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ABSTRACT 

The luminescence spectra, quantum yields, lifetimes, and 

absorption spectra of some chromium complexes were obtained at 8£°K, 

with particular emphasis on the ^-diketone chelates. 

The position of the luminescence maximum is a measure of the 

Racah parameter, B. The reduction in B from the free ion value is 

related to the extent of ft-bonding in these systems0 

An attempt was made to assign the ultraviolet spectra of the 

{3-diketone chelates, using the Huckel molecular orbital theory as 

applied by Coulson to non-alternant systems. The movement of the bands 

was consistent with an assignment as Tf-i ff * transitions. However, 

the results did not preclude the assignment of some of the bands as 

charge transfer bands. 

Relative quantum yield and lifetime data obtained for these 

chromium complexes indicates that nonradiative energy dissipation pro

cesses are more efficient for the p-diketone chelates of chromium than 

for ruby (Cr+^ in A1^0^)o The lifetime values and the estimated 

absolute quantum yields of the {3-diketone complexes "are significantly 

smaller than these quantities f r ruby. The {3-diketone chelates in 

which malonaldehyde, dibenzo; .Linethane, and benzoylmethane are the 

ligands show a marked dependence of quantum yield upon excitation 

wave length, in contrast to the behavior of the majority of the 

vii 



^-diketone complexes studied. The qualitative correlation of the 

sequence of lifetime values of the p-diketone complexes with the 

bonding sequence suggests that 7f-bonding increases the efficiency 

of the nonradiative dissipation processes for these complexes. 
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INTRODUCTION 

Although luminescence of materials was known in Aristotle's 

time, the first systematic studies of luminescence were made by 

Becquerel (18U8, 1859a, 1859b). Among the materials investigated by 

Becquerel was ruby (Cr ^ in AlgO^). Ruby gives a bright red emission 

when illuminated by visible or near ultraviolet li$it. Further 

quantitative studies of ruby carried out by Deutschbein (1932a, 1932b, 

193U) showed that the red luminescence consisted of two very closely 

spaced lines at 6927 A. The twD lines which also appeared in the 

absorption spectrum were designated as R-^ and R2. Moreover, chromium 

when placed in other lattice systems such as MgO, MgA^O^, and GagO^ 

exhibits emission and absorption spectra consisting of one or two lines 

around 690 mjA . However, pure chrome alum even when cooled to 8|?0K. 

does not give a detectable emission, although the absorption around 

690 m^. is veiy similar to that of ruby. As recently as 19i>7, Plane 

and Hunt reported that no luminescence could be found for Cr(C10U)^»6 

HgO at 78°K. Therefore, it is understandable that Pringsheim (19U9) 

in his book on luminescence discusses the luminescence of chromium 

systems in the chapter entitled "Crystal Phosphors". Pringsheim thus 

implies that the luminescence of diromium is a property of an ordered 

system, similar to the high energy bimolecular emission known for 

crystals, in which a metal ion appears as an impurity activator of 

luminescence. Although studies of molecular emission are fairly 

1 
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numerous for organic systems, studies of molecular emission of metal 

containing systems are few and, when they can be found, are generally 

concerned with the emission of rare earth ions. Recently, interest 

in maser and laser devices has stimulated work on the emission of ruby 

(Varsanyi et al. - 19E>9, Brossel et al. - 19^9, Maiman - I960, 1961, 

Maiman et al. - 1961, Schultz - 1962). 

In contrast to the paucity of information concerning the 

emission of light by chromium complexes, a significant amount of 

material concerned with the absorption of light by chromium complexes is 

available. The largest portion of the literature in tiiis area involves 

the application of Bethe's (1929) crystal field theory to the inter

pretation of the low intensity visible electronic spectra of transition 

metal complexes. Crystal field theory indicates that these low 

intensity spectra arise from transitions between d electron energy 

levels. The d orbitals in free gaseous ions are five fold degenerate. 

In a complex the spherical potential of the gaseous ion is perturbed 

by the potential field sert up by the ligaids considered as point 

charges. Consequently, the five fold d orbital degeneracy of the free 

gaseous ion is reduced to a degree determined by the symmetry of the 

perturbing crystal field, the tg and e sets resulting from an 0^ field 

(Figure 1). As a result of the partial removal of the degeneracy of 

the d electrons, the energy states corresponding to the various orbital 

configurations are split into a number of states determined by the 

symmetry of the perturbation potential (Figure 2)0 

In applying crystal field theory, two perturbations must be 

considered, these being the crystal field effect represented by the 
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parameter 10 Dq and the electron repulsion effects tiiich are given in 

terms of Racah's B and C parameters (191*2, 19l;3)« The case in which 

the energy levels are determined predominately by the crystal field 

splitting is the strong field limit. In the other extreme, the crystal 

field perturbation is small and the energy levels are determined pre

dominately by the electron repulsion terms. In between these limits 

are those cases in which the two perturbations are of comparable 

magnitude. The values of 10 Dq are obtained from the absorption bands 

of the systems. The spectrochemical series summarizes the variation of 

10-Dq with ligand for any one metal ion. The Sugano-Tanabe diagram 

(Figure 2) is a plot of Dq/B vs. the state splitting for the strong 

field case. In either diagram, B is assumed to have a fixed value 

(usually the free ion B) so that 10 Dq is the only variable. 

The first applications of crystal field theoiy to transition 

metal spectra were to the spectrum of chrome alum (Van Vleck - 19k0, 

Finkelstein and Van Vleck - I9I4.O). A Zeeman study and a crystal field 

calculation resulted in the weak line absorption in the 15,000 cm"-1-

region being designated as an intercombination transition. The 

spectrum of ruby has been interpreted (Sugano and Tanabe - 1958, 

Sugano and Tsujikawa - 1958) and the sharp absorption bands in the 

ll4.,l*00 cm~^" region have been assigned as the transition 

(Figure 3). The symmetry of the ruby system is predominantly octahedral 

but contains a trigonal component which gives rise to further splitting 

of the states from the octahedral symmetry (Figure 3)» From the strong 

field matrices for the d chromium system (Mc Clure - 1959), the 

li 2 
A 2  — E  t r a n s i t i o n  i s  g i v e n  b y  9 B  +  3 C  ( N e g l e c t i n g  c o n f i g u r a t i o n  

interaction). It is normally assumed that C and B are in some constant 
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ratio, therefore B can be obtained from the energy of the 

Various workers (Tanabe and Sugano - 195Ua, 195Ub, Orgel - 1955* 

and Owen - I955) have suggested that the B and C values for complexes 

are reduced from their values in the gaseous ion. Jorgensen (1957) has 

further amplified this idea by showing that a plot of Dq vs. B comp2.ex^ 

B gaseous ion is roughly linear when different metal ions are compared; 

but a comparison of the ratio (B COmplex/B gaseous ion) for "the same 

metal ion with a number of different ligands indicates that the ratio 

varies a great deal with ligand. The arrangement of this B comp;j_ex/ 

B gaaeoua iQ11 f°r different ligands in a sequence of decreasing values 

has been termed the "nephelauxetic" (cloud expanding) series (Schaffer 

and Jorgensen - 1958). Jorgensen has suggested that the decrease in 

B comp^ex can be separated into two contributions: 

(1) a central covalency effect which expands the d 

shell by a donation of electrons from ligand or 

orbitals of arbitrary symmetry to the central ion, 

thus decreasing the interelectronic repulsionj and 

(2) a symmetry restricted covalency tdiich results in a 

derealization of the d electrons onto the ligands 

due to the formation of molecular orbitals. 

Dunn (1959) states that the reduction in the B complex values 

is due to charge transfer process (type 1). Owen (1955) suggests that 

symmetry restricted covalency (type 2) accounts for paramagnetic 

measurements of hyperfine structure in certain halide and aquo complexes 

of transition metals. More recent work on the paramagnetic resonance 

of Cr+^ and Mn+^ hexafluoride ions (Helmholz, Guzzo, and Sanders - 196l) 
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indicates that a significant amount oftf-bonding is present in these 

complexes. Numerous results concerned with metal chelate systems have 

been interpreted as indicating Tf covalent bonding (Nakamoto et al. -

1961, Barnum - 1961a, 1961b, Collman - 1961a, 1961b) within the system. 

But, crystal field theory does not account for any bonding or overlap 

with ligand orbitals. However, ligand field theory modifies crystal 

field theory by allowing the formation of molecular orbitals (Figure 1). 

Both the metal and ligand orbitals are perturbed by the formation of the 

molecular orbitals (Figure 1). 

The spectra of most inorganic chromium complexes are similar to 

that of ruby. Small variations in the position and spacing of the bands 

can generally be accounted for reasonably well within the frame-work of 

crystal field theory by small variations in Dq. However, the spectra 

of the f-diketone chelates of Cr+^ differ in several respects from those 

of most chromium complexes. These spectra contain new fT electron bands 

in the ultraviolet region and can no longer be rationalized in terms of 

a chromium ion weakly perturbed by ligands. In such systems, the 

molecule as a whole must be considered. Holm and Cotton (1958) have 

studied the ultraviolet spectra of a number of metal acetylacetonate 

chelates. The results obtained for the spectra of alkali and alkaline 

earth acetylacetonates indicate that the spectra cannot be interpreted 

in terms of a purely electrostatic model. These results indicate that 

ionic charge is not important in the energy level scheme. This is 

likely due to the metal ion charge being essentially neutralized 

according to Pauling's "principle of electroneutrality". 



