ri di um(111) ion, 

Eir(en)-^^, in solution show the lowest energy singlet 

-17-



d*  d (1T-j +■ Ùp transition at 249 nm and the lowest en­

ergy triplet *•  \p transition at 302 nm (21 ). Both 

2,2'-bi pyri dine and 1,10-phenanthroline are placed above 

ethylenedi ami ne in the spectrochemi cal series (22 ). There­

fore , in [Ir(bi py )p3+ and [ Ir ( phen ) 3]3+ the splitting of 

the several ligand field states will be larger than in 

3+
[Ir(en)p , and more energy will be required to effect the 

*- ^A-j and transitions. The energy required

for a ligand-field transition in the 2,2'-bi pyri di ne and

1,10- phenanthroli ne chelates of Ir(111 ) is estimated as ap­

proximately equal to the energy necessary for an intraligand 
*

( -r -e- it  ) transition and thus is greater than that for a

charge-transfer (n *•  d) transition. The luminescence of 
*

these I r ( 111 ) chelates was therefore assigned to a n -> d 

transiti on.

Crosby and co-workers (23) in 1968 reconsidered the 

data and reassigned the emission of Ru(11)-i mi ne complexes 
*

as charge transfer phosphorescence, ( 3tt + d) in agreement 

with Paris's original work in 1959 (12). They prepared a 

series of cis-substituted bi^-(2,2'-bipyridi ne)-ruthenium 

(II) chelates in which two adjacent coordination positions 

were occupied by mono- or bi dentate ligands giving a wide 

range of ligand fields - e , g ., cyanide, chloride, pyridine, 

ethylenedi ami ne , and oxalate. The energy of the visible 

absorption band did not vary as would be predicted by the 

positions of these ligands in the spectrochemi cal series and 

-18-



therefore, this absorption band does not arise from a ligand 
* 

field (d *■ d) transition. In addition the energy of the 

emission band behaved in the same manner as the absorption, 

indicating that it too results from a charge transfer transi - 
* 

tion and is not d d.

Demas and Crosby (24) and Lytle and Hercules (25) 

measured the low temperature (77°K) luminescence lifetimes 

of the emitting states of some (charge transfer) luminescent 

ruthenium(II)-imine chelates as 0.5 - 10p sec in rigid media. 

These are at least an order of magnitude shorter than the 

lifetimes usually measured for phosphorescence (>_ msec) and 

an order of magnitude longer than for normal fluorescence 

(~ 10 nsec). Based partly upon these lifetime measurements, 

the charge transfer luminescence was assigned as a phosphor­

escence [ (n ,d) ■*  ]; the abnormally short lifetime of the

triplet state was attributed to the heavy atom effect (ruthe­

nium) which increases spin-orbit coupling and which causes an 

increased rate of intersystem crossing.

Recently (25) Lytle and Hercules published the com­

plete assignment of the luminescence of tris-(2,2'-bipyridine)- 

ruthenium(11) dichloride. They measured the appropriate rate 

constants for phosphorescence, triplet internal conversion, 

singlet internal conversion, fluorescence, and intersystem 

crossing and assigned the emission as a charge transfer, 

spin forbidden T -> S luminescence in which the heavy metal 

atom species increased spin-orbit coupling and enhanced the 
-19-



probability of S - T transitions to produce an abnormally 

short-lived phosphorescence.

Most complexes of transition metal ions are paramag­

netic and thus do not fluoresce in fluid solution. This has 

seriously limited the development of analytical methods for 

the determination of transition metals based on measurements 

of luminescence intensity. However, several methods using 

the room temperature charge transfer luminescence have been 

developed. The luminescent chelate, tris-(5-methyl-1 ,10- 

phenanthroli ne)-rutheni um(11) was used in the determination 

of that metal (26). A procedure was developed by Fink and 

Ohnesorge (29) for the determination of iridium based on 

measuring the luminescence intensity of the Ir(III)-(2,2', 

211-terpyridine) chelate. Ppm amounts were detected with an 

accuracy and precision of ca_. 2% in the first case and 5% in 

the latter case.

*
In summary, n -+ m charge transfer luminescence may 

be expected for diamagnetic transition metal ion chelates 

when the charge transfer excited state is at lower energy 

than any ( d ,d) or (it ,tt ) excited state, i.e., when the metal - 

lie ion is easily oxidized and the ligand accepts electrons 
* 

readily (available u orbitals) and produces large ligand 

field splitting (large Dq). 

it

3. m tt Fluorescence of Metal Complexes

Halide complexes of T1(I), Sn(11), and Pb(11 ) fl uor- 
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esce in solution (28). Results of recent studies of thallous 

halide complexes suggest that a charge transfer electronic 

transition from the halide ion to the metallic ion occurs 

on absorption and the reverse charge transfer transition is 

responsible for the fluorescence (29).

*
4. m m Fluorescence of Metal Complexes

Complexes showing m" m emission give rise to emis­

sion spectra that are characterized by a relatively narrow, 

almost line-like, band. The transitions involve an electronic 

transition between (d or f) atomic orbitals of the metal ion. 

These transitions are LaPorte forbidden, at = 0 and may also 

be multiplicity forbidden; thus, the luminescence is usually 

very weak. This type of line-like emission has been reported 

and most intensively studied in certain rare-earth , Cr(111), 

and Cu( 11) complexes (12 ,30-34).

*
The f -> f transitions in rare earth complexes are 

only slightly affected by the presence of the ligand and the 

characteristic "line" positions can be predicted fairly ac­

curately . Winefordner (35) has made use of this to analyze 

for various rare earths without prior separation. Similar 

luminescence from metal ion chelates in which the transition 
* 

is between d orbitals (d d) is not as predictable because 

the d-orbitals of the metallic ion interact strongly with 

the ligand. The ligand field causes a splitting of the en­

ergy of the (outer) d-orbitals of the ion and the magnitude
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of the splitting is very dependent on the ligand. Also, the 

d-orbitals are capable of ^-bonding with the ligand which 

again alters the energy between the various d states. Most 
* 

experiments with d -*  d luminescence have been done using 

C r( 111 ) complexes in rigid glassy solutions due to the long 

lifetimes of the excited states; there are no analytical 

applications yet.

C. General Experimental

The general experimental procedures, specific methods, 

and techniques are developed within the experimental and re­

sults section of each topic.

D. Instrumentation

1. Absorption Spectra- Absorption spectra were recorded 

on either a Beckman Model DK-2A or on a Cary Model 14R re­

cording spectrophotometer using 1.00-, 5.00-, and 10.00-cm. 

silica cells.

2. Luminescence Spectra - Luminescence measurements were 

made on a modified Farrand Model 104242 Spectrofluorometer. 

It was equipped with a General Electric UA-2 250-watt mer­

cury lamp, an RCA 1P28 photomultiplier tube, and an RCA WV- 

84C microammeter. Emission spectra were recorded on a 

Hewlett-Packard Model 7035B X-Y recorder. The excitation 

monochromator was equipped with slits which gave effective 
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band widths of 20 nm. The emission monochromator slits gave 

widths of 10 nm for the entrance beam and 5 nm for the exit 

beam. The fluorescence cell was a 10 x 10 x 48 - mm quartz 

cell. All emission intensities are reported relative to the 

fluorescence intensity (450 nm) of a 1.0 ppm quinine sulfate 

in 0.1 N_ - sulfuric acid solution excited at 366 nm and set 

to read 2.00 arbitrary emission units.

E. Low Temperature Luminescence Measurements

Absolute ethyl alcohol was used as the solvent for all 

low temperature observations. The ethanolic solutions were 

placed in the standard quartz cell and immersed in a liquid 

nitrogen bath until the rigid glass was formed, ca_. 1 minute. 

