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1. lntroduction 

The study of the physics and chemistry of the excited states of 
transition metal coordination compounds has developed 
rapidly through photochemistry, absorption and reflectance 
spectroscopy, and emission spectroscopy. Photochemistry has 
been reviewed recently, 2-5 and absorption and reflectance 
spectroscopy are constantly being brought up to date in 
various b o o k ~ 3 ~ 6 ~ ~  and monographs.8 A few years ago a review 
was publishedQ which summarized the luminescence studies 
for all metals up to 1963. The emission properties of chromium 
complexes have been treated as part of a general discussion 
of their spectra.6 Also, some fundamental aspects of the 
luminescence of various transition metal complexes have been 
discussed, 10 and there are two series of reviews concerning the 
analytical uses of metal ion luminescence.” However, a com- 
prehensive review of all the transition metals involving a 
thorough literature search has not been published. It is the 
purpose of this article to attempt such a task and to discuss 
the extensive amount of experimental material in terms of the 
mechanisms of energy transfer, intra- and intermolecular, 
radiative and nonradiative, in the various complex ion sys- 
tems. Of the following eight types of molecular emission pos- 
sible for a given substance [fluorescence, phosphorescence, E- 
type delayed fluorescence (temperature dependent), “sensi- 
tized” emission (includes X-ray, thermally and electrically in- 
duced as well as energy transfer), P-type delayed fluorescence 
(triplet anhilation), eximer fluorescence, delayed eximer 
fluorescence, and chemiluminescence], the first four have been 
observed so far for coordination compounds and are reviewed 
here. One example of the last type, chemiluminescence, will 
also be cited. For the literature search, Chemical Abstracts 
has been used up through 1968 and many journals have been 
examined individually. 

(2) E. L. Wehry, Quurr. Reo. (London), 21,213 (1967). 
(3) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reac- 
tions,” 2nd ed, John Wiley and Sons, Inc., New York, N. Y . ,  1967. 
(4) V. Balzani, L. Moggi, F. Scandola, and V. Carassiti, Znorg. Chim. 
Acta Rev., 1, 7 (1967); D. Valentine, Advan. Photochem., 6,124 (1968). 
( 5 )  A. W. Adamson, W. L. Waltz, E. Zinato, D. W. Watts, P. D. 
Fleischauer, and R. D. Lindholm, Chem. Reo., 68,541 (1968). 
(6) L. S. Forster in “Transition Metal Chemistry,” Vol. V, R. L. 
Carlin, Ed., Marcel Dekker, Inc., New York, N. Y. ,  in press. 
(7) K. Nakamoto and P. J. McCarthy, S. J., “Spectroscopy and Struc- 
ture of Metal Chelate Compounds,” John Wiley and Sons, Inc., New 
York, N. Y., 1968. 
(8) A. B. P. Lever, “Physical Inorganic Chemistry,” Elsevier Publish- 
ing Co., Amsterdam, 1968. 
(9) G. B. Porter and H. L. Schlaefer, Ber. Bunsenges. Physik. Chem., 689 
316 (1964). 
(10) G. Sartori, Proceedings of the XIth International Conference on 
Coordmation Chemistry, Haifa, Israel, 1968. 
(11) (a) M. Margoshes and B. F .  Scribner, Anal. Chem., 40, 223R 
(1968); (b) C. E. White and A.  Weissler, ibid,, 116R (1968). 
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The general treatment of the subject matter will follow that 
of a previous review on photochemistry,6 although because 
of the nature of the studies reported the emphasis in classifica- 
tion of metals has been placed on their number of d electrons 
rather than on their group in the periodic table. Thus, for ex- 
ample, V(II), Cr(III), Mn(IV), and Mo(II1) all are treated as 
d 3  metal ions. After general classification each metal is dis- 
cussed individually with emphasis on the specific energy states 
involved in absorption and emission of light, on molecular 
processes which may precede or occur simultaneously with 
emission, and on medium or environmental effects on the 
emissions. Included in most sections of this review will be one 
or more tables summarizing the important data for that sec- 
tion. 

One subject not treated here is the luminescence of lantha- 
nide complexes, because of the different nature of the ac- 
cessible transitions (4f electronic states) involved in such com- 
pounds. For more information concerning this area the reader 
is referred to recent articles12 and reviews. l 3  

A. ENERGY STATES OF COORDINATION 
COMPOUNDS 

The advantage of treating electronic energy levels of a metal 
complex as molecular states rather than individual metal and 
ligand states has been discussed.6,6 It is true, though, that a 
good description of the electronic structure of many complexes 
can be made using crystal field or, more successfully (and with 
more difficulty), ligand field theory. Usually, in either of these 
treatments, one considers the effects of a field14 produced by 
the ligands surrounding the metal ion on the otherwise de- 
generate metal d orbitals. Looking first at the metal ion with- 
out any field (Le., the “free gaseous metal ion”), one recog- 
nizes that the d electrons can couple their orbital- and spin- 
angular momenta to produce a series of different states,I5 
which are designated by different term symbols. 15-17 These 
states result from the various possible combinations of the 
values of the orbital-angular momentum and spin-angular 
momentum quantum numbers. The ordering of the lowest 
states for a d3 metalla is shown on the extreme left side of 
Figure 1. Hund’s rules generally determine this ordering. A 
discussion of the method of coupling of the electrons and the 
relative ordering is given, among other places, in ref 17. 

On the right side of Figure 1, the situation for the same d3  
metal ion placed in an octahedral arrangement of ligands 
which produce a very strong field (actually a field of infinite 
magnitude) is diagrammed. The designations here (Le., 
tzgmep”) refer to the placement of electrons in one or the other 
sets of one-electron d orbitals which result from the splitting 
produced by the ligand field. In Oh symmetry16*1D the three- 
fold degenerate tQ orbitals are lower in energy than the two- 
fold degenerate e& orbitals by an amount 1004 (A). The two 
extreme cases may then be correlated by one of three different 

(12) G. A. Crosby, Mol. Crysr., 1 ,37  (1966). 
(13) G .  E. Peterson, Transifion Metal Chem., 3, 202 (1966). 
(14) This is either purely electrostatic or electrostatic plus covalent 
bonding. 
(15) For definitions of these classifications see ref 16 or 17. 
(16) L. E. Orgel, “An Introduction to Transition-Metal Chemistry and 
Ligand Field Theory,” Methuen and Co., Ltd., London, 1960. 
(17) C. J. Ballhausen. “Introduction to Ligand Field Theory.” McGraw- 
Hill Book Co., Inc., New York, N. Y., 1962. 
(18) L. E. Orgel, J.  Chem. Phys., 23, 1004 (1955). 
(19) F. A. Cotton, “Chemical Applications of Group Theory,” Inter- 
science Publishers, Inc., New York, N. Y., 1963. 

I -  

free ion increasing field - 
Figure 1. Schematic correlation diagram (lowest levels) for octa- 
hedral d3 metal complexes (after ref 18). 

approximations, weak, medium, and strong field calcula- 
tions.E* la Using the appropriate approximate calculation, the 
energies of the states may be determined as functions of the 
field strength of the ligands. 

A common practice when discussing the various energy 
levels of a coordination complex is to choose a point along 
the abscissa of a diagram, such as Figure 1, which represents 
the appropriate value of the term separation for the particular 
complex involved, and construct a new figure depicting the 
lowest states and showing their spacing. Figure 2 shows this, 
again for a d3 metal ion. (The displacement of the spin-for- 
bidden states to the right of the spin-allowed ones has no 
physical significance and is done only for clarity in reading the 
diagram.) The magnitude of these separations can be expressed 
in terms of the parameters lo&, B, and C for octahedral sym- 
metry.6,20 lODq is the crystal field splitting of the d orbitals 
(vide supra), and B and C are the electron repulsion Racah 
parameters; the former applies to states of the same multiplic- 
ity while both are used for states of different multiplicity. 

The treatment described above provides a framework for 
interpreting the d-d electronic transitions in a metal ion com- 
plex. (The terms coordination compound, coordination com- 
plex, and metal complex will be used interchangeably in this 
review, although the definition of such compounds is assumed 
to be the same as in the previous review.6) Admitting this ap- 
proximation wherein the ligands are still considered only as 
perturbations to the d orbitals, we shall proceed to  discuss 
briefly the other types of electronic transitions. 

Transitions which result from the transfer of an  electron 
from a primarily ligand orbital to a primarily metal orbital 
(designated CTTM, charge transfer to metal) and oice versa 
(CTTL, charge transfer to ligand) are called charge transfer 
(CT) transitions, and usually lie at higher energies than the 
d-d transitions. CT excited states can be very important in 
excitation (absorption) processes and, as shown in section 
VI, can sometimes be involved in luminescence. 

A third type of excited state in a coordination complex is 
located predominantly on the ligand portion of the molecule 
and is usually considerably higher in energy than either d-d 
or CT excited states. Transitions to these ligand states in a 
complex molecule often differ little from the corresponding 

(20) C. K. prgensen, “Absorption Spectra and Chemical Bonding in 
Complexes, Pergamon Press, London, 1962. 
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Figure 2. Level diagram for a typical d3 complex in an Oh field, 
showing some processes which can occur after light absorption. 

transitions of the free ligand. For some complexes, however, 
the lowest energy “ligand” absorption may not correspond to 
the lowest energy band in the free ligand. An organic mole- 
cule, which is a potential ligand, may have absorptions corre- 
sponding to the promotion of a nonbonding electron (n-a*) 
or a T bonding electron (..-a*) to a a antibonding orbital, 
the former being the lower energy transition. Since the non- 
bonding electrons become involved in the coordinate bond in 
a complex, the n-a* transition no longer exists but is a u-T* 
transition. Because of the energy stabilization which results 
from the metal ligand bond energy, this latter absorption 
would be found at higher energies than the T-T*. Ligand ex- 
cited states are of interest since they can sometimes behave 
independently of the metal, while in other instances they mix 
with metal states resulting in the transfer of electronic energy 
from one to another transition in the molecular unit. 

Finally, excited states resulting from the promotion of an 
electron from a metal or ligand orbital into a conduction or 
otherwise delocalized band (Le., electron hole transitions) can 
give rise to  luminescence in transition metal compounds. This 
type of transition will not be treated here, since the phenome- 
non is generally associated with solid-state processes and often 
with simple metal salts, as opposed to coordination com- 
pounds. For further information on the subject the reader is 
referred to current reviews. 2 1  

B. KINETIC EXPRESSIONS FOR 

In order to derive and understand the kinetic relationships that 
are often used to describe processes occurring after the absorp- 
tion of a quantum of light by a molecule, we have indicated in 
Figure 2 the more important of these processes with the corre- 
sponding rate constants. Each first-order rate constant repre- 
sents the probability of the particular process and is defined 
in the usual kinetic fashion. For example, if there were only 
one process (k4)  populating and one process (k5)  depopulating 
the 2E state we would write the rate law 