THE PURPOSES OF THIS STUDY 

The purposes of this study were: 

(1) to investigate the possibility of using 

luminescence spectra as a tool in the 

determination of the nature of the bonding 

in chromium complexes, 

(2) to attempt to assign the ultraviolet spectra 

of the ^-diketone ligands using the Huckel 

molecular orbital theory as applied by 

Coulson to non-alternant systems, and 

(3) to use quantum yield and lifetime data in 

order to understand the nature of the 

radiative and nonradiative paths of energy 

degradation for the p-diketone chelates of 

chromium* 

9 



EXPERIMENTAL TECHNIQUES AND APPARATUS 

Instrumentation 

Spectrophotofluorimeter - A spectrophotofluorimeter is 

composed of an excitation source, a source filter or monochromator, 

a sample compartment, an emission monochromator, a detector, and a 

recorder (Figure U). 

Some of our early work indicated that the luminescence of 

the complexes under investigation could not be detected at room 

temperature because of thermal and/or impurity quenching. However, 

when a sample of one of the complexes was placed in a solid EPA glass 

at 87°K., an emission signal was obtained with a DuMont photomultiplier 

tube #6911 (sensitive to 12,000 A). From this preliminary in

vestigation it was apparent that a suitable cryostat device would be 

needed as a component in the spectrophotofluorimeter system. 

A cryostat designed for use in the Cary spectrophotometer 

(Jones and Willard - 19$h) was modified by the addition of a quartz 

window at U5° to the incident light slit to facilitate use in the 

quantitative determination of luminescent intensity. Replacing the 

quartz cells in the amission window by two cylindrical lenses with an 

optical strength of 20 diopters each, increased the signal by 

approximately J?0$. 

To prevent fogging of the optics of the cryostat at low 

temperatures, 1/2 watt resistors were installed on the face of the 

10 
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Figure a. Spectraphotcf luorirr.eter Block Diagram. 
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Cary cell windows. The heat dissipated by the resistors kept the 

windows free of moisture condensation. The resistors were mounted 

near the edge of the face of the cell out of the light path. 

A copper-constantan thermocouple calibrated against liquid 

nitrogen was used to measure the temperature of the sample solution. 

It was determined that no temperature differential existed between the 

inside and outside of the sample cell; therefore, the cold junction of 

the thermocouple was positioned on the outer surface of the sample cell. 

A Leeds and Northrup millivolt potentiometer was used to read the 

thermal EMF. The minimum temperature possible with this cryostat and 

liquid nitrogen as a coolant was 85>°K. + 1. 

In the initial qualitative emission work, a 12!? watt pre-

focused projection lamp was used and, although this lamp was satis

factory for the determination of the emission qpectra, an intense mono

chromatic source was needed for the quantum yield work. A high 

pressure quartz mercury arc (Hanovia Utility Model Lamp Type S-353) was 

used to obtain radiation at several wave lengths. The mercury arc was 

mounted in a housing equipped with copper coils for water cooling and 

could be operated for rather long periods of time without any significant 

change in lamp intensity, after a short warm-up period. 

To obtain the monochromatic radiation necessary for the quantum 

yield measurements, various filter combinations were utilized (Table 1). 

The monochromatic radiations (36$0 A, li35>8 A, ShSO A) obtained with 

these filter ccnibinalions were found to contain less than 0.3$ of the 

other mercury lines present in the source. 



TABLE 1 

Wave Length of Radiation Filter Goinbinations 

36̂ 0 A 36̂ 0 interference + 
9863 Corning glass filter 

U358 A U3!>8 interference + 
3060 Corning glass filter 

51*60 A £1*60 interference + 
3387 Coming glass filter 



Infrared radiation in the source was removed by an aqueous solution 

of copper sulfate. The exciting radiation was focused onto the 

sample cell by a large convex lens placed directly in front of the 

mercury arc. The mercury arc and the convex lens were mounted on an 

optical bench attached to the wooden base of the spectrophotofluorimeter 

to prevent the movement of any part of the apparatus. 

The emission at k£° was passed through a grating monochromator 

which was attached to the cryostat housing. Cut off filters to remove 

exciting radiation were placed in front of the entrance slit of the 

monochromator. Infrared transmitting filters were used in most of the 

work. The monochromator (range O.U p. to 1 ji) was a product of Farrand 

Optical Company. Four different slit systems on the entrance and exit 

slits of the monochromator were used. The slits were 18 mm high and 

had spectral widths of $ m^c , 10 m/x , 1$ m^. , and 20 m^ . For the 

majority of this work the 20 slits were used. 

A Synchron motor (Model 630, 110 V, 60 cycle) with two pulleys 

and a sewing machine belt was used to drive the monochromator grating. 

A switch turned on the motor and the recorder simultaneously. 

The photomultiplier tube housing was attached to the exit slit 

of the monochromator. The photomultiplier tube could be cooled with 

diy ice to reduce the noise level. Styrofoam was used to isolate the 

back of the tube from the window end to prevent moisture condensation, 

upon the electrical connections in the base of the tube. The tube was 

powered by a Keithley 1000 volt D. C. Model 2k0 regulated supply. 

The signal from the photomultiplier tube was amplified by a Kin 

Tel microvoltmeter and amplifier Model 202 B with a maximum output of 



IS 

one volt full scale. Most of the work required the use of the Kin 

Tel range switches from 3 millivolts to 1 volt. The output of the 

Kin Tel was fed into a Leeds and Northrup Speedomax G recorder (Model 

S-6000 series recorder) with a one second response and equipped with 

special l80"/hr. chart drive gears. The input signal was attenuated 

by resistors in steps of 1,000 to 1, 300 to 1, 100 to 1, and 1 to 1. 

Attenuation was required because of the high sensitivity of the 

recorder. 

In addition to the aforementioned components, which can be 

found in some form in most spectrophotofluorimeters, this instrument 

had some special features. A circular hole was cut in the back wall 

of the cryostat housing in line with the excitation beam passing 

through the cell holder. A Photovolt Photometer Model was 

attacHed to this hole such that it could be removed if necessary. 

The photometer was used for two purposes: (1) it served as a monitor 

on the light intensity of the Hanovia Mercury lamp, and (2) it 

functioned as a device for measurement of the per cent light absorbed 

by a sample in a quantum yield determination. 

The sample cells used in the quantum yield measurements were 

1 cm, x 1 cm. pyrex cuvettes to which a long handle was attached to 

facilitate handling of the cell. A synthetic ruby sample was cut and 

positioned on the end of a piece of wood in a manner that insured 

reproducibility of position, and the ruby emission was used as a check 

on the day by day sensitivity of the apparatus. 

Two independent methods were used to determine relative 

intensities for the three monochromatic excitation lines used. In the 
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first method, a chemical actinometer, 0,15 potassium ferrioxalate 

(Hatchard and Parker - 1956) was used to determine the ratios of the 

0 o 
number of quanta produced by the 3650 A and U358 A mercury lines. 

Chemical actinometry could not be used to determine the relative 

number of quanta 5U60 A, as there is some doubt as to the validity of 

this actinometer with radiation of this wave length. 

To obtain the relative qianta at 5U60 A, and to check the 

O 0 
actinometry at 3650 A and U358 A, a thermopile was used. The thermopile 

was placed in the sample compartment position. The values obtained for 

the actinometer and the thermopile are found in Table 2. 
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TABLE 2 

Relative Quantum Output of Lamp 

Actinometer Thermopile Correction Factors 

Quantaj 
Quanta, 

36^0 A 
1*3 !jB A 

1.67 1.72 1.70 

Quanta, 

Quanta, 

3650 A 

U358 A 
. _ _ 3.11* 3.1h 
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The photomultiplier-monochromator sensitivity was checked 

with a tungsten standard lamp and the response found to be essentially 

wave length independent in the portion of spectrum studied. However, 

small correction factors had to be applied to the integrated emission 

area for four of the compounds studied (Table 3). 

TABLE 3 

Photomultiplier-Monochromator Response -
Correction for Wave Length of Emission Spectrum 

Correction Factor 

CrCaca)̂  0.9U 

CrCNQg-aca)^ 0.9U 

Cr(oxine)^ 0.92 

Cr(dbm)^ 1.08 

(see Table for the key to the abbreviations for the compounds) 

Because of the wide range of emission intensity, it was necessary 

to calibrate the range switches on the Kin Tel meter. The calibration 

factors were determined by using fluorescent samples to calibrate the 

meter• 
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Spectrophotometer - Absorption spectra were obtained at room 

and liquid nitrogen temperatures by using the spectrophotofluorimeter 

cryostat attachment in the cell compartment of a Cary Model 11 

Spectrophotometer• 

Lifetime Apparatus - An apparatus suitable for obtaining the 

lifetime of emission at liquid nitrogen temperature was employed . 