For temperatures in the range -90°C to room temperature an 

ethanol slush bath was used to cool the samples. The temper­

ature measurements were made with a toluene thermometer.
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II. THORIUM(IV)-8-QUINOLINOL COMPLEXES 

RE-EXAMINATION OF THEIR COMPOSITION36

A. Introduction

The stoichiometry reported for the orange compound pre­

cipitated when aqueous solutions of thori um(IV) and 8- 

quinolinol (HQ) are mixed is ThQ^.HQ (37,38). Other cations 

have also been reported to form adducts with 8-quinolinol - 

e.g. , ZnQ2.HQ, SrQ2.2HQ, U02Q2-HQ and ScQ3.HQ (39-42) .

The extra 8-quinolinol molecule in the zinc compound oc­

cupies a coordination site on the metal ion (39). A struc­

tural analysis on the uranium adduct indicated a nearly planar 

arrangement of 8-quinolinol surrounding the uranium species, 

two as bidentates with bonds from both the phenolic oxygen 

and the ring nitrogen and one as a monodentate molecule bonded 

only from the phenolic oxygen (43,44 ). The acidic proton is 

titratable with strong base (41) and appears to be located on 

the ring nitrogen of the uni dentate ligand; it is probably 

hydrogen-bonded to the phenol ate oxygen of the neighboring 

bi dentate ligand (43 ). Infrared studies appear to support 

this interpretation (45). This compound is perhaps best 

represented as H[U02Q3].

Recently it has been shown that the scandium compound ob­

tained by precipitation is not an adduct as previously re­

ported ; rather it is the tris chelate compound, ScQ3 (46).
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An investigation of the chemical composition of the chelate 

formed between 2-methyl-8-quinoli nol and thori um(IV ) showed 

no evidence for the reported 5:1 adduct compound (47). In 

a later x-ray study the structure of a compound believed to 

be a 2-methyl-8-qui noli nol adduct of thorium was shown to be 

identical with that of the tetrakis chelate compound (48).

Hecht and Reich-Rohrwi g described an analytical procedure 

for the gravimetric determination of thorium using 8-quino­

li nol (49). The precipitated compound was reported as the 

monohydrate which when heated at 160° - 170°C rapidly con­

verted to the anhydrous compound, ThQ^. Bromination of the 

unheated sample, however, gave high results . This error 

could be avoided if the precipitate was previously washed 

with 25% alcohol. Frere also investigated the thorium pre­

cipitate by bromination and concluded that the material was 

an addition compound with the adduct composition, ThQ^.HQ 

(37). It was stable at 100° - 110°C , but slowly decreased 

in weight at 130° - 140° C. At 160° - 170°C conversion to 

the yellow 4:1 compound, ThQ^, was complete ; continued heat­

ing at this temperature resulted in further decomposition. 

Thermogravimetri c investigations of the material have given 

varying ranges of heat stability (50-52).

Moeller and Ramaniah prepared an orange material, re­

ported as the adduct compound, by precipitation from aqueous 

solution at pH 4.3 (38). The normal yellow 4:1 chelate was 

obtained by heating the orange material at 120° - 125°C for
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5 hours and then at 130° - 135°C for 1 hour. The near-ultra­

violet absorption spectra of nonaqueous solutions of the two 

substances differ only in absorption intensities. Beer's 

law was not followed, apparently due to hydrolytic decompo­

sition of the chelate. However, drying the solvents with 

phosphorus pentoxide and with sodium hydride did not change 

the spectra.

It is generally believed that the adduct compound exists 

only in the solid state. The orange material dissociates com­

pletely to ThQ4 and HQ in solution (38,53). In fact, merely 

washing the orange substance with methanol, with 95% ethanol, 

with chloroform, or with di chloroethane effects conversion 

to the yellow tetraki s chelate by selectively dissolving the 

extra 8-quinolinol molecules (49,53,45). Dissolving the 

orange material in di chloroethane that contains a large ex­

cess of 8-quinolinol results in the formation of a red solu­

tion (45). The red coloration has been attributed to the 

ion-pair ThQ^,H2Q+ formed from the products of the acid-base 

react!on

ThQ4.HQ + HQ * ThQg + H2Q+

Further studies of the red coloration using ^C-labeled 

8-quinolinol in di chloroethane solution have shown the adduct 

is inert to 8-quinolinol exchange (54). In contrast, ThQ4 

under the same conditions exchanged rapidly until equilibrium 

was established in ca. 180 minutes. These results suggest
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all HQ molecules in the adduct compound are bi dentate.

The infrared spectrum of the thorium adduct exhibits a 

broad band at c_a. 2625 cm""*  and a very weak band at £a. 

2100 cm""*  which are quite similar to those observed in the 

spectrum of the uranium adduct (55). For the deuteriated 

HQ adduct, the bands are shifted to about 2050 cm*̂  

(vH/vD = 1.29) and 1510 cm"1 (vH/vD = 1.37). These bands, 

which are also present in the spectra of the hydrochloride 

salts of HQ derivatives, are characteristic of the hydrogen- 

bonded +N-H. ..0 system (45,55) . On the basis of the (14C)- 

experi ments described in the previous paragraph and these 

infrared data it has been suggested that the HQ molecule in 

the adduct is coordinated as a zwi tter-ion through the phe­

nolate oxygen (45,54).

Unlike the s candium-8-quinolinol and the thorium-2- 

methyl-8-qui nol i nol systems there are clearly two different 

thorium 8-qui noli nol materials: one yellow, the other or­

ange . The assignment of the composition of the orange^mate- 

rial as ThQ4.HQ appears to depend largely on the results of 

duplicate elemental analysis for carbon and hydrogen (28). 

Although there appears to be good agreement with the calcu­

lated values based on the ThQ4.HQ stoichiometry, it is impor­

tant to realize that there was an error in the calculated 

carbon and hydrogen percentages for carbon and hydrogen in 

ThQ4.HQ. The published values were 1% low for each of these 

elements.
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Most observations on the orange material have been 

largely non-quanti tati ve with regard to its composition - 

i.e., the results require only that it contain excess 8- 

q u i n o1i n o1 , not necessarily in the exact 1:1 HQ :ThQ^ mole 

ratio. There were, however, two instances reported where 

preparations gave compounds having HQ:ThQ^ ratio of 4.8:1 , 

(56,57). Corsi ni noted the composition of the adduct mate­

rial was very sensitive to experimental conditions and the 

procedure he developed gave a material in which the average 

ratio of li gand-to-metal was 4.9:1 . The adduct material was 

prepared by precipitation from an aqueous ammonium acetate 

solution by gradual addition of ammonium hydroxide (1.0 Mj 

until the pH was 6-7. Moeller and Ramani ah (38) precipitated 

the orange material from solution on lowering the pH to 4.3 

by the thermal decomposition of urea.

The present work is a re-investigation of the composition 

of thorium(IV)-8-quinolinol complexes. The results show that 

the material formed by precipitation from aqueous solution is 

a non-s toi chiometric mixture which can best be represented 

by the formula ThQ^.xHQ where x is approximately 0.6. The 

deviations from Beer's law observed in absolute ethanol solu­

tion result from the partial dissociation of tetraki s-(8 - 

quinolinolato)thorium(IV) to lower chelate species and 8- 

qui noli nol .
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B. Experimental Section

Reagents and Solutions. - The absolute ethyl alcohol 

(U.S. Industrial Chemicals Co.) used to prepare all stock 

and test solutions contained ca_. 5 ppm water. Thorium ni - 

trate tetrahydrate (J. T. Baker Chemical Co.) was used as ob­

tained. The 8-quinolinol obtained from the Fisher Scientific 

Company was recrystallized from absolute methanol.