EXCITED-STATE PROCESSES 

dE1 = k4[4T2] - kJ2E] 
dt 

~~~~ 

(21) ?a) J. G. Winans and E. J.  Seldin in “Handbook of Physics,” E. U. 
Condon and H. Odishaw, Ed.. McGraw-Hill Book Co., New York, 
N. Y., 1967, Chapter 7, pp 6-131; (b) S. Shionoya in “Luminescence 
of Inorganic Solids,” P. Goldberg, Ed., Academic Press, New York, 
N. Y., 1966, p 205; (c) Anonymous, Bull. Acad. Sci. USSR, Phys.  Ser., 
23, 1271 (1959). 

This rate law corresponds to the mechanism 
k4 

4Tzm+ ‘E (2) 

‘E + 4A2 (3) 
ks 

In fact, depending on the relative importance of k--4, there 
could be one or two additional terms involved in the above 
rate law. A similar law can be written for the rate of change 
in the concentration of the spin-allowed ( 4T2) state where, for 
simplicity, it has been assumed that the only excitation is to 
4T2. This excitation is expressed by the intensity of absorbed 
light I in units of quanta absorbed sec-1 cc-1. 

d[2E1 = k4[4T2] - ks[2E] - k~[’El 
dt (4) 

( 5 )  - -  d[4T21 - Z - k ~ [ ~ T 2 ]  - k 3 [ 4 T ~ ]  - k-4[4Tzl 
dt 

When constant illumination is employed the steady-state ap- 
proximation may be assumed for the concentrations of mole- 
cules in each excited state. Setting eq 4 and 5 equal to zero 
and solving the expressions for the concentrations of each 
state, we obtain the following. 

(6) 
I 

kz + k3 + k-4 [4Tz1 = 

(7) 

From these expressions and from the definitions for the quan- 
tum yields of fluorescence (q5f = kB[4T~]I-l ,  emission from a 
spin-allowed state) and phosphorescence (&, = ka[ 2E]I-1, 
emission from a spin-forbidden state), we can immediately 
write these quantum yields in terms of the probabilities of the 
various processes. 

(8) “ = kz + k3 + k4 
(9) ” = (k5 + kd(k2 + k3 + k4) 

(The sum of q5f, q5p, and the yields for photochemical reactions 
and for all other deactivation processes equals one.) 

By definition, the lifetime of an excited state is equal to the 
reciprocal of the total probability for depopulation of that 
state.22 

kz 

k4k5 

(10) 
1 

kz + k3 + k4 Tf = 

It is thus apparent for the general case where k-4 is negligible 
that there are at best four experimental parameters and five 
probability constants. Under favorable conditions kz and/or 
k5 can be determined from the absorption spectra;23 however, 
most of the time the situation is complicated by the appearance 
of only one type of emission, or of temperature-dependent 

(22) P. Pringsheim, “Fluorescence and Phosphorescence,” Interscience 
Publishers, Inc., New York, N. Y., 1963, p 3. 
(23) See, for example, ref 5, eq 7. 
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emission. In addition, apparatus for the measurement of 
fluorescence lifetimes had been described24 as early as 1960 
but not applied to the study of transition metal compounds 
until recently. In light of the particular difficulties of each 
complex system, their energy states and kinetic properties will 
be discussed individually. 

If. Experimental. Peculiarities of 

It is not within the scspe of this review to describe the large 
variety of apparatus available for luminescence studies. This 
subject is already treated in detail for investigations of organic 
systems.25z26 In general the same apparatus can be used in the 
study of coordination compounds; however, there are a few 
specific details which need to  be mentioned. We have pointed 
out that coordination compounds often a b s x b  light of the 
medium and long wavelength visible portion (400-700 mp) of 
the spectrum in d-d  transition^.^ For this reason actinometers 
for measuring light intensities of these wavelengths are neces- 
sary and they have been des~ribed.~’ In addition, detectors 
capable of measuring radiation in the long visible and near- 
infrared portion (700-1200 mp) of the spectrum are required 
for observing the luminescence. For this purpose one of two 
methods is usually applied: (1) spectrographic analysis of 
emission using any high-quality spectrograph with Kodak 
103F, I-N, I-M, or I-Z (or their equivalents) photographic 
plates (A 300-1200 mp); (2) spectrofluorometric analysis using 
a long-n avelength analyzing monochromater and a photo- 
multiplier tube with suitable spectral characteristics. Examples 
ol’ the latter are R.C.A. 7102, DuMont 6911, or Phillips 150 
CVP (all S-1 response). (It is always desirable to cool the 
photomultiplier, including voltage divider, to the temperature 
of liquid nitrogen vapors, about 90-100’K for greatly im- 
proved signal to mise ratios.) Some compaunds will be 
described which emit in the shorter wavelength visible spec- 
trum, and for these the conventional apparatus described for 
organic systems can be used. 

For the spectral region from 1200 to 1400 mp, a Jarrell-Ash 
0.5-m grating monochramater (also good in visible) with a 
cooled Eastman-Kodak lead sulfide cell and a 13-cps Perkin- 
Elmer amplifier have been used successfully.28 We are cur- 
rently experimenting29 with a single beam Perkin-Elmer 12-C 
infrared spectrophotometer equipped with a lead sulfide cell 
for measurements from 1.2 to 2.5 p. 

Other peculiarities of coordination compounds include the 
following : large number of multicolored stable compounds ; 
highly variable solubility in glass forming solvents; photo- 
sensitivity in solid and liquid phases; and unusual, often para- 
magnetic, spin states in ground and excited electronic con- 
figurations. Transition metal complex ions which are often 
stable with respect to decomposition as sslids can undergo 
very rapid substitution reactions in solutions. For this reason 
luminescence studies offer an opportunity to investigate the 
structure and properties of such complexes by virtue of the 

Coordination Compounds 

(24) (a) R. G. Bennett, Rev. Sci. Instrum., 31, 1275 (1960); see also 
(b) M. Mack, J .  Appl.  Phys., 39, 2483 (1968); (c) G. Porter and M. R. 
Toup. Nature, 220,1228 (1968). 
(25j-D. M. Hercules, Ed., “Fluorescence and Phosphorescence Analy- 
sis,” Interscience Publishers, New York, N. Y., 1966, Chapter 2. 
(26) C. A. Parker, “Photoluminescence of Solutions,” Elsevier Pub- 
lishing Co., Amsterdam, 1968, Chapter 3. 
(27) E. E. Wegner and A. W. Adamson, J .  Amer. Chem. Soc., 88, 394 

(28) J. E. Ralph and M. G.  Townsend, J .  Chem. Phys., 48,149 (1968). 
(29) D. L. Webb and P. D. Fleischauer, unpublished results. 

(1966). 

fact that they may be performed with solid (crystalline or 
powder) samples as well as solutions (liquid and glass). Com- 
plexes can be anionic, neutral, or cationic, depending on com- 
position; and as a result may or may not be soluble in glass 
forming solvents. It is customary to employ glassy solvents for 
low-temperature studies to avoid cracking of the sample (and 
consequent light scattering), and to approximate medium 
conditions at higher temperatures. The photosensitivity of 
these compounds need not be dwelt upon.5 This property can 
be a hazard for luminescence studies, but luminescence can 
also be used to monitor photochemical reactions; for example, 
when a reactant or product luminesces, the concentration of 
emitting species can be followed using emission measurements. 
(In fact the photosensitivity of [Pt(dipyMC12 was first recog- 
nized by observing changes in its luminescence; one peak 
diminishes and another appears.29) The ground and excited 
states of metal complexes can have widely varying spin multi- 
plicity. Cr(II1) in an octahedral coordination sphere, for ex- 
ample, is paramagnetic and has a total spin in the ground state 
of 3/2. These factors could be important in consideration of the 
spin-orbit coupling in a manifold of ligand excited states. 30 

111. Compounds of do and de Metal fons 

Although do and d 2  are not common electronic configurations, 
a few examples of the luminescence of metal complexes of 
these configurations have been found. In section IX we will 
discuss p - d absorptions, the reverse of which gives emission; 
for do the opposite is possible. In the formalism of ligand field 
or molecular orbital theory the absorption corresponds to a 
CTTM transition. 

A. NIOBIUM(V) 

When Nb(V) is added to antimonates such as LiaSb04, a new 
emission band is observed which is attributed to a 4dNb + 
2~02-  t r a n ~ i t i o n . ~ ~  In the ground state the Nb(V) ion has no d 
electrons but is in a crystalline field of oxide ions. The lcwest 
observed absorption in these compounds carresponds to an 
electron transfer from an oxygen p orbjtal to an empty 
niobium d orbital. A series of papers has been published (ref 
31 is the latest) comparing this d + p emission with the p or 
s -+ d emission observed in 3dI0 or 3d94s (Cu+) compounds. 

B. ZIRCONIUM(1V) 

The only other reports found for a do metal concern Zr(1V) 
chelate complexes. a a  Although the transitions responsible 
for emission may be charge transfer similar to that in the 
Nb(V) example, it is more likely that they are ligand (a* + 
a) transitions, as in some Sc(II1) and rare earth chelates. 

C. VANADIUM(II1) 

Two reports of the luminescence of d2  metals were found. 
While the first does involve the zinc sulfide type of environ- 
ment the infrared emission of V(II1) is treated in terms of 

(30) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,” John Wiley 
and Sons, Inc., New York, N. Y., 1966. 
(31) G. Blasse, J .  Chem. Phys., 48,3108 (1968). 
(32) C. E. White, D. E. Hoffman, and J. S .  Magee, Jr., Spectrochim. 
Acta. 9,105 (19571. 
(33) E,. A. Bozhevol’nov, A. G. Monakhova, and G. V. Serebryakova, 
Metody Analiza Khim. Reaktiooo i Preparatov, 11, 93 (1965); Chem. 
Abstr., 65, 1381/(1966). 
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crystal field theory and does apply to this review. If V3+ is 
doped into ZnS, ZnSe, CdS, or CdSe, it is in a tetrahedral 
field of sulfur or selenium ions. The possible splitting patterns 
of the electronic energy states of d 2  and d 3  ions have been 
treated theoretically, and the transition energies were com- 
pared to the observed absorptions and emission. It was con- 
cluded that vanadium is tervalent (d2) and the observed ab- 
sorptions correspond to transitions from 3Aa ground state to 
aT2, aT1(F), and sT1(P) excited states. The emission is then 
from the lowest energy excited state 3T2 to the ground 3A2 
state. 

D. MANGANESE(V) 

The tetrahedral Mx10,~- (d2) ion exists in solution and in place 
of p04a- in the doped salts Ca2P04C1 and Caj(P04)aC1.3s 
The ground state of Mn5+ is aA2 as above; however, in the 
solid compounds, spin-forbidden ‘E - 3A2 and ‘A1 + 3A2 
transitions which are within the e2 configuration are observed 
in absorption, and the former also in emission. The ‘E t--f aA2 
transition has two components in absorption and emission 
which result from splitting of the excited state either by lower 
symmetry of the ion or by spin-orbit coupling. The higher 
energy component of emission is the weaker and decreases in 
intensity on cooling, while the low energy emission and ab- 
sorption are coincident. The splitting of the ‘E state is quite 
large, from 166 to 293 cm-1. In addition there is some vibronic 
structure on the low energy side of the emission. The decay 
time for the emission, -1 msec, is the right magnitude for 
phosphorescence. 

Table I 
Absorption and Emission Spectral Maxima for do and d 2  Metal 

Compounds (Selected Data) 

Absorption 
or excitation Emission 

Compound max, kK  Assignments max, kK  Ref 

Li3Sb04:Nb5+ 42.0 4d + 2p(02-) 25.0 31 
LiSb03 :Nb6+ 38.8 4d +. 2p(02-) 22.5 31 
CaSb2O6:Nb6+ 41.4 4d -+ 2p(02-) 24.4 31 
SrSb206:Nb5+ 38.0 4d + 2p(02-) 23.2 31 
BaSb206:Nb6+ 37.3 4d + 2p(Q2-) 2 3 . 0  31 
MgSbzOs:Nb5+ 35.0 4d -+ 2p(02-) 19.1 31 
Mg,SbzOg:Nb’+ 35.1 4d + 2p(O”) 18 .9  31 
Zr(1V) flavonol 25 (sh) ? 21.50 32 

V3+ in ZnS 9.09 3Tz f-) 3A2 ir 34 
V3+ in ZnSe 14.08 3T~(F) + 3 A ~  
Ca,(P04)3C1: 8.598 ‘E t+ 3A1b 8.598 (Sty 35 

Ca5(P04)3F : ‘E f-) ‘Az5 8.640(st)  35 

ca2Po4cl: 8.410 ’E f-) 3A2b 8.410 (St) 35 

28.99 
f r o .  81 

~ n 0 ~ 3 -  8.764 8.764 (w) 

~ 1 1 0 ~  3- 8.750 (m) 

~ n 0 ~ 3 -  8.703 8.703 (w) 
a Transitions always written with ground state on the right. ‘E 

state split into two components. c Designations of intensity, st = 
strong, m = medium, w = weak. 

(34) J. W. Allen, Physica, 29, 764 (1963). 
(35) J. D. Kingsley, J. S. Prener, and B. Segall, Phys. Reo., [A] 137. 189 
(1965). 

fV. Compounds of d8 Metal fons 

Coordination compounds of metals of the d3  electronic struc- 
ture constitute the largest group studied to date. It has been 
pointed out6 that investigations of Cr(II1) and other d 3  metal 
ions can be classified into those of ionic and those of molecular 
complexes. The ionic complexes are a special group which exist 
only in the solid phase, losing their identity when dissolved 
in solution. The complexes familiar to most coordination 
chemists are the molecular ones which, aside from possible 
substitution reactions, retain their identity in solid and solu- 
tion. They can, of course, be charged (e.g. ,  Cr(NH&*+, 
C r ( o ~ ) ~ ~ - ) ,  or neutral ( C r ( a ~ a ) ~ ) . ~ ~  The emission of the ionic 
complex Cr3+:A1203 (ruby) was one of the first examples of 
emission of a coordination compound“ and is still of primary 
interest, especially in industrial applications (lasers). For this 
reason, and because much of the information learned in solid- 
state studies has been carried over to studies of molecular 
complexes, we have chosen to give a brief account of some as- 
pects of the luminescence of some ionic complexes. 

A. IONIC COMPLEXES. SOLID-STATE 
CONSIDERATIONS 

V(II), Cr(III), and Mn(IV) ions may be doped into a number 
of transparent metal oxide crystalline hosts (MgO, A1203, 
spinels) resulting in very bright colors to these solids. The 
guest ion is always oxygen-coordinated with six nearest 
neighbors, and may be in an octahedral (MgO) or a distorted 
octahedral (D3, A1203) symmetry site. As a result of the crystal 
field of the host, the d orbitals of the guest are split in a man- 
ner similar to that described above and shown in Figures 1 
and 2. The intensities and types of electronic transitions be- 
tween the energy states formed from the d orbitals depend on 
the symmetry site and on the spin multiplicities of the states. 
The transitions may be either magnetic or electric dipole and 
may be parity and/or symmetry allowed or forbidden6 
Emission from spin-forbidden ( 2E) and spin-allowed ( 4T2) 
states has been observed. For additional material the reader 
is directed to r e v i e u ; ~ ~ ~ ~ ~  38 and to the many references given in 
the articles mentioned below. 

The excited states in d3  metal ions can be further split in 
energy by reductions (from 0,) in the symmetry of the field 
around the metal or by spin-orbit coupling. These reductions 
n a y  result from existing variations in crystal structure (see, 
for example, the two spectra reported on pp 640 and 641 of 
ref 39 for MgO and Al2O3 hosts) or from external effects such 
as the application of very high pressures along a crystal 
axis. 40,41 Variation of the axis along which pressure is applied 
in MgO :V2+ can cause either trigonal or tetragonal splitting 
of the 2E, state. 40 

The splitting of the *E state in ruby results in the appearance 
of two phosphorescence lines, one from each component. In 
early work this pair of lines was referred to as the “chromium 
doublet,” and it is interesting to note that the excited states 
involved in the emission are indeed spin doublet states. The 

(36) See Appendix for definitions of all abbreviations used for ligands. 
137) 0. Deutschbein. Ann. Phvsik.. 36. 183 (1939). 
i38j (a) D. S: McCldre, SolidStatePhis., 9,.490 (1959); (b) J. Margerie, 
J .  Phys.  (Paris), 26, 268 (1965). 
(39) M. D. Sturae, Phys. Rev., 130,639 (1963). . .  
(40) M. D. Sturge; ibid., 131,1456 (1963). 
(41) B. Henderson and T. P. P. Hall, Proc. Phys. SOC., 90,511 (1967). 
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term doublet state of chromium is now widely used to refer 
to the lowest spin-forbidden state and should not be confused 
with the original "chromium doublet" which is not a state but 
a pair of lines in the absorption or emission spectrum. 

In a recent study of molecular complexes (Cr(OH2)6'+ and 
Cr(OD2)e3+) in the solid state, it has been demonstrated that 
two equal intensity peaks in absorption and emission can re- 
sult from the 2E transition when the chromium centers are in 
slightly different symmetry sites. 42 According to this mecha- 
nism the relative intensities of the two emission peaks will not 
vary with temperature. If, on the other hand, the two peaks 
arise from a splitting of the excited state (ruby) the intensity 
of the higher energy one will decrease relative to the lower as 
the temperature is decreased, because of depopulation of the 
higher level. In the molecular complexes'cited in ref 42 the 
intensity ratios remain constant from 4 to 77°K; the splitting 
of the bands is 16-17 cm-l. 

The phosphorescence spectra of d3  solid-state complexes is 
characterized by very narrow bands in the red or near-infrared 
portions of the spectrum. These bands can show some asym- 
metry due to vibrational fine structure and, in the case of 
chromium, to the natural abundance of at least three nuclear 
isotopes.43 The different masses of the isotopes result in dif- 
ferent values for the vibrational frequencies, and thus in 
slightly different energies for the vibronic transitions. The 
effect is extremely small, 0.13 to 0.17 cm-l, and shows the 
very high degree of precision with which these spectra can be 
measured. (Unfortunately, it has not been possible always to 
achieve this degree of precision in luminescence measurements 
of coordination compounds.) The temperature and light 
polarization dependencies of the vibrational structure of the 
phosphorescence have been studied and have been used to 
show the existence of electric dipole, magnetic dipole, and 
vibronic transitions. 4 4 - 4 6  Also, a number of publications re- 
port the lifetimes and temperature dependencies of various 
oxides and glasses containing the Cr3+ ion. 47--53 

The phosphorescence of V(I1) in MgO has been used to 
measure its excitation spectrum and to obtain its ligand field 
parameters.a9 From these results the assignments of 2E, T1, 
2T*, 4T2, 4T,(F), and *T1(P) were made, a task which is im- 
possible in normal absorption measurements owing to the in- 
tense absorption spectrum of V(II1) ion impurities, which are 
virtually impossible to remove. Also the polarized activation 
spectra, showing some vibrational fine structure in the 4T2 
band, were measured for V2+ in A1203. The lifetime of the 2E 

(42) F. Diomedi Camassei and L. S. Forster, private communica- 
tion. 
(43) G. F. Imbusch, W. M. Yen, A. L. Schawlow, G. E. Devlin, and 
J. P. Remeika, Phys. Rev., 136A, 481 (1964). 
(44) S. Sugano, A. L. Schawlow, and F. Varsanyi, ibid., 120, 2045 
(1960). 
(45) G. F. Imbusch, W. M. Yen, A. L. Schawlow, D. E. McCumber, 
and M. D. Sturge, ibid., 133A, 1029 (1964). 
(46) D. F. Nelson and M. D. Sturge, ibid., [A] 137,1117 (1965). 
(47) A. K. Trofimov, Dokl. Akad. Nauk SSSR,  108,277 (1956): Chem. 
Abstr., 51, 1760i (1957). 
(48) N. A. Tolstoi and S.  F. Liu, Opt. Spectrosk., 12, 417; 13, 61, 224 
(1962); 14, 25 (1963). 
(49) N. A. Tolstoi, S. F. Liu, and M. E. Lapidus, ibid., 13, 133 (1962). 
(SO) G. Burns and B. A. Jenkins, J .  Appl. Phys., 37,4299 (1966). 
(511 D. L. Wood. J .  Chem. Phvs.. 42.3404 (1965). 
. I  - ,  . . I  

(52) M. M. Zaripov, V. S. Kropotov, L. D. Livanova, A. L. Stolov, 
and Zh. S .  Yakovleva, Fiz. Tcerd. Tela, 8 ,  3680 (1966); Chem. Abstr., 
66, 100522 (1967). 
(53) G. 0. Karapetyan, S. G. Lunter, and D. M. Yudin, Opt .  Spectrosk., 
14, 370 (1963). 

state of V2+ in MgO and A1203 was found to be much longer 
than t h o ~ e ~ 9 , 5 ~  of Cra+ or Mn4+ in A1209 (see Table 11). 

A very recent discussion of the phosphorescence of Cra+ 
in the spinels ZnAl204 and MgA1204 has been published.65 
Again crystal field parameters were calculated and vibrational 
fine structure was reported. 

Also3 and MgO containing Mn4+ have been mentioned 
above.41q54 Other studies of Mn4+ have dealt with its emission 
from magnesium and zinc titanate s p i n e l ~ , ~ ~ ~ 5 ~  its activation 
spectrum in a series of and its emission from fluoro- 
germanate glasses.5g Both phosphorescence and fluorescence 
were observed for the Mn4+ doped titanates at 77°K but the 
spin-allowed emission was absenP at 4.2"K. The presence of 
temperature-dependent fluorescence of d metals is also known 
for molecular complexes and is discussed in detail in section 
B.2. The emission of Mn4+ in fluorogermanate glasses was 
originally assigned as 4T2 --f 4A2 fluores~ence,~~ but from its 
spectral position, shape (vibrational structure), and lifetime 
(3.48 msec at -125"), we feel a better assignment would be 
*E - 4Az phosphorescence. 

In concluding this section we should like to point out that 
frequent reference is made to jluorescence of Cra+ when dis- 
cussing the emission from the *E to the 4A2 state. By current 
definition, a spin-forbidden emission is called phosphores- 
cence. In older literature phosphorescence was distinguished 
from fluorescence only on a time scale. While it is generally 
true that spin-forbidden states have longer lifetimes than 
spin-allowed states, it is not true that phosphorescence must 
have a decay time greater than sec nor that fluorescence 
lasts less than10-8 sec. Indeed, some chromium complexeshave 
phosphorescence lifetimes of about low7 sec, and some heavier 
metal complexes (Ru(I1)) have lifetimes of about sec, 
which do not render a clear distinction between fluorescence 
and phosphorescence. 

B. CHROMIUM(II1) MOLECULAR COMPLEXES 

The vast number of Cr(II1) coordination compounds, which 
are relatively easily prepared and are stable with respect to 
decomposition, partially accounts for the very extensive re- 
search that has been performed with them in all areas of 
physical chemistry. Descriptions of kinetic and thermo- 
dynamic investigations abound in the literature, a and more 
photochemical studies have been performed with Cr(II1) 
complexes than with any other metal.6 Likewise more lu- 
minescence measurements have been reported for the com- 
plexes of this element than for any other metal. These com- 
plexes include ligands coordinated via nitrogen, oxygen, halo- 
gen, carbon, sulfur, and even selenium atoms. Measurements 
have been made on solid (powder and crystal) and solution 
(liquid and glass) samples at temperatures ranging from 4 to 
300 "K. Practically every aspect of luminescence spectroscopy 
has been treated including direct and indirect (Le., photo- 
sensitized) excitation, analysis of fine structure, lifetime, quan- 
tum yield, and temperature dependence studies. 

(54) S. Geschwind, P. Kisliuk, M. P. Klein, J. P. Remeika, and D. L. 
Wood. Phvs. Reu.. 126. 1685 (19621. 
( 5 5 )  D. L: Wood,' G. F. Imbusch,' R. M. MacFarlane, P. Kisliuk, and 
D. M. Larkin, J .  Chem. Phys., 48,5255 (1968). 
(56) R. Dittmann and D. Hahn, Z .  Phys., 207,484 (1967). 
(57) A. Louat and F. Gaume-Mahn, C .  R .  Acad. Sci., Paris, Ser. A ,  B,  
266B, 1128 (1968). 
(58) A. Lou-at and F. Gaume-Mahn, ibid., 265B, 1199 (1967). 
(59) G. Kemeny and C. H. Haake, J .  Chem. Phys., 33,783 (1960). 
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Table I1 

Emission Spectral Maxima for Ionic d3  Metal Compounds (Solid State-Selected Data) 
Emission fromb 

Compowzda 4Tz R p d  R2C.d unsplit Ref 

V z+ in 
MgO (77 OK) 
MgO (293 "K) 
A1203 

Cr3+ in 
MgO (4.2 "K) 
A1203 (ruby) 