(Figure £). The apparatus consisted of a cryos.tat sample cell com

partment similar to the one used in the spectrophotofluorimeter. A 

xenon flash tube was used to excite the sample. The emission signal 

was detected by a DuMont 6911 photomultiplier tube. 

The signal from the photomultiplier tube was displayed on a 

Tektronix Cathode Ray Oscilloscope Type 533. Photographic records of 

the scope trace were obtained with a Polaroid Oscilloscope Camera. 

The time base of the oscilloscope was calibrated against a Tektronix 

Time Mark Generator and found to be accurate to within 2% of all the 

sweep rates used in this work0 
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Preparation and Purification of Materials 

Solvents - The solvent system most often used in this work was 

EPA (5 parts ether, 5> parts isopentane, and 2 parts ethyl alcohol by 

volume). To minimize cracking of the glass, all components of the 

mixture must be anhydrous. 

Mallinckrodt AR grade ethyl ether was stored over sodium in a 

dark bottle in a refrigerator. 

Matheson, Coleman, and Bell absolute ethanol was dried by re-

fluxing with magnesium metal followed by distillation into a bottle 

which was tightly stoppered. 

The isopentane (Phillips pure grade) was purified according to 

standard methods (Potts - 19^2) until the spectrum indicated the 

absence of alkenes. 

Matheson, Coleman, and Bell methanol was purified and dried by 

fractionation from magnesium metal. 

Spectroquality Matheson, Coleman, and Bell glycerol was used 

without further purification. 

Compounds •• The compounds investigated can be classified into 

two groups: (1) p-diketones, and (2) Non-|3-diketone Complexes. 

p-diketones -

3 

21 
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TABLE h 

p-diketone Complexes 

X I z Designation 

1. H H H Cr(mal)3 

2. H H ch3 Cr(form)3 

3. ch3 H ch3 Cr(aca)3 

U. t H . t Cr(dbm)3 

5. CH3 H * Cr(ba)3 

6. CH3 H CF3 Cr(tri F-aca)3 

7. CF3 H cf3 Cr(hexa F-aca)3 

' 8. ch3 I CH3 Cr(l-aca)3 

9. CH3 Br CH3 Cr(Br-aca)3 

10. CH3 CI ch3 Cr(Cl-aca)3 

11. CH3 no2 CH3 Cr(N02~aca)3 

12. CH3 ch3 CH3 Cr(Me-aca)3 

13. CH3 CH3 CH3 Cr(Et««aca)3 

The Cr(mal)^ and Cr(form)3 compounds were obtained from Dr. 

James Collman of the University of North Carolina. The synthesis of the 
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two chelates is described In the literature (Collman - 1961b). 

The Cr(aca)^ was obtained from Union Carbide Chemical Company 

and from MacKenzie Chemicals. This compound was recrystallized from 

ethanol or benzene. 

The CrCdbm)^ and Cr(ba)^ compounds were synthesized according 

to published methods (Collman - 1961a). The Cr^a)^ appeared to form 

a solvate in benzene and ether was used to recrystallize this complex. 

The infrared spectra of these complexes agreed with the published 

spectra (Collman - 1961a). 

The Cr(tri F-aca)^ was prepared by a method analogous to the 

preparation of Cr(aca)^. The compound was recrystallized from a 

benzene-heptane mixture. 

The Cr(hexa F-aca)^ was obtained from Mr. James Katekaru and 

was synthesized from stoichiometric amounts of hexafluoracetylacetone 

and chromium (ill) chloride hexahydrate in the presence of a tartrate 

buffer solution. The reaction mixture was heated and stirred for many 

hours. 

The Cr(l-aca)p Cr(Br—aca)^> and Cr(Cl-aca)^ compounds were 

synthesized according to published methods (Collman - 196la). These 

chelates all appear to form solvates of some type (Kluiber - I960). 

The solvent was removed by drying the samples under vacuum. The infra

red spectra of the compounds agreed with the literature spectra 

(Collman - 1961a). 

The Cr(N02-aca)3 was synthesized and purified according to 

published methods (Collman - 1962). 
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The CrCMe-aca)^ and Cr(Et-aca)^ were synthesized by the 

addition of 3-methyl-2, h pentanedione and 3-ethyl-2, J+ pentanedione 

to chromium (III) chloride in the presence of ammonium hydroxide. 

Non-|3-diketone Complexes - Tris-(ethylene diamine)-chromium (III) 

chloride (Figure 6) was synthesized according to a published method 

(Linhard and Weigel - 1952). 

A number of unsuccessful attempts were made to synthesize 

either tris-(o-phenanthroline)-chromium (III) chloride or tris-

( ̂  , o( -bipyridyl)-chromium (III) chloride according to literature 

methods (Herzog - 1956, Barbieri and Tettamanzi - 1932). A sample of 

tris-( (x , U -bipyridyj)-chromium (III) chlorate (Figure 6) was pro

vided by Mr. R. Murray, Department of Inorganic Chemistry, University of 

Copenhagen. 

Tris-(oxinato)-chromium (III) (Figure 6) was prepared according 

to the method of Ablov (1933). 

The synthesis of potassium trioxalato-chromate (Figure 6) was 

carried out according to a literature method (Booth - 1939). 

A sample of disodium potassium hexafluorochromate was provided 

by Dr. Anthony Guzzo. 

Synthetic ruby samples were obtained from the Linde Company 

and were approximately 0.75$ chromium0 

Samples of chromium (III) acetate hexahydrate and chromium (III) 

chloride hexahydrate were obtained from the Matheson, Collman, and Bell 

and Mallinckrodt Chemical Companies respectively and used as received. 
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Special care was taken in the purification and washing of the 

compounds to remove inorganic and organic starting materials. Moreover, 

the organic ligands used (with the exception of oxine) do not emit. 

Minute amounts of other transition metal chelates could conceivably be 

present; however, preliminary investigations of other transition metal 

systems indicated that these chelates did not emit. Care was taken to 

remove luminescing recrystallization solvents from the compounds. 

Chemical analyses data are presented in Table £. 

Techniques of Measurement. 

All components of the spectrophotofluorimeter were turned on and 

allowed to warm up for 90 minutes before recording emission spectra. To 

minimize thermal noise from the photomultiplier tube, powdered dry ice 

was placed on the photomultiplier tube. 

After the apparatus was stabilized, the Photovolt Photometer was 

used to check the mercury lamp intensity. A quinine sulfate sample in 

a sealed sample cell was used to attenuate the light beam. 

The cryostat was then cooled down to 8$°K. + 1 and a sample cell 

containing EPA prefrozen in liquid nitrogen was placed in the cryostat. 

Photometer readings for each of the three excitation wave lengths were 

recorded. Then, the emission spectrum of the EPA was run to determine 

the base line. The emission spectra of the chelate sample and the 

photometer were obtained at each excitation wave length. The per cent 

absorption of chelate solutions at room temperature were run on the Cary 

spectrophotometer and found to agree with the photometer values obtained 

at room temperature. 
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TABLE 5 

Chemical Analysis and Melting Point Data 

Compound Calculated Found Melting 
Point 

% C % H % N 
% 

halogen 

• 
m 

% C t% H % N 
% 

halogen 

Cr(aca)^ 51.60 6.06 51.6U 6.0U 221-222°C 

CrCdbm)^ 7U.90 U.60 73.27 5.01 303-305°C 

Cr(ba)^ 67.28 5.08 66.81 5.11 238-239°C 

Cr(tri F-aca)^ t35.30 2.37 
! 

33.50 35.52 2.37 3U.16 157-159°C 

Cr(N02-aca)^ 37.20 3.75 8.67 37.05 3.63 8.65 238-2Uo°c 

Cr(Br-aca)^ 30.7ii 3.10 U0.91 31.00 3.U3 U0.82 2UO-2ia°C 

Cr(Cl-aca)^ 39.80 luOl 23.U0 Ul.22 U.10 22.82 218-220°C 

Cr(l-aca)^ 2U.77 2.U8 52.35 25.19 2.16 51.20 2k2-2kk°C 

Cr(Et-aca)^ " 58.11 7.69 57.2U 7.52 23U-236°C 

Cr(Me-aca)^ 55.20 6.93 55.7U 7.16 230-232°C 

CrCoxine)^ 66.93 3.72 8.68 65.06 U.50 8.79 dec.l50°C 

K3 [cr(ox)3J ,3H20 lii.76 1.26 1U.81 1.1*7 > 310°C 

Analysis by C. W. Beazley, Microtech Laboratories, Skokie, Illinois. 
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Attempts to obtain good quantum yield data for the compounds 

in MEI (8 parts methanol, 1 part ethanol, and 1 part isopropanol) were 

frustrated by the cracking of the glass at low temperatures. 

The luminescence quantum yield is defined as the ratio of the 

number of quanta emitted to the number of quanta emitted to the number 

of quanta absorbed. Relative quantum yields, fip , were computed from 

equation (l). 