The method of Moeller and Ramaniah (38) was used to pre­

cipitate the orange 8-quinolinol -thorium(IV) chelate com­

pound. Conversion of this product to the yellow 4:1 chelate 

by heating gave somewhat inconsistent results. Instead, this 

chelate was crystallized from chloroform by dissolving the 

orange substance. Both products were air dried at room tem­

perature and stored in a vacuum desiccator over phosphorus 

pentoxi de .

Thorium stock solutions were prepared in absolute ethanol 

using thorium nitrate tetrahydrate that had been dried at 

110°C for several hours ; the thorium content was determined 

by titration of the thorium 1 on with a standard solution of 

the disodium salt of ethylenediamine tetracetic acid. Solu­

tions for formation studies were prepared by mixing reagents 

in the following order : metal, ligand, and base.

Procedures. - Solution pH measurements were made spectro- 

photometrically using indicators as previously described. 

Acid dissociation constants and relevant molar absorptivities

-29-



for the indicators have been tabulated (58,59).

Interpretation of the Chelation Data. - The amounts of 

8-quinolinol present in each of the several forms (free, 

HQ; conjugate acid, H2Q+; and chelated with thorium ion, Q‘) 

can be calculated as appropriate from measurements of the pH 

and the absorbance at 310 nm and at 365 nm. Appreciable 

amounts of the 8-quinolinolate ion, Q , were not involved in 

this study.

The absorption spectrum of 8-quinolinol (280 to 450 nm) 

consists of a single broad band (290 to 350 nm) with a peak 

near 315 nm. The molar absorptivities in absolute ethyl al - 
3 3

cohol at 310 nm and at 365 nm are 2.6 x 10 and ca^ 0.1 x 10 , 

respectively. The pKa for this species in absolute ethyl al­

cohol (determined spectrophotometrical 1 y with the indicators 

used in the present work) is 14.3 (60).

The most prominent band in the absorption spectrum of 8- 

quinolinium ion appears between 340 nm and 420 nm. Weaker 

peaks are present near 310 nm and near 320 nm. The molar 

absorptivities are 1.2 x 10 at 310 nm and 1.7 x 10 at 365 

nm. The pKa of this species in absolute ethyl alcohol is 

6.3 (60).

The absorption spectra over the same wavelength region of 

8-quinolinol chelates are quite similar to each other and to 

that of the 8-quinolinium ion provided ligand field and 

charge transfer bands are absent. The position of the bands 
-30-
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The extent of chelation is expressed as Hq  , the average 

number of 8-qui noli nol species bound to a thorium ion. The 

fluorescence data are used primarily to detect changes in the 

structure of the fluorescent species in the solution.

C. Results and Discussion

An analysis of the amount of thorium present in each of 

the thorium-8-quinolinol compounds was attempted by several 

methods; titration of the thorium with EDTA using a mercury­

mercurydi) indicator electrode (61), titration with EDTA 

using the visual indicator xylenol orange (62), and by i g- 

nition of the compound to thorium dioxide. The results of 

the various analyses for thorium were erratic and no firm 

conclusion as to the composition of the materials could be 

made based on these data.

Table I shows the carbon, hydrogen, and nitrogen content 

of the orange and the yellow thorium(IV)-8-quinolinol com­

pounds prepared as described above. There is good agreement 

with experimental results reported by earlier workers (38). 

These data indicate that the yellow compound is the 4:1 che­

late, tetrakis(8-quinolinolato)-thorium(IV). However, be­

cause there was an error in the calculated values for the 

carbon and hydrogen content in an earlier work, the apparent 

agreement between the theoretical and the experimental ana­

lytical results for these elements on the orange compound was 

misleading (38). Thus, the adduct composition proposed,

-32-



ThQ^.HQ, is not justified on the basis of these data and may 

not be correct. Further study of the composition of the or­

ange material is in order.

The calculated carbon and hydrogen values, shown also in 

Table I for several non-stoichiometri c combinations of ThQ^ 

and HQ, suggest that the composition of the orange substance 

is most nearly approximated as ThQ^.0.6 HQ. Additional data 

presented and discussed below provide further support for this 

tentative assignment and conclusion. This material is very 

hygroscopic; this property may have caused the high analytical 

result for hydrogen.

Tetrakis(8-quinolinolato)-Thorium(IV). - The near-ultra­

violet absorption spectrum of solutions prepared by dissolving 

the yellow compound in absolute ethanol was typical of an 8- 

quinolinol chelate of a nontransition metal ion, Figure 3. 

The fluorescence excited by 365 nm radiation was (like that 

from many other 8-quinolinol chelates) yellow-green in color; 

(63) the emission spectrum was a single broad band (peak 

width at half-max-height ca^ 50 nm) with a peak ca_. 515 nm 

and did not vary with the chelate concentration: 0.003 to 

0.16 mM. —

Absorption data from these solutions are summarized in 

Table II; the pH was ca. 9.5, thus any non-chelated ligand 

was present in the molecular form, HQ. Solutions more dilute 

than ca. 0.14 mM show deviations from Beer’s Law: positive
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TABLE I

Carbon, Hydrogen, and Nitrogen Content 

of Thorium(IV)-8-Quinolinol Chelate Compounds

Percent

Compound Carbon Hydrogen Nitrogen

ThQ4 Calculated 53.47 2.99 6.93

ThQ4.0.4 HQ Calculated 54.87 3.12 7.11

ThQ4.0.5 HQ Calculated 55.20 3.15 7.15

ThQ4.0.6 HQ Calculated 55.51 3.17 7.19

ThQ4.0.7 HQ Calculated 55.81 3.20 7.23
* *

ThQ4.HQ Calculated 56.67 3.27 7.34

Yellow Found 53.57 3.08 6.90

Yellow Found 53.49 3.08 7.08

Orange Found 55.49 3.70 — — — —

Orange Found 55.59 3.78 — — — —

*(3) - erroneously showed 55.6% carbon and 2.28% hydrogen for 
ThQ4.HQ.
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Figure 3

Absorption Spectra of Th(IV)-8-Quinolinol Complexes 

Curve 1 - orange material ; 0.0748 mM in Tb^.O8 HQ 

Curve 2 - yellow compound ; 0.0703 mM in ThQ^ 

(1.00-cm. cells)

- 35 -



too

0.80 -

0.40 /

Q.6O -

Q20 -

300 350 400 450

Lil
%

m 
Œ 
O 
</) 
CD

WAVELENGTH (nm)



deviations at 365 nm, negative at 310 nm. The amounts of 

chelated and free ligand, calculated as previously described 

from absorbance data, are also given in Table 11. The total 

ligand accounted for by these calculations agrees rather well 

with the amount known to be present as determined by the ac­

curately measured quantity of tetrakis(8-quinolinolato) tho- 

rium(IV) used to prepare these solutions.

The extent of chelation, nq, and the concentration of 

free ligand indicate that the 4:1 chelate dissociates to an 

appreciable extent in these dilute solutions to form free 8- 

quinolinol at the expense of the bound ligand. The equilib­

ria appear to involve the bis-, tris-, and tetrakis-(8-quino- 

linol) chelate species:

ThQ4 = ThQ3 + HQ (1 )

ThQ3 = ThQ2 + HQ (2)

The formal equilibrium constant for reaction (1) for the con­

ditions of this experiment was estimated from the [n^, HQ con­

centration] data for solutions more concentrated than 0.07 mM 

(64). At pH 9.5 Kj is approximately 10"^; because pKa for HQ 

in absolute ethanol is 14.3, (60) a step-wise formation con­

stant, , of £a. 10^° for ThQ4 is indicated.