GaaOl 

14.2e 

&AlzOa 
LaA103 
LaGaOJ 
YAlOj 
Emerald 
MgFz 
GASH 
GASD 
A1Cl3. 6 H z 0  
A1C13. 6Dz0 
40Ba0.60Si02 
40Ba0 .60&03 
25K20 .25Ba0. 

25Naz0.25Ba0. 

l/3Na~O '/3Bz03 

50Bz03 

50B20a 

'13KzO. '/3Bz03 

Mn4+ in 
MgO 
A1203 
Mg2TiOa 
Mg2Ti04 (4.2"K) 

Zn Mg/2Ti04 (4.2"K) 

Zn2Ti04 (4.2OK) 
MgTiO, 
Mg fluorogermanate 

13.6, 
12.82 

-11.78 
-11.90 
Nll.90 

12.05 

12.20 
12.20 

14.4-15.2 
-15.08 

-14.77 

-14.60 
13.5-14.2 

11.679 (70) 

14.405 (4.3) 
14.368 

14.605 

14.734 
13.627 
13.739 
13.812 
14.654 

14.092 
14.081 

14.786 (0.8) 
15.251 

-15.16 

-15.00 

-14.9 
14.291 
15. lgg (3.48) 

11.691 (70) 

14.436 (4.3) 
14.524 

14.609 
14.771 
13.632 
13.763 
13.859 
14.717 

14.109 
14.097 

14.866(0.8) 
15.304 

-15.34 

-15.08 

-15.0 
14.322 
15.850 

11.498 (50) 39, 40 
11.486 (25) 39 

39 

14.32 44 
46, 47, 92 
48 

47, 55 

14.555 
14.560 

-14.50 
-14.30 

14.30 

14.40 
14.40 

15.28 

47 
50 
50 
50 
51,92 
52 
42 
42 
42 
42 
53 
53 
53 

53 

53 
53 

41 
54 
57 
56 

56 

56 
57 
59 

a If temperature is not specified it is assumed to be 77". Approximate values were taken from graphs. All values in kK. 0 R1 and Ra are 
the two components of the 2E state (i.e., the "chromium doublet"). d Lifetimes in msec are given in parentheses. 6 Fluorescence observed at 
550°K. f Fluorescence observed at 300°K. 0 See text for an explanation of this assignment. 

For organizational purposes we have divided the available 
information into five categories: (1) preliminary reports, (2) 
general studies, (3) quantitative (mechanistic) results, (4) 
theoretical implications, and ( 5 )  energy-transfer studies. 
Certainly these subjects are not mutually exclusive, but we 
hope that this particular organization will help the reader find 
the information he desires most easily. 

1. Preliminary Reports 

To a first approximation (i .e, ,  excluding the effects of co- 
valent metal-ligand bonding), the splitting of the d orbitals of 
Cr(II1) is the same for molecular and ionic complexes (see 
Figures 1 and 2). A large number of complexes in both solid 
and solution are of octahedral symmetry and those that are 
not are usually treated as distorted octahedra. Theoretically, 
both fluorescence and phosphorescence of Cr(I1I) are possible, 
depending on the values of the constants kz-ke in Figure 2. 

Very fortunately indeed, one of the first complexes60 to be in- 
vestigated, [Cr(urea)&ClO,>3, exhibited both types of lu- 
minescence (see Figure 3). Following this early discovery 4 
years elapsed before other Cr(II1) complexes, which exhibited 
significant fluorescence in addition to or in place of the often 
seen phosphorescence, were reported.61s62 One might question 
whether so much interest would have been shown in chromium 
complexes if that early observation had not been made. 

In the first reportea of luminescence from a molecular Cr- 
(111) complex the authors discussed the phosphorescence of 
C ~ ( a c a ) ~  and Cr(hq),. The compounds were dissolved in or- 
ganic glass-forming solvents and chilled to 90°K. It was re- 

(60) G. 8. Porter and H. L. Schlaefer, 2. Phys. Chem. (Frankfurt am 
Main), 37, 109 (1963). 
(61) H. L. Schlaefer, H. Gausrnann, and H. U. Zander, Inorg. Chem., 
6,1528 (1967). 
(62) H. L. Schlaefer, H. Gausmann, and H. Witzke, J .  Chem. Phys., 
46,1423 (1967). 
(63) L. S. Forster and K. DeArmond, ibici., 34, 2193 (1961). 
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Figure 3. Absorption (-, 298'K) and emission (---, 77°K) 
spectra of Cr(urea)B*+ (after ref 60). 

ported that the emission did not depend on the wavelength of 
exciting light over the range 366-546 mp, which indicated very 
rapid conversion to the lowest excited state in the molecule 
after absorption. The following four points were pertinent to 
the spectroscopic assignment of the emission: (1) ijmsx was the 
same for both complexes, (2) the half-width of the emission 
band was much less than that of the first absorption band ob- 
served (4Tz + 4Az), (3) there was a separation of about 2kK 
between absorption and emission, and (4) the decay time of 
the emission was about 0.4 msec. At the time of the preliminary 
report the authors were dubious as to whether the emission 
was 4Tz -+ 4Az or 2E -+ 4Az, but later unambiguously assigned 
it to 2E pho~phorescence.~~ 

In the later study an extensive investigation of the absorp- 
tion and emission spectra of a large series of P-diketone Cr(II1) 
complexes was c ~ n d u c t e d . ~ ~ - ~ ~  The first article65 dealt with 
the absorption spectra and the assignment of the various 
transitions in the visible and near-ultraviolet. It was pointed 
out that absorption of light in a primarily ligand (R* + R) 
transition can lead to metal ion phosphorescence. This is an 
example of the very interesting topic of intramolecular energy 
transfer67 and will be discussed in detail in the final section of 
this chapter. 

2. General Studies 
Shortly after the general investigation of P-diketone com- 
plexes, a very comprehensive report of octahedral, distorted 
octahedral, monodentate, and chelated Cr(II1) complexes was 
published.@ (Although published in a German journal, this 
and other articles of the authors are written in English.) Part 
of this work included the study of the now classic chromium 
luminophor, Cr(urea)ea+, referred to above.60 The absorption 

(64) K. DeArmond and L. S. Forster, Spectrochim. Acta, 19, 1403 
(1963). 
(65) K. DeArmond and L. S. Forster, ibid., 19,1393 (1963). 
(66) K. DeArmond and L. S. Forster, ibid., 19, 1687 (1963). 
(67) (a) G .  A. Crosby and R. E. W a n ,  J.  Chem. Phys., 36, 863 (1962), 
and preceding papers; (b) M. L. Bhaumik and M. A. El-Sayed, J .  
Phys.  Chem., 69, 275 (1965). 
(68). G. B. Porter and H. L. Schlaefer, Z .  Phys. Chem. (Frankfurt am 
Main), 40,280 (1964). 

and emission spectra of this compound (Figure 3) exhibit some 
very interesting features of the excited states of the Cr(II1) 
ion. The positions of the maxima of absorption and emission 
for the 2Eg state are at the same frequency, while those of the 
4Tz are separated by approximately 3700 cm-1. The explana- 
tion for this is that the 2E, transition involves only a change in 
electron spin and not angular coordinates. Therefore there is 
negligible change in bond order of Cr(II1) and, as a result, 
negligible change in internuclear distances between Cr(II1) 
and the ligands. Excitation of the 4Tz state, on the other hand, 
involves promotion of an electron from a nonbonding (or 
sometimes R bonding) level to a Q antibonding level (that is, 
from an orbital directed between the ligands, dzy,zr,yr, to one 
directed at them, dzl-yz,zz). In this case there should be notice- 
able changes in bond order and in internuclear distances. The 
Franck-Condon principle then requires that absorption be to 
excited vibrational levels of 4Tz, and emission be from the zero 
vibrational level of 4Tz to excited vibrational levels of 4A~. 
Figure 4 is a good approximation only for a diatomic mole- 
cule, but it can be used to schematically represent the situation 
for a totally symmetric vibration in an octahedral complex. 
This drawing, representing the distortion of the 4Tz state, 
shows that if emission occurs after thermal equilibration it 
will be at much lower energy than absorption. The highest 
energy emission and the lowest energy absorption, the origin 
(0-0 transition) for 4T2 ++ 4A2, should be at the energy where 
the normalized emission and absorption curves cross. 

) , '  

CI , P I  

I = /  

M e t a l  - l iqand bcnd lenq:il 

Figure 4. Schematic representation of a cut through the lowest 
potential energy surfaces in an octahedral dS complex, showing 
absorption (-) and emission (- - -) of 4T2g and (-) of ZE,. Changes 
in bond length are for a totally symmetric skeletal vibration. 

In the study of Cr(urea)e3+ the temperature dependence of 
each of the two different bands was reported and then dis- 
cussed further in a later p~b l i ca t ion .~~  The fluorescence in- 
tensity was found to decrease less rapidly with increasing tem- 
peratures than that of the phosphorescence, indicating either 
that k--l (Figure 2) is significant or that k )  is less temperature 
sensitive than k6. Considering another report, that of the 
complete disappearance of fluorescence at lower tempera- 
tures,?O we suggest that k-4 is the more important temperature- 

(69) D. M. Klassen and H. L. Schlaefer, Eer. Bunsenges. Physik. Chem., 
72,663 (1968). 
(70) H. Gausmann and H. L. Schlaefer, J .  Chem. Phys., 48, 4056 
(1968). 
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dependent path. (See also the portion of section B.2 on tem- 
perature-dependence studies.) It is noteworthy that in the first 
two investigations60SBQ band maxima instead of integrated 
emission intensities were used for the determination of tem- 
perature dependence. Nevertheless, because of the necessarily 
wide spectrograph slits, considerable portions of the peaks 
were involved in the intensity measurements and the conclu- 
sions are undoabtedly correct. 

The general investigation referred to at the beginning of this 
section6* included the results of phosphorescence measure- 
ments of a large number of complexes. For all of these com- 
plexes the Racah Baa parameter (see section B.3) was cal- 
culated and comments were made on nitrogen or oxygen to 
chromium bonding. Vibrational fine structure was resolved for 
many of the complexes and many of them have received addi- 
tional attention in subsequent studies. We shall discuss these 
studies separately on the basis of the more detailed informa- 
tion in the appropriate sections. All of the compounds are 
summarized in Table VI. 

3. Quantitative (Mechanistic) Results 
Under this general heading there are three categories of work 
discussed, vibrational and polarization, lifetime and quantum 
yield, and temperature-dependence measurements. For any 
centrosymmetric complex the d-d electronic transitions are 
electric dipole forbidden.6 They are usually observed, how- 
ever, because of reductions of molecular symmetry. This may 
be accomplished by static distortions such as those found in 
tris chelate complexes, or by interaction with molecular vibra- 
tions. In the latter case the interactions are usually with the 
excited electronic state and result in so-called vibronic transi- 
tions. Even for a vibronic mechanism the M) transition is 
forbidden. When observed it is often very weak and is prob- 
ably a magnetic dipole transition. Therefore, the search for 
and study of the vibrational structure of absorption and emis- 
sion spectra and assignment of the 0-0 transitions are critical 
for an understanding of the type of electronic (electric or 
magnetic dipole, etc.) transition involved. 

The first detailed study of the vibrational fine structure of a 
Cr(II1) complex concerned the ion C r ( t r ~ ) ~ ~ + ,  where structure 
was observed in both absorption and emi~sion.~ In  the absorp- 
tion spectrum the vibrations observed are of the excited elec- 
tronic state (2E), while in emission they are of the ground 
electronic state ( 4A2). The spacings between peaks and/or 
shoulders are almost the same in absorption and emission 
and they correspond to certain absorptions found in the in- 
frared spectrum. This means that only one electronic transi- 
tion is involved (Le., the 2E state is not split by the reduced D3 
symmetry), and that this electronic transition ([.e,, a change in 
spin of one electron) does not affect the metal-ligand bonding 
to  any significant extent. (This conclusion may be true in the 
case of saturated ligands but is doubtless an oversimplification 
when the three tZg Cr(II1) electrons are involved in T bonding 
with the ligands.) In Cr(tn)3a+, as in Cr(en)33+, static distor- 
tions are apparently more important than the vibronic mecha- 
nism in adding intensity to the doublet transition, since the 
0-0 bands appear to be the most intense, a result noted pre- 
viously for crystalline compounds6 but not for glassy solu- 
tions. 

(71) G. B. Porter and H. L. Schlaefer, Z. Phys. Chem. (Frankfurt am 
Main), 38,227 (1963). 

Interesting comparisons of P-diketone Cr(II1) complexes 
with Cr(en)s8+ and C ~ - ( t n ) ~ ~ +  can be made, since the former 
are also tris chelates but have low-energy, empty T orbitals, 
which can delocalize the chromium tsg electrons. The absorp- 
tion and emission spectra of these complexes have been in- 
vestigated at 4 and 77°K for pure crystals and for solid solu- 
tions (diluted into A l ( a ~ a ) ~ ) . ~ ~ * ~ ~  Again the symmetry allowed 
0-0 transitions are the most intense, and considerable vibronic 
structure appears especially in polarized absorption spectra. 
The emission spectra are not polarized and are not mirror 
images of the absorptions, demonstrating that in this instance 
the electronic transition does indeed alter the bonding and 
geometry of the molecule. The integrated intensity of the 0-0 
band of C r ( a ~ a ) ~  does not vary between 4 and 77’K, which is 
further indication that the transition is not vibronic (vibronic 
intensities depend on a Boltzmann distribution of vibrational 
levels, which is itself temperature dependent). Evidence has 
been presented for a 56-cm-l splitting of the zE state of Cr- 
( a ~ a ) ~  and for Cr-Cr interactions in the solid.73 Halide deriva- 
tives of Cr(aca)a in the host Al (Br-a~a)~  show broad coupling 
of the 0-0 band to lattice modes of the solid, which probably 
results from the nonisomorphism of the host and guest. 
Finally, the ‘Tl state of Cr(aca), is estimated to be between 
14,482 and 14,573 cm-’. It should be split into three com- 
ponents in D3 symmetry; two of these are tentatively assigned 
in the low-temperature absorption spectrum? 

The vibrational structure of C r ( ~ r e a ) ~ ~ +  was mentioned in 
the previous section.6o At this point it is useful to point out two 
curiosities in the spectra of this ion. In the first place, the 
0-0 band of 2E emission and absorption is the most intense, 
and secondly, the 4Tz absorption and emission appezr to be 
mirror images. Ideally the complex is centrosymmetric; there- 
fore the 0-0 phosphorescence band should be weak. It may 
be that the ground-state complex ion with six bulky urea 
ligands around Cr(II1) is actually distorted from “pure” 
octahedral symmetry such that there is no center of inversion. 
With regard to the second point we note that the large Stokes’ 
shift of the fluorescence band from the absorption band re- 
quires that there be an appreciable change of equilibrium 
internuclear distances in the upper state. However, lacking 
resolution of the two bands, no conclusions can be made 
concerning the force constants or angular nuclear positions 
in the 4T2 state. 

Another “centrosymmetric” complex ion, which has been 
examined in detail in the pure crystal,74 in glasses,14 and in 
solid  solution^'^ (K~[CO(CN)~] :Cra+) is Cr(CN)e3-. There are 
discrepancies in the two studies of this ion. For example, while 
fine structure is observed in absorption and emission (2E,) 
for both the pure and doped crystals, in ref 74 the spectra 
are reported as mirror images, and in ref 75 only a 340-cm-1 
vibration is common to absorption and emission. This dif- 
ference could be the result of distortions of hexacyanochro- 
mium(II1) in the hexacyanocobalt(II1) lattice, but in ref 75 it 
is ascribed to an incorrect assignment for the spectrum of the 
pure compound. In fact, in the first study (pure compound) the 
0-0 absorption band was assigned to the most intense peak 
(12,470 cm-l), quite unlikely for a centrosymmetric ion, and 

(72) P. X. Armendarez and L. S. Forster, J.  Chem. Phys., 40, 273 
(1964). 
(73) M. Courtois and L. S. Forster, J .  Mol. Spectrosc., 18,396 (1965). 
(74) H. L. Schlaefer, H. Gausmann, H.. F. Wasgestian, and H. U. 
Zander, 2. Phys. Chem. (Frankfurt am Main), 51,274 (1966). 
(75) R. A. Condrate and L. S. Forster, J .  Chem. Phys., 48, 1514 (1968). 
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was reassigned in the latter study (12,380 cm-1). There are 
bands in emission to the blue of the origin (O-O), most of which 
disappear upon cooling to very low temperature; these are 
probably “hot” bands. 

The 2E, state of Cr(CN)e3- is split by 49 cm-’ in the doped 
crystal indicating distortion from octahedral symmetry but 
retention of the inversion center (weak 0-0 band). The 0-0 
band is assigned to a magnetic dipole transition. There are no 
apparent Cr-Cr interactions in Cr(CN)63- as opposed to Cr- 
( a ~ a ) ~ ,  since increases in Cr(CN)ea- concentration in K3[Co- 
(cN)O] have no effecP on the splittings of 2Ep. The T I  state 
is again located in absorption and excitation spectra (15,220- 
15,620 cm-1). 

A series of oxygen coordinated molecular complexes with 
organic ligands, other than derivatives of acetylacetone, has 
been inve~tigated.’~mV The ligands of the complexes are dma, 
dmf, acetamide, imidazolidone, and the chelate biuret. With 
the exception of the chelate and of dma, which fluoresces 
weakly, the complexes are octahedral and are similar to the 
hexaurea complex. A major difference, though, is that here 
the 0-0 band is quite weak in phosphorescence and absorp- 
tion, and there is more intense fine structure. In contrast, the 
Da symmetry chelate compound (biuret) shows an intense 
0-0 band in absorption and emission of the 2E state. It is diffi- 
cult to rationalize why the dmf, acetamide, and imidazolidone 
complexes should be centrosymmetric if the urea is not. 

Another hexaoxygen coordinated complex ion is the Cr- 
(ox)aa- ion. The vibrational structures of solid NaMg[Al- 
  OX)^] .9Hz0 :Cr3+ and pure NaMg[Cr(ox)3] 9H20 have been 
studied in detail,78v7g and the C r ( ~ x ) ~ ~ +  chromophore has also 
been studied in glassy solution.68 In all cases the 0-0 band of 
the 2E + ‘A2 transition is the most intense, although in the 
crystal the 2E state is split about 20 cm-1 as a result of reduced 
symmetry. The vibrational  progression^^^ are the same for 
emission from either of the two components of 2E and are 
quite similar to the fine structure observed in the absorption 
to 2E. Again it appears that the saturated C@a2- ligand, hav- 
ing little interaction with the tZg Cr(II1) electrons, does not 
show distortion on excitation to the 2E state. (It has been 
stated that the C r ( ~ x ) ~ ~ -  absorption and emission spectra 
are not mirror images;’8 however, the table from ref 79, p 4217, 
shows a very close correspondence between most vibrations 
at 80’K.) 

The low-temperature polarized spectra (absorption and 
emission) show a further splitting of the two components of 
the 2E state29 the one of higher energy by 2.4 crn-’, and the 
other of lower energy by 3.1 cm-1. This splitting is probably 
due to Cr-Cr interactions. The polarized spectra have also 
been used to locate the TZ and the (tentative) states in 
Cr(ox)3 a-. 

Very little is known about the vibrational structure of the 
4T2 state of Cr(I1I) because in general the absorption spectra 
are very broad and unresolved. It is quite certain that the 
state is distorted from the 4Az state because of the large Stokes’ 
shifts observed between absorption and fluorescence.80*81 

(76) K. K. Chatterjee, G. B. Porter, and D. L. Webb, private communi- 
cation. 
(77) K. K. Chatterjee and G. B. Porter, Inorg. Chem., 5, 860 (1966). 
(78) R. A. Condrate and L. S. Forster, J .  Mol. Spectrosc., 24, 490 
(1967). 
(79) 0. S. Mortensen,J. Chem. Phys., 47,4215 (1967). 
(80) H. L. Schlaefer, J. Phys. Chem., 69. 2201 (1965). 
(81) A. W. Adamson, ibid., 71,798 (1967). 

Also, in the few reports of fluorescence of Cr(II1) complexes 
there has been no report of fine structure until that recently 
observed for some sulfur coordinated ligands.82 In an extension 
of this work, to include some analogous selenium coordinated 
ligands, more pronounced apparent structure has been ob- 

Naturally, structure in emission is associated with the 
ground state of the molecule, but it will involve rather high 
vibrational levels of the 4A2 state. These levels are not ob- 
served in infrared spectroscopy because of vibrational selec- 
tion rules and the existing Boltzmann distribution. 

The measurement of emission quantum yields is a difficult 
task because of the necessity of determining exactly the in- 
tensities of absorbed and emitted light. In principle this is not 
a problem,26 but in practice it can be extremely difficult be- 
cause of the need for reproducibility in sample and light condi- 
tions. Lifetimes, on the other hand, are easily measured if the 
appropriate instrumentation (Le., flash or stroboscopic ap- 
paratus) is available. This contrast might explain why only 
one research group (that of Professor L. S. Forster at the 
University of Arizona) has published results of quantum yield 
determinations for transition metal complexes, while a number 
of different groups have reported lifetime data. 

The utility of quantum yield (4) and lifetime (7) determina- 
tions has been the explanation of the significance of the dif- 
ferent probability constants, kz-ke, in Figure 2, and therefore 
the mechanisms of energy storage and transfer within the 
chromium complex ion or molecule. Two general studies have 
been published6O384 and more specific results are available for 
C r ( a ~ a ) ~  complexes in the pure state and in the A l ( a ~ a ) ~  
h0st.~5 The temperature dependencies of 4 and 7 also have 
been discussed for Cr(OH2)ea+, cr(OD2)~~+,  and Cr(CN)eaf in 
different crystalline hosts.86-88 

Equation 11  gives the expression for the phosphorescence 
lifetime. At very low temperatures the value of 7 is usually 
temperature insensitive and is called the inherent lifetime, 
70 = (ksO + ke0)-’, where ksO and kso are the temperature-in- 
dependent probabilities for radiative and nonradiative transi- 
tion from 2E to 4A2. For ruby (A1203:Cr3+) k6’ * 0, and 7O = 
(k50)-’ = -4 msec. For C r ( a ~ a ) ~ ,  7O * 2 msec, and it is pro- 
posed that ksO in this complex probably has approximately 
the same numerical value as in rubyee (Le., the radiative rate 
constant for phosphorescence is insensitive to the environ- 
ment of Cra+). If this is true k5 should be similar in all the 
acetylacetone derivative complexes, and thus the variations in 
7 represent variations in ka or the nonradiative transition 
probability from 2E to 4A2. From the tables in ref 64 and 66 it 
can be seen that the values of 7 or ke follow, roughly, changes 
in ?T bonding in the complexes. However, the relationship is in 
the opposite direction for complexes of other and 
no uniform correlation of the nonradiative transition prob- 
ability to molecular structure has yet been found. 

(82) P. Cancellieri, E. Cervone, C. Furlani, and G. Sartori, Z .  Phys. 
Chem. (Frankfurt am Main), 62,35 (1968). 
(83) E. Cervone and P. D. Fleischauer, 157th National Meeting of the 
American Chemical Society, Minneapolis, Minn., April 13-18, 1969. 
(84) (a) K. K.  Chatterjee and L. S. Forster, Specfrochim. Acta, 20, 
1603 (1964); (b) K. K. Chatterjee and L. S. Forster, ibid., 21, 213 
(1965). 
(85) W. Targos and L. S. Forster, J. Chem. Phys., 44,4342 (1966). 
(86) G. J. Goldsmith, F. V. Shallcross, and D. S. McClure, J. Mol. 
Spectrosc., 16, 296 (1965). 
(87) F. Diomedi Camassei, R. A. Condrate, and L. S. Forster, Pro- 
ceedings of the XIth International Conference on Coordination Chem- 
istry, Haifa, Israel, 1968. 
(88) F. Diomedi Camassei and L. S. Forster, J ,  Chem. Phys., 50, 2603 
(1969). 