(1) <b0 ' ABC 
'15 TT 

A * integrated area under the emission curve 

L * % light absorbed » 

(EPA blank reading-sample reading) x 100 
EPA blank reading 

B • correction factor for relative intensity 
of Hg excitation lines (Table 2) 

C • the monochromator-photomultiplier 
sensitivity correction factor for 
compound (Table 3) 

Although the overall sensitivity of the apparatus was monitored 

with a ruby standard, errors were minimized by running all of the com

plexes on one day. The results obtained in this way were consistent 

over a period of many months even though the spectrophotofluorimeter 

was modified from time to time. Any short term changes in the 

sensitivity of the system were detected with the ruby sample. As an 

additional check upon the sensitivity of the apparatus during any one 

day's run, the of Cr^ca)^ was checked at different times during 

the day. 

O 
Quantum yield values are computed relative to the 3650 A 
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Cr(aca)^ value taken as Ul.U. The choice of CrCaca)^ as the standard 

was dictated by the high intensity of its emission signal, the re

producibility of the results and the plentiful supply of this complex. 

The emission maximum for each of the complexes was determined 

by averaging the values obtained from a number of emission curves of 

each compound. The wave length drive of the spectrophotofluorimeter 

was calibrated from UOO m/x. to 900 m^. by using the UoU7 A, 1*358 A, 

5U60 A, $770 A, 5791 A, 7330 A (first overtone of 3650 A), and found to 

be linear with wave length. The emission maxima are reliable to + 2 m^ . 

Lifetimes were calculated from the slopes of plots of the log 

of the oscilloscope signal versus time. Photographs of the traces of 

the sample and the EPA blank were compared. In only two cases were the 

lifetimes so short that a correction for scattered light from the ex

citing flash was required, these being the C^raal)^ and CrCdbm)^ 

chelates# The decay curves for all of the lifetimes except that of ruby 

were found to be exponential. The explanation of the ruby behavior is 

discussed in the literature (Tolstoi and Tkachuk - i960). 

Absorption spectra of the chelates at room temperature and 85°K. 

were obtained with the cryostat placed in the cell compartment of the 

Cary Model 11. The square 1 cm.xl cm. pyrex curvettes were used in the 

region down to 350 m^. « For measurements of the U? spectra at liquid 

nitrogen temperatures, quartz cylindrical cells were used. Since the 

primary interest in determining these spectra was the position of the 

maxima, no effort was made to determine absolute intensity measurements 

in the UV spectra. To zero the Cary instrument with the cryostat cell 

holder in place, it was necessary to place three Cary 1 cm. cells in 
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the blank compartment to compensate for the two Gary cells and the 

two quartz disks in the cryostat apparatus. 



LUMINESCENCE SPECTRA 

Luminescence spectra complement absorption spectra and are 

useful in the assignment of a transition. The luminescence spectra 

of chromium complexes provide a convenient means of determining the 

energy of the ̂ A<—>• transition which is difficult to obtain from 

absorption spectra. 

Most of the spectra were obtained using glassy EPA solutions 

at 8$°K. The insolubility of the ionic chelates in EPA necessitated 

the determination of these mission spectra in glycerol at 85>°K<, 

Several spectra were obtained using the solid form of the compounds 

at 85°K. (Table 6). The results in Table 6 indicate that no marked 

solvent shifts occur. 

The effect of using the 20 mp. slits on the emission mono-

chromator can be seen in Figure 7. The emission spectrum of K^jlirCox 

is seen to consist of lines with the narrow slits, while that of 

Cr(aca)^ with narrow slits, due to vibrational interaction, is not 

resolved into lines. However, the half width of Cr(aca)^ is narrowed 

from 650 cm.""*" to 3$0 cm."^" by the narrow slits. A second effect of 

the wide slits was a spectral diift of the emission maxima. The low 

intensity of emission of most of the chelates precluded the use of 

narrow slits. However, for Cr(aca)^, ruby, and K^CrCox)^ compounds 

the 20 slits cause a red diift of U mfx relative to the narrow 

31 
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TABLE 6 

Emission Maxima of Cr+^ Complexes (cm0""^) 

Compound 

1 

Solvent Glass Solid 

EPA ME I Glycerol 

[cr(en)^j ci3 I5,0i;0 

K3[cr(ox)^j Hi,U50 

Ruby 1U,U30 

[cr( o(, d bipy)^J (ClO^)^ 13,7UO 

Cr(oxine)3 13,1M) -
(11,080) 

13,170 -
(11,190) 

|cr(aoet)^j. 6 HgO 13,010 

CrCNOg-aca)^ 12,9UO 12,900 

Cr(aca)3 12,800 12,820 12,800 

Cr(form)3 12,580 12,610 

Cr(ba)^ 12,i|20 12,U50 

CiKCl-aca)^ 12,U20 12,U50 12,U50 

Cr(Br-aca)^ 12,390 12,1*30 

Cr(mal)^ 12,360 12,360 

Cr(tri F-aca)^ 12,3U0 12,390 

CrCl-aca)^ 12,3U0 12,390 

Cr(Et-aca)^ 12,310 i 

Cr(Me-aca)^ 12,230 

K2NaCrF6 12,090 

[CrCHgO^Cl^ CI 12,050 

Cr(dbm)o 12,050 12, mo 
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Figure 7. Emission Spectra of K. 



3k 

(5 m ji) slits and the values listed in Table 6 include this correction# 

The emission spectra of ruby and of K^jCrCox)^ (Figure 7) are 

similar in shape and position. The emission of ruby consisting primarily 

of two closely spaced lines at lit,U30 cm."-'- has been assigned to the 

*T5 ?• (Sugano and Tanabe - 1958 )• The splitting of the ̂ E state 

into two lines has been shown to be due to the combined effect of the 

trigonal field and spin-orbit interaction (Runciman - 1958). The 

emission in the £Cr(ox)^j occurs at lU,U50 cm."1. The corresponding 

absorption in the oxalate has been found at li;,ii60 cm."1 and assigned 

to the ^Ag transition (Piper and Carlin - 1961)0 A narrow diffuse 

absorption band has been reported (Schlafer - 1957) for j^CKen)^ Cl^ 

at 665 mji , coincident with the emission band of this complex. This 

2 li 
band has also been assigned as a E—Ag transition* 

The emission of most of the ̂ -diketones and some of the other 

complexes in Table 6 occurs at much lower energy than for the J^Cr(en)^j 

Cl^, ruby, and £cr(ox)^j complexes. Moreover, the emission spectra 

of the ̂ -diketones even with a high resolution spectrograph does not 

give sharp lines similar to the ruby and oxalate cases. However, 

crystal absorption spectra on Cr(aca)^ (Work - 1961, Piper and Carlin -

1962) shows the presence of an absorption band in the 12,800 cm."1 

region coincident with the emission band. Crystal absorption spectra 

of some of the other chromium ̂ -diketones indicates the presence of 

absorption bands corresponding to the emission bands (Forster and 

Armendariz - 1963). The broadness and lack of structure is probably 

due to vibrational structure in the band although it may be due in part 

o 
to the mixing in of the state. It is conceivable that the emitting 
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2 2 
state in the p-diketone chelates is not E, but is the However, 

p 
since no evidence is available to indicate that the Tq_ has crossed 

the CE state and is the lowest doublet state, the emitting state will 

2 be considered to be the E state. 

The assignment of the emission as a ^E —raises an 

interesting point regarding the theoretical interpretation of the 

spectra. The2E —> energy is a measure of B, the electron re

pulsion parameter. Therefore, the reduction in the energy of the 

2 " II E  — ^ 2  t r a n s i t i o n  c o r r e s p o n d s  t o  a  r e d u c t i o n  i n  t h e  B  p a r a m e t e r  

(Table 7). The values have been calculated by setting —>• equal 

to 21 B [I" UJ- Possible reasons for this reduction in B have been 

discussed previously (introduction). Holm and Cotton's work (1958) 

seems to indicate that central field covalency is not significantly 

different for the bonding of the acetyacetonate with ions of differing 

charge. Moreover, a look at the B values indicates that a large de

crease in B occurs for systems having extensive Tf-bonded systems 

( Cr(dbm)^, £cr( 0^,0/ bipy)^J (ClO^)^ ). Therefore, we shall assume 

that if-bonding is the factor accounting for the variation in B. The 

molecular orbital scheme for Tf-bonding is shown in Figure 1. The 

+•? 
scheme as shown is not strictly applicable to the Cr complexes since 

these complexes have a symmetry component. However, for this dis

cussion, we shall neglect the trigonal symmetry component. The 

molecular orbital formed would be of the general forms 

Y MO " X *2g * l7r 
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TABLE 7 

B and ^Values for Chromium Complexes 

. B - q  

Compound : B : yi/2 

• 

i (1- yi/2) 
!) 