Optical Characteristics of the Orange Material in Abso- 

Iute Ethanol Solution. - Figure 3 shows the absorption s pec -
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trum of an absolute ethanol solution of the orange material 

and, for comparison, a spectrum of a similar solution of the 

yellow compound. For comparable thorium concentrations the 

principal difference is the broad band near 310 nm; its in­

tensity is much greater in the spectrum of the orange com­

pound.

Solutions prepared by dissolving the orange substance in 

absolute ethanrI do not obey Beer's Law. Typical results in 

Table III show the deviation is positive at 365 nm and nega­

tive at 310 nm. The amounts of free and chelated 8-quinolinol 

present in these solutions were calculated from the absorbance 

data as before. There was again good agreement between the 

total amounts of 8-quinolinol calculated and taken, based on 

the composition ThQ^.0.6 HQ as determined by the carbon-hy­

drogen analytical results. The formal equilibrium constant 

for reaction (1) based on these data and experimental condi­

tions was calculated as before; agreed very well with the 

results of the previous calculation - ç_a. lO^. Fluorescence 

data obtained on these solutions showed a broad emission band 

with maximum emission at 515 nm; it did not shift with con­

centration changes 0.005 to 0.12 mM.

Comparison of Spectra. - Figure 4 shows absorption spec­

tra of absolute ethanol solutions prepared (1) by dissolving 

the orange substance and (2) by mixing thorium ion, 8-quino- 

linol, and base. The thorium concentration of the two solu­

tions is approximately the same and the ligand-to-metal ion
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Figure 4

Absorption Spectra of Th(IV)-8-Quinolinol Complexes 

Curve 1 - orange material; 0.0748 nM in ThQ^.0.6 HQ 

Curve 2 - 0.0752 mN in Th(IV), 

0.353 mM in HQ, and 

0.376 mM in NaOH 

(1.00-cm. cel 1s )
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mole ratio in the second solution is 4.7. The spectra are 

quite similar; the most significant difference is the some­

what higher absorbance of the solution (2) prepared by mixing 

the metal ion and the ligand in the region of the free 8- 

quinolinol absorption, 310 nm.

Table IV shows the results of calculations of free and 

bound ligand concentrations for both solutions; Ôq and total 

amounts of 8-quinolinol calculated are in very good agreement 

with each other ; the latter agree also with the values ex­

pected based on the known amounts of material used to prepare 

these solutions.

Table IV also compares the absorbances at 310 nm and at 

365 nm and the calculated amounts of free and chelated ligand 

calculated for two additional solutions. One of these solu­

tions (3) was prepared by mixing thorium ions and 4.6 times 

the molar quantity of 8-quinolinol plus base ; the other solu­

tion (4) contained the yellow chelate compound, ThQ^, plus 

0.6 times as many moles of 8-quinolinol. The absorption 

spectra were nearly identical, as expected from the almost 

equal amounts of thorium(IV) present and of ligand added in 

preparing the solutions.

These results are clear indication that all the above 

four solutions contain an excess of 8-quinolinol. More im­

portant, the solution prepared with ligand-to-thorium mole 

ratio of 4.6 (3) contains a slightly smaller quantity and
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that with the 4.7 mole ratio (2) contains a slightly larger 

quantity of free 8-quinolinol than the solution (1) prepared 

from the orange material.

These results confirm the earlier assignment of the or­

ange material as a non-stoichiometric mixture of tetrakis 

(8-quinolinolato)thori um(IV) and 8-quinolinol with a ligand : 

chelate ratio of ca_. 0.6 rather than 1.0 as previously be­

lieved. These data also suggest that an earlier conclusion 

that there is no association between the 4:1 chelate species 

and the excess 8-quinolinol in solution is probably correct.

Mole Ratio Study. - To seek other evidence for association 

between ThQ4 and the excess HQ in solution and to obtain ad­

ditional confirmation of the above conclusions, a mole ratio 

study of the complexation of thori um(IV) with 8-quinolinol in 

absolute ethanol solution was performed. Figure 5 shows the 

results obtained on solutions containing the same amounts of 

thorium ion and base with a [base/metal ion] mole ratio of 5. 

The pH of each of these solutions was between 9.5 and 10.5, 

thus any uncomplexed ligand would exist in the molecular form, 

HQ.

Breaks in the absorbance curves at a li gand-to-metal mole 

ratio of ca^. 4 confirm the formation of a chelate with four 

ligands bound to each thorium ion. Furthermore these data 

provide no evidence for the formation of additional complexes, 

the absorbance of 365 nm does not increase and there is the
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Figure 5

Mole Ratio Study 

0.0627 mM Th(IV) 

. - Fluorescence Intensity at 515 nm (365 nm excitation). 

o - Absorbance at 365 nm (1.00 - cm cells).

x - Absorbance at 310 nm (1.00 - cm cells).
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expected increase in the slope of the 310 nm absorbance 

curve (the molar absorptivity at 310 nm for 8-quinolinol is 

ca. twice that for the chelated ligand) when the ligand to 

metal mole ratio exceeded four. Moreover, amounts of 8- 

quinolinol calculated from these absorbance data show not 

only an upper limit of 4 for n^, but the total amount of 8- 

quinolinol found also agrees rather well with the known 

amount taken, Table V.

The wavelength of maximum luminescence emission from 

these solutions increased from ca^. 488 nm (when the ligand- 

to-metal mole ratio was about 0.05) to approximately 515 nm 

when the ratio exceeded 3. Thus there is a change in the 

identity of the major fluorophore as the ligand-to-metal ion 

mole ratio is increased. Maximum fluorescence intensity was 

recorded when the 11'gand-to-metal ion mole ratio was £a. 0.4 

which suggests that a lower thorium-8-quinolinol complex, 

ThQ or perhaps Th^, is more intensely fluorescent than the 

3:1 and 4:1 chelate species. Red shifts in the wavelength of 

maximum fluorescence with increasing ligand concentration as 

well as very high luminescence emission intensity from lower 

chelate species have been reported for 8-quinolinol chelates 

of some other metal ions - Sc, In, and A1 (46,58,60) and for 

aluminum ion-flavanol complexes (65). The formal equilibrium 

constant for Reaction (1) was calculated from these [Bq and 

8-quinolinol concentration] data. The K*  at pH 10 is approxi­

mately IO* 6 and corresponds to a stepwise formation constant, 

K., of 1010 for tetrakis-(8-quinolinolato)thorium(IV).
* -48-
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III. EFFECT OF LIGAND FIELD STRENGTH ON CHARGE 

TRANSFER LUMINESCENCE OF SEVERAL BIS-

(1,10-PHENANTHROLINE)-RUTHENIUM(11) CHELATES

A. Introduction

Transition metal ion chelates are usually not luminescent 

in fluid solution because most of these species are paramag­

netic due to the partly-filled outer-shell d orbitals. Para­

magnetic species undergo intersystem crossing rapidly which 

usually quenches luminescence efficiently. Thus, only dia­

magnetic complexes may be expected to luminesce (3).

Several Ru(II)-imine chelates (d6, octahedral microsym­

metry, low-spin) show an intense red-orange luminescence at 

room temperature (12). Recent work (24,25) has confirmed 

that the emission accompanies a 11gand-to-metal charge-trans­

fer transition (^ ■*  d) in which the excited state is a li­

gand triplet (3ir*);  thus, it is a phosphorescence. Some 

imine chelates of Ir(III) and Os(II) also show a charge­

transfer luminescence (19,66); In some cases this radiation 

is also emitted by samples in fluid solution at room temper­

ature (27).