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Equation 9 gives the expression for $p. Dividing $p by T~ 

$ p / ~ p  = k4ks/(kz + k3 + k4) (12) 

By making certain assumptions it is possible to estimate the 
contribution of different effects on the probability constants. 
For example, because there is no fluorescence observed for 
any of the aca complexeses it is assumed that kz << (k3 + 
k4) .  If k 3  N k4 then $p/7p N k5  and the variations observed in 
417 would simply be due to changes in the radiative transition 
probability, in contradistinction to the earlier assumption 
that k s  was constant. It may be that k3 and k4 are approxi- 
mately equal. Internal conversion (k3) is spin-allowed, while 
intersystem crossing ( k 4 )  is spin-forbidden, but since these 
are radiationless transitions, the more important factor may 
be the energy gaps. In fact, values of $17 for ligandss4 other 
than aca approximate k 5  values calculated from ligand field 
theory. From such behavior it is suggested that the condition 
k 3  N k 4  is valid, and thus internal conversion from 4T2 to 
4A2 is just as probable as intersystem crossing from T2 to 2E. 
(Keep in mind that results from very different types of com- 
plexes have been compared.) 

Measurements of the variations of c $ ~  and rp with tempera- 
ture indicate some slightly different conclusions for the Cr- 
( a ~ a ) ~  complexes.8j Both 4, and rp show at least two tempera- 
ture-dependent processes, but q5p/rp does not vary with 
change in temperature. Radiative transition probabilities (kz 
and k 5 )  of allowed transitions are not temperature depen- 
dent,89 so the constancy of + p / ~ p  means either that (a) k2 + 
k 3  << k 4 ,  or that (b) k S  + k 4  = k30 + kbO. The authorss5 prefer 
alternative b which means that only k6 varies with temperature 
in these complexes, a questionable result until it is realized 
that k g  includes k+, which, by definition, has to be tempera- 
ture dependent unless the 4T2 state is lower in energy than 
2E.90 

Additional evidence that k-4 represents an  important acti- 
vated path for dissipation of excitation energy is provided in a 
studyg1 of the temperature dependence of the relative phos- 
phorescence intensities of the complexes in Table 111. The 
changes of intensity fit the empirical Arrhenius expression, 
I = c/(A + e - r / T ) ,  where E = From the fact that only 
one temperature-dependent process is observed it is argued 
that (a) the activated process involves k-4 or (b) k--.l = 0 and 
either k3 or k6 is the only temperature-dependent path. Fur- 
ther, by comparing the trend in E, with that of AE (see Figure 
4, Table IV, and section B.3), it is concluded that alternative 
a is correct and E, is related to the energy separation between 
the ground vibrational level of 2E and the crossover point of 
the potential energy surfaces for 2E and 4T2. 

Proof that thermal population of the 4T2 state is an im- 
portant temperature-dependent process can be found in 
studies of ionicg2 and complexes of Cr(II1). 
In all of these cases fluorescence 4Tz + 4Az is observed to ap- 
pear and/or increase at the expense of phosphorescence 2E 

4A2 as the temperature is raised. The fluorescence activation 

one obtains 

(89) M. Gouterman, Chem. Reu., 65,413 (1965). 
(90) Inclusion of k-t in the kinetic scheme (Le., eq 12) results in quite 
complicated expressions which are treated in ref 87, 88, and 91. 
The expressions for $p in ref 88 and 91 are actually equivalent and are 
obtained by different procedures for factoring the expression for 2E 
concentration. 
(91) H. L. Schlaefer, H. Gausmann, and H. Witzke, Z. Phys. Chem. 
(Frankfurt am Main). 56. 55 (1967). 
(92) P. Kisliuk and C. A: Moore, Phys. Reo., 160,307 (1967). 

Table I I l  

Activation Energies us. AE5 for Some Cr(III) 
Complexes (after Ref 91) 

Absorption Emission 
rnax ( 4T~), rnax ( 2E), 

Compound kK kK AE, kK E,, kK 

Cr(CN)o 3- 26.7 12.43 14.27 3.92 

cis-Cr(en)2C1li 18.8 14.42 4.38 0.805 
Cr(NH2CH&C12+ 19 . O  14.70 4.30 0.665 
cis-Cr(en)ZBrz+ 18.0 14.40 3.60 0.665 

a See Figure 4 and Table IV for definition and trends in AE. 

Cr(NCS)e3- 17.7 12.85 4.85 1.19 

energy varies for different complexes (for ruby there is no 
fluorescence until T 2 300°K; but for emerald, Cr(urea)ea+, 
and others, where E, is much smaller, fluorescence is seen at 
T 2 80°K). The molecular complex Cr(ODz)e3+ in two dif- 
ferent hosts (Le,, GASD and AlC13. 6D20) shows an increase 
of fluorescence and a decrease of phosphorescence as the tem- 
perature is raised from -20 to 300°K. The effect is most pro- 
nounced in the AICla host.88 

In the most recent study of molecular complexes in both 
solid and glass states it is reported that a temperature de- 
pendence is observed for vibronic transitions as well as for 
radiationless p r o c e s s e ~ . ~ ~ ~ 7 ~ ~ 8  That is to say, k 5  need not be 
constant with temperature. It may vary by as much as a factor 
of 2.5 from 80 to 300°K as ins8 K3[Co(CN)6]:Cr3+. The net 
effects on 417 produced by the temperature variation of k 5 ,  
however, are in the direction opposite to the effects produced 
by variations in ks, k--4, and ke. All four constants increase 
with increasing temperature, but k s  is the only one that can 
make increase rather than decrease (see eq 12). In fact 
+,/T,, does increase from 20 to 300°K for Cr(CN)63- and Cr- 

both of which have essentially vibronic 2E transi- 
tions, but it remains constant for C r ( a ~ a ) ~  and C ~ ( O X ) ~ ~ - ,  
which have symmetry allowed ZE transitions. 

4 .  Theoretical Implications 

In previous sections we have discussed vibrational fine struc- 
ture, radiationless transitions, and other subjects which relate 
to theory, but in this section we treat separately the questions 
of fluorescence us. phosphorescence in a given complex, 
nephelauxetic effects, and medium effects. Among the chro- 
mium complexes with oxygen coordinated ligands one finds 
some that phosphoresce only, others that show both types of 
emission, and stillothers that fluoresce only.76 These differences 
were attributed to different values of 1009 as measured from 
the maximum of the 4T2 + 4 A ~  absorption band. Complexes 
with the largest 1004 values (i-e., those in which the 4 T ~  state 
was higher in energy than 2E) phosphoresced while those with 
small lODq fluoresced. Logically, in Cr(III), emission origi- 
nates from the lowest energy state, be it doublet or quartet, 
and from both states when their energies are approximately 
equal. One exception to this prediction, however, is Cr- 
(imid)ea+ which has ligand field parameters identical with Cr- 
 rea)^^+ but which exhibits only phosphore~cence?~ 

A more comprehensive theory to explain phosphorescence 
5s. fluorescence was proposed after a study of some halide 
complexes62 and in particular some mixed aquafluoro com- 
plexes.61 The quantity critical to this theory is shown in Figure 
4. Because of the difficulty of locating the origin of the 4T2 
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absorption band an easily measurable experimental quantity 
AE was devised which gives a good approximation of the rela- 
tive positions of the minima of the 4T2 and 2E states. A E  is the 
energy difference between the maxima of the 4T2 - 4Az and 
*E + 4A2 absorption bands. Originally proposed for octa- 
hedral complexes the theory predicts only phosphorescence 
if A E  2 2.4 kK, both fluorescence and phosphorescence if 
AE is between 1.7 and 2.4 kK, and only fluorescence if A E  = 
1.7 kK. When extended to nonoctahedral Cr(II1) complexes 
with sulfur and selenium ligands, the theory holds, but with 
the phosphorescence-only limit at 2.8 kK.82983 In general AE 
follows lODq since the energy of 2E is quite constant, but 
Table IV shows that at least three exceptions do exist (at Cr- 
  anti^)^^+, C r ( ~ a n t ) ~  and Cr(CH3h3-). 

It is reasonable that the type of emission should depend on 
the nature of the lowest excited state, but it does seem strange 
that AE should be a good variable for estimating the lowest 
state. The value of AE depends not only on the position of the 
minimum of the 4Tz state relative to 2E but also on the shape 
of the potential energy surface for 4T2. The fact that AE does 
predict the luminescence behavior of most complexes means 
that the 4T2 potential surfaces are indeed the same general 
shape for all of these complexes, a result quite extraordinary 
considering the vast differences in ligand structure and bond- 
ing. 

One further point is that the 2E lifetimes in complexes with 
intermediate values of AE (Le., those which also fluoresce) are 
short, but not as short as the inherent 4Tz lifetimes.61 The life- 
times of ionic coinplexesg2 in the temperature ranges where 
fluorescence and phosphorescence occur simultaneously are 
also shortened considerably, and 71 = rP.  This means that 
equilibration between 2E and 4Tz is extremely rapid at suf- 
ficiently high values of kT and, consequently, that most 
fluorescence in chromium(II1) compounds is probably “de- 
layed” fluorescence, with the possible exception of CrFsa- and 
CrCla3-, where the 4T2 state is necessarily lower than 2E (AE 
is negative). This behavior is analogous to E-type delayed 
fluorescence in organic molecules. 

The nephelauxetic effect9 refers to the delocalization of 
metal “d” electrons by the ligands and is monitored by changes 
in the interelectronic repulsion parameters B and C. The rela- 
tive energies of the first two spin-allowed and the first spin- 
forbidden transitions can be expressed as follows. 

E(4T2 - 4A2) = A 

E(4T1(F) - 4A2) = A + 12B 

E(2E - 4A2) = 9B + 3C 

(To account for configuration interaction among excited states 
an additional term, - 50B2/A, must be included in the doublet- 
state energy expression. This term has been included in the 
calculations for Table V.) 

The quantity B can be calculated from the difference be- 
tween the two spin-allowed transition energies and with this, 
using the doublet energy, C can be determined. Often the 
energy of the 4T1 + 4A2 transition cannot be obtained because 
of overlap with more intense CT or ligand bands, so B must 
be calculated directly from the doublet energy, assuming C = 
4 8 .  In complexes where both quartet bands are resolved the 
application of both of these methods does not always yield 

(93) C. E. Schaeffer and C. K.  Jgrgensen, J.  Inorg. Nucl. Chem., 8 ,  143 
(1959). 

the same value for B, and therefore two B’s have been defined, 
Bas referring to the spin-allowed transitions which involve both 
ta and e, orbitals, and BS5 for the doublet energy which in- 
volves only tPg ele~trons.9~ BS5 is a direct measure of the de- 
localization of metal d electrons by r bonding since it involves 
only tPg orbitals, while Bs5 combines effects of u and r bond- 
ing. The two B values represent the respective interelectronic 
repulsion energies in a specific complex. If a given B is com- 
pared to the corresponding constant from the free gaseous 
ion, the nephelawetic ratio = Bcornpler/Bfree ion is obtained. 
These p quantities are always less than one because the ligands 
always partially delocalize the metal electrons and thus reduce 
the repulsion between electrons. 

Because of the possibility that both B and C can depend on 
the ligands, a phenomenological parameter was defined in 
early work.64 

y = F ( ~ E  --+ 4A2)/F(2E --+ 4A2)a=0 

The doublet energy when ir = 0 was assigned to the energy of 
the maximum of phosphorescence in the C ~ ( e n ) ~ ~ +  complex 
for which there are no available empty ligand ir orbitals. The 
values of y calculated are given in ref 64. B55 values will follow 
the same trends as y and wiU help relate the r bonding in the 
aca complexes to other ligands. There is little change in y when 
the ligands have no empty r orbitals, but it is reduced con- 
siderably for those ligands which are capable of metal to 
ligand r bonding, with the exception of dipyridine. For Cr- 
  dip^),^+, y = 0.913, indicating little r bonding, a situation 
in complete contrast to another d3  complex,g5 V(dipy)P+. 

In general it is found that when values of , 835  and p 5 5  are 
calculated for d 3  complexes, Pa5  is less than p55, or that u bond- 
ing delocalizes the metal d electrons more than r bonding. In 
the case96 of [V(dipy),]Iz, however, / 3 3 6  was found to be 1.47 
while pS5 was 0.54. The greater r delocalization (pS5 < p3J 
does not represent so much a decrease in pS5 as an increase in 
p35. In fact, the p35 value is an extraordinary one and is dis- 
cussed in light of the theory of the nephelauxetic effect.g5 

The very noticeable nephelauxetic effect of sulfur and 
selenium coordinating ligands has been noted from their ab- 
sorption spectra.96 More accurate calculations of p55 can be 
made from the emission spectra when phosphorescence is ob- 
served? 2,83  Unfortunately, because of the generally small 
values of lODq and AE, most sulfur coordinated complexes 
exhibit fluorescence rather than phosphorescence. Judging 
from the calculations of ,Bb5 that are available the small AE 
values and their differences appear to result from changes in 
lODq rather than pS5, if only S or Se bonded ligands are con- 
sidered (see Table V). Both @ values are relatively constant 
over the series of S bonded complexes (/335 varies by 9% and 
Ps5 by 2%, while Dq varies by 22%) and are quite small. In 
general, values for Se bonded ligands are smaller than for the 
analogous S bonded ligands. This is apparent most in P a 5  

and is explained by the fact that the large Se atom cannot form 
efficient bonds, but is very polarizable and can delocalize 
u electrons. 

Most of the studies of Cr(II1) complexes which treat the 
assessment of medium effects deal with the vibrational struc- 
ture in the absorption and emission bands (see section B.2). 
There is one study, published recently, which treats the effects 

(94) C. K. Jgrgensen, Advan. Chem. Phys., 5,61(1963). 
(95) G. Sartori, E. Cervone, and P. Cancellieri, Atti Accad. Naz. 
Lincei, Rend., Classe Sci. Fis., Mat. Not., 35, 226 (1963). 
(96) C. K. Jgrgensen, Mol. Phys,, 5,485 (1962). 
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of changing the anion in the complex [Cr(urea),]X, (X = C1-, 
I-, C104-, etc.).g Counterion effects are well known in the 
absorption and emission of platinum complexes (see section 
VII1.B.) and in their photochemistries.98 For platinum and 
heavier elements the effects of ions in the second coordination 
sphere would be expected to be greater than for first row ele- 
ments, because the 5d orbitals probably extend beyond the 
first group of ligands (inner coordination sphere). In Cr(II1) 
this: is not as likely, especially in the bulky complex Cr- 
(urea)6a+. On the other hand, the anion might have large ef- 
fects on the distortions in C r ( ~ r e a ) ~ ~ +  mentioned above (see 
section B.2). In some cases (Cr (en)aa+) a heavy anion such as 
Br- or I- enhances emission and may be responsible for room- 
temperature phosphorescen~e.~~ 

Table IV 
Dependence of Emission of C r o  on 

Quartet-Doublet Separation (after Ref 61 and 62) 

Comuouiid 4T2a 2E5 

12.95 
13.70 
13.06 
14.90 
15.85 
16.34 
16.42 
15.72 
16.15 
17.27 
15.60 
17.50 
17.70 
18.40 
21.55 
21.59 
21.85 
20.80 
22.0 
22.2 
23.8 
26.7 

14.48 
15.70 
15.13 
15.04 
14.93 
14.03 
14.35 
15.15 

14.35 
13.01 
12.95 
15.30 
15.03 
11..95 
13.42 
13.75 
12.6 
13.7 
12.47 

-1.42 
-0.80 

0.72 
1.30 
1.49 
1.77 
1.80 
2.12 
2.88 
3 . 1 5  
4.63 
5 . 3 5  
6.25 
6.56 
6.90 
7.38 
9.25 
9 . 6  

10.10 
14.23 

F 
F 
F 
F 
F 
F 
F 
B 
B 
B 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

Frequencies (kK) of maxima of absorption bands for indicated 
states. See Figure 4, energy difference between tabulated maxima. 
c F = fluorescence only; B = both phosphorescence and fluores- 
cence; P = phosphorescence only. 

5. Energy-Transfer Studies 
Although this area of investigation is limited at present, we 
consider it important enough to be treated separately pri- 
marily because of some very recent results. Intramolecular 
energy transfer (Le., internal conversion, transfer from ligand 
states to metal states, etc.) has been recognized since early ex- 
periments, in which ligand bands were irradiated and chro- 
mium phosphorescence was observed.@ An illustrative ex- 
ample of the effects of metal ions on ligand transitions (emis- 

(97) (a)K. H.Hansenand G. Vierke, Theor. Chim. Acra, 6,272 (1966); 
(b) G. Vierke and K. H. Hansen, 2. Phys. Chem. (Frankfurt am Main), 
59. 109 (1968). 

I -  . ,  
(98) P. D. Fleischauer, Ph.D. Dissertation, University of Southern 
California, 1968. 

Table V 
Nephelauxetic Ratios for Cr(lII) Sulfur and 

Selenium Bonded Complexes 

Compound 

Cr(xant)l 
Cr(dtc)a 
Cr(Sexant)p 
Cr(dsc)s 
Cr(tgl)(OHz)s2+ 
Cr(t u)3Cla 
Cr(dtox)ab 
Cr(dtp)a 
Cr(dsp)~ 
Cr(dtpi)a 

IODq, Type, of 
kK AE, kK f i 6 5  p 3 5  emissiond 

16.2 3.3 0.776 0.434 P 
15.63 2.83 0.741 0.494 B 
15.25 2.55 0.737 0.344 P(B) 
14.93 2.43 0.744 0.375 B 
17.5 2.0 0.945 0.682 F 
14.4 1 .7  0.776 0.521 F 
17.15 1.65 0.951 0.478 F 
14.45 1.3 0.806 0.478 

13.8 0.65 0.811 0.434 
13.93 0.81-1.27 0.757 0.348 F 

= From measurements of glassy solution. Solid shows some 
fluorescence. * Ligands probably coordinated through oxygen 
atoms. c Only solid sample emits. Designations same as Table 
IV. 

21 I 
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Figure 5. Approximate representation of the mixing of the energy 
levels of a d3 metal and an organic ligand. So and SI are ligand 
singlet states. TI and TI' are ligand and sensitizer triplet states. 
(1) Absorption in an essentially ligand band. (2 and 3) Radia- 
tionless decay to the 2E state. (4) Phosphorescence from the metal 
level. 

sion) is a study of the luminescence of some metal oxinates.lo0 
For all the metal ions (transition, nontransition) coordinated 
to %hydroxyquinoline (oxine) and its derivatives-except 
Cr(II1)-the normal luminescence of the ligands is observed. 
With Cr(hq)3 and Cr(2-CHs-hq)a irradiation in the ligand 
bands yields Cr(II1) phosphorescence, while with Cr(5,7- 
diBr-hq)s ligand fluorescence is observed. The presence or 
absence of energy transfer (ligand to chromium) depends on 
the relative positioning of the energy states of the ligand and 
metal (see Figure 5) .  Mixing of metal states with those of the 
ligand under favorable symmetry and spin conditions is 
probable because of the geometric proximity of the two 
moieties. 

In contrast, intermolecular energy transfer between organic 
molecules in the triplet state (TI' in Figure 5 )  and Cr(II1) is 
much less probable because of spin state differences and dis- 

(100) D. c. Bhatnagar and L. S. Forster, Specrrochim. Acra, 21. 1803 
(1965). (99) J. L. Laver and P. W. Smith, Chem. Commun., 769 (1968). 
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tance restrictions (the Cr(II1) is well shielded by its coordina- 
tion sphere). As evidence of improbable interactions with Cr- 
(111) it is found that oxygen has little effect on the intensity of 
phosphorescence at any temperature. Initial evidence that 
energy transfer might be possible was provided in a study101 
of the quenching of triplet states of organic donor molecules 
in solution by C r ( a ~ a ) ~ .  The diffusion controlled quenching 
constant was attributed to a paramagnetic effect of Cr(II1) 
rather than actual intermolecular energy transfer. Organic 
molecule triplet state to chromium doublet transfer is un- 
favorable because of the net change in spin multiplicity (Le., 

Most recently, however, elegant work has been described in 
which photosensitized phosphorescence of a series of Cr(II1) 
complexes has been observed. lo2 Stern-Volmer plots26 of 4~ 
and TD us. complex concentration were made, and it was found 
that as donor emission was quenched in fluid solution acceptor 
phosphorescence appeared and increased in intensity. Upon 
freezing the solution, the chromium emission disappeared and 
the donor emission reappeared. Although oxygen does not 
affect Cr(II1) phosphorescence when the Cr(II1) is directly 
irradiated, it does quench both the zE phosphorescence and 
the donor emission when the organic donor is irradiated. 
When observed with a flash apparatus the sensitized Cr(II1) 
emission exhibits an induction period which is slightly less 
than the lifetime of the donor triplet. All of these observations 
suggest very definitely that energy, absorbed by the organic 
molecule which then undergoes intersystem crossing, is trans- 
ferred to the quartet or doublet state of Cr(II1). The nature of 
the energy spacings of complexes such as Cr(CN)s3-, Cr- 
(NCS)6'-, and Cr(en)33f excludes transfer to the Cr(II1) cia a 
ligand triplet level. 

Another study which can be interpreted to show inter- 
molecular energy transfer is a recent on the double salt 
[Cr(urea)6][Cr(CN)6]. 3H20. In this case the two chromium 
chromophores can be treated independently because the spec- 
trum of the double salt is exactly the sum of the spectra of the 
individual components. The cation absorbs all of the 580- 
mp (17.5 kK) and most of the 436-mp (22.9 kK) exciting light, 
but irradiation at either wavelength results in emission of the 
anion. While 580-mp light also produces some phosphores- 
cence of the cation, 436-mp light gives rise to anion phos- 
phorescence only. The intensity of the latter is also some 
twenty times that of pure K3[Cr(CN)6]. Evidently intersystem 
crossing from the 4T1,(F) state of Cr(urea)ea+ to Tzg of Cr- 
 rea)^^+ or of Cr(CN)ea- is more efficient than internal con- 
version 4T1, --+ 4T2, (cation) (see Figure 6), but the internal 
conversion 4T2, -+ 4A2, of Cr(CN)68- must significantly re- 
duce the emission 2E, + 4A2, in pure K3[Cr(CN)d. 

Finally, a number of intermolecular energy transfers from 
Cr(II1) to Nd(II1) (fa) have been reported.1aa Cr(II1) and Nd- 
(111) in aluminates of lanthanum and yttrium and in glasses 
have been studied. The different reports vary in whether the 
lifetimes of Cr(II1) and Nd(II1) emissions are affected by each 

TI + 4A2 .-t So + 'E; AS = -2). 

(101) A. J. Fry, R. S. H. Liu, and G. S. Hammond, J .  Amer. Chem. 
Soc., 88,4781 (1966). 
(102 D. J. Binet, E L. Goldberg, and L. S. Forster, J .  Phys. Chem., 
12. 2017 (1968). 

Oat. Saectrosk.. 19. 52' 
,. M.'Belyaev, ?bid., 19, 451 (1965) 

c I (urea )it C r ( C N $  

Figure 6. Approximation of the energy levels in [Cr(~rea)~] [Cr- 
(CN)s].3HzO. Heavy arrows on left indicate frequencies of ex- 
citing light. Vertical arrows show phosphorescence of each chromo- 
phore. The excited quartet levels are drawn at the energies of the 
absorption band maxima but the 0-0 transitions are as much as 
2 kK lower (after ref 70). 

other's presence, and thus as to whether transfer is from the 
quartet or doublet state of chromium to the neodymium quar- 
tet or doublet or to both. One example of transfer from Eu3+ 
to Cra+ is reported.104 

C. OTHER d3 METALS 

Other than the reports discussed under solid-state considera- 
tions (i.e.,  ionic complexes), the material concerning other da  
metal ions is sparse. [V(dipy)& has been mentioned.95 Along 
with Cr(dipy)a3+ it is an interesting dipyridine complex, be- 
cause it too shows distinct metal ion phosphorescence. 
Dipyridine and a-phenanthroline complexes of heavier metals 
(see sections V1.C and VIII.B.2) show emission which is 
probably charge-transfer luminescence and which depends on 
the lowest energy excited state of the complex as a whole. 

K2[MnCl6] is the only other first-row da  metal ion molecular 
complex which has been found to emit.g5 It too produces *E, 