[cr(en)£|ci3 716 1.00 0.00 

K^jcrCox)^ 688 0.98 0.02 

Ruby 687 0.98 0.02 

[Cr c{ , ̂'bipy TtClO^ 65U 0.95 0.05 

CrCoxine)^ 627 0.9U 0.06 

[Cr(acet)6j.6 HgO 620 0.93 0.07 

Cr(N02-aca)3 616 0.93 0.07 

CrCaca)^ 610 0.92 0.08 

Cr(form)3 599 0.92 0.08 

Cr(ba)3 591 0.91 0.09 

Cr(Cl-aca)3 591 0.91 0.09 

Cr(Br-aca)3 590 0.91 0.09 

Cr(mal)3 589 0.91 0.09 

Cr(l-aca)^ 588 0.91 0.09 

Cr(tri F-aca)^ 588 0.91 0.09 

Cr(Et-aca)3 586 0.91 0.09 

Cr(Me-aca)3 582 0.90 0.10 

K2Na[cr F6J 576 0.89 0.11 

jcr(H20)ii Gq CI Sib 0.89 0.11 

CrCdbm)^ 57U 0.89 0.11 
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The quantity X represents the fraction of the d electrons 

remaining on the metal ion. 

Moreover, B and C (Racah parameters) are linear functions of 

the Coulomb (J) and exchange (K) integrals. 

J (i,d) - Jffi (1) y j (2) JL_ vf i (1) y j (2) di 
' I MO 'MO r12 I MO I MO 

K (i,j) -//y i (1) f j (2) JL_ if/ i (2) uJ j (1) di 
J) I MO I MO r12 I MO I MO 

If the electron repulsion is oonsidered to be due only to the 

portion of the d electron left on the metal ion, then B and C are re

duced by X^ » Y . The symbol ^ is a /T nephelauxetic parameter and 

is a measure of the reduction in B due only to tf" bonding. To compute If', 

it is necessary to evaluate B in the absence of "Tf-bonding. There are 

no ligand orbitals in ethylene-diamine available for p- fT-bonding j 

therefore, B ̂  _o « 716 cm."^- will be assumed. 

In complexes, the bonding is of the out-of-plane type (the 

symmetry orbitals are linear combinations of "Tf ring orbitals). When 

nitrogen atoms are bonded to the metal atom, no in-plane tT-bonding is 

possible. Therefore, the decrease in B in the jjCr( o{ , d bipy)^J 

(ClOj^)^ relative to jcr(en >3>3 is entirely due to out-of-plane 

*/f-bonding. When the coordinating atom is an oxygen atom, in-plane /ff-

bonding with oxygen electrons is possible. However, the near equality 

of B for Cr(en)^+++, ruby, and K^Jcr(ox)^J indicates that this is a 

small effect compared to the out-of-plane "/T"bonding exhibited by the 

p-diketone complexes. 
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Schaffer and Jorgensen (1958) have calculated values for 10 

Dq and B by fitting energies of the two spin allowed transitions of 

a number of Cr+^ complexes to the strong field matrices (Mc Clure -

p ll 
1959). In the calculation of our B values from the —?• 

separation, we have assumed the same C ratio as do Schaffer and 

B 
Jorgensen. Where comparison with Schaffer and Jorgensen1s values is 

possible, the B values in this work are generally lower but do 

qualitatively follow the same order with one exception. The B value 

for CrF^ ion is much higher (817 cm0"^) than their value for ruby 

(579 cm."1) or the oxalate (622 cm,,"1). In Table 7, B for CrF^ is 

much less than that of ruby or ^Cr(ox)^j. Our conclusion that the 

CrF^ ion has a large amount of if -bonding agrees well with the 

results of an EFR study of this complex (Helmholz, Guzzo, and Sanders -

1961). 

The Cr(H20)^Cl2+1 species evidently has approximately the same 

amount of 1T -bonding as the CrF^ ion and has in-plane -bonding, as 

does the CrF^ . The B value for jGr(acet)^j6H20 is difficult to explain. 

+3 
Apparently, the Cr J ion is coordinated by at least two acetate ions, 

but in this case, the B value would be expected, to approximate that of 

the Cr(ox)^ or ruby systems* 

In Table 8, shifts with substitution of CH^ and $ appear to be 

additive. The <f) substituted analogue of CrOnal)^ has not been prepared. 

If it could be prepared it would be expected that its emission would 

also exhibit this additive effect. The Cr(hexa F-aca)^ does not emit. 

Moreover, fact3 will be presented in the next chapter diowing that such 

additive effects would not be expected for CF^ substitution into "Hie 

ring system. Table 9 indicates that alkyl substitution in the Y 



39 

position gives a larger shift of opposite direction to the shift for 

the X and Z alkyl substitution. The Y substituted derivatives of 

CrCmal)^ and Cr(form)^ wouM be of interest for comparison with the 

compounds in Table 9. The interpretation of these shifts in terms of 

the "fT-bonding in the complexes will be considered in the next chapter# 



TABLE 8 

Additive Shifts of Emission Maxima for Substitution in X and Z 
Positions 

X z Ymax*0'"-"1) AYmax^cm' "^) 

CH3 CH3 12,800 0 

H CH3 12,£80 -220 

H H 12,360 -UUo 

=3 CH3 12,800 0 

CH3 t 12,U20 -380 

t 12,0^0 -ISO 

H H 12,360 0 

t 12,0^0 -310 



TABLE 9 

Shifts of Maxima for Substitution in Y Positions 

Y 

NO2 12j9UO +li+0 

H 12,800 0 

CI 12,k20 -380 

Br 12,390 -mo 

I 12,3^0 -U50 

C2H5 12,320 -U80 

CH3 12,230 -570 



ABSORPTION SPECTRA 

The low intensity absorption bands, log £ =2, of these 

complexes are due to transitions between the tg and e orbitals. 

Electrostatic crystal field theory is often inadequate for the 

description of the spectral positions and intensities of the bandj 

therefore, ligand field theory (Ballhausen - 1962) must be utilized. 

The d-d transitions are now considered to be occurring between 

molecular orbitals instead of atomic d orbitals as in the crystal 

field ttieory. 

Another type of transition is due to promotion from a bonding 

"fT orbital to an antibonding 'ff * orbital. The Huckel molecular 

orbital (MO) approximation is a simple approach to the study of such 

spectra. The electronic structure of a conjugated molecule is 

described in terms of (f and electrons. To a good approximation the 

changes in the energy of the ffelectrons can be separated from 

(f electron effects. The spectra of such molecules in the visible and 

UV regions is considered as being due only tollelectronic effects. A 

number of approximations are incorporated in the HMO method. Further 

details of this method can be found in monographs (Coulson - 19^2, 

Streitweiser - 1961). The early success of the Huckel method in 

rationalizing the spectrum of benzene has led to the application of 

this approach to the cyclic non-benzenoid systems. Pertinent to this 

work is the classification of non-benzenoid conjugated molecules as 

h2 
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"alternant" or "non-alternant" molecules (Coulson and Rushbrooke -

19lj.0)o An alternant molecule is one in which the "ff centers can be 

divided into two sets such that every center is adjacent to a center 

of the other set. Compounds not "alternant" are considered %on-

alternant" molecules. The fundamental difference is that theffelectrons 

in alternant molecules move in a uniform potential field, whereas in a 

non-alternant, the electrons move in a non-uniform field. 

spectrum. In transition metal complexes 1his type of transition occurs 

between states that are predominately d electron to states that are 

predominately ligand localized. A review (Orgel - 19$h) indicates some 

of the types of organic molecules exhibiting charge transfer spectra. 

McClure (19$9) has discussed the charge transfer spectra of transition 

metal complexes. Most charge transfer bands in the spectra of 

transition metal complexes appear at higher energy than crystal field 

bands and are more intense than the crystal field bands. It is con

ceivable that low intensity charge transfer spectra could occur at 

lower energy than crystal field spectra. 

The procedure by which these spectra have been obtained is 

discussed in the "Experimental" chapter. 

cyclobutadiene (alternant) azulene (a non-alternant) 

Still another type of electronic spectrum is a charge transfer 
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In the following discussion, the spectra will be grouped in 

two classes: (1) ligand field spectra, and (2) the Tf and charge 

transfer spectra. 

Ligand Field Spectra. 

The ligand field spectra of the complexes are tabulated in 

Table 10. In Figures 8 - ll;, the spectra of some of the complexes are 

presented. For convenience, the results can be divided according to 

ligand structure. 

^-diketones - In general three spin allowed ligand field (or 

crystal field) transitions are expected in the visible and ultraviolet 

spectra of octahedral Cr+^ complexes (Figure 2). In ruby (Figure 3) 

and chrome alum, the three spin allowed bands predicted are observed. 

However, for the ̂ -diketone complexes apparently only the long wave 

length —?• ̂ 2 spin allowed band is visible (Piper and Carlin -

1962). The other two bands are covered by the more intense absorption 

bands in the near ultraviolet spectra. In the spectrum of Cr(aca)^, a 

shoulder occurs at h2$ mjji . This could be the ^A2 —> transition 

since it has approximately the same intensity as the ̂ A2 —>- ̂ 2 

transition. According to calculations (Dunn - i960), the 

transition would be expected at approximately 7,000 cm.""1" higher energy 

( UOO nyO than the —*- "transition. The —*• ̂ 2 maxijmum 

shifts to shorter wave length (300-600 cm."""1*) when the temperature is 

lowered from room temperature to 8$°K. 