It is interesting to note, however, that not all diamag­

netic transition metal ion chelates having low energy charge 

transfer excited states emit charge transfer luminescence. 

There is complete absence of luminescence from Fe(II)-imine 

chelates between room temperature and at least ca^ 80 K.
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Also, 2-methy1-1 ,1O-phenanthrol1 ne-Ir(111), tri^-(2-methyl - 

1 JO-phenanthroline-Ru(II) , and bls.-(2 ,2 ' ,2"-terpyri di ne ) - 

r u ( 11 ) are non-1uminescent at room temperature; however, 

luminescence is observed from these species when examined in 

absolute ethanol glasses at ça. 80° K (67). Moreover, the 

intensity of %*  d charge transfer luminescence is very 

strongly temperature dependent (24.27), considerably more so 

* ■ . 
than ir it luminescence.

Fink and Ohnesorge have attributed the large temperature 

effect on the luminescence intensity of some Ir(111)- and 

Ru ( 11 ) -imi ne chelates to the effect on the intersystem cross­

ing rate and on the energy of excited ligand field states of 

a temperature-dependent equilibrium between high- and low- 

spin configurations (n , e^t^ <- n , t$g) established during 

the lifetime of the charge-transfer excited state (n ,d) of 

the chelate (67). The luminescence intensity of the chelate 

will be decreased approximately in proportion to the extent 

of cross-over to the high-spin paramagnetic excited state.

Investigations of the spin properties of some Fe(11)- 

imine chelates show all of the lower complexes are high spin 

and paramagnetic, but the highest complexes (tris, imine 

species of 2,2'-bi pyridine, 1,1O-phenanthroline, 5-methyl- 

1,1O-phenanthrol1 ne, and the bij. species of 2,2',2"-terpyri- 

dine) are diamagnetic (68). These spin-state changes are re­

flected by an abnormally large stepwise formation constant 

for those chelates whose formation accompanies the conversion



from a high- to a low-spin species.

Considerable interest has recently been directed to 

studying the temperature dependence of the magnetic properties 

and the identification of spin-crossover points for complexes 

that are capable of existing both in high-spin and low-spin 

configurations (69-73) . Studies of the temperature depend­

ence of the magnetic properties of the tri s - ( 2 methyl-1 ,10- 

phenanthro1ine)-Fe(11) complex ion by Goodwin and Sylva indi­

cate the complex is a high-spin species at room temperature 

(74) . Steric hindrance due to the methyl group on the 2 posi - 

tion of the phenanthroline prevents the ligand from approach­

ing the ferrous ion sufficiently closely to provide a ligand 

field strength of adequate magnitude to form a low spin com­

plex . Upon cooling, the magnetic moment of the complex be­

comes smaller, approaching 3 BM at 100°K, and behaves as ex­

pected if an equilibrium between approximately equienergetic 

high-spin (tgg.Gg) and low-spin (t^g) configurations were 

shifting to favor increased population of the low-spin state 

as the temperature is lowered: *- $Tg. Accompanying the

change in spin states will be a decrease metal ion-ligand bond 

distance and an increase in the ligand field strength (74). 

An additional observation consistent with these explanations 

reported by Goodwin and Sylva is a change in the color of so­

lutions containing the tris-(2-methyl-1 ,10-phenanthroline)- 

Fe( 11 ) ion upon cooling; they attribute this to the enhance­

ment of the metal-to-1igand charge-transfer absorption transi-
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tion probability with decreased 1igand-to-metal ion bond 

distance in the low-spin complex.

Steric effects were observed to be important in deter­
* 

mining the excited state ligand field strength, Dq ; thus, 

Fink and Ohnesorge found the imine chelates of Fe(11 ), the 

metal ion which would show the smallest ligand field split­

tings among those studied : Fe(11), Ru(11), Ir(III), show no 

luminescence even at the lowest temperatures. Sterically 

hindered ligands such as 2-methyl-l ,10-phenanthroline, where 

the methyl group on the 2 position of the phenanthroline pre­

vents the ligand from approaching the ruthenium-(Il) ion 

closely, and terpyridine, whose structural rigidity likewise 

prevents a close approach, form chelates with rutheni um(11) 

that do not luminesce at room temperature but do emit the 

characteristic red-orange luminescence at the temperature of 

liquid nitrogen. With Ir(111), the metal ion that would be 

subject to the largest ligand field splittings, only the most 

hindered ligand, 2-methyl-1.1O-phenanthroline, forms a che­

late that fails to show charge-transfer luminescence in fluid 

solution although this chelate too emits in rigid media.

To gain additional support for this explanation and to 

emphasize further the importance of the phenomenon of excited 

state spin crossover on the emission properties of chelates 

showing n*  + d charge transfer luminescence a series of cis­

substi tuted bi s-(l ,1O-phenanthroline)-Ru(11 ) complexes , Ru 

(IllfphenlgXg, was prepared and studied. The ligand field 
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due to the monodentate species X was varied over a wide 

range.

A similar series of bis-(bipyridine)-Ru(II) complexes 

was investigated by Klassen and Crosby in rigid media (23). 

They showed the wave 1ength of the emission from these bis- 

(bipyridine)-Ru(II) complexes did not depend on the identity 

of the cis-substitutent, X, indicating that the energy of 

luminescence is Independent of the ligand field strength (Dq) 

produced by X. Largely on the basis of this evidence they 

assigned the red-orange Ru(II)-imine luminescence to a charge­

transfer radiative transition. In this investigation the ef­

fect of the ligand field strength of X on the intensity of the 

charge transfer luminescence of several bis-(l ,1O-phenanthro- 

line)-Ru(II) complexes as a function of temperature has been 

examined.

B. Experimental

All solutions were prepared using absolute ethyl alcohol 

(U.S. Industrial Chemicals Co.). Ruthenium trichloride hy­

drate (Alfa Inorganics, Inc.) was used to prepare potassium 

pentachloromonoaquoruthenium(III) (16), K2ERu(111)C15(0H2)] , 

which served as the starting material in the preparation of 

the cis-substituted bj^-(l ,10-phenanthroline )-Ru( 11 ) complexes. 

1,1O-Phenanthroline monohydrate (G. Frederick Smith Chemical 

Co.) was used without further purification.
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Potassium pentachloromonoaquoruthenate(III) (16) was 

prepared by dissolving ruthenium(111) chloride in 12 M hydro­

chloric acid and boiling for several hours. A stoichiometric 

amount of potassium chloride was added, and the solution was 

stirred with mercury until the solution became green, indi­

cating the formation of some ruthenium(11 ). Mercurous chlo­

ride was removed by filtration, and the solution was evapora­

ted to a small volume and cooled. The resulting red crystals 

were separated by filtering, washed with ethanol, and recrys­

tallized from 6 M hydrochloric acid.

Phenanthrol i ni um Tetrachl orophenanthroline-rutheni um( 111 ) 

1-hydrate (75). - Phenanthroline monohydrate (7.2g) was added 

to potassium pentachloromonoaquoruthenate (III) (5.6 g), dis­

solved in HC1 (1.0 N; 36.9 ml) at 30°C in a stoppered flask. 