phosphorescence (12.19 kK) when excited in the spin-allowed 
absorption bands. 

Of 15 Mo(II1) complexes investigated, three were found to 
luminesce. 105 The emission was phosphorescence and the 
maxima were at longer wavelengths than those normally seen 
for Cr(II1). While lODq is larger for the second-row elements 
than for the first row elements, it is felt that B and p are 
probably smaller, causing the zEg state to decrease in energy 
with respect to 4Aa. Emission of Moa+ in a boro-alumino- 
phosphate glass also has been observed'O6 near 1 p (10 kK). 
The results of the emission of these compounds are included 
in Table VI with the chromium complexes. 

V .  Compounds of d6 Metal Ions 

The results of studies of the d5 electronic structure are con- 
fined to two first-row transition metals, Mn(I1) and Fe(II1). 
The configuration is unique because with but one or two ex- 
ceptions (Fe(CN)ea-, MII(CN)~~-) it is high spin, resulting in 
an exactly half-filled d orbital system. The ordering of spec- 

(104) G. Blasse and A. Bril, Phys. Starus Solidi, 20, 551 (1967). 
(105) H. L. Schlaefer, H. Gausmann, and H. Witzke, J .  Mol. Spectrosc., 
21, 125 (1966). 
(106) A. L. Watson and S .  Parke, Brir.J. Appl. Phys., 17,963 (1966). 
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troscopic states obtained from five unpaired d electrons is the 
same for tetrahedral as for octahedral symmetry of the ligand 
field even though the relative energies of e and t 2  orbitals are 
inverted.8.18 

As a result of placing one electron in each d orbital the 
ground state is a sextet and is totally symmetrical, 6S in the 
free ion and 6Al, in an Oh field. This is the maximum possible 
multiplicity; all transitions in the absorption or emission 
spectra must therefore be spin forbidden. The energies of the 
d-d transitions may or may not be functions of lODq, de- 
pending on whether the transitions are intra- or intercon- 
figurational, but are always functions of B and C.  If the 
ground-state energy is zero that 2o of the first excited state, 
T1, is - 1004 + 10B + 6C, and therefore decreases in energy 
as 1ODq increases and B and C remain constant (see Figure 7). 
This interesting circumstance arises with other high spin com- 
plexes, but only one example of luminescence has been found 
(Fe(I1) in ZnS; vide infra) for dn where n Z 5 .  In fact the low- 
est observed excited state in Mn(I1) complexes lies about 20 kK 
above 6Al and does not appear to depend too much on the 
position of the ligand in the spectrochemical series. The 
reason for the lack of sensitivity would then be attributed to 
concurrent changes in the Racah parameters and ligand field 
strength. 

fr?e n n  increasing field - 
Figure 7. Schematic correlation diagram (lowest levels) for octa- 
hedral d6 metal complexes (after ref 8). 

Complexes of Mn(I1) can also be divided into those which 
exist only in the solid state and those that remain intact in 
solution. The former are definitely ionic in type; the latter 
also show a tendency to form primarily ionic bonds, and are 
quite unstable thermodynamically with respect to dissociation 
in solution. For convenience in finding material we divide the 
emission studies into the categories of ionic and molecular 
complexes. A brief section at the end lists some luminescence 
quenching experiments which have been performed with d5 
metal complexes. 

A. I O N I C  C O M P L E X E S  (SOLID 
STATE A N D  GLASSES) 

Some of the earliest studies dealing with transition metal 

complex emission have been reported for Mn2+ in glasses. lW-log 

These include silicate, phosphate, and borate glasses and in- 
volve attempts to determine the coordination number and 
symmetry representation of the manganese ion.l10 A rule of 
thumb has been that a green emission signifies tetrahedral 
coordination while red implies octahedral. Unfortunately the 
situation is more complicated than this, as evidenced by the 
fact that Mn2+ in known tetrahedral symmetry can give dif- 
ferent colored emission. It is true that emission from Oh com- 
plexes is found at longer wavelength (lower energy) than for 
Td complexes; this is undoubtedly the result of the larger 
1004 value in o h  which reduces the transition energy ( d e  
supra). 

A substantial amount of study of the emission of MnZ+ has 
involved this ion in a zinc sulfide type of environment (e .g . ,  
ZnS, ZnSe, CdS, CdSe, etc.). Although we do not intend to 
discuss the luminescence of crystal phosphors extensively, we 
would like to include some of the later references which deal 
specifically with the ligand or crystal field interpretation of 
such emission. We have found four recent representative refer- 
ences 111-1 1 4  concerning this subject for Mnz+. A narrow (500- 
cm-1 half-width) emission with Tjmax at 17,891 cm-l is ob- 
served when ZnS : Mn2+ is irradiated in any of four absorption 
bands. The emission is from the lowest, 4T1, excited state to 
the 6A1 state, while the absorptionslll are to 4T1, Tz, 4E, and 
4A1. The g or u designation has been omitted from these term 
symbols since the shape and position of the emission indicate 
T d  syrnmetry.ll6 Later studies produced a measured112 Dq of 
410 f 10 cm-1 and a calculated lifetime1lS based on Td sym- 
metry of 1-6 msec. We shall see1l6 that Dq values in Td com- 
plexes average about 330 & 50 cm-l and in o h  about 790 =k 
10 cm-1. The measured lifetime is 3 msec. Therefore, it seems 
likely that the emitting Mn2+ is in a tetrahedral symmetry site 
in ZnS. 

Some other Mn2+ phosphors and some Mn containing 
minerals also have been studied. More than one decade ago 
an energy transfer study involving Ce(II1) and Mn2+ was re- 
ported.116 The timing of this article is especially interesting in 
view of the belated interest in energy-transfer processes, where 
in recent research Cr3+ and Co3+ have acted as acceptors (see 
sections 1V.B and V1.C). When the doublet ( 2D + 2F) transi- 
tion of Ce3+ in CaF2:Ce :Mn is irradiated the -c EA1 phos- 
phorescence of Mn2+ is 0b~erved.l~’ The Mn2+ at the con- 
centrations used did not absorb appreciably in the region of 
irradiation. At 90°K the emission has a zmax at 18.20 kK which 
represents a Stokes’ shift of about 1 kK. The emission band is 
3.00 kK wide at half-height; the origin of absorption and 
emission is expected to  be at the same frequency. The separa- 

(107) S, H. Linwood and W. A. Weyl, J.  Opt. SOC. Amer., 32, 443 
(1942). 
(108) W. A. Weyl, J .  Appl. Phys., 17, 628 (1946). 
(109) J. H. Schulman, ibid., 17,902 (1946). 
(IlO)(a) V. V. Osiko, Dokl. Akad. Nauk SSSR, 121,507 (1968); Chem. 
Abstr., 53, 61h (1959); (b) W. A. Weyl and E. C .  Marboe, “The Con- 
stitution of Glasses,” Interscience Publishers, Inc., Vol. 1, New York, 
N. Y.,  1962, p 297. 
(111) D. Langer and% Ibuki,Phys. Reu., 138A, 809 (1965). 
(112) T. Koda, S. Shionoya, M. Ichikawa, and S .  Minomerra, J .  Phys. 
Chem. Solids, 27, 1577 (1966). 
(113) W. E. Hagston, Proc.Phys. Soc., 92,1096 (1967). 
(114) S. Asano, N. Yamashita, M. Oishi, and K. Omori, J .  Phys .  SOC. 
Jap., 24, 1302 (1968). 
(115) C. Furlani, E. Cervone, and P. Cancellieri, Atti Accad. Nar .  
Lincei, Rend., Classe Sci. Fis., Mat. Nut., 37,446 (1964). 
(116) R. 3 .  Ginther, J .  Electrochem. SOC., 101,249 (1954). 
(117) R. Leach, ibid., 105,27 (1958). 



214 Paul D. Fleischauer and Patricia Fleischauer 

Table VI 
Absorption and Emission Spectral Maxima for d3 Metal Compounds 

-Emission- -Absorption- 
Corn~ound~ 4T2 2E 4T2 2E Ref 

Cr(xant)~ 
Cr( dip y)a 3+ 

Cr(o-phen)a a+ 

WWa 

Cr(rna10n)~ 
Cr(form)a 
Cr(Br-aca), 
Cr( C1-aca)a 
Cr(I-aca)a 
Cr(NOz-aca)a 
Cr(CHa-aca)a 
Cr( C&-a~a)~ 
Cr(F8-aca), 
Cr(F6-aca)3 
Cr(bza)3 
Cr(d bm)3 
Cr(2-CHs-hq)s 
Cr( 5,7-dBr-hd3 
Cr( biuret)a 
Cr(dt~x)~a- 
Cr(dtpah 
Cr(dtb), 
Cr(tgl)sa- 
Cr(dtc)a 
Cr(dtph 
Cr(dsc), 
Cr( sex ant)^ 
Cr(dsph 

16.26 
21.55 
17.4c 
17.27 
17.45 
17.70 
26.60 

13.7c 
13.06 
14.gC 
15.06 
15.72 
20.80 
22.2 
17.54e 
16.26 
16.849 
16.34 
15.31 
21.59 
21.89 
17 .9  
18.060 
17.63g 

18.4 

16.2 
22.0 
23.8 

18.7 
18.5 
18.3 
18.4 
18.4 
18.6 
18.4 
18.3 
17.8 
17.6 
17.5 
17.6 

17.24 
17.15 
16.6 
16.0 
15.7 
15.6 
14.45 
14.93 
15.25 
13.73 

20.70 

19. 4c 

19.0 

14.35 
15.30 

(15.0)" 
15.15 
14.81 
13.01 
12.46 
12.51 

(13.15)c 
14.48 
15.7" 
15.67 
14.03 

14.4P 
14.4 
14.43 
14.35b 
14.144 
15. 025' 
14.945 
14.350 
14.451d 
14. 470d 
14.4481 
14.4681 
12.95 
12.882 
12.9 
13.75 
13.70 

12.55 

13.10 

11.60 

12.82 

11.90 

12.00 

12.43 

12.865 

20.Y 
14.35 
13.9 

11.8 
12.3 
11.1 
12.50 
12.70 
12.6j 
13.1 

14.8Y 

14.6 

11.6 
11.2 
10.6 
11.2 
11.0 

11.9 
12' 
12.05 

14.24b 
15. 12b 

14.55 
14.52 
12. 85b 
12.38 '~~ 
12.43 

1 4 . 6 ' ~ ~  

13.95' 
13.42 
12.60 
14.931b9d 
14.0 
14.455' 
14.354' 

15.062' 
14.975b 
14. 392' 
14.451b 

14. 44gb,f 
14.468bnf 
12.84 
12. 873bJ 
12.6b 
13.74 
13.72 
13.2b 
13. 14b 
12.36b 
12.58b 
12.424'~~ 
1 2 . 4 3 9 ~ ~  
12.36lbvd 
12. 837'3d 
12.23 
12. 31' 
12.34' 

12.42b 
12.05b 
12.4b 

14. 37b 

? 

12.1' 

12.65 
(12.9) 

13.195 

14.74b 
14.65 
14.55 
14.7@ 

300 "K 

60,68, 69 
62, 68, 84 
68 
61 
61 
62, 68, 84, 91 
74, 75, 84, 91 

62 

61 

62,69 
62 
62 
84, 86, 88 
77 
76 
76 
76 
62,71 
62, 68, 84 
68 
78, 87 

79 
79 
62, 64, 66, 12 

82 
62, 64 
62 
63,64,66, 100 

64-66 
64-66 
65, 66, 72, 73 
65, 66, 73 
65, 66, 73 
65, 66, 72 
64, 65 

64-66 
64-66 

64-66 
64-66 
100 
100 
76, 77 
82 
82 
82 
82 
82, 83 
82 
83 
83 
83 

99 

68, 84 
68 
68 
91 
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Table VI (Continued) 
_- Absorption-- 
4T9 2E Ref 

CrBrs 

CrC13 
Cr(NHa)sOHz a+ 
Cr(NH&Br z+ 
truns-Cr(NCS)a( N H a ) z -  
Cr(NCS)4W"HCeH&- 
Cr(tu),Cla 

Cr(tgl)(OH~)5~+ 
CrF(OH2)62+ 
CrF3(OHz)a 

CrF3(OH2)3'0. SHZO 
CrFa(0Hz)a .HzO 
CrFs(OHz)2- 
Cr(ox)(en),+ 
Cr(ox)z(en)- 
cis-Cr(en)z(OH)(OHz)a+ 

CrFa(0Hz)t * 2Hz0 

13.40i 
12.95 
13.70 
20. 8c 
19.0Y 
1 .93k 

13.2 
14.7 
17.5 
16.69 
16.42 
16.42 
16.42 
16.34 
15.85 
20.2c 
18.80 
19.4k 

17.54i 

18.8 
18.0 
17.27 
20. l j  

21.50 
20.40 
21.05 

13.90i 

13.W 
15.15" 

13.41k 

12.7 

14.8 
14.86 
14.93 
14.99 
15.08 
15.04 
15.13 

14.5 
14.7k 
14.90 

14.64 
14.55 

14.97 

14.90 
14.90 
14.50 

10.60 

11.15 
1 5 . w  
14.84b 
13.33b 
13.19 

(11.5) 
(10.9) 
12.1 
11.20 
12.50 
12.80 
12.80 
12.80 
12.65 

14.5 
14.44 
14.95 

13.43 

14.38b 
14.53 
14.53 
14.24 
14.52 
14.44 
14.42b 
14.4ob 
15.01b 
13.74b 
12.27 
12.19 
9.140 
9,050 
9.200 

62 

62 
84 
84 
84 
84 
82 

82 
61 
61 
61 
61 
61 
61 
68 
68 
68 

68, 84 
68 
68 
68 
68 
68 
91 
91 
61 
84 
95 
95 
105 
105 
105 

a If temperature is not specified it is assumed to be 77°K. All values in kK. For details of vibrational structure, lifetime, quantum yield, 
or temperature dependence for this band see appropriate section of text. 0 Indicated portion of absorption spectrum taken from ref 20. d Ion 
studied in a mixed crystal, see text. e More than one mixed crystal structure has been studied. Values are for A1C13. 6Dz0 : Cr 3+,  f Polarization 
study on single crystal (pure K3Cr(ox)a)--a polarized. 0 *Tz absorption splits into two components for NaMg[Al(o~)~], 9Hz0 :Cr3+. h Fluores- 
cence from ligand. ' See only in solid sample. i Indicated portion of absorption spectrum taken from ref 8. Indicated portion of absorption 
spectrum taken from ref 5. 

tion of absorption and emission is probably the result of a 
shift similar to that observed for Cra+ fluorescence. In this 
case, though, an  electron is transferred from an antibonding 
to a nonbonding orbital in absorption so that the metal-ligand 
distances are shorter in the excited state than in the ground 
state. 118 

Weak emission attributed to Cea+ is seen at shorter wave- 
lengths but it has a lifetime sec) at least two orders of 
magnitude less than that for Mn2+. The energy-transfer 
process with a net spin change of - 1 involving one forbidden 
transition must involve a short range exchange mechanism. 119 

A later more detailed studylZo of this system was conducted 
using single crystals with different concentrations of Ce *+ and 
Mn2+. Both absorption and emission spectra were measured. 
At room temperature both CeS+ and Mn2+ emissions are ob- 
served, but a t  77°K very little of the former is seen and the 
intensity of the latter increases. 

(118) L. E. Orgel, J .  Chem.Phys., 23, 1958 (1955). 
(119) D. Dexter, ibid., 21,836 (1953). 
(120) S. C. Sen and H. N. Bose, Z. Phys., 201,368 (1967). 

Some more recent investigations of glasses and minerals 
containing Mn2+ have again dealt with the question of the 
origin of the different colors of e m i s s i ~ n . ~ ~ ~ - ~ ~ ~  In AN- 
A1203 :MnZ+ green emission again was assumed to mean tetra- 
hedral sites while red meant octahedral. lZ1 Since this question- 
able premise was used to determine, in part, the structure of 
the host compounds, the conclusions should be subject to 
further investigation. Another study of Mn2+ in phosphate 
and silicate glasses reported that bright orange phosphores- 
cence resulted from octahedral sites and weak yellow phos- 
phorescence originated from tetrahedral sites.lz2 In fluoro- 
beryllate glasses @e., 60BeF2, 10AlF8, 10CaF2, 20MF, where 
M = Li, Na, Rb, or Cs) Mn2+ phosphorescence shifts toward 
higher energy with the change from Li to Cs to pure BeFz 

(121) I. Adams, T. R. AuCoin, and G. A. Wolff, J.  Electrochem. Soc., 
109, 1050 (1962). 
(122) S. Kumar and P. Nath, Trans. Indian Ceram. Soc., 25, 12 (1966); 
Chem. Abstr., 65, 11929a (1966). 
(123) G. A. Tsurikova, Opt. Spectrosk., 24,151 (1968). 
(124) A. N. Tarashchan, Itogi Nauki: Geokhim., Mineral., Petrogr., 
137, (1966); Chem. Abstr., 68, 118092~ (1968). 
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glass.lZ3 In contrast the authors claim that the absorption 
maximum of the same excited state, 4T1, shifts to lower ener- 
gies for this series producing smaller Stokes’ shifts for the more 
covalently bonded Mn2+. It is stated also that the increased 
covalent bonding is consistent with a change from octahedral 
to tetrahedral symmetry. The change of the absorption peak 
to lower energy with decreasing lODq ( o h  > Td) contradicts, 
but the smaller Stokes’ shifts and increased emission energies 
corroborate findings in “molecular” complexes115 (see next 
section). 

A review of emission from Mn*+ in synthetic analogs of 
minerals concludes that it is not changes in coordination 
number of Mn that determine the color of emission, but that 
color changes can be explained with simple crystal field 
theory.lz4 The complexity of the problem is evident. We know 
that Mn in known tetrahedral symmetry can give at least green 
and yellow emission. Small changes in crystal structure and/or 
local symmetry can change 10Dq as in Cr(1II) complexes so 
that even within the two symmetries the emission wavelength 
may change significantly. Clearly, trends in wavelength shifts 
are not easy to predict because of the competitive effects of 
-lODq, B, and C. 

B. MOLECULAR COMPLEXES 

The investigation of d5 molecular complexes was stimulated by 
both the aforementioned work in ionic systems and an early 
theoretical treatment of Mn(OH2)62+. Molecular com- 
plexes can also adopt tetrahedral and octahedral symmetry. 
The emissions of tetrachloro-, bromo-, and iodomanganese- 
(11) and two mixed dihalodiphosphine complexes have been 
compared to those of chloropyridyl, chloroammine, and hexa- 
aqua complexes and doped Na phosphate glass.115 The mem- 
bers of the first group all have Td microsymmetry (or less) 
while the latter group have oh. Both emission from and ab- 
sorption to the 4T1 state shift to lower energy when the sym- 
metry of Mn2+ changes from Td to Oh, in agreement with the 
increased value of 1ODq. The Stokes’ shifts between absorp- 
tion and emission maxima were found to increase as lODq in- 
creased. This simply means that the repulsion between metal 
and ligand, established when an electron is in an antibonding 
orbital (for T d  these are t2 orbitals), is greater when the ligand 
exerts a greater field strength on the metal. When an electron 
is removed from the antibonding orbital, as in the T1 transi- 
tion, the complex collapses more for strong field than for 
weak field ligands. 

Some other studies of mixed haloamine complexes have 
been reported. 125-181 The pioneer investigation125 of these 
compounds concerned the activation of phosphors with Mn- 
Cla or MnS04. Red or green emission was observed when phos- 
phors prepared with pyridine, the manganese salt, and the 
acid of the salt anion were irradiated in the near-ultraviolet. 
The chloride phosphor luminesced at room temperature. 
Later it was found that the color of the emission depended on 

(125) S. Schlivitch, C. R. Acad. Sci., Paris, 245,2047 (1957). 
(126) K. Nikolitch, H. P. de la Garanderie, and S. Schlivitch, ibid., 250, 
4143 (1960). 
(127) H. P. dela Garanderie, ibid., 254,2739 (1962). 
(128) H. P. de la Garanderie, ibid., 259,4601 (1964). 
(129) X. Velachevitch, S. Schlivitch, and K. Nikolitch, ibid.. 257. 3855 
(1963). 
(130) H. P. de la Garanderie, ibid., 260, 104 (1965). 
(131) H. P. de la Garanderie, Int. Symp. Lumin., Phys. Chem. Scinfill., 
Proc., 264 (1966); Chem. Absfr., 61, 121257f (1967). 

the reactant proportions used to prepare the phosphors.126 
Thus if MnCb, pyridine, and HCl were mixed in a 1 :2 :2 ratio 
(producing the complex (CsH5NH)2[MnC14]) red emission 
resulted; when the three components were in equal propor- 
tions (MnCl2.CsHsNHC1) the emission was green. The studies 
have been extended to include other amines (/ .e. ,  methyl- 
and ethylamine, etc.)ln and other halides1% (see Table VII). 
The variations in the wavelengths of the maxima of the emis- 
sion bands are due to variations in lODq, B, and C caused by 
structural and/or ligand field strength changes and also to 
nephelauxetic effects, but the authors fail to comment on any 
of these points or on the transitions responsible for emission. 
They have demonstrated that the bands show exponential de- 
cay times of the order of milliseconds and that no vibrational 
fine structure is evident in any of the emissions.12g-131 The 
results support assignment of the emission as phosphorescence 
of both octahedral and tetrahedral Mn2+ complex centers. 

The emission of Mn2+ and the transfer of energy from Mn2+ 
to Eu3+ in different fluoride complexes are known. 132-134 

When MnFz is irradiated in any of five different absorption 
bands emission, 4T1g + 6AI,, is observed. At liquid helium 
temperature (4.2”K) the emission maximum is at 581 mp. As 
the temperature is raised gradually to about 200°K the posi- 
tion of the maximum shifts to 651 mp with two distinct jumps 
in this shift occurring at -30 and 100°K. The band widths 
remain approximately constant, but the overall intensities 
drop at the inflection points in the curves (the phenomenon is 
seen also with K M I I F ~ ) . ~ ~ ~  The explanation of these observa- 
tions is not clearlaa but must be related to changes in the 
symmetry around the Mn2+ ion. No evidence is presented with 
regard to any phase changes in the solid over the temperature 
range studied. 

When tervalent europium (f6) ions are incorporated into the 
manganese fluoride lattice, energy transfer from Mn2+ to 
E u ~ +  is 0 b s e r v e d . 1 ~ ~ , l ~ ~  Also energy transfer from Mn2+ to 
Nd3+ (fa) is observed in certain glasses.135 Little discussion of 
these transfers is presented in the various articles; however, all 
of them, along with studies of Cra+ and Goa+, must be con- 
sidered in the application of existing theories, or in the 
formulation of new ones, to explain the curious phenomena 
which seem to be unique to energy transfer to or from metal 
ion complexes. 

Oxinate complexes of Mn2+ are known to luminesce with 
amax about 20 kK and with small emission quantum yields.loO 
As the manganese is tetracoordinated and presumably tetra- 
hedral the emission could be assigned to the 4T1 + 6A1 transi- 
tion, although the authors assigned it to a ligand emission. 
The lifetime of the emission was not reported but such mea- 
surements might well distinguish between ligand fluorescence 
(lO-*-lO-9 sec) and metal phosphorescence (>10-6 sec). 

In the study of the energy levels of d5 metalsl18 it was men- 
tioned that they act as efficient quenchers of luminescence of 
organic ligands or free molecules in solution. Infrared emission 
was predicted for Fe(II1) systems, but apparently no work has 
been done with either Fe(II1) or Mn(I1) emission under ap- 
propriate conditions. The spin changes necessary for energy 

(132) W. W. Holloway, Jr., M. Kestigian, R. Newman, and E. W. 
Prohofsky, Phys. Reo. Left., 11,82 (1963). 
(133) V. V. Eremenko, E. V. Matyushkin, and S. V. Petrov, Phys. 
Status Solidi, 18,683 (1966). 
(134) S. Shionoya and M. Hirano, Phys. Left., A26,533 (1968). 
(135) Na T. McLamed, Symposium on Optical Masers, Toronto, 
Canada, May 6-7, 1964, from ref 103a. 
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Compound 

Absorption and Emission Spectral Maxima of d5 Metal Compounds 

Absorption toa 
4 T ~  4T1 Emission frornb,c 4Tl Ref 

ZnzSiOr:Mne+ 
BezSiO4 : Mn 2+ 

ZnS : Mn *+ 

ZnSe : Mn2+ 
CaF2Ce3+Mn 2+ 

POc : Mn 2+ glass 
Si02 :Mn2+ glass 
60BeFz. 10A1F3. 

2OLiF :3.05 Mn2+ 
20CsF :O. 05 Mn2+ 

BeFz:0.05x MnZ+ 
MnC14a- 
MnBra2- 
 MI&^- 
MnBrZ(tpp)z 
MnL(tpp)z 
MnCL(py. HCI) 
MnZtNaPOaCe3+ 
MnC12(am .HCl)HzO 

am = CHsNH2 
G " b  
quinoline 
isoquinoline 
acridine 

MnClt(am .HCl) 
am = (CHI)3N 

aniline 
toluidine 
pyridine 
picoline 
piperidine 

MnCl - 2am 2HC1 
am = pyridine 

quinoline 
acridine 
picoline 
piperidine 
CHaNHz 
GH5NH2 

MnBrz(am HBr) 
am = pyridine 

CzH6NHz 
MnBr2.2am. 2HC1 

am = pyridine 
piperidine 

alk = papaverine 
MnCla. alk 

narcotine 
cotarnine 
hydrastinine 
pilocarpine 

alk = papaverine 
narcotine 
pilocarpine 

MnClz(a1k)a 

MnK 

KMnF3 

19.683 
18 .8  (?) 

23-23.6 
22-23 
21.1-21.4 
22.5-22.8 
22.1-22.5 
21.1 
21.5 

19.04 
16.39 (?) 

16.10 
17.891 17.891 

-18.2 (4G, 90'K) 

Green 
Orange 
Yellow 

21-21.5 
20.7-21 - 3  
21.14 
21.5-21.9 
21.1-21.4 
19.23 
19.1 

-19 

23.50 
19.44 

-16.0 
-16.9 
-17.4 

18.40 
19.25 
18.72 
19.40 
19.20 
17.10(?) ,  15.3g* 
17.20 

Diffuse band (0.20) 
16.47 (0.26) 
16.12 (0.31) 
15.87 (0.36) 
16.80 

15.8-16.7 

15.26 (0.27) 
14.92 (0.37) 
15.19 (0.17) 
15.38 (0.029) 
15.24 (0.33) 
15.31 (0.32) 

19.04 (0.84) 
19.04 (0.43) 
19.12 
19.08 (0.56) 
18.58 (2.8) 
16.66 (0.045) 
16.61 (0.12) 

15.74 (0.310) 
16.47 (0.203) 

19.23 (0.275) 
18.86(0.373) 

16.44 
15.15 
15.79 
16.00 
15.38 

20.32 
19.23 
18.69 
17.21 (4°K) 
15.36 (150°K) 
17.24*, 16.89 (4°K) 
15.57 (150°K) 

109 
109 
111 
114 
117 

121 

122 
122 

123 
123 
123 
115 
115 
115 
115 
115 
115, 127* 
115 
125 
127 
127 
127 
127 
127 

127 
127 
127 
127 
127 
127 

127 
127 
127 
127 
127 
127 
127 

128 
128 

128 
128 

129 
129 
129 
129 
129 

129 
129 
129 
132 
132 
132, 134* 
132 

6 Absorptions reported for those cases in which they are included in the emission reference. All values in kK. F, Decay times in msec are 
given in parentheses. c Where values and references are marked with an asterisk it means that the marked value was taken from the marked 
reference. 
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transfer do not seem probable, but they are little different 
from chromium systems where transfer has been proved.102 
One would expect that conditions similar to those used for the 
chromium study would be necessary, namely fluid, very low 
temperature, degassed solutions, to reduce the probability of 