The  ̂ A2 — 1 ) 8 1 1 ( 1 8  a r e  broad with half widths of 3,000-3,500 

cm."*^". The band in Cr(aca)^ shows a peak at $16 mp which may be due 

to an intercombination. The ̂ (NOg-aca)^ compound shows a band of 
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TABLE 10 

Ligand Field Bands at 85°K. 

(Peak Maxima in 

Compound \-+ \  U a2 — S . Intercoinbination 

GrCmal)^ 18,700 

Cr(form)^ 18,500 

Cr(aca)^ 18,U00 (23,500) 

Cr(N02-aca)2 18,600 

Cr(l-aca)^ 18,U00 

CrCBr-aca)^ 18,300 

^(Cl-aca)^ 18,1*00 

Cr(dbm)^ 17,600 15,300 

Cr(ba)^ 17,500 

Cr(tri F-aca)^ 17,800 

Cr(hexa F-aca)^ 18,300 -
17,600 

Cr(Et-aca)^ 18,300 

CrCMe-aca)^ 18,U00 

Ci^oxine)^ 17,300 

K3|cr(ox)̂ J 17,700 23,800 20,1;00-15 ,100-lii, U5o 

£cr(en)^J Cl^ 22,300 28,700 15,000 

Ruby (McClure - 1959) 18,150 25,700 -
39,100 

21,000- lli,U00 

Crtacet^^HgO 17,200 23,000 

[cr(H20)ucl ĵol i5,5oo 21,500 
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slightly greater half width (HOOO cm."^) than the remainder of the 

complexes probably due to trigonal distortion. Cr(hexa F-aca)^ 

exhibits a split peak for the ̂ 2 —»- ̂ 2 band due primarily to the 

trigonal distortion of the complex. The molar extinction coefficients 

of these compounds at room temperature in ethanol are 70+7. 

Non-p-diketones - The non-B-diketones show ^ anci 

^?2 bands (Figure 10). The crystal spectrum of Cr(ox)^ has 

been assigned by Piper and Carlin (1961). The position of the bands of 

Cr(ox)^ in glycerol solution are little changed from the bands in the 

arystal. The Cr(en)2+++ spectrum has been studied and assignments of 

the bands made by Schlafer (1957). The spectrum of this complex in 

glycerol at 85°K. is similar to that obtained by Schlafer in water 

solution at room temperature. 

The maximum of the ligand field band of C^oxine)^ at 85°K. was 

difficult to obtain due to the limited solubility of this complex, how

ever, the k&2—*•" ^2 ̂and sppears to have a maximum at approximately 

580 mji • 

The spectra obtained for the commercial chromium (III) chloride 

hexahydrate and chromium (III) acetate hexahydrate compounds are useful 

in the identification of the ion species in EPA solution. The chloride 

salt dissolved in EPA to give a dark green solution with maxima at 

85°K. at U66 mji and 6k5 mp.. Studies of the various chromium chloride 

complexes have been made (Elving and Zemel - 1957), King et al. - 1958). 

Their data indicates that Crtl^O^Clg*"'" at room temperature in water 

solution has absorption bands at 1+77 mp. and 665 at room temperature, 

while Cr(H20)^Cl++ had peaks at U50 mpi, and 635 mja and Cr(H20)^+++ gave 
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Figure 9. Absorption spectra of aca (I) (2?8°K) and Al(aca)^ (u) (85°K) 



1*0 30 cm 
-1 x 10 -3 20 18 

250 300 350 1*00 mju. , 5oo 55o 

Figure 10. Absorption Spectra of Cr(aca)^ (I) at 298°K and (II) at 85°K. 
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peaks at U07 rap. and 575 mp,. Moreover, Elving and Zemel indicate that 

solutions of C^HgOj^Clg* are dark green. It appears reasonable, 

therefore, to assume that the ion species present in EPA is Cr (^0)^012+ 

and not Cr(H20)^+++ or CrtHgCO^Cl**. The commercial acetate has peaks 

at U3U nfi and 580 mp in EPA at 85°K. These maxima agree with those 

reported for the oxidation product of anhydrous chromous acetate 

(Furlani - 1957). It appears that the commercial acetate used here 

ccntains chromium ion coordinated to some degree by acetate ions. 

Since to a first approximation, the d —y d transitions are 

forbidden (La Porte Rule), it is of interest to determine the mechanism 

by which the transitions are made allowed. Two possibilities are: 

(1) removal of a center of symmetry by a static 

distortion of the crystal field, and 

(2) destruction of the center of symmetry by a 

vibration. 

Piper and Carlin (l?6l, 1962) have pointed out that the Cr(aca)^ and 

Cr(ox)^" complexes are triganally distorted from octahedral symmetry 

and, therefore, do not have centers of symmetry. Moreover, McClure 

(1959) has shown that the intensity of a crystal field transition 

allowed by mechanism (2) decreases as the temperature is decreased due 

to the freezing out of ground state vibrations. The integrated 

intensity of the ^2 transitions of the complexes at room 

temperature and 85°K. were approximately equal. 

Therefore, it appears that the compounds studied here have some 

trigonal component and that mechanism (1) accounts for the major portion 

of the intensity of the ligand field bands. 
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In column k of Table 10, some intercombination possibilities 

are listed. The bands for Cr(en)^ and Cr(ox)^ have been studied 

and assigned. For Cr(dbm)^, the peak at 659 my. was obtained, at room 

temperature in dioxan, dimethyl formamide, and benzene solutions. This 

peak, if real, could be a charge transfer intercombination (sextet or 

doublet state). Crosby, "Whan, and Alire (i960) have found a ligand 

triplet in the 20,000 cm«~^ region for a number of rare earth chelates 

of dibenzoylmethane and benzoylacetone. 

The -ft and Charge Transfer Spectra. 

In this section only the spectra of the p-diketone complexes 

will be considered. In Table 11, the peak maxima of these complexes 

are listed. Spectra are shown in Figures 9 - lU. Accurate extinction 

coefficients were not measured at room temperature or at 85°K. but the 

relative intensities of the bands at room temperature and at 85°K. 

indicates two sets of bandsj one set occurring in the i|00 m^u. region 

with logt 2.7 and a second set occuring at shorter wave length 

with log t — km It must be emphasized that because of base line un

certainty no quantitative conclusions can be drawn from relative 

intensity of "the 85°K. spectra. 

In recent papers (Barnum - 1961a, 1961b, 1961c), the spectra 

of a number of acetylacetonate complexes of the trivalent transition 

metals have been discussed. A Huckel M0 calculation of -the orbital 

energy levels for the transition metal acetylacetonates (Barnum -

1961a, 1961b), and for a number of p-diketone enolate ions (Barnum -

196lc) has been made in an attempt to assign the spectra of these 

systems. Figure 15 is a diagram of the energy levels of the enolate 



TABLE 11 

The if and Charge Transfer Spectra of the B-dlketone Chelates at 85°K» 

(in cm.*"^) 

Compound A r B C D E 

CrOnal)^ 37,700 35,500 32,000 29,200 
28,1*00 

26,000 23,900 
25,000 22,700 

CrCform)^ 3b,600 36,000 33,000 29,700 
29,000 

25,600 23,500 
21*, 700 

Cr(aca)^ 

• • 

39,500 36,500 33,700 
30,300 
29,700 
29,200 

26,600 25,300 
26,000 2U.200 

Cr(N02~aca)2 36, MX) (35,000) 30,500 
30,100 (28,100) 

CKI-aca)^ 36,600 (35,500) 30,600 27,600 (2i*,500) 
(22,600) 

CrCBr-aca)^ 36,600 (35,700) 31,1*00 2b,500 
27,900 

25,500 
(22,700) 

Cr(Cl-aca)^ 36,600 31,1*00 2b,700 
28,100 

2U,500 
(22,700) 

Cr(tri F-aca)^ 37,700 35,^00 (33,900) 
32,900 

29,U00 
28,800 

26,600 
(21*,700) 
(23,300) 

Cr(hexa F-aca)^ 36,600 33,BOO 29,100 

Cr(Me-aca)^ 36,600 35,300 31,600 28,700 
28,300 

25,000 22 100 
23,800 ^'10° 

CrCEt-aca)^ 36,1*00 35,200 31,500 29,000 
28,200 

25,U00 23,b00 
2l|,U00 22,200 

Cr(ba)3 
: 

37,000 35,000 
33,900 

32,500 2b,000 
T22'000* 

Cr^dbm) : Broad, Structureless 
: 

31,100 27,600 
26,000 

UU,ioo; . . 
(21,200) U°>20°) 

( ) indicates shoulder 
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Figure 11. Absorption Spectra of CrCform)^ (I) and Cr(mal)^ (II) at 85°K. 
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Figure 12. Absorption Spectra of Cr(triF-aca)^ (I) and Cr(ba)^ (II) at 85°K. 
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Figure 13. Absorption Spectra of Cr(Br-aca) (I) and Cr(Et-aca) (II) at 85°K, 
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Figure 15. Barnum liiiergy Level Scheme for Cr(aca)^ 
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ion and the chromium complex of this ion according to Barnum. Each 

enolate ion contains sixif electrons, two occupying each of the if 1, 

if 2, and if 3 orbitals. In the complex, each of the three enolate 

ions contributes six ̂ electrons which are then distributed among the 

three triply degenerate sets of molecular orbitals. The chromium ion 

has three electrons which are placed in the triply degenerate t^ level. 