The mixture was shaken vigorously to dissolve the base rapidly; 

crystallization was induced within 3 minutes by scratching the 

sides of the flask with a glass rod, and the mixture allowed 

to stand for 7-10 days at 30°C to complete the reaction. The 

light brown needles were collected, washed with cold water, 

and air-dried.

cis-Dichiorobis-1 ,1O-phenanthrolineruthenium(11) (76). - 

Phenanthrolinium tetrachlorophenanthroline-ruthenium(111) 1 - 

hydrate (1 g) was suspended in dimethyl formamide (20 ml) and 

the mixture refluxed for 3 hours. The initially formed brown 

solution soon turned to a deep brown-violet and finally to a 

deep violet color. On cooling the product separated and was
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recrystall 1 zed from ethanol.

cis-Dicyano-bis-(l,10-phenanthrol1 ne)-ruthenium(11). - 

Ru(II)(phen)2(CN)2 was prepared by adding sodium cyanide 

(1.0 g) to a solution of Ru(11)(phen)2(C1)2 (0.5 g) in metha­

nol (10 ml) and water (10 ml); the solution was refluxed for 

2 hours. Bright red crystals of the product formed on re­

ducing the solution volume to ca^. 10 ml .

All other complexes were prepared by procedures given in 

the literature references in Table VI. In general these in­

volved heating solutions of Ru(11)(phen)2(Cl )2 and an excess 

of the auxiliary ligand species several hours under reflux. 

Neutral complexes crystallized from the reaction solution 

upon cooling while other species were precipitated from solu­

tion as perchlorate salts by addition of sodium perchlorate.

C. Results and Discussion

Absorption Spectra - All of these chelates show similar 

intense broad absorption bands near 500 nm, Figures 7-13. 

These bands arise from metal-to-ligand charge transfer transi­

tions (it * ♦ d) analogous to those observed with the tris- 

imine-Ru(II) chelates.

*
Mercer and Buckley (16) located the 1 owest-energy d d 

transitions in Ru(H20)^ at ca_. 18.9 kK (530 nm). Because 

each coordinated N atom will increase Dq by can 6% (22) (com­

pared to HgO), these (d d) excited states would be above
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ça. 415 nm in the Ru(11)(phen)2X2 species investigated. This 

energy is less than that of the lowest phenanthroline (n ,ir) 

excited states and considerably above that of the (w ,d) 

charge transfer excited states of these chelates. The charge 

transfer bands of the Ru(11) -1ml ne chelates are also much 
o *

more intense (e ca. 10°) than the ligand field d + d transi­

tions. In several cases the components of the charge transfer 

bands are sufficiently separated that they may be discerned, 

Fi gures 11, 1 2.

Luminescence - Deaerated*  absolute ethanol solutions of 

the chelates shown in Table VI were examined from ca. 50°C to 

196*0  (temperature of liquid nitrogen). Excitation of the 

chelates by the 436 nm or the 365 nm line from a low-pressure 

mercury are yielded identical emission spectra ; however, the 

436 nm line was used exclusively because it populated the 

excited state more efficiently, thus producing more intense 

emission. The emission of the chelates consisted of a broad 

band with a peak at ca^. 590 nm (except the bis-cyano-bis- 

phenanthroline-rutheni um(11) which emits at slightly lower 

energy, xmax çç. 605 nm). No shift with temperature in the 

wavelength of maximum intensity was observed for the chelates 

that phosphoresce in the range room temperature to the temper­

ature of liquid nitrogen.

A stream of nitrogen gas was passed through the sample solu­
tions for ca^. 5 minutes prior to making the luminescence 
measurements.
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Discussion - The chelates are listed in Table VI in order 

of increasing ligand field strength of X on going down the 

Table -- i^., Dq of Cl “ < C^O^~ < H20 < pyr << CN". Al­

though all these chelates are diamagnetic in the ground state, 

solutions of the first three imine sped es, which contain 

auxiliary ligands that produce weak ligand fields, show no 

luminescence -- even at liquid nitrogen temperature. The che­

lates bis-pyridine- and bi s-cyano-bi s-phenanthroli ne-Ru(11). 

[Ru(II)(phen)2(pyr)21^+ and Ru(II)(phen)2(CN)2, contain auxil­

iary ligands which produce a strong ligand field. This in­

crease in the ligand field strength of X results in chelates 

which luminesce even in fluid solution at room temperature , 

Table VI. When the ligand field is increased slightly over 

the weak field cases by going to mono-aquo-mono-pyri di ne-bi s - 

phenanthroline Ru(ll) , [Ru(11)(phen)2(pyr)(H20)]2+, the char­

acteristic red-orange charge transfer luminescence is absent 

at room temperature, but the compound phosphoresces when the 

temperature is lowered to ca^ 0°C ; the luminescence intensity 

increases with further lowering of the sample solution temper­

ature and is quite intense in glassy solutions at liquid ni­

trogen temperature. Figure 6 illustrates the marked tempera­

ture dependence of the luminescence intensity of some of these 

chelates.

The luminescence (or lack thereof) from these chelates ap­

pears related directly to the strength of the ligand field 

provided by the auxiliary ligand, X. There is also the pro-
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Figure 6

Temperature Effects on Luminescence

Intensity of Ru(11)(phen)gXg Species

1. [Ru(II)(phen)2(pyr)(H20)][C104J2, 0.049 mM

2. Ru(II)(phen)2(CN)2, 0.043 mM

3. [Ru(II)(phen)2(pyr)2][C104J2, 0.054 mM
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nounced increase in luminescence intensity with lowering the 

sample temperature. These observations are consistent with 

the existence of and tend to underscore the importance of the 

role played by the equilibrium between the low- and high-spin 
* 5

charge transfer excited state configurations (ir >t^) and

>egt2g)‘

In the first three compounds listed in Table VI the ligand 

field splitting is apparently insufficient to provide stabili- 
* 5 

zation for the low-spin excited state configuration (it  

and the high-spin configuration (^.e^g) is assumed by the 

excited species at all temperatures investigated. Thus, no 

luminescence is observed even at liquid nitrogen temperature.

In the complexes containing cyanide and pyridine these ligands 

produce a sufficiently strong ligand field to stabilize, and 

thus favor high populations of, the lower energy low-spin

configuration, particularly at low temperatures.

Luminescence is therefore observed at room temperature as well 

as at 77° K. Mono-aquo-mono-pyridi ne-bis-phenanthroline-Ru(11) 

has a ligand field splitting that is intermediate in this 

series of complexes; this complex does not show luminescence 

until the temperature is lowered sufficiently (to ca. DoC) 

such that position of the excited spin state equilibrium pro­

vides appreciable population of the low-spin charge transfer 

state: + Energy = ( / ,6^ .t^g ).
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2+The luminescence of [diammine-bis-phen-Ru(II)] was ob­

served to increase almost linearly with decreasing tempera­

ture . The absence of more pronounced temperature effects on 

its luminescence intensity is attributed to the presence of 

the heavy counter-ion, iodide, which increases the inter­

system crossing rate constant.

More detailed consideration of the relative luminescence 

intensities of these chelates was not attempted. There are 

many factors that affect the efficiency of the luminescence 

processes. The relative importance of each is difficult to 

assess to the accuracy which would be necessary to explain 

the differences observed in the luminescence intensities 

among these chelates .
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IV . FORMATION STUDY OF TRIS-(1,1O-PHENANTHROLINE)- 

RUTHENIUM(II)

A. Introduction

The imine ligands 1 ,10-phenanthroline, 2,2'-bi pyridine, 

2,2',2"-terpyridine, and their derivatives form highly stable 

and intensely colored chelates with many transition metal 

ions ; these provide the basis of numerous analytical spectro­

photometric methods (79). The kinetics of formation and dis­

sociation reactions of most of the divalent metal ions in the 

first Transition Row with these imines have been studied and 

show similar behavior. The second-order rate constant for 

formation of the mono complex of many of the first row transi - 

tion metals is controlled by the water exchange rate of the 

aquated metal ion and the ligand has a minimal influence. 