radiationless transitions. Also high concentrations or direct 
chelation of the organic molecule to the metal would be re- 
quired for efficient energy transfer. 

The room-temperature emission of fluorescein is quenched 
when chelates of various d" metals (Co2+, Cuz+, Mn2+, and 
Ni2+) are formed, but no mention is made of low-temperature 
investigations. la6 Fe(II1) complexes of acetylacetone or di- 
pivaloylmethane quench triplets of 1 -naphthaldehyde and 
benzophenone with diffusion-controlled rates, but again 
metal phosphorescence was not sought. 1, la' Fe( 111) is also 
known to quench the emission of Th-morin at room tempera- 
ture.'" 

VI.  Compounds of do Metal Ions 

The d6 electronic configuration incorporates a greater number 
of known luminescent coordinated metal ions than any other. 
In addition to the diversity of metal (Fe(II), Ru(II), Os(II), 
Co(III), Rh(III), Ir(III), and Pt(IV)), ligands ranging from 
simple inorganic ions (F-, Cl-) to complex aromatic hetero- 
cycles (dipyridine, o-phenanthroline) have been studied. Al- 
though a greater volume of research is reported for the class of 
d 3  metals, those of the de structure show more variety and will 
doubtlessly receive much more attention in the future. As an 
indication of the increasing interest we note that only two 
references to de metal emission were published before 1965 
and only one additional in that year. In the last 3 years a 
large amount of data has been published concerning emission 
both of a d-d and CT nature. 

With one exception (ZnS :Fez+) all of the investigations 
have been made on low spin hge (strong field O h  symmetry) 
complexes. Figure 8 shows the splitting diagram for the d6 
configuration in an octahedral field. In the low spin complexes 
transitions from the ground state 'Al, to the two excited 
states 'TI,, ITZg, and in some cases to the triplets T1,, *TZg 
may be observed. The latter are very weak and often appear 
only as small inflections on the spin-allowed absorption bands. 
Even the spin-allowed transitions mentioned can be obscured 
by the CTTL or CTTM transitions when 1004 is large or when 
the unfilled r* molecular orbitals are low in energy (see Figure 
9). 

It is generally felt that transitions to the Tz state in low spin 
complexes with AS = 2 are not very probable. However, it has 
been suggestedl0,lag that this state may be significant in de- 
activation processes of or 3T1g. Accordingly, emission in 
d6 complexes would be seen only when the excited states are 
sufficiently energetic (large A) to render radiationless deactiva- 
tion improbable.139 We would add to this that a minimum 
value of lODq would be predicted in the range of 25 kK. This 
number will depend on the particular complex because changes 
in the Racah parameters B and C very often accompany 
changes in 1ODq. The energies in terms of lo&, B, and C with 

(136) D. F. Wallach and T. L. Steck, Anal. Chem., 35, 1035 (1963). 
(137) J. A Bell and H. Linschitz, J.  Amer. Chem. Soc., 85 ,  528 (1963). 
(138) R. G. Milkey and M. H Fletcher, ibid., 79,5425 (1957). 
(139) M. Kasha in "Fluorescence," G. G. Guilbault, Ed.. Marcel Dek- 
ker, New York, N. Y., 1967, p 220; F. Zuloaga and M. Kasha, Phoro- 
chem. Photobiol., 7, 549 (1968). 

increasing field - free ion 

Figure 8. Schematic correlation diagram (lowest levels) for octa- 
hedral d6 metal complexes (after ref 8). 

Complex Ligand 
Oibltdls 

3 d  

n 

\ \ dl5 , e g  , 11, '\-y' 6 
Figure 9. Molecular orbital diagram (approximate) for an octa- 
hedral complex with significant metal to ligand P bonding. Also 
approx imately valid for tris chelate complexes but without (- - -) 
levels. Parity (g, u) designations do not apply to Da symmetry. 

that of 'AI, taken as 0 are given below for the lowest singlet 
and triplet states. 

3T~g 1004 - 3c 

'Ti, 10Dq - c 
3T~s lODq + 8B - 3C 

'T2p 1004 + 16B - C 
Our treatment of the material in this section differs slightly 

from the previous ones because nearly all of the ccrnpiexes 
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thus far studied are of the “molecular” type. Therefore, we 
have divided the material into seven sections : general studies, 
hexacyanide complexes, ruthenium(II), osmium(II), rhodium- 
(III), irridium(III), and platinum(1V) complexes. 

A. GENERAL STUDIES 
There is one report of a high-spin d6 metal complex in the 
literature.140 Fe(I1) in ZnS is in a tetrahedral ligand field and 
1 ODq is small enough that the lowest electronic transition 
(5TZg tf 5E) is in the infrared region with emission at 2400- 
3000 cm-1 and absorption at 3000-4500 em-’. The ground 
state (5E) is split either by spin-orbit coupling or by reduced 
molecular symmetry, perhaps from a Jahn-Teller effect, and 
different components are observed in the emission spectrum. 
The average splitting is 18 f 4 cm-1. There is little if any 
temperature dependence of the emission between 5 and 77 OK, 
but the intensity goes to zero at 300°K. The intensity does not 
depend on iron concentration in the range 10-e10-2 mole 
fraction of FeS. The 0-0 band of the emission is the most 
intense. AU of these observations support the hypothesis that 
the transition is symmetry allowed and that the complex is 
tetrahedral. 

Three summaries of individual groups’ research in dE com- 
plexes have been published recently. lag,  141, 14* While most of 
the compounds summarized will be treated individually in 
subsequent sections, a few general comments wiU be made 
here. Complexes of tervalent cobalt, rhodium, and iridium 
and tetravalent platinum139 show phosphorescence aT1g + 

‘A1, with maxima between 14.0 and 18.0 kK (although we 
suspect the latter figure may be greater for some PtlIV) com- 
plexes). An example of this behavior is Ir(py)zC14- which gives 
a broad band (half-width - 3.0 kK), with a maximum at 
about 650 mp (14.6 kK). There is no vibrational structure 
and the statement was made that this is general behavior for 
all interconligurational (Le., d-d) ba11ds.13~ We shall see in 
section G, however, that PtFe2-, PtC162-, and PtErB2- all 
show discernable vibrational fine structure with characteristic 
spacings (see Figure 10). 

Complexes of divalent ruthenium and osmium with organic 
ligands exhibit charge transfer emission and show much more 
definite vibrational structure. 139 It is our opinion that vibra- 
tional fine structure is a general phenomenon that depends on 
the nature of the ligands and on the metal-ligand molecular 
framework, not o d y  on the type of electronic transition in- 
volved in the emission. In all of these electronic transitions an 
electron is removed from a bonding or nonbonding orbital 
and placed in an antibonding orbital. Therefore, there is a 
change in average metal-ligand bond lengths and transitions 
occur to upper vibrational levels. 

The energy levels of a de metal in an octahedral field, with 
emphasis on those levels which may be involved in lumines- 
cence, have been discussed. 141 Included in this discussion are 
implications of intramolecular energy transfer resulting from 
absorption of a photon in a ligand localized transition and 
emission from a metal localized transition. However, the 
actual distinction between ligand and metal states becomes 
rather arbitrary, especially for Iliolecules with extensive R 

(140) G. A. Slack and B. M. O’Meara, Phys. Reo., 163,335 (1967). 
(141) G. A. Crosby, J .  Chim. Phys., 64,160 (1967). 
(142) G. A. Crosby, U. S. Goof. Res. Rep., 68, 58 (1968); Chem. Absrr., 
69,318223, (1968). 
(143) C. Furlani, Coord. Chem. Reo., 1,51 (1966). 
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Figure 10. Representative emission spectra of d6 transition metal 
coordination complexes. [R~(o-phen)~]Iz in glassy solution at 77°K 
(- - -, left scale) (after ref 153). K2[PtCl6] solid powder at 77OK 
(-, right scale). (Ordinate: Intensity, arbitrary units.) 

back-bonding (see Figure 9). In contrast to the rare earth ions 
in which the f orbitals involved in the luminescence have a 
small role in bonding, the transition metal d orbitals often 
have quite strong interactions with the ligand systems. 

Complexes of Co(II1) show little photochemical activity 
when excited in the d-d  transition^.^ This may result from 
facile radiationless processes mentioned above. The heavier 
metals at higher field strength (and with organic ligands) are 
also photochemically stable but luminesce even in solution at 
room temperature. 142 Some Rh(II1) triplet states have been 
located by luminescence studies. 

B. HEXACYANIDE COMPLEXES 

The physics and chemistry of cyanide complexes often seem to 
depend more on the CN- ligand than on the metal ion. For 
example, the values of lODq for ferro- or ferricyanide are 
very similar and are close to those for Mn(CN)e3s4- and Co- 
(CN)63- (33.8, 34.95, 34.0, 30.0, and 34.5 kK, respectively.)l44 
Of major importance in the behavior of the cyanides must be 
the extensive T back-bonding that occurs between the metal d 
electrons and the antibonding T orbitals of the cyanide sys- 
tem. T bonding with reference to the molecular orbital system 
of Figure 9 has been mentioned for o-phenanthroline and di- 
pyridine complexes. The same diagram may be applied to 
cyanide complexes with some modifications. The T-T* 

(144) J. J. Alexander and H. B. Gray, J.  Amer. Chem. SOC., 90. 4260 
(1968). 
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separation145 is greater for free CN- than for dipy or o-phen, 
so the tlu molecular orbital is above the eg*. Also CN- has 
two additional orbitals which are represented by the dashed 
lines in the figure. 

An example of a-bonding effects on the magnitude of 1004 
is the following. Changing the charge of the metal ion from 
+2 to +3 as in ferro- and ferricyanide causes an increase in u 
bonding and an elevation of the u* (eg) level. This same change 
reduces the number of d electrons involved in ?r back-bonding 
and provides a "hole" for ligand to metal a bonding. Both 
a effects destabilize the a&) level. The net effect is a simul- 
taneous movement of .*(eg) and a(tzg) to higher energies but 
not a necessarily significant change in their splitting. 

Two d6 hexacyanide complexes, with Co(II1) and Ru(II), 
have been found to l ~ m i n e s c e . ~ ~ 6 ~  l4I Their behaviors are simi- 
lar but demonstrate that although changes in metal within a 
given transition series do not affect lODq and/or C, changes 
from the first to the second row must significantly alter these 
parameters. Unfortunately data available on ligand field 
parameters144 for CO(CN)~~-  do not fit the luminescence re- 
sults, 46 but do give an indication that the low energy of the 
cobalt emission, compared to that for ruthenium, 14' reflects 
changes in both lODq and C. 

Hexacyanocobaltate(II1) gives a broad (-2 kK) structure- 
less emission band with pma. at 14.40 kK when excited in 
either spin-allowed or spin-forbidden absorption bands (see 
Table VIII).146 Weak emission from the solid at room tem- 
perature increases in intensity as the temperature is reduced to 
77°K. The lifetime147 of the emission is 6.8 X 

The analogous hexacyanoruthenate(I1) shows a similar 
emission (n,,, = 22.65 kK and = 6.0 kK) both in the solid 
and in glassy solution.147 A low intensity absorption band 

= 31.0 kK) and the emission are mirror images; the 
origin of both bands is taken to be 28 kK. The lifetime for the 
heavier metal emission is longer, 3.1 X sec, but the 
similarities between the two complexes lead to the assignment 
of both bands as phosphorescence (3T1, + IA1,). It may well 
be that the longer lifetime in RU(CN)a4- reflects the decreased 
probability of radiationless deactivation resulting from the 
larger separation of aT1, and lAlg. (See above discussion of 
energy levels.) It follows that the weak absorption of the Ru(I1) 
complex at 31 kK is not singlet-singlet as previously as- 
signed.'" From the new assignment revised values of lODq, 
B, and C were calcuated. 14' 

sec. 

C. RUTHENIUM(I1) 
1 .  Nitrogen Coordinated 

Heterocyclic Chelates 
Two early reports concern the emission of dipyridyl and o- 
phenanthroline derivative chelates in solution. 149, 150 [Ru- 
(dipy),]Clz emits as a narrow band with a maximum at ap- 
proximately 15 kK. The emission was assigned to a T* (mostly 
ligand) -+ a&) transition. 149 Since the latter molecular orbi- 
tals (tzJ are primarily metal d orbitals, the transition is charge 
transfer in nature. An analytical method for Ru(I1) in solution 

(145) H. B. Gray and N. A. Beach, J .  Amer. Chem. Soc., 85,2922 (1963). 
(146) M. Mingardi and G. B. Porter, J .  Chem. Phys., 44,4354 (1966). 
(147) M. Mingardi and G. B. Porter, Spectrosc. Letr., 1,293 (1968). 
(148) M. D. Robin, Inorg. Chem., 1,377 (1962). 
(149) J. P. Paris and W. W. Brandt, J .  Amer. Chem. SOC., 81, 5001 
(1959). 
(150) H. Veening and W. W. Brandt, Anal. Chem., 32,1426 (1960). 

was devised by making use of the intense room-temperature 
emission.150 An investigation of a series of o-phen and dipy 
derivatives proved that the 5-methyl-1,lO-phenanthroline 
chelate emits with the greatest intensity. Pt(1V) and Rh(II1) 
do not interfere but Fe(II), Ce(IV), and Mn(I1) do interfere 
with the determination of Ru(I1). If the former luminesce, it 
would be in the same wavelength region while if the latter 
luminesce it would be at longer X or at lower temperature. In 
this early work no vibrational structure was observed but the 
spectrograph slits were very wide. The activation spectra, again 
with wide slits, reproduced the absorption spectra. 

A more recent investigation l5 has produced more detailed 
information on the wavelengths and lifetimes of the emission 
from [Ru(dipy)a]CI:! and [R~(o-phen)~]I~ HzO. Two weak 
bands in the absorption spectrum of the dipy compound were 
assigned to singlet and triplet d-d transitions (ITlg + 'Alg and 
3T~g  + lA1,J. The emission spectra of the dipy and o-phen 
compounds are quite similar; both show four distinct peaks 
and a vibrational spacing of -1.30 kK (see Figure 10). A 
diagram is given of the energy levels of the d6 metal and shows 
their splitting in an octahedral field. 

The emission lifetimes of Ru(dipy)3a+ and Ru(o-phen)32f 
are of the order of sec, a range normally associated 
with a spin-forbidden transition. However, the authors 
pointed out that this value could also represent a spin-al- 
lowed but parity-forbidden transition. 151 With this in mind 
and the recognition that the lowest spin-forbidden absorption 
occurred at lower energy than the emission, the latter was 
assigned as d-d fluorescence, IT1, + lAlg. 
In a later paper the same authors reported that the lowest 

energy absorption band assigned to a triplet ( 8T1& transition 
was actually due to an impurity and that the calculated lODq 
(-19 kK) based on the 'TI,-~T~, splitting and the IT1, energy 
was far too low.l52 They then reassigned the emission to the 
a(t1,) + n(tzg) CT transition. The question of this assignment 
is discussed further below. 

2. Mixed Ligand Complexes 
In a continued effort to determine the transition responsible 
for Ru(I1) emission, a series of mixed ligand complexes was 
investigated. l52--1S4 The emission was assigned previously to a 
d-d transition which suggested that systematic changes in the 
ligand field strength of X in RuI'(dipy),Xz (where X = 
CN-, py, enJ2, C1-, 0x2-/2, and dipy/2) would produce sys- 
tematic shifts in the frequency of the emission maxima. l 6 *  In 
all of the complexes the emission spectra were similar with 
half-widths of ~5 kK and four prominent peaks spaced 
-1.3 kK apart. In contrast to the hypothesis, p,= did not 
follow the spectrochemical series (i.e., the energy of the 
.*(eg) level) nor did it follow exactly the charge transfer 
energy. However, the correlation with the CT bands was con- 
siderably better than that with the spectrochemical series. 

From the above study'sa one conclusion is certain; the 
energy of the emission is noticeably reduced when the degree 
of T back-bonding is reduced. Thus in the tris chelates the 

(151) G. A. Crosby, W. G. Perkins, and D. M. Klassen, J.  Chem.Phys.. 
43. 1498 (1965). . ,- 
(152) D. M. Klassen and G. A. Crosby, Chem. Phys. Lett., 1, 127 
(1967). 
(153) D. M. Klassen and G. A. Crosby, J .  Chem. Phys., 48, 1853 
(1968). 
(154) J. N. Demas and G.  A. Crosby, J .  Mol.  Specfrosc., 26, 72 (1968). 
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introduction of oxalate, or in the mixed complexes changing 
from X = py or CN- to X = C1-, en/2, or 0x2-/2, produced 
red shifts of rmax from 17 to 14 kK. The effects of a bonding 
on the energy separation u*(eg)-a(t2,) or n*(t&a(tzB>, as ex- 
plained in section B, primarily are due to variation of the 
~ ( t ~ ~ )  level. This variation affects both d-d and charge transfer 
transitions; it appears that the only certain way to solve the 
problem of the emission assignment is to find a method of 
changing only the u bonding in the complex (Le., the .*(e,) 
level). 

The emission lifetimes of the mixed ligand complexes were 
also measured.154 The values ranged from 0.6 X sec for 
[R~(dipy)~ox] to 5.27 X sec for Ru(dipy)2(py)22+. As with 
the higher symmetry tris chelates these values could represent 
d-d fluorescence or a*-a(tzg) phosphorescence. The final as- 
signment164 of the Ru(I1) emission has been to the n*(tl,) + 

a(tze) (CT) phosphorescence, and the shortened triplet life- 
times were attributed to spin-orbit (heavy atom) effects of 
ruthenium. 

Assuming that this assignment is correct for the emission 
and noting the overlap of most of the absorption and emission 
spectra for the Ru(I1) complexes,153 we suggest that the weak, 
longer wavelength absorption is not d-d but actually the trip- 
let absorption of the n*(tlg) + n(to) transition. This CT triplet 
level is similar to the one proposed165 in the photosensitized 
reduction of C O ( N H ~ ) ~ ~ +  (although CTTL rather than 
CTTM), but is apparently populated directly in the heavier 
metal complexes where the ligand field levels are at higher 
energies. 

It is interesting to consider the emission behavior of the free 
ligands dipyridine and o-phenanthroline and compare their 
spectra to the emission of the complexes. The phosphores- 
cence1b6 of 2,2’-dipyridine in n-heptane at 77°K has a maxi- 
mum (0-0 transition) at 23.5 kK. There is considerable fine 
structure on the emission band located between 23.5 and 18.4 
kK. Different vibrational frequencies are reported but those 
at 1240, 1310, and 1450 cm-1 are of particular significance 
when compared to the structure in the emission of the Ru(I1) 
complex. o-Phenanthroline also phosphoresces at low tem- 
perature in a glassy solution.157 The origin of the emission is 
at 22.21 kK; the emission is virtually identical with that of 
phenanthrene with a blue shift of 450 cm-l. The latter emis- 
sion must be due to a a*-a transition since there are no non- 
bonding electrons; thus it is concluded that the o-phen emis- 
sion is also a*-a phosphorescence. The profile of the band is 
quite similar to those for Ru(II), Os(II), and Pt(I1) (see section 
XIII.B.2) complexes, also measured in glassy solution, with 
four distinct peaks and vibrational spacings of 416,1351, 1611, 
and perhaps 827 cm-’. 

It can be seen from the molecular orbital diagram (Figure 
9) that the ligand orbital from which emission originates 
(a*) can be stabilized in the complex with respect to the free 
ligand, while the ground state (T) correlates to a higher energy 
a(tZg) level. (There are two a(t2J molecular orbitals, both oc- 
cupied, the lower of which is mostly ligand T ,  the upper 
mostly metal d.) The net effect (stabilization of the upper level 
and destabilization of the lower) is a smaller energy separation 

(155) A. Vogler and A. W. Adamson, J .  Amer. Chem. Soc., 90, 5943 
(1968). 
(156)’Kh. I. Mamedov and R. Z. Laipanov, Zh. Prikl. Spektrosk., 7.49 
(1967); Chem. Absrr., 68, 100349r (1968). 
(157) J. S. Brinen, D. D. Rosebrook, and R. C. Hirt, J.  Phys. Chem., 67, 
2651 (1963). 

and a red shift @e., 22 to 17 kK) of the emission. Our con- 
clusion thus concurs with the 154 of the emission 
of the metal complexes to a*(tlu) -t a&) phosphorescence. 

To conclude the discussion of Ru(dipy),2+ emission we cite 
an instance where it was generated chemically. Is* R~(dipy)~3+ 
can be made in acid solution by oxidation of the Ru(I1) com- 
plex with PbOp. Although the tervalent ion could not be iso- 
lated in the solid, when it was added in solution to strong base 
the characteristic R~(dipy) ,~+ emission was observed. The 
reduction of Ru(dipy)aa+ is probably an outer sphere reduc- 
tion.159 If the electron entered the metal directly the easiest 
path would be to a half-filled tZg orbital projecting between the 
ligands. This would give ground-state (Ru(dipy)a2+ directly, 
hence no emission. On the contrary, we suggest that the elec- 
tron enters the a system of the organic ligands and is even- 
tually transmitted to the metal in a “charge-transfer” transi- 
tion. 160 

One other Ru(I1) complex emission has been studied.161 
The absorption and emission of [Ru(dpp),Clr] consist of pairs 
of bands with splittings of 9-10 and -4 kK, respectively. The 
splittings are ascribed to a reduction of the symmetry of the 
complex from Oh. Two states, lApg and lEg, are derived from 
the IT1, level. This luminophor may have a 1004 value at the 
very limit (-24-25 kK) for d-d emission ( M e  supra), al- 
though for an unknown reason fluorescence appears to be 
favored over phosphorescence. 

D. OSMIUM(I1) 

[O~(dpp)~Cl~]  behaves in a fashion analogous to the Ru(I1) 
complex with the addition that in this case a triplet d-d ab- 
sorption band is evident.161 This triplet band is at a lower 
energy than the emission so it is concluded that both the Ru(1I) 
and Os(I1) complexes exhibit d-d fluorescence lT1, + lAlg. 
The emission of the Os complex is to the blue of the Ru com- 
plex as expected considering the larger 1004 for the third-row 
element. 

Osmium(I1) dipyridine and o-phenanthroline complexes 
have also been found to lurninesce.162e Their behavior is again 
very similar to the analogous ruthenium compounds. In con- 
trast to the above example of d-d fluorescence, these Os 
emissions are noticeably red shifted as are the Os CT absorp- 
tion bands. 

E. RHODIUM(II1) 

Complexes of Rh(II1) which have been found to luminesce 
may be divided into two classes, those which show only metal 
perturbed ligand emission and those which show metal ion 
d-d emission. Rh(o-phen),*+, although still ds, has a different 
oxidation-reduction chemistry than the o-phen complexes of 
Ru(I1) and Os(11). The energy required to oxidize Rh(II1) is 

(158) D. M. Hercules and F. E. Lytle, J.  Amer. Chem. Soc., 88, 4745 
(1966). 
(159) (a) H. Taube, Can. J .  Chem., 37, 129 (1959); (b) A. G. Sykes, 
Advan. Inorg. Chem. Radiochem., 10,153 (1967). 
(160) The idea of electron migration through a 7 system of ligands is 
not new for redox reactions; see, for example, F. Nordmeyer and H. 
Taube, J .  Amer. Chem. SOC., 90,1162 (1968). 
(161) D. M. Klassen and G. A. Crosby, J. Mol. Specrrosc., 25, 398 
(1968). 
(162) (a) G. A. Crosby, D. M. Klassen, and S. L. Sabath, Mol. Crysfah, 
1, 453 (1966); (b) G. A. Crosby and D. H. W. Carstens, “Molecular 
Luminescence,” E. C. Lim, Ed., W. A. Ben amin Co., New York, N. Y.. 
1969; (c) M. K. DeArmond and J. E. Hihis, J.  Chem. Phys., 49, 466 
(1968). 
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greater than that required for the divalent ions, and the CT 
absorption bands are a t  higher wave numbers for RhQII). 