If the K 3 orbitals in the chelates are actually degenerate as the 

diagram shows, we would expect to find only one if - ff * transition in 

the ultraviolet spectrum of a complex as is found for the uncomplexed 

acetylacetone ligand (Figure 9)» For a complex such as aluminum tris-

acetylacetonate, the ultraviolet spectrum consists of essentially one 

peak with several shoulders appearing on the long wavelength side. 

Barnum has suggested that the degeneracy of the 'ff 3 an MO1s can be 

removed by interactions such as: 

(1) electron repulsion, and 

(2) if-bonding between the if ligand orbitals and the i>2 

metal orbitals. 

Barnum has contended that the electron repulsion between the 

if electron systems of the three rings is small since the ri'ngs are 

far apart. That this assumption is valid for the case of the 

transition metal p -diketones can be inferred from the AlCaca)^ 

spectrum (Figure 9). Barnum (1961a) concludes that the major reason 

for the removal of the degeneracy of the if 3 and 'ff ^ orbitals is 

'ff-bonding between t? and if^ and -ff^ ligand orbitals. By forming 

direct products of the various symmetry representations of the orbitals, 

Barnum has determined that four if ^ ff ^ transitions and three 
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y -jf ^ transitions are possible, Barnum's assignments for 

Cr(aca)^ are seen in Table 12. 

TABLE 12 

Barnum's Assignments for CrCaca)^ 

(cm."1) 

rf3(«) If u(ai) 39,300 

tf3(e) 
;ffk( e )  

37,100 
•ff 3<a2' —* ffVa i> 37,100 

It rfk<e> 33,900 

Vai>—»• 
t2(e) — 

tfVe) 

if u<ai) 30,200 

t2(e) 26,300 

t2(a1)—> ffh(a i) forbidden 

(e, a-^, ag) are the symmetry designations 

One could assign the bands of the other ^-diketones in a manner 

analogous to the Cr(aca)^ assignment. However, difficulties arise in 

connection with such assignments. Barnum has identified the bands at 

30,200 cm. 1 and 26,300 cm."1 as tg—Y "ff ^ charge transfer bands. 

The analogous bands can be found in almost all of the other complexes 

generally moved to longer wave length. In all cases, the two bands have 

greatly differing intensity, a fact that is difficult to understand. In 

addition, Piper and Carlin (1962) have-determined that the transition in 
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titanium (III) tris-acetylacetonate analogous to the 30,200 cm.~^" 

transition in CrCaca)^ has the wrong polarization to be a tg—*-7f U 

transition. Piper and Carlin (1962) have also suggested that band E 

(Figure 12) is an n—rff * or a 'ff-—t-'ff* transition with appreciable 

d-d character. Work on n —* transitions (Kasha - 19U9, 

Stephenson - 195k)  indicates that such transitions are solvent 

dependent. An n -—?• 77** transition involves the excitation of a pair 

of non-bonding electrons on an atom such as oxygen. The interactions 

of a hydrogen bonding solvent with non-bonding electrons are expected 

to cause a blue shift of the transition relative to hydrocarbon 

solvents. Holm and Cotton (19$8) have suggested that the methyl groups 

in acetylacetonate complexes reduce the solvent interaction in these 

molecules, but molecular models do not bear this out. The spectra of 

Cr(mal)^ and Cr(aca)^ (Figures 12, 13) have four peaks in the E baid. 

The spectra of these two complexes in ethanol and cyclohexane did not 

indicate a solvent effect upon this band. Since there is no possibility 

of steric effects in Cr(mal)^, Holm and Cotton's explanation of the lack 

of interaction is not valid. Therefore, band E is not an n •—-jf * 

transition. 

Sharp structure in band E is also observed for Cr(form) , 

Cr(Me-aca)^, and Cr(Et-aca)^. In the spectra of the other complexes 

this region is poorly resolved with only shoulders evident in many cases. 

In all of the complexes except C^NOg-aca)^ log £ max ^ 2.8. 

Cr^Og-aca)^ gives a broad, more intense band at slightly higher 

energies. In the cases where structure is resolved, the longest wave 

length peak is less intense (log £ ^ 2.1-2.3) than the remaining 
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peaks in the band. Some of the peaks are probably due to vibrations. 

The two longest wave length peaks in the five compounds showing 

structure appear to belong to the same electronic transition. The 

Cr(aca)^, Cr(form)^, and CrCmal)^ complexes involve vibrations of 

1100-1200 cm.~^ while in CrCMe-aca)^ and Cr(Et-aca)^ the spacing is 

-1 

1600-1700 cm." . The vibrational analysis of Cr(aca)^ (Nakamoto 

et al. -1961) assigns a band at 1195 cm.""'" to a CH in-plane bending -• 

motion. Since Cr(Me-aca)^ and Cr(Et-aca)^ have no CH grouping, the 

vibrational spacing would be expected to be different. The 1600-1700 

cm.-"'" spacing in these two complexes is probably due to a C = 0 

vibration. The spacing of the remaining peaks in these five complexes 

has not been rationalized. A high resolution vibrational analyses 

would be useful in this connection. 

At least two other assignments of band E, other than Barnum1 s, 

appear possible. The first is a "tT ~ Tf * intercombination. However, 

no such transition has been observed for any of the ligands either in 

non- //-bonded systems or in the ligands alone. The other possibility 

is that the transition is a charge transfer from "tf y e (Figure 15). 

Both of these bands would be expected to be ofweak intensity since they 

are both intercoiribinations. But, such an intercombination could borrow 

intensity from the strong higher energy ultraviolet bands. Three of 

the t2~> 7f ^ transitions are symmetry allowed, and, therefore, might 

be expected to be more intense than band E. But, a definite assignment 

of this band cannot be made on the basis of the present evidence. 

Consideration of Barnum's ideas regarding the effect of 77" 

banding between metal and ligand is worthwhile in connection with the 



62 

assignment of the ̂ -diketone chelates. Barnum has used data in

dependent of the spectral data to estimate the coulomb and exchange 

integrals necessary in the solution of the secular determinant, with 

the exception of the exchange integral for the metal-oxygen band 

(pM0)• The has been used as a variable parameter to fit the 

calculated values to the observed spectra, and is considered to be a 

measure of the ff-bonding in the metal-oxygen band, thereby enabling 

Barnum to consider the shifts of the bands as a function of the amount 

of fT*bonding in the system. According to this scheme, the band in 

Cr(aca)^ assigned as ff ^ should b® independent of 

ff -bonding according to Barnum1 s theory. Observation of this same 

peak in the other chromium p-diketone complexes diows that this peak 

varies in position from 33,700 cm."*"*" to 30,600 cm.-'*" (Table 11, 

Figures 9 - lU)o The remaining ff ir- ff ^ transitions are predicted 

to move to higher energy (shorter wave length) with increased metal-

ligand "fT-bonding while the tg (e)-> ff ^ band is expected to move to 

lower energy (longer wave length) with increased ff-bonding. The 

t0(an)—^ ff ) (e) 
c x *+ charge transfer bands are expected to be nearly in-

t2(e) If i,(al> 
dependent of "ff"bonding. Table 11 and Figures 9  - lU show: 

(1) there is considerable variation in the position 

of band E which would be a ssigned as 

, . . in Barnum13 scheme, and 
¥•> If 

(2) the spectral shifts of the bands A, B, C, and D 

in Table 11 are in the same direction. 
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The failure of Barnum's 'ff-bonding scheme to rationalize 

the shifts in the p-diketone bands does not necessarily invalidate 

Barnum's assignments, since ligand transitions would be expected to 

be sensitive to changes in the ligand structure. It does, however, 

indicate that Barnum's treatment of the 7f"bonding in the {3-diketone 

systems is an oversimplification, therefore, we have used an 

alternative scheme to discuss the spectral shifts and the '//-bonding 

in these systems. 

The ideas to be used are derived from Coulson's treatment of 

non-alternant hydrocarbon systems (Coulsan - 1952g). In the Coulson 

approach, the Hiickel molecular orbital method is used. According to 

the LCAO MO method, the molecular orbitals are 

t j ' |,°jr I r0 " 1'2 * "] (1) 

where Cjr are the coefficients defining the LCAO-MO,^ j 

and ̂  r's are the atomic orbitals, in this case Pz orbitals, 

a secular determinant is constructed and the energies attained in 

terms of the coulomb (J) and exchange integral (K). The Cjj-'s can 

then be computed. 