Although fast-reaction techniques are required to study these 

systems due to the very rapid rates of formation, the first 

row transition metals have been thoroughly studied. However, 

there is little information on the kinetics and mechanism of 

the formation reactions of most ions beyond the first row of 

transition metals . Thus , Fe( 11 ) (3d6 electron configuration) 

reactions with the imine ligands have been extensively studied 

in contrast to those of Ru(11) (4d6 electron configuration) . 

This is somewhat surprising in view of the expected similar­

ity of the coordination chemistry of these two metals togeth­

er with the added advantage that chelate formation reactions 

of rutheni um(11) and most other heavy transition metal ions
-71-



a re quite slow and can be conveniently followed by conven­

tional simple kinetic methods.

Brandt, et al . (12) have investigated the intermediates 

in the stepwise formation of the tris-(2,2'-bipyridine) 

ruthenium(II) ion in aqueous solution by spectrophotometry. 

The starting material, a mixture of about 40% RuCl^ and 60% 

RuClg (ruthenium chloride salt commercially available at that 

time) and 2,2'-bipyridine, were refluxed together in dilute 

H2S04 (pH 2). Complex formation was reported to occur only 

with the Ru ( III ) and followed the sequence: [Ru(III) 

(bi pyri di ne)]3+, a blue species with Xmax = 705 nm, is formed 

first; it is rapidly converted to a green (* max = 630 nm) 

complex-[Ru(III)(bipyridine)2(H20)2]3+, which is converted 

slowly to the yellow [Ru(11)(bipyridine)2l .

Refluxing the Ru(111)-Ru(IV ) salt in 1 M HC1 to form 

first the chloro complexes, then refluxing with an equimolar 

amount of bipyridine at pH 2 gave a red complex which they 

reported to be [Ru(111)(bipyridi ne)2C12J +. If excess 2,2'- 

bi pyri di ne was present, [Ru(11)(bi py)^]2^ was formed; there 

was no mo no-bi pyri di ne ruthenium( 111 ) species observed in 

this instance. Even more unusual and interesting is the 

species [Ru(IV)(bipy)2C12]2+ which was reported to be an in­

termediate in the conversion of [Ru( 111 ) (bipy)2C12]+ to 

[Ru(11)(bipy)2]2+ .
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The purpose of this investigation was to confirm the 

formation of the mono - and bis-imine species in solution and 

to determine the point in the chelation process at which 

rutheni um(III) is reduced to rutheni um( 11). 1 ,1 O-Phenanthro- 

line was chosen as the ligand because of its similarity to 

and because it is less volatile than 2,2'-bipyridine.

A number of ruthenium(11)-imine chelates are known to 

luminesce; however , ruthenium(111) is a paramagnetic ion and 

its chelates do not luminesce. It was therefore thought 

that by monitoring the luminescence of the reaction solu­

tions, the first appearance of luminescence could be asso­

ciated with the conversion of R u ( 111 ) to Ru( 11 ). Unfortu­

nately it was later found that the mono - and bi s-phenanthro- 

line Ru( 11 ) species do not luminesce unless the remaining 

coordination sites are occupied by ligands that produce 

stronger ligand fields than those provided by Cl" or HgO. 

Under the conditions of these experiments only the tris­

phenanthroline Ru( 11) chelate would exhibit the characteris­

tic red-orange charge transfer luminescence. This discovery 

precluded the possibility of identifying unequivocally the 

point at which R u(111) is reduced to Ru(11) and eventually 

led to a study of the dependence on the ligand field strength 

of X of the charge transfer luminescence of Ru(11)(phen)2X2 

compounds. The following discussion is therefore limited to 

a presentation and consideration of the data collected during 

the formation of the tris-1,10-phenanthroline Ru( 11 ) species
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together with some suggestions for future study.

B. Experimental

Ruthenium( 111) trichloride hydrate (Alfa Inorganics, 

Inc.), 1 ,1O-phenanthroline , and tris-1 ,1O-phenanthroline 

ruthenium(II) bichloride (both from G. F. Smith Chemical 

Company) were used without further purification.

The complexes in this section were prepared using pro­

cedures given in the literature, the references are cited in 

the text of the Results and Discussion Section. Oxidation 

of Ru(II)-imine chelates to obtain the spectrum of tie cor­

responding Ru(111)-imine chelate was accomplished by treat­

ment of an acidic solution ( ca^ 0.9 N H^SO^, pH ca_. l ) of 

the chelate with lead dioxide (J. T. Baker).

A stock Ru(III) solution was prepared by dissolving ca_. 

0.15 g of Ru(III)Cl3.xH20 in 50 ml of distilled water. The 

pH of the solution was adjusted to c£. 1 with sulfuric acid 

to prevent hydrolysis of the ruthenium. The exact amount of 

ruthenium in this solution was determined spectrophotometri- 

cally using 1 ,1O-phenanthroline (80). The working solution 

was prepared by a 1:10 dilution of the stock solution, pH 

adjusted to ca_. 1 .

C. Results and Discussion

The reaction of Ru ( 111 ) , ( ca_. 5 x 10"^ mM ) , with 1,10- 

phenanthroline at pH 2 was followed at 1igand-to-metal ratios

-74-



of 0.5, Figure 14, and 6.0, Figure 15. The solution is ini­

tially colorless or very faintly yellow, due to the extension 

of the long wavelength tail of the very intense ligand 

ir*  * ir bands (x „ ca. 285 nm) into the visible. As the so­

lutions are heated they become a pale blue (an absorption 

band appears with xmax ça.» 715 nm) ; this color rapidly in­

creased in intensity and a new absorption band (xmax ca_. 635 

nm) replaced the previous one at 715 nm.

If the 1igand-to-metal ratio is low, L/M = 0.5, Figure 

14, the formation of the tris-imine Ru(11) species is seri­

ously inhibited and the reaction proceeds very slowly and is 

not complete. This is evidenced by the absorption spectrum 

(n*  «- d band characteristic of Ru(11) imines, xmax ca. 400­

450 nm - Figures 16-18, is relatively weak and poorly de­

fined) and by the weak luminescence, even after 39 hours of 

refluxing. The solution color changes only slightly during 

this time, becoming greenish-blue.

In the presence of excess ligand the chelation reaction 

occurs more rapidly and while the 715 nm band is observed 

briefly, it is transitory and very weak. The absorption 

band at 635 nm which appears during the early stages of the 

reaction diminishes in intensity only after extensive reflux­

ing (Figure 15, L/M = 6, curves 3, 4 and 5). The blue color 

of the solution thus rapidly turns to a green which becomes 

more and more yellow due to the formation of the Ru(II)- 

phenanthrol ine species (n *•  d band at xmax ca^. 450 nm which



Figure 14

Absorption Intensity as a Function of Time 

for the Reflux of a Solution

of Ruthenium(111)(1 x IO-1 mMj and

1,10-Phenanthrol1 ne (5 x 10-2 mM)

at pH2, L/M ca. 0.5

Time of Percent^ ?,
Curve3 Heating [Ru(11)(phen)

31.00-cm . cells

bBased on e^50 of [Ru(II)(phen)j]2^ of 1.8 x 10^

CI^ excited at 435 nm and measured at 590 nm relative to a 

fluorescence intensity of 2.0 arbitrary scale units for a 

1.0 ppm quinine sulfate solution in 0.10 H^SO^ excited by 

365 nm radiation and showing fluorescence at 450 nm.