Thus, for R h ( ~ - p h e n ) ~ ~ +  the ligand T*-T transition is actually 
the lowest energy transition and gives rise to phosphores- 
cence,162b which is only slightly shifted with respect to that of 
the free ligand (22.3 kK, complex, US. 22.2 kK, free ligand), 
Ligand localized emission has also been reported for some 
acetylacetone derivative chelates of tervalent rhodium.162. 

The substitution of one o-phen group by two chlorides to 
form cis-Rh(o-phen)2Clz+ results in a decrease in the average 
ligand field strength around Rh(II1) so that now d-d transi- 
tions are found at lower energy than the ligand transitions.16zb 
(In the original paper emissions of truns-Rh(o-phen)2Clz+ and 
I r ( ~ - p h e n ) ~ ~ +  were reported. However, in a private com- 
munication, Professor Crosby has informed us that the actual 
materials were cis-Rh(o-phen)zC12+ and cis-Ir(o-phen)2Clz+, 
respectively.) The mixed complex shows d-d phosphorescence 
with ijmX at about 13.0 kK and lifetime of 20.2 f 1.2 X 10-6 
sec in glassy solution at low temperature.162b 

Two other Rh(II1) complexes are reported to produce metal 
localized phosphorescence. Rh(py),Clr- phosphoresces with 
a maximum at 15.15 kKlag and AlzOa:Rha+ has a maximum 
at 14.7 kK.16a The lifetime of the latter emission changes from 
1.6 X sec at 77°K to 0.6 X sec at 300°K. If octa- 
hedral microsymmetry is assumed, all of these metal ion emis- 
sions correspond to the aT1, + 'A1, transition. 

F. IRIDIUM(II1) 

I r ( d i ~ y ) ~ ~ +  and cis-Ir(o-phen)zClz+ emit with four peaked spec- 
tra, similar to the Ru2+ and Os2+ complexes but at higher 
energies.141*162*, (There is some question as to the com- 
position of the dipy complex. It too may be cis-Ir(dipy),CI,+.) 
The increased charge of iridium should make it more difficult 
to transfer an electron from the metal to the ligands,20 so the 
CTTL absorption and emission should be at higher energies 
for Ira+ than for either Ru2+ or Os2+. In view of the correla- 
tions that have been made for Ru(L1) c ~ m p l e x e s ~ ~ ~ ~ ~ ~ ~  and the 
similarities and trends among ruthenium, osmium, and iridium 
complexes, it seems quite evident that the emissions of all of 
these heterocyclic organic chelates of d6 metals, except Rh- 
QII), are indeed charge transfer phosphorescences. A CT 
transition for IrQII) but not RhQII) is consistent with the 
greater tendency for Ir(II1) to be oxidized to Ir(IV).162b 

Two other IrQII) complexes are known to emit. Ir(py)zC14- 
has already been discussed. The solid IrC13 which has an Ir- 
(111) surrounded by six C1- ions shows a broad band emis- 
sion166 with A,,, h.1000 mp. 

G. PLATINUM(1V) 
Studies of emission spectra now include stable complexes of 
practically all of the de metals. Both pure and mixed crystals 
containing the octahedral PtX6'- ion have been found to 
luminesce.166 The wavelength of the maximum and the ef- 
ficiency of the emission depend on the environment and, more 
specifically, on the cation of the complex. Potassium, rubid- 
ium, and cesium salts of PtC16'- and Kz[SnC16]:Pt4+ were 

(163) G. Blasse and A. Bril, J.  Electrochem. SOC., 114, 1306 (1967). 
(164) K. R. Wunschel, Jr., and W. E. Ohnesorge, J.  Amer. Chem. SOC., 
89,2777 (1967). 
(165) P. D. Fleischauer and G. Sartori, unpublished results. 
(166) I. N. Douglas, J. V. Nicholas, and B. G. Wybourne, J .  Chem. 
Phys., 48, 1415 (1968). 

found to emit, but the acid HStCls and the ammonium salt 
did not.166 In another study the NH4+ salt was found to emit 
at a lower energy than the other forms.167 

The red emission of Kz[Ptch] is strong at 77°K (clearly 
visible with the eye) and is seen even at room tempera- 
ture165-167 (see Figure 10). It is slightly more intense when ex- 
cited with 436- than with 365-mp light.165 The maximuml" 
of the emission is between 14.5 and 15 kK and the half-width 
changes from about 4.6 kK at 300" to 2.5 kK at 77°K. Vi- 
brational fine structure is reported for PtC16'- at 4.2 and 
77°K with a recurrent spacing of 305 f 10 cm-1. 

K2[PtBr6], CslPtFe], and K~[Pt(scN)6] also luminesce in 
the red region of the ~pectrum.166,~* Fine structure was ob- 
served for the first two compounds with average spacings of 
190 f 10 and 500 i 50 crn-', respectively. The fluoride emis- 
sion is at higher energy and the bromide and thiocyanate at 
lower energy than the chloride, the same order as the spectro- 
chemical series, but the data to date are scarce and reliable 
correlations cannot be made. 

sec. From 
this value and the relationship of the emission and absorption 
spectra the emission is assigned as *TI, + 'AI, phosphores- 
cence. Platinum, being heavier than ruthenium, should have 
a larger spin-orbit coupling constant. Therefore, it is not sur- 
prising that the aT1, lifetime of PtC16'- is shorter than that of 
Ru(CWs4-. In addition, lODq in PtC16'- (approximately 29 
kK, ref 20) is smaller than in both Co(CN)ea- and Ru(CN)~~-,  
and radiationless deactivation of aT1, should be more prob- 
able. 

The compound [Pt(NH3)3C13]CI, but not [Pt(en)zClz]Clz or 
[Pt(NH3)4(SCN)2](N03)~, has been observed to emit166 with 
A,,, 590 mfi (16.9 kK). This significant shift to shorter wave- 
length compared to A,, of PtCI6'- is undoubtedly a ligand 
field effect caused by the ammonia molecules. The reason for 
the lack of luminescence in the two N-coordinated complexes 
is not clear and further work is being done in this area. 

VII .  Compounds of the d7 Metal Ion 

The d7 configuration, where there is but one example of a 
metal which forms stable luminescent complexes, is still quite 
interesting because of the analogies of its spectroscopic states 
to the d3  configuration. With seven electrons (three holes) 
the high-spin complexes have a spin quartet (4T1 in ob and 
4A2 in Td symmetries) ground state and quartet and doublet 
excited state manifolds. The energy levels and absorption 
spectra have been treated in some detail both theoreti- 
cally169.170 and experimentally. l 70  The number of luminescence 
studies thus far completed with d7 metals is small, but it is 
hoped that further investigations will increase our under- 
standing of both d7 and da  metals. For example, d7 and d 3  
complexes should prove excellent partners for energy transfer 
studies. Because of the smaller values of 1004 and B for Co- 
(11) it should be possible to efficiently sensitize its infrared 
emission with certain Cr(I1I) complexes. 

In contrast to d6 metals, only ionic d7 complexes are known 
to emit (CoF2, Oh in the solid, may exist as CoF4'- in solution 

The lifetime of the PtCl6'- emission is 3-8 x 

(167) G. B. Porter, private communication. 
(168) There are discrepancies in the values of ref 165-167 which are 
probably due to slight variations in the crystals used, 
(169) J. R. Perumareddi, J.  Phys. Chem., 71,3144,3155 (1967). 
(170) J. Ferguson, D. L. Wood, and K. Knox, J.  Chem. Phys., 39, 881 
(1963). 
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Table VIII 
Absorption and Emission Spectral Maxima for d6 Metal Compounds 

Absorption" 
Compound Singlet state Triplet state Singlet state Triplet state Refm 

Ru(dipy), 2+ -22 18.5 17.25 (0.0059) 151, 153 
Ru(py)ddipy)P -21.2 ? -17.0 (0.005) 153, 154 
R~(CN)z(dipy)z -21.5 -18 -16.8 (0.004) 153, 154 
Ru(en)(dipy)P -19.5 -17.0 -14.6 (0.0007) 1 52- 1 54 
RuC1ddipy)z -19.4 -16.5 -14.3 (0.0007) 152-154 
Ru(ox)(dipy)z -19.2 -16 -14.2 (0.0006) 152-154 
Ru(tripy)P 21.16 18.1 16.67 (0.011) 141, 153, 154 

(19.3) 
Ru(o-phen)s a+ -22.2 -20 17.7 (0.0099) 151, 153, 154 
Ru(ox)(o-phen)z -19.5 -16.2 -14.4 153 
R~(5-CH~-o-phen)~ 2+ 22.2 17.3d*e 150 
R~(4,4'-di(CH~)dipy)~ 2+ 22.2 17.Odve 150 
Ru(5,6-di(CH~)-o-phen)81+ 22.2 17.2d3e 150 
Ru(3,5,6,8-tetra(CHa)-o-phen)8 2+ 23.8 17. 3d*e 150 
Os(dipy)Sz+ 20.5 16-17 -13.7 162a 
Os(tripy)z 2+ 21.10 15-17 14.2 (<0.01) 141 
Os(~-phen)~~+ 20.5 16-18 13.8-14 162a 
Ir(dipy)as+ 27.0 19.4 18.5 164 

Ir(~-phen)~s+ 26.6 21.9 -21.5 141 
2,2'-dipy 23.0 18.5* 164* 
o-phen 23.5 156 

22.213 157 
ZnS : Fe 2+ 3.0-4.5f 2.4-3. Of 140 
RuClz(dpp)r -22.70 -16.68 161 
0sClddPp)z 27h -16.7' 20.2k 161 

CO(CN)6+ 32.3* 18.5 14.4 146 

Ru(CN)a4- 30-31 22.65 (31) 147 
CO(SOs)2(CN)46- 26.5 17.0 14.3 139 
R h ( a ~ a ) ~  -31.25 24.20 (310) 162c 
Rh(F6-acah 21.23 (390) 162c 
Rh(o-phen)ss+ 28.4 22.3 (48.0) 162b 
cis-Rh(o-phen)zClz+ -26 13.0 (0.02) 162b 
A1203 :RhS+ 25.40 14.6 (1.6) 163 
R~(PY)zCL- 23.2 20.0 15.15 139 
Ir(py)zCL- 23.6 19.6 15.6 139 
IrC& 18.5l 11.9l -10 165 
KnPtCla 28.3 (?) 22.1 (?) 14.5 (0.3-0.8) 5, 166 
KBPtBre 23.0 (?) 19.0 (?) 13.51 5 ,  166 
KzSnCh. :Pt4+ 14.50 166 
RbzPtCla 14.30 166 
CsnPtCls 13.99 166 
("4)zPtCle 13.50 167 
KzR(SCN)a 13.70 167 
CszPtFt, 15.00 167 
[Pt(NHa)aClslC1 17.00 165 

20.8 

22.5j 

13.4* (0.68) 141* 

a Approximate values taken from graphs. All values in kK. * Lifetimes in msec given in parentheses. Highest energy band maximum or 
shoulder (see text). d Values not corrected for photomultiplier sensitivity. E These values could be for phosphorescence (Le., 3 ~ *  + T). f Ab- 
sorption and emission assigned to sTz-6E transition. Absorption and emission assigned to lEg-lAIg transition. Estimated 'E, absorption. 
i Assigned to 3E, absorption. Assigned to 'E, emission. 1 Questionable assignment from reflectance spec- 
trum, m Where values and references are marked with an asterisk it means that the marked value was taken from the marked reference. 

Assigned to 8Azg absorption. 

but no emission data are known for the latter). For organiza- 
tional purposes we have thus divided the material on these 
ionic complexes into two classes: tetrahedral and octahedral 
complexes. 

would expect similar emission behavior (Le., either fluores- 
cence, 4T~ -+ 4Az, phosphorescence, 2E -+ 4A2, or both, de- 
pending on environment). The only reports of emission found 
were for Co2+ in ZnS, ZnSe, ZnTe, and CdS. 171-n3 The articles 

(171) IC K. Dubenskii, Ya. E. Kariss, A. I. Ryskin, P. P. Feofilov, 
and G.  I. Khilko, Opt. Spectrosk., 19,353 (1965). 
(172) H. E. Gumlich and H. J. Schulz, J .  Phys. Chem. Solids, 27, 187 
(1966). 
(173) M. L. Reynolds and G. F. J. Garlick, Infrared Phys., 7 ,  151 
(1967). 

A. TETRAHEDRAL COMPLEXES 
In a tetrahedral ligand field the ordering of energy levels for d7 
is the Same as for d8 in an Octahedra' a 4Az ground state 
and accessible 4Tz, 4T1, and 2E excited states. Therefore, one 
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cited also contain references to other work done on these sys- 
tems. These earlier studies are not treated here because the 
authors did not discuss the metal ion excited states. 

Co(1I) in ZnS has primary bands which are found at the 
same wavelengths in absorption and emission (2.85 and 3.14 
k )  at 77°K. The longer wavelength band in absorption disap- 
pears as the temperature of the system is reduced to 5°K and 
is assigned as a “hot” band (Le., from the first excited vi- 
brational level of the ground electronic state to the lowest 
level of the excited electronic state).171*172 There is structure in 
the 2.85-p emission band which is frozen out at lO”K.171 Fine 
structure is observed also on the long wavelength side of the 
3.14-p emission.171 This is due to phonon (vibronic) interaction 
or to splitting of the excited state. The excitation spectra of 
the emission have been measured at 5, 77, and 300°K and 
coincide with the absorption spectra. l 7 2  The emission is acti- 
vated by absorption into 4T1(F), ‘Tl(P), 2A1(G), and 2T2(G) 
levels. Excitation in the ZnS lattice bands causes very weak 
Coz+ emission. On the basis of these observations the lowest 
energy spectral bands are assigned to the 4T2-4A2 transi- 
tion.171s172 One puzzling fact is the lifetime of the emission 
(4.75 X IO-* sec) which is more indicative of phosphorescence 
than fluorescence. 

B. OCTAHEDRAL COMPLEXES 

Among the octahedral complexes of Co(1I) only those with 
flu0ride~7~> 174 and oxygenz8 coordinated ligands are known to 
luminesce. A high-spin d7 metal in an octahedral ligand field 
still has quartet and doublet spin states, but the ordering is 
reversed from tetrahedral d7 or octahedral da. The ground 
state for d7 in Oh is 4T1(E). When CoZ+ is doped into MgFz 
or ZnFz and irradiated in its 4Tz(F), 4T1(P), or 4A2(F) absorp- 
tion bands, a broad band emission from 6900 to 4500 cm-‘ is 
observed.174 Sharp spikes which result from splitting of the 
ground state into six Kramers’ doublets either by spin-orbit 
coupling or by reductions in the Oh symmetry are superposed 
on this band. The origin of the emission (6801 cm-l) is at the 
same energy as the corresponding absorption band which is 
assigned as the 4Tz 

The most complete study 28 of a divalent cobalt complex 
involves MgO So2+. The absorption and emission spectra of 
the cobalt ion at three temperatures, 5 ,  18, and 77”K, are re- 
ported. Two types of emission were observed at 77°K: 
fluorescence (4T2 - 4T1(E)), origin at 8151 cm-1, and phos- 
phorescence (ZE + 4T1(E)), origin at 8045 cm-‘. When the 
system is cooled to 5°K only the latter emission is observed 
(see Figure 11) demonstrating that as in d3, the spin-allowed 
emission is thermally activated (E-type delayed fluorescence). 
If this is also true for the above-mentioned tetrahedral com- 
plexes it would explain the long fluorescence lifetime. How- 
ever, the absence of any phosphorescence in those systems is 
strange since the cited lifetime must be the minimum doublet 
state lifetime, certainly long enough to permit phosphores- 
cence. The separation of the 2E and 4Tz states in Co(0)e is only 
103 cm-1, but this value is still greater than kT at liquid helium 
temperature. As opposed to the well studied Cr(II1) lumino- 
phors which seldom show vibrational fine structure in fluores- 
cence, this cobalt ion exhibits distinct structure on both bands 
with spacings of 170 and 230 cm-1. 

4T1 transition. 

(174) L. F. Johnson, R. E. Dietz, and H. J. Guggenheim, A&. Phys. 
Lerr., 5,21 (1964). 

Figure 11. Emission spectra of MgO:Co2+ at 77” and 5°K (after 
ref 28). 

Another report of the emission of Co2+ involves the study 
of solutions and crystals of chloride compounds. I75 CoCla4- 
and CO(OH~)B~+ complex ions are involved, but as an emission 
requirement it is stated that there must be electron hole re- 
combination. The significance of the crystal field splitting of 
the d7 configuration is discussed in connection with the 
luminescence, and references are given which concern other 
work of this nature on d7 and d8 systems. One Co(1I) complex 
with oxinate (8-hydroxyquinolate) ligands luminesces prob- 
ably as the result of a ligand localized transition. 176 

VI I I .  Compounds of de Metal Ions 

A significant amount of material has been published concern- 
ing the d8 configuration, and three metals with this electronic 
structure (Niz+, Pd2+, and Pt2+) have been examined. Most of 
the literature concerns the emission of the Pt(CN)4Z- ion al- 
though the results of studies of other Pt(I1) complexes are 
beginning to be published. The d* structure is certainly very 
interesting because complex geometries ranging from octa- 
hedral to linear are possible, and excited states vary accord- 
ingly. Ni(I1) complexes are known to be octahedral, tetra- 
hedral, linear (Nix2), or square planar depending on the 
ligands, while those of Pt(I1) are exclusively square planar. 

Octahedral complexes in the strong field approximation 
have a ground state, with ta6egZ configuration. Spin- 
allowed transitions to 3Tzg and Tlg levels, derived from the 
ta6ega configuration, and spin-forbidden transitions to ‘E, and 
‘A1, (intraconfigurational tzg6eg2) may be observed in absorp- 
tion. For the square planar geometry only two of the one- 
electron d orbitals (dzg and duz) remain degenerate in energy. 
The actual ordering of the d levels is unresolved and may vary 
from one complex to another depending on the position of the 
ligand in the spectrochemical series. 177--180 Because of this 
variation and because, for higher ligand field strengths, empty 

(175) Ath. Trutia and A. Bohun, Czech. J. Phys., 13, 45 (1963); Chem. 
Absrr., 59, 4670e (1963). 
(176) W. E. Ohnesorge and L. B. Rogers, Spectrochim. Acta, 15, 27 
(1959). 
(177) A. I. Ryskin, A. M. Tkachuk, and N. A. Tolstoi, Opt. Spectrosk., 
17,390 (1964). 
(178) C. Moncuit, J. Phys. (Paris), 24.833 (1964). 
(179) D. S. Martin, Jr., M. A. Tucker, and A. J. Kassman, Inorg. 
Chem., 5,1298 (1966). 
(180) W. R. Mason, 111, and H. B. Gray, J. Amer. Chem. SOC., 90, 5721 
(1968). 
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ligand P* orbitals or the metal 6p, orbitals may be lower in 
energy than the empty dzsy r  orbital, many different assign- 
ments of absorption and emission spectra have been proposed. 
The transitions involved are more questionable than those of 
R~(d ipy) ,~+  (see section V1.C) but should be easier to study 
because of the unique, characteristic properties of the d, p, 
and P levels. For the square planar complexes techniques such 
as magnetic circular dichroism l8 and the measurement of 
spectra with plane polarized light182 have contributed to the 
knowledge of the energy levels and spectroscopic transitions. 
The study of emission of d8 complexes has had limited success 
in helping to clarify the situation, but coupled with other 
methods should be productive in the future. 

The information concerning d8 metals has been divided 
simply into sections for each metal. The platinum section is 
then subdivided to include cyanide and other coordination 
complexes. 

A. NICKEL(I1) 

The emission studies of Ni(I1) involve compounds with tetra- 
hedral and octahedral geometries in the solid state and the 
linear NiCh molecule isolated in an argon matrix. NiF,- and 
NiF2, either as pure solids or in MgFz, MnF2, or ZnF2 host 
crystals, are known to absorb and emit in the infrared region 
of the spectrum. 17a,183 A crystal field theory interpretation of 
these emissions and of those of Ni2+ in ZnS, ZnSe, and ZnO 
has been given. (Emission in ZnS was assigned to fluores- 
cence, however, because of its lifetime, 2 sec; and because 
of the fact that the fluorescent level would not be the lowest 
spin-allowed excited level, we suggest that a better assignment 
would be phosphorescence, IT2 or lE(D) + aT1(F).) At low 
temperatures in dilute and moderately concentrated crystals 
the 0-0 line was observed for ,T2, -+ aA2g fluorescence in the 
fluoride complexes, while at higher Ni(I1) concentrations 
splitting and shifting of the emission occurs which is due to 
apparent Ni-Ni interactions. 

Ni(I1) in an octahedral configuration in MgO is also known 
to emit both in the infrared28 and in the visible.184 In an ac- 
countg of the latter study it was suggested that the visible emis- 
sion may be phosphorescence IT?, + aA2g, Recognizing that 
this is an unusual assignment because it suggests that emission 
originates in the second excited state of a given spin multi- 
plicity, the authorsg explain that the proposed luminescent 
state correlates to a different strong field configuration, 
tZg5ega, than the lowest excited state, which is tzgBegz. The inter- 
configurational radiationless transition would have a low 
probability but no lower, it would seem, than the analogous 
interconfigurational phosphorescence. 

The infrared emission% of Mg0:Ni is composed of two 
lines at 77°K. These are assigned to transitions from the aTz 
excited level, which is split by spin-orbit coupling into ,T2(T2) 
and 3Tz(E). Emission from the former, higher energy state 
results from a Boltzmann distribution of energy at 77°K and 
is frozen out at 4.2”K. 

When NiCI2 is isolated in an argon matrix at 4.2’K an in- 

(181) A. J. McCaffery, P. N. Schatz, and P. J. Stephens, J .  Amer. Chem. 
Soc., 90, 5730 (1968). 
(182) C. Moncuit and H. Poulet, J. Phys. Radium, 23,353 (1962). 
(183) R. E. Dietz, L. F. Johnson, and H. J. Guggenheim, Phys. Quan- 
tum Electron. Conf. Proc., 361 (1966); Chem. Abstr., 67.164078 (1967). 
(184) F. A. Krijger, H. J. Vink, and J. v. d. Boomgaard, Physica, IS, 
77 (1952). 

tense green fluorescence is observed. 185, lS6 The emission has 
three components, is very sharp and line-like, and shows vi- 
brational structure with an average frequency of 360 i 5 
cm-’. If an axial symmetry field is assumed the emission is 
assigned186 to transitions from the eo and eo‘ levels of aPzo+,, -+ 
aF, both of which involve a number of vibrational levels of the 
ground state (Le., Stokes’ shift). 

B. PLATINUM(I1) 
1 .  Tetracyanide Complexes 

The ordering of the energy levels in the Pt(CN)d*- ion both in 
solution and in crystals with various cations and crystal struc- 
tures is not well understood even after extensive investigation. 
It is curious that the first report of emission187 and the first 
somewhat detailed emission studies lS9 appeared before any 
significant absorption data had been reported. 1789 lS2 In one 
early publication luminescence decay times were determined 
for a large number of platinocyanide crystals with different 
cations and different numbers of waters of crystallization. ls8 

The authors suggest that the “emission kinetics” depend on 
the cation and on the crystal structure. While this fact is 
probably true, Table IX shows that the measured decay times 
are not much different from sec at low temperature and 
10-7 sec at room temperature. Only with tervalent rare earth 
cations and large numbers of water molecules in the crystals 
do low-temperature decay times drop much below 10-6 sec. 

Another early report concerns polarized emission from 
single crystals of MgZ+ and Ca2+ tetracyanoplatinate(I1). ‘89 

The emission at room temperature, polarized perpendicular 
to the z axis (in the paper, parallel to the plane of the complex), 
had a single maximum while that parallel to z had two maxima. 
For both salts the intensity of the in-plane emission was con- 
siderably greater than that which was z polarized. Also, it is 
evident that the wavelengths of the emission maxima (parallel 
or perpendicular) depend noticeably on the cation in the 
crystal. 

A third preliminary investigation lgO of the Pt(I1) cyanides 
also concerns lifetime determinations which in general agree 
with the earlier work. Is8 

Variations in wavelengths of absorption and emission 
maxima and in the shapes of emission bands for crystalline 
M[Pt(CN)d] - nH2O with differing z axis interaction have been 
emphasized more recently. lB2, lgl Again different cations and, 
for a given cation, different amounts of water can affect the 
shape and the maxima of emission. For Mg[Pt(CN)d.nHzO 
two bands are present in emission, which depend on the water 
content of the crystal. The decay time varies depending on the 
wavelength of observation (this phenomenon is referred to as 
a “relaxation spectrum” and exists because of the presence of 
more than one luminescing center in the crystal) but not of 

$185) D .  E. I\.lillig& M. E. Jacox, and J. D. McKinley, J .  Chem. PhJ.s., 

(186) D. M. Gruen, J. R .  Clifton, and C. W. DeKock, ibid., 48, 1394 
(1968). 
(187) I. A. Khvostikov, Tr. Gos. Optich. Inst. Leningrad, 12, 3 (1937): 
Chem. Abstr., 32, 2432s (1938). 
(188) N. A. Tolstoi, A. K. Trofimov, A. M. Tkachuk, and N. N. 
Tkachuk, Bull. Acad. Sci. USSR, Phys. Ser., 20,529 (1956). 
(189) C. Moncuit, C. R. Acad. Sci., Paris, 252,397 (1961). 
(190) L. Brewer, C. G. James, R. C. Brewer, F. E. Stafford, R. A. Berg, 
and G. M. Rosenblatt, Reo. Sci. Instrum., 33, 1450 (1962). 
(191) A. M. Tkachuk, Izc. Akad. Nauk SSSR, Ser. Fiz., 27,670 (1963). 

2,902 (1965). 
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activation.1g1 Medium effects on the emission are discussed 
qualitatively, but the transition involved is not identified. 

The absorption and emission of Pt(Cwa2- in aqueous solu- 
tion, both liquid’92 and frozen, 1919 1981 194 have been treated. 
The characteristics of the luminescence of frozen solutions 
depend on the concentration of the c0mplex19~ and on the 
rate of At very low concentrations ( s  10-6 M) the 
same emission is obtained for all cations. At high concentra- 
tion M) the emission resembles that of crystals with 
maximum hydration. In the former the luminophors are 
probably monomers or dimers of the acid H2[Pt(CN)& since 
it is possible to replace Bat+ with Hf and not change the spec- 
trum. There is no discussion of the transition involved in emis- 
sion, nor is there any treatment of the concentration effects, 
although it seems likely that one contribution is from Pt-Pt 
interactions. 

Freezing complex solutions into porous glasses of different 
pore sizes produces the same effects as varying thecomplex 
concentration. l g 4  With very small pore sizes the emission is 
typical of the monomer emission from dilute frozen solutions, 
while with larger pores the emission changes to that of the 
concentrated solutions. 
Two polarization studies already have been mentioned. ~ ~ 3 9  

A third one essentially verifies the previous results but for a 
larger number of complexes. 195 The polarization of absorption 
and emission spectra has been determined at room tempera- 
ture, but the results do not seem to agree with the band as- 
signments.182 The emissions of the Ca2+ and BaZ+ salts are 
more intense than the Mgz+ emission by a factor of 100, and 
the component perpendicular to the molecular z axis (in- 
plane) is the most intense in the polarized spectra. This does 
not agree with the assignment of the emission as 6p, + 5d,2, 
since this transition should have little or no component in the 
x,y plane. In addition the cited transition is electric dipole 
allowed and does not require a vibronic mechanism. (The peak 
intensity of the analogous absorption increases as the tempera- 
ture of the system is decreased.) Indeed, the multiple peak 
nature of the emissions suggests more than one transition 
involving closely spaced upper (6p, and T*) or lower (d,s, d,,, 
d,,,,J levels or, again, more than one emitting center in the 
lattice. Further polarization and MCD studies at low tem- 
peratures should solve this dilemma. 

Considerable research has been devoted to the concept of 
the “relaxation spectra” (uide s u p r u ) ~ ~  l g 1 l  196-199 of Pt(CN)42-. 
The experimental decay times (T = IO-6-lO1 sec) are in the 
phosphorescence range for a heavy metal such as platinum, 
but the existence of spin triplet states has never received serious 
consideration for this complex. (Only in one instance where a 
peak in the excitation spectrum was observed in a region where 
no absorption is known has the possibility of spin-forbidden 
transitions been considered. lo*’> The temperature function of 

(192) L. Ancarani Rossiello and C. Furlani, Arti Accad. Naz. Lincei, 
Rend., Classe Sci. Fis., Mat. Nut., 38, 207 (1965); Chem. Abstr., 65, 
1619c (1966). 
(193) A. M. Tkachuk and N. A. Tolstoi, Opt.  Spectrosk,, 20, 570 
(1966). 
(194) N. A. Tolstoi and A. M. Tkachuk, ibid., 21, 310 (1966). 
(195) M. L. Moreau-Colin, Bull. SOC. Roy.  Sci. Liege, 34, 778 (1965); 
Chem. Abstr., 64, 18721h (1966). 
(196) N. A. Tolstoi, Dokl. Akad. Nauk SSSR, 102, 935 (1955); Chem. 
Abstr., 50, 8332a (1956). 
(197) N. A. Tolstoi, J.  Phys. Radium, 17, 801 (1956). 
(198) A. I. Ryskin, A. M. Tkachuk, and N. A. Tolstoi, Opt.  Spectrosk., 
21, 31 (1966). 
(199) N. A. Tolstoi and A. P. Abramov, ibid., 22, 272 (1967). 

T ,  rather than T itself, depends somewhat on the counterion 
of the dinegative complex and on the water content of the 
crystals. 7 of Mg[Pt(CN)4.7HzO, which is constant at all 
wavelengths, shows an Arrhenius dependence with tempera- 
ture.191 A break in the curve of T us. T-1 occurs at 7 - 1  = 8 x 

deg-l (125OK)) which may correspond to a change in 
crystal structure. (Unfortunately the structure information is 
not available.) For other complexes curved lines (T us. 7 - 1 )  

are obtained and T varies with emission wavelength. Both of 
these observations result from the presence of more than one 
luminescing center. lg8 A final study concerning lifetime mea- 
surements deals with the bimolecular quenching of Pt(CN)42- 
emission. 200 

The spectra of Pt(CN)42- crystals differ greatly from the 
solution spectra both in absorption and emission. At least 
three interpretations have been applied to the solution spec- 
tra,1*0,182s201 the latestuo of which is represented in Figure 12. 
The relative energies of the lowest, four one-electron d orbitals 
and the energies of the ligand R*, metal 6p, and dzh,l orbitals 
are in dispute. In the most recent interpretation of the solu- 
tion spectra, which includes low-temperature absorption, but 
not emission, of glasses, the three lowest energy absorption 
bands (see Figure 13) are assigned to charge transfers from 
three different sets of d orbitals (d,,, d,,,,,, and d,Z) to the li- 
gand n*(3p,) orbital.1so One of these transitions (n* -+ d,,; 
lBlu + lAlg) is symmetry forbidden and has a lower intensity 
than n* + d,,,,, (c’E, + lAlg). However, R* + d,l (lAh, + 

IAlg) is an allowed transition but has an intensity comparable 
to ‘BJu + ‘Ai,. 

R* 

e”  7r* f -7 

/ 13 12 jl 

Metal Complex Free ligand 

Figure 12. Schematic energy level diagram for P t (CN)p  (after 
ref 180). 

In other interpretations, u 2 v 2 0 1  based on the absorption 
spectra at room temperature and comparison with the crystal 

(200) N. A. Tolstoi, A. M. Tkachuk, and L. E. Ageeva, ibid., 14, 85 
(1963). 
(201) A. I. Ryskin, A. M. Tkachuk, and N. A. Tolstoi, ibid., 17, 304 
(1964). 
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Figure 13. Absorption (- - -) (after ref 178) and emission (-, in- 
tensity arbitrary units) (after ref 193) of Pt(CN)42- in aqueous 
solution. Also included is a suggested 'O2 excitation spectrum maxi- 
mum (-.- .-) in arbitrary units. 

spectra, the metal dZ2 is placed above d,, and d,z,yz, the three 
ligand K* orbitals are considered degenerate, and the metal 
6p, orbital is placed below dx2--yg. The result is that the three 
lowest energy transitions are assigned as follows. 

K* + dzr c'E, + 'Ai, (35.6 kK) 

'Azu + 'Ai, 

6Pz + dzl 'Ab + 'Ai, (38.5 kK) 

K* + d,, 'Eu + 'Ai, (-41 kK) 

'Blu + 'Ai, 

While this assignment fits the available polarization data for 
the solid it does not explain the splitting of the -38-kK band 
at low temperature, nor does it fit the intensity variations of 
the three bands. 

The lowest energy absorption of Pt(CN)42- is separated 
from the highest energy emission (a,,, = 23.0 kK) in solu- 
tionIg8 by 12.6 kK. Even if the bands are quite broad it is not 
likely that they overlap. This means the same excited state 
cannot be involved in both bands and that a level lower than 
35.6 kK probably exists. Some evidence for a band near 28 
kK was found192 in the activation spectrum, which may be an 
So-T1 transition corresponding to the 35.6-kK So-SI (vide 
supra). 

In the solid state the cations of the M[Pt(CN)d. nHzO com- 
plex are located along the z molecular axis and stabilize an 
electron in an orbital directed along this axis relative to the 
same complex in solution.'n As evidence of this conclusion 
a "new," longer wavelength absorption (actually composed 
of two bands), which is very cation sensitive, is observed in the 
crystal spectra.l77, ''8, ls2 A second band in crystal spectra lo- 
cated at about 38 kK is much less sensitive to the counter- 
ion.1779178 The ordering of the d levels in the crystals is again 
uncertain. The triplet excited states from which emission 
probably originates may have a different ordering than the 
corresponding singlets. 

2. Other Ligands 
Fortunately the energy level ordering schemes for other Pt(I1) 
complexes, which have been observed to emit visible radiation, 

are more simple than for the cyanides by virtue of the fact 
that the ligand field strengths of the other ligands are smaller, 
and they have no low-energy empty 'IT orbitals. A series of 
ethanolamine (and diethanolamine) dihalide Pt(I1) complexes 
has been investigated both in absorption and emission. 202 ,203  

These ligands occupy a much lower position in the spectro- 
chemical series than CN-. Both singlet and triplet d-d transi- 
tions were observed and assigned in the absorption spectra. 203 

For all complexes a weak absorption band was assigned to the 
3E, + 'Al, transition. A single peak broad band emission 
was assigned to the reverse of the above transition, 3E, + 

'Alg. This assignment seems questionable on the basis of the 
reported data for the following reasons: (1) the 'E, - 'AI, 
is not the lowest energy singlet transition assigned; (2) the 
emission and absorption maxima assigned to *E,-'A1, are 
separated by 9.0-1 1 .O kK, depending on the complex; and 
(3) weak absorption bands at lower energy than 8E, + 'AI, are 
observed for some complexes but not assigned. 

The energy levels of KzptC14] have been studied extensively 
and are much better understood. 179-181 Recently, 2 0 4  the solid 
has been found to  emit with a broad band (half-width -2.4 
kK) and a maximum at -12.7 kK. There was some indication 
of fine structure in the emission but it is not possible to assign 
it at the present time. From previous experiments on the ab- 
sorption spectrum the ordering of the triplet levels was not 
certain. A sharp reduction in the emission intensity, observed 
when the direction of polarization of the exciting light in 
the lowest energy absorption band is changed by go", 
suggests a unique polarization of both absorption and emis- 
sion. If spin-orbit coupling is neglected the only transition 
consistent with this polarizationzo4 is 3A2, - 'AI, (dza--yr - 
dz,). This is also the lowest assigned singlet transition and 
therefore seems to be a reasonable assignment for the phos- 
phorescence. (We note that for PtCLZ- the d orbital energies 
are dz2--yl >> d,, > dzr,yz > dz2, a situation somewhat different 
from that proposed for Pt(CN)dZ-.) 

Among other Pt(I1) complexes a thiourea adduct in solution 
has been reported to luminesce and was used for analytical 
purposes. ~5 Also the red and yellow forms of [Pt(dipy)Clz] are 
known to emit when excited with near-ultraviolet light.206~*07 
In a later study the Pt(dipy)z2+, Pt(o-phen)22f, and [Pt- 
(o-phen)Clz] compounds were also investigated. 2o These 
complexes of organic heterocyclic ligands have very interesting 
absorption and emission spectra. In the solid state the lu- 
minescence is broad and structureless. On the contrary, when 
[Pt(dipy)Clz] (yellow form) is dissolved in methanol and frozen 
into a rigid glass a four peaked emission similar to that of Ru- 
(dipy),z+ is observed. The spacing of the peaks is -1300 cm-1 
as with ruthenium. This emission may be charge transfer in 
nature resulting from a crossing of the lowest energy excited 
state in going from solid to solution. 

[Pt(gly)z] has been found to luminesce in the solid and in 
methanol solution at room temperature. 2 0 4  This complex 
exists in cis and trans isomers, and the cis, but not the trans, 

(202) A. M. Tkachuk and N. A. Tolstoi, Opr. Spectrosk., 9, 136 (1960). 
(203) A. I. Ryskin, A. M. Tkachuk, and N. A. Tolstoi, ibid., 18, 238 
(1965). 
(204) D. L. Webb and L. Ancarani Rossiello, private communication. 
(205) L. G. Polyitsyna and K .  P. Stolyarov, Vestn. Leningrad. Uniu., 
Ser. Fiz. Khim., 19, 136 (1964); Chem. Abstr., 62, 11148a (1965). 
(206) J. T. Randall, Nature, 142, 113 (1938). 
(207) L. Ancarani Rossiello and C. Furlani, Ric. Sci., 35, 1416 
(1965). 
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undergoes a unimolecular photochemical isomerization. *08 

The possibility that the trans isomer may be the luminophor 
suggests that p t ( g l ~ ) ~ ]  represents a unique system in which one 
isomer is photosensitive while the other is photoluminescent. 

I X .  Compounds of dZ0 Metal Ions 
It may be argued that the d10 metals are not part of the transi- 
tion series, but rather closed shell group I1 metals. Indeed, the 
ground states of these metals have properties similar to those 
of calcium, strontium, etc., but the excited states of interest 
in emission studies are d9 configuration and thus may have 
transition metal properties. Accordingly, the reports of emis- 
sion studies are divided into two sections: those primarily 
concerned with analytical procedures, where the emission is 
localized on the ligand and is perturbed by the closed shell 
metal; and those involving copper, silver, and gold complexes, 
where the emission corresponds to a transition of an electron 
from a metal 4p to a 3d orbital. 

A review has been published recently which summarizes 
the analytical uses of fluorescing metal chelate complexes. 209 

There is no treatment of the electronic transitions involved in 
luminescence (hence the use of fluorescence may be a mis- 
nomer); however, it is probable that they concern ligand 
localized states. (See also ref 25.)  The mono- or bis(8-hydroxy- 
quinoline-5-sulfonic acid) zinc complex luminesces strongly 
in solution at pH greater than 5, but the emission is quenched 
by the unfilled d orbital metals C U ( I I ) ~ ~ ~  and Pd(II).*ll The 
latter reference is the most recent in a series devoted to fluores- 
cing chelates in analysis. The luminescence of the 8-(p-tosyl- 
amino)quinoline complex of Zn(I1) has been used l2 to detect 
very small quantities of that metal in GeC14 and HSiCI3. 
Zn(I1) and Cd(I1) form fluorescing chelates with 8-mercapto- 
quinoline.213 The free ligand is believed to emit from the 
second excited singlet state, which is -13 kK above the lowest 
excited singlet,21a but there is no statement as to the origin of 
complex emission which is -6.3 kK to the red of that of the 
free ligand. 

The emission of Cu(1) compounds has been investigated1in 
the solid state and in solution. Cu+ is tetrahedrally coordinated 
in ZnS and exhibits both visible (green) and infrared emis- 
sion. 214 A model involving transitions from the conduction 
band of the solid to the d shell of Cu2+ was proposed to explain 
the emission. The emission of copper halides and of the halides 
of silver, gold, thallium, lead, and other metals is well known,*l 
but not applicable to this review. At least one study has been 
reported concerning Cu+ in HCl and HBr solutions.215 The 
emission is observed only at low temperatures (-140OK) and 
definitely involves Cu+ and not Cu2+. As Cu+ reacts photo- 
chemically to product Cu2+ the emission intensity is reduced. 
The behavior is compared with that of the solid compounds 
(CuCl and CuBr) and the transition responsible is assigned 

(208) F. Scandola, 0. Traverso, V. Balzani, G. L. Zucchini, and V. 
Carassiti, Inorg. Cbim. Acta, 1,76 (1967). 
(209) C. E. White in "Fluorescence," G. G.  Guilbault,!lEd., Marcel 
Dekker, Inc., New York, N. Y., 1967, p 275. 
(210) R. E. Ballard, J.  Chem. SOC., 2084 (1965). 
(211) J. A. Bishop, Anal. Chim. Acta, 39, 189 (1967). 
(212) G. V. Serebryakova and E. A. Bozhevol'nov, Metody Andira 
Kbim. Reaktirov Preparatou, 11, 89 (1965); Chem. Abstr., 65, 1381a 
(1966). 
(213) P. D. Anderson and D. M. Hercules, Anal. Cbem., 38, 1702 
(1966). 
(214) J. L. Birman, Phys. Rev., 121,144 (1961). 
(215) M. U. Belyi and P. I. Krivenko, Ukr. Fiz. Zb., 10, 420 (1965); 
Cbem. Abstr., 63,6495g (1965). 

Table IX 
Absorption and Emission Spectral Maxima for de 

Metal Compounds 

Compound Absorption" Emissionaab Ref 
Ni2+ in ZnSa 5 . 3 o ( T z )  8.COd(8100) 173 

8 .50  ('Tz) 
9 . 4 0  ( aAz) 

9 . 0  ('Az) 

13.7 (Ti) 

ZnSec 4 . 8  (Tz) 4 . 0  (<lo)  173 

KMgFa' 7 . 8  ( T 2 )  6 . 0  (>lo8) 173 

Z n Ff 4 . 5 ( q z )  5 . 5  173 
8 . 4  (TI) 
13.5 (1Ei) 

M g O  8.002 8.002 28 
8.179 8.179 28 

21 (?) 184 

1 9 . 6 1 8 . 9  186 

Pd(CN)d'- 22.7 192 
Pt(CN)42- 286 24.4f 192 

38 18.1f 192 
23 .0  193 
19.5 193 

21-24 17.2-17.0 186 

21.3-20.4 186 

NiC12 

M[Pt(CN)4] .xHzO 
M = Liz x = ? 20.6  20 (1 .O) 177, 188, 

22.3 198 
23.5 (0.85) 188 Nap 3 

Na, 0 19.6  (1.0) 188 
KO 3 20 .6  (0.95) 188 
Kz 0 20.0  (0.6) 188 
Rb, ? 21.5 (0.85) 188 
csz ? 21.8 188 
Mg 7 18 17.21' (0.15) 182, 189 

19.4 15.2 (0.63) 191 
Ma 5 19.5 (0.69) 191 
Mi3 4 19 .2(0 .8-  191 

0.95) 
Mg 2 19.5 (0.07) 191 
Mg 0 17.0 (0.4) 198 
Ca 5 23 .9  21.46 (0.6- 182, 188 

Ca 0 
Sr 5 28.3 ?(1.25) 182, 188 

Ba 4 20.3 2 0 . 0 ( 0 . 6  177, 182 

37.9 0.8) 189 
21.6 (0.9) 188 

37.5 

22.7 0 .9)  188 
25 .4  

19.6 
Y bz[Pt(CN)i]a * 2 lHzO 16.8 ?(<O. 1) 188 

Prz[Pt(CN)rla. 18Hz0 ?(O .1) 188 
Smz[Pt(CN)rla. l8&O ?(O .3) 177, 188 
fran~-[Pt(etm)~I~] 24.7 -15.2 20 3 
c i~-[R(etm)~I~]  24 .4  -15.1 203 
trans-[Pt(etm)2Br~] 25.9 -15.9 203 
cis-[Pt(etm)~Br~] 26.8 -15.9 203 
trans-[R(etm)zClzJ 26.8 -15.3 203 
cis-[Pt(etm)~Cl~] 27 .9  -16.6 203 
trans-[Pt(detm)zIz] -15.5 203 
trans-[Pt(detm)2Brz] -16.0 203 
I runs-[ Pt( det m)2Clz] -14.0 203 
K2PtC14 18,20 12.7 204 

I' For assignment see text, section VIII. All values in kK. * Decay 
times (psec)  in parentheses. When not indicated, temperature is 
77-120°K. Note that ZnS and ZnSe are tetrahedral, and the 
fluoride and MgO are octahedral. d See text for explanation. e Ap- 
proximate, from excitation spectrum. f Temperature is 293 OK. 

24,26 
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to the reverse of the 3dy4p + 3d1° absorption (Le., 'PI + 'SO 
or 3D1 + 'So). A similar conclusion has been reached for CU+, 
Ag+, and Au+ emissions in potassium and sodium halides.216 

When a benzoin-copper complex in ammonium hydroxide- 
ethanol mixed solvent is irradiated with near-ultraviolet light, 
a blue emission is A final example of Cu+ emis- 
sion is reported in an energy-transfer study involving Cu+ 
and Tb3+ in Sr2+-Mg2+-P04a- glass, 218 Cu+ produces a broad 
band emission with a maximum at 20.4 kK. Tba+, on the 
other hand, exhibits sharp line-like emission with maxima at 
20.4, 18.3, 17.2, and 16.0 kK. If the concentration of Tba+ is 
increased while Cu+ is kept constant, the band emission de- 
creases in favor of the line spectrum. When only Tba+ is 
present in the glass, its emission is very weak if excited with 
254-mp wavelength light; but if Cu+ is also present, the Tb3+ 
emission is strong under the same excitation. 

Table X 

Absorption and Emission Spectral Maxima of dl0 
Metal Compounds 

Absorption, Emissiotz, 
Compound kK Assignment kK Ref 

Cuf-benzoin in 

Srt . sMg~.dPOdz : 
NH,OH-EtOH 

c u +  

27-28 Ligand transition 
? 
'l 

Conduction band 
-+ Tz(d) 
Tz -L E 

Ligand transition 

40 3d94p + 3d"J 

19 
18.7 
18.6 
19.16 

5.98 
6.45 

23.26 
21.74 
20.41 

210 
213 
213 
214 

214 
214 
215 
215 
217 

X .  Concluding Remarks 

We have made an attempt to collect all of the available data 
on the emission spectroscopy of transition metal coordination 
compounds, especially those of the molecular (nonlabile) 
type. In many instances we have reiterated major points of the 
discussion and interpretation of these data and at times added 
our own opinions or conclusions. Of the 11 (do-dlo) possibili- 
ties of d electronic number, examples from eight are known to 
luminesce. Notably absent are compounds of dl, d4,  and dy  
metals. Compounds of Ti(III), V(IV), Cr(V), Mo(V), and 
W(V) have d1 structures. The absorption spectra of many of 
them are known.8 Only a complex of V02+ has been reported 
luminescent, but the luminophor is a complicated structure 
probably involving polymeric species. 219 Complexes with d 
structure include those of Cr(I1) and Mn(II1). Many complexes 
of the former are known, and although easily oxidized in 
solution, they can be quite stable in the solid. Luminescence 
studies are desirable since they can be performed on solid 
samples. Cu(I1) is the only d9 ion whose absorption spectra 
are known to us. The situation regarding luminescence of this 

(216) N. E. Lushchik and S. G. Zazubovich, Tr. Inst. Fiz. Astron., 
Akad. Nauk Est. SSR,  141 (1961); Chem. Abstr., 56, 12423g (1962). 
(217) K. P. Stolyarov and A. V. Drobachenko, Vestn. Leningrad. 
Unia., Ser. Fir. Khim., 20, 120 (1965); Chem. Abstr., 63,7641d(1965). 
(218) H. Mizuno and M. Masuda, Bull. Chem. SOC. Jap., 37, 1239 
(1964). 
(219) D. Eastwood and M. Gouterman, J .  Mol. Spectrosc., 23, 210 
(1967); 25, 547 (1968). 

ion is confused and results are currently believed213215 to be 
due to Cu+ rather than Cu2+. 

The expansion of this area of research in the last decade 
has been extraordinary. The results of luminescence research 
have enabled more accurate assignments of electronic energy 
levels, more precise calculation of ligand field parameters 
(lODq, B, and C, etc.), better assessment of u and ?r bonding 
in complexes, and accurate evaluation of the probabilities of 
excited state processes. Coordination compounds provide 
some noteworthy comparisons to the widely studied organic 
molecules. Electronic transitions in the former usually are not 
localized in a single bond as they often are for many organic 
molecules (carbonyls, olefins, etc.). Ground-state spin multi- 
plicities are often greater than one. And, little work has been 
performed in the area of oxygen quenching of metal ion emis- 
sion; when looked for, no effects were found. Many com- 
pounds have been explored but many remain, and much work 
is needed to fully understand the questions suggested by pre- 
liminary results. 
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X I .  Appendix 

The abbreviations used for coordinated ligands are as follows. 
Abbreviation 

aca 

Br-aca 
C1-aca 
I-aca 
NOz-aca 
CH3-aca 
GHS-aca 
Fa-aca 
F6-aca 
acet 
antip 
bza 

dbm 

detm 
dipy 
4,4 '-di(CHa)-dipy 
dma 
dmf 
dPP 
dsc 
dw 
dtb 
dtc 
dtox 
dtP 
dtpa 
dtpi 
en 

Definition 

acetylacetonate (2,4-pentanedione uninegative 
ion) 

3-bromoacetylacetonate 
3-chloroacetylacetonate 
3-iodoacetylacetonate 
3-nitroacetylacetonate 
3-met hylacetylacetonate 
3-ethylacetylacetonate 
l,l,l-trifluoroacetylacetonate 
1,1,1,5,5,5-hexaiIuoroacetylacetonate 
acetamide 
antipyrene 
benzoylacetonate (l-phenyl-l,3-butanedione 

anion) 
dibenzoylmethide (1,3-diphenyI-l,3-propane- 

dione anion) 
diethanolamine 
2,2'-dipyridine 
4,4 '-dimethyl-2,2'-dipyridine 
N,N '-dimethylacetamide 
N,N '-dimethylformamide 
1,2-bis(diphenylphosp hino)ethane 
diethyldiselenocarbamate, (GH&NCSen- 
diselenophosp hate 
dithiobenzoate 
diethyldithiocarbamate, (C2H&NCSs- 
dithiooxalate 
dithiophosp hate 
dithiophenylacetate 
dithiophosphinate 
ethylenediamine 
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Abbreviation 

etm 
form 
GASD 
GASH 
g l Y  
hq 
hq-S 
2-CHa-hq 
5,7-diBr-hq 
5-SOaH-hq 
imid 
mal 
d o n  

Definition 

ethanolamine 
1,3-butanedione anion 
C ( N H Z ) ~ A ~ ( S O ~ Z . ~ D ~ O  :Cr3+ 
C(NHn)3/d(SOa)z. 6Hz0 :Cr3+ 
glycinate 
oxinate = 8-hydroxyquinolate 
8-mercaptoquinoline 
2-methyl-8-hydroxyquinolate 
5,7-dibromo-8-hydroxyquinolate 
8-hydroxyquinoline-5-sulfonic acid 
imidazolidone 
malonate (i.e., anion of malonic acid) 
1,3-propanedione anion 

Abbreviation 

o-phen 
5,6di(CH&o-p hen 
3,5,6,8-tetra- 

(CH&o-phen 
ox 
PY 
sexant 
tgl 
tn 
tPP 
tiPY 
tu 
xant 

Definition 

o-phenanthroline 
5,6-dimetliyl-o-p henanthroline 

3,5,6,8-tetramethyl-o-phenanthroline 
oxalate 
pyridine 
ethyl selenoxanthate (GH60CSe2-) 
thioglycolate (CH20HC&-) 
diethylenetriamine 
triphenylphosp hine 
2,2 ',2' '-trip yridine 
thiourea 
ethyl xanthate (GHsOCS-) 