1 15 min 10 0

2 35 min 11 0

3 1 hr 13 0

4 2 hr 12 .0012

5 39 hr 24 .024
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Figure 15

Absorption Intensity as a Function of Time 

for the Reflux of a Solution

of Rutheni urn( 111)(5 x 10"^ mM) and

-7
1,10-Phenanthroline (30 x 10” mM)

at pH2, L/M ca. 6

Curvea
Time of 
Heating

Percent^ . 9 
[Ru(II)(phen)3] * 1

1 0 min 4 0

2 15 mi n 11 0

3 1 | hr 18 .021

4 3 | hr 20 .Î7

5 10 | hr 34 -

6 25 | hr 54 -

7 46 | hr 72 -

al .00-cm. cells

bBased on of [Ru ( 11 ) ( phen ) 3J2+ of 1 .8 x 104

CIL excited at 435 nm and measured at 590 nm relative to a 

fluorescence intensity of 2.0 arbitrary scale units of a 

1.0 ppm quinine sulfate solution in 0.10 N, H^5O^ excited 

by 365 nm radiation and showing fluorescence at 450 nm.
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becomes the major visible band throughout the later stages 

of the reaction process : curves 6 and 7 in L/M = 6 - Fig­

ure 15). The presence of tris-1 ,10-phenanthroline R u( 11 ) is 

confirmed by the appearance and increasing intensity of the 

characteristic red-orange luminescence of the tris-phen 

Ru(II) species.

The absorption bands parallel those observed by Brandt 

et al. in their work using 2,21 -bipyridine and probably re­

sult from analogous species. To aid in the identification 

of the species present a number of compounds suspected to be 

intermediates in this reaction sequence were prepared ; their 

uv-visible absorption spectra were compared with the spectra 

obtained in the formation study.

The spectrum of tetraki s-phenanthroline-y-di ol Ru( 111 ), 

Figure 19, 4+

0
(phen )2Ru(III) Ru( 111 ) (phen )2 

0
H

strongly resembles that of the second product Umax ca_. 635 

nm) which is formed in the Ru(III )-phen reaction and gives 

rise to the deep blue color ; The compound absorbing at 715 

nm may be a bridged diol containing fewer coordinated phen­

anthroline molecules. The molar absorptivities of the 715 

nm and 635 nm bands in the reaction solutions are c£.

7 x 10$. These bands are much too intense to be d-d in 

origin and are tentatively assigned as 11gand-to-metal , 
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d*  * ir, transitions. Studies of the d * ir charge transfer 

spectra of the chloro and bromo complexes of Ru(111) show 

complex bands occurring in the visible and uv regions with 

molar extinction coefficients of ça^. 2 x 10^ (22,81,82).

The identification of Ru ( 11 ) (phen^Cl 2 » Figure 18, or 

[Ru(II)(phen)2(H20)2]2+» Figure 17, in the reaction mixture 

is difficult due to the similarity of their absorption 

spectra to that of the final product, [Ru(11)(phen)3] ,

Figure 16. However, because [Ru(11 )(phen)$] is believed 

to be the only luminescent species in these reaction solu­

tions, its rate of formation can be set equal to the rate of 

increase in the luminescence intensity with time.

Ali Ru ( 11 ) -phen chelates show a tt * * d charge transfer 

band at ca. 450 nm (Figures 16-18) having of ca_.

3 x 103; the Ru(111) species are transparent or only weakly 

absorbing at 450 nm, Figures 15, 19, 20, 21. Thus, by also 

following the intensity of the t * + d absorption band at 450 

nm, the rate of formation of all Ru(11)-phen species can be 

determined. Figure 22 shows the relative rates of formation 

of [Ru(ll)(phen)3]2+ and of the Ru(II)-phen species. The 

nearly identical initial rates suggest that the only impor­

tant Ru(II)-phen species present in the reaction sequence is 

the final product [Ru(II ) (phen)3J2+ - i^e., reduction of 

Ru(111) occurs after (or concurrent with) the third chelation 

step.
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Figure 22 

/ + d) Absorption and Luminescence Intensities 

vs. Reflux Time for Solutions of Ru(IIl)

(5 x 10'2 mM) and 1 ,10-Phenanthroline

(30 x 10"2 mM) at pH2, L/M ça. 6
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TABLE VII

Absorption and Luminescence Intensity 

as a Function of Time for the Reflux of a Solution 

of Ruthenium(III ) (5 x 10“2 mM) and

1,10- Phenanthroline (30 x 10"2 mM) at pH2,

L/M ca_. 6

Percent Formation 
of [Ru(II)(phen)3J2+

Time of

Heati ng

a 
k

a450

0

15 min

0

0

.027

.070

0

0
30 mi n 0 .067 0

1 hr .0002 .098 0

3 hr .015 .100 17
5 hr .051 .122 21

7 hr .063 .161 27
22.5 hr .35 .275 47
25.5 hr .40 .302 51

27.5 hr .41 .334 57
30.5 hr .69 .390 66

46.5 hr .82 .496 84

48.5 hr .76 .510 87

51.5 hr .81 .547 93
54.5 hr .68 .567 96

b
00 .61 .588 100

aIL excited at 435 nm a nd measured at 590 nm relative to a

fluorescence intensity of 2.0 arbitrary scale units of a
1 .0 ppm quinine sulfate solution in 0.10 H^SO^ excited by 

365 nm radiation and showing fluorescence at 450 nm.

^Addition of hydroxyl ami ne hydrochloride and reflux 30 min­
utes .
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In summary it appears that the first species formed when 

a solution of Ru(IIl) and 1,10-phenanthroline are heated to­

gether at pH02 may be a bridged diol (containing an unknown 

number of phenanthroline ligands). This is rapidly converted 

to tetraki s-phenanthroli ne-y-diol rutheni um(III). The fol - 

2+ 
low-up steps in reaching the final complex, [Ru(II)(phen)3l , 

are not known for certain, however, there are two possibili­

ties: 1) the bridged diol may break apart and add the third 

phenanthroline to give [Ru(111)(phen)^]^+ which could then 

be reduced by a phenanthroline molecule to form 

[Ru(II)(phen)j]2+, or 2) the reduction step may precede the 

addition of the final ligand, i^e., the bridged diol may be 

reduced to give [Ru(11)(phen)212+ followed rapidly by the 

final ligation step to yield [Ru(II)(phen)j]2+. The spec­

trum of [Ru(III)(phen)3]3+, Figure 20, does not exhibit any 

transitions in the visible region with e cau 10 and it is 

therefore difficult to determine its presence in the reac­

tion mixture based on the available spectral data.

Reduction to [Ru(11)(bipyr)2J2+ followed by rapid addi­

tion of the final ligand was proposed by Brandt based on his 

observations that in the presence of a reducing agent such 

as sodium sulfite, [Ru(11)(bipyr)3J2+ begins to form imme­

diately with no indication of an intermediate species. This 

evidence is not conclusive however, and may only illustrate 

the already known greater lability of rutheni um( 11 ) over 

rutheni um(111 ) (83).
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No attempt was made to clarify the reaction system when 

the Ru(III)-Ru(IV) salt was boiled with I M HC1 to form the 

chloro complexes prior to being refluxed with the 2,2'- 

bfpyridine. This deserves further study and may provide ad­

ditional information to support the proposed reaction inter­

mediates in the first case. Brandt's failure to observe any 

evidence for a mono-bipyridi ne Ru(111) species may be due to 

an inability of the complex to form a bridged chloro species. 

The red species observed was reported to be 

[Ru(III)(bipy)2Cl2J+ and resembled a concentrated solution 

of [Ru(III)(phen)2Cl2]+ which was prepared in this labora­

tory . The presence of [Ru(IV)(bipy)2Cl2]^+ is very doubt­

ful as well as its one step conversion to [Ru(II)(bipy)3J .
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