Substitution of an alkyl group into an alternant system such 

as anthracene always shifts the long wave length if—? * absorption 

band towards longer wave length (bathochrornic shift), regardless of the 

position of substitution or the number of substituents. But, in the 

case of the non-alternant system azulene, both bathochrornic and 

hypsochromic (to Sorter wave length) shifts are observed with the 

direction of the shift determined by the position of the substitution. 
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The Coulson treatment (195>2b) for alkyl substitution of azulene 

(summarized by Heilbronner - 195>9) rationalizes these shifts. 

The application of Coulson's theory of non-alternant hydro

carbons is not restricted to hydrocarbon systems, the major distinction 

between the alternant and non-alternant systems being that non-

alternant ^rstems have non-uniform tf electron systems, whereas 

alternant systems have uniform 7f electron densities. Therefore, the 

extension of the scheme for spectral shifts to heterocyclic systems 

such as the B-diketone chelates is justified. 

The spectral shift of an Ej - Ej_ transition is considered to 

be due to a small perturbation of the Ej_ and E^ levels. 'J-'his per

turbation is divided into two contributions; 

(1) a mesomeric effect (M), and 

(2) an inductive effect (i). 

It is assumed that the inductive effect changes only the electro

negativity of the substituted atom for "ff electrons. The effects of 

mesomerism on the conjugated system is to extend the MO without in

ducing any additional changes in charge distribution. Coulson (I95>2b) 

shows that the influence of the substituent in position r of the 

2 
molecule on the energy of the MO^^jis proportional to c. 

(equation 2) and -that the sign of the perturbation is negative (-) 

for electron-attracting I effects (COOH) and positive (+) for electron-

releasing I effects (CH^). ^ince the inductive effect of a sub-

2 stituent is given by c^r , then for a non-alternant system: 
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2 
For a given substituent, A cr will predict the direction 

of the shiftj and if an accurate set of Cjr's can be obtained, the 

ratios of the shifts for substituents in different positions can be 

predicted. For alternant systems, all A cr 1 s= 0. Therefore, no 

shift of the transition due to inductive effects would be observed. 

However, mesomeric effects are still present, and since such con-

jugative effects are expected to cause bathochromic shifts, a small 

bathochromic shift is observed for the substitution of alkyl groups 

into benzene or naptholene. For non-alternant systems is not 

2 A 2 • 
equal to Cj_r ( A cr f 0) and the inductive effect is important 

in assessing the direction and magnitude of the shift. The inductive 

and weak hyperconjugative effects of alkyl groups for both alternant 

and non-alternant hydrooarbons are illustrated (Figure 16). 

In general, bathochromic shifts will be greater than hypso-

chromic effects since both the inductive and mesomeric effects work 

together in such cases. 

Although Cjr's for these metal chelates have not been 

calculated, Cjr's are available for a number of enolate ions (Barnum -

196lb) including the acetylacetonate ion (Table 13). 

o1 

/ —-

Hi 

3 
C 

S0 

A 
h 3  

-1  
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TABLE 13 

The Cjr's for Acetylacetonate Ion 

1 2 3 1+ 5 

cjl 0,1(280 -0.51+55 0.1+733 0.1+523 -0.30I+6 

cj2 0*1x119 -0.1+521+ -0.1035 -0.51+35 0.5107 

cj3 0.1+201+ 0 -0.7281+ 0 -o.5U10 

cjli 0.1+779 0.1+521+ -0.1035 0.51+35 +0.5107 

Cj* 
0.1(280 0.5U35 0.1)733 -0.1(523 -0.301+6 



alternant non-alternant non-alternant 
red shift red shift blue shift 

igure 16. Inductive and Mesomeric Shifts of iT'TT*levels 
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The addition of the chromium ion into the system would not be 

expected to perturb the relative charge distribution on carbons 2, 3, 

and U very much. Therefore, it is assumed that these c. 's will 
J * 

determine the direction of the spectral shift and perhaps an order of 

magnitude for the shifts,, 

The atoms of interest are carbons 2, 3, and For alkyl sub

stitution the I effect is the predominant effect and equation (2) can 

be applied. 

(2a) 

(A cr2) fp(r - (cUr2 - c3if)J o(r 

J o( r - ( A c22 )  / o (r - (+0.28U) /c '̂r. 

(A o( r » (-0.530) Jo(r• 

In Table lU, "the maxima of peaks B, C, and D are listed in 

three groups. Group 1 contains Cr(mal)p Cr^orm)^, and CrCaca)^ and 

can be used to demonstrate the alkyl diifts at carbons 2 and U. Since 

the Cjr's listed are for acetylacetcnate, the substitution of H for CH^ 

is negative (-). In group 2 substituents have been placed on carbon 3 

of the Cr(aca)^, so spectral shifts are again considered relative to the 

Cr(aca)^ bands. Group 3 contains spectra from Collman (1961b) which 

will be discussed. 

The direction of the spectral shift for alkyl groups is predict

ed correctly for substituents at the 2,3, and U positions. Moreover, 

the shifts for substitution on carbon 3 are approximately twice that of 

alkylation on carbons 2 and U, as is predicted ty A ĉ  

A c. 2 



TABLE ll* 

Spectral Shifts of Bands D. C„ and B 

(Band D value obtained as an average of peak maxima) 

Compound Band D : Band C : Band B 

:  Y  max AY max : Ymax A Ymax : Vmax ziVmax 

I. 
Cr(aca)o 
Cr(fornOo 
Cr(mal)^ 

II. 
Gr(aca)^ 
Cr(Me-aca)o 
Cr(Et-aca), 
Cr(tri F-aca)o 
Cr(hexa F-aca"K 
Cr(ba), 
CrCdbinf^ 
CrCci-aca)^ 
CrCBr-aca)^ 
Gr(l-aca), 
GrCNOg-aci)^ 

III. (From Collman-196la) 
Cr(form), 
Cr(N0o-form)o 
Cr(max). i 

Cr(NOg-mal)^ 

29,800 
29,UOO 
28,800 

0 
- i*oo 
-1000 

33,700 
33,000 
32,000 

0 
- 700 
-1700 

36,500 
36,000 
35,500 

0 
• 500 
-1000 

29,800 0 33,700 0 36,500 0 
28,500 -1300 31,600 -2100 35,300 -1200 
28,600 -1200 31,500 -2200 35,200 -1300 
29,100 - 700(-300) 33,1*00 - 300(+1*00) 35,1*00 -1100(-600) 
29,100 - 700(+300) 

33,1*00 
33,800 -2700(-1700) 

28,000 -1800(-11*00) 32,500 -1200(-500) 31*,500 -2000(-1500) 
26,800 -3000(-2000) 31,100 -2600(-900) 
28,1*00 -11*00 31,1*00 -2300 
28,200 -1600 31,1*00 -2300 (35,700) - 800 
27,600 -2200 30,600 -3100 (35,700) - 800 
30,300 + 500 (35,000) +1300 36,1*00 - 100 

29,700 0 
31,1*00 +1700 
29,300 0 
31,100 +1800 
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Conjugative effects are generally expected to cause a 

bathochromic shift of the K - 7f * spectrum. Substituents such as 

phenyl groups able to conjugate strongly with the parent compound 

•would be expected to have the M effect greater than I effect. 

Heilbronner (195>9) shows that phenyl substituted azulenes show 

bathochromic shifts as is predicted. Table lU shows that the phenyl 

substituted ̂ -diketones show bathochromic shifts also. The values in 

brackets are the shift of Cr(ba)^ and Cr(dbm)-j relative to Cr^orm)^ 

and GT(mal)^ respectively. 

Two extreme cases have been considered thus far: 

(1) the inductive (I) effect outweighs the 

mesomeric (M) effect giving either blue 

or red shifts^ and 

(2) the conjugative effect dominates the 

inductive effect causing a red shift. 

Many substituents have both a strong inductive effect and a 

strong mesomeric effect. The problem of calculation of the shift is 

now much more complex since the perturbation can no longer be treated 

as being small and the relative magnitude of the two effects cannot be 

assessed. The experimental peaks and shifts for different substituted 

azulenes are tabulated in Table 15. 
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TABLE 15 

Azulene Shifts (Heilbronner - 1959) 

• _ • 
Compound : Vmax (cm. ) : A Ymax (observed) 

I. AXkane Solvent 

Azulene 

l-Chloroazulene 

l-Bromoazulene 

1-Methyla zulene 

2-Methylazulene 

II. HCCl^ Solvent 

17,21*0 

16,390 

16,530 

16,U50 

17,670 

- 850 

- 710 

- 190 

+ 1*30 

1-nitroazulene 

1-bromoazulene 

19,21*0 

16,780 

+2090 

- 500 
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The Cr(I-aca)^, Cr(Br-aca)^, and Cr(Cl-aca)^ all give batho-

chromic shifts relative to Cr(aca)^ as does Cr(Me-aca)^ and CrCEt-aca)^. 

A comparison of these p-diketone chelates with the substituted azulene 

analogues (Table 15) shows that the azulene derivatives give batho-

chrcmic shifts relative to azulene of approximately equal magnitude for 

alkyl and halogen substitution. If we can consider that a bathochromic 

alkyl shift is caused by conjugative and inductive effects working 

together (Figure 16), then the following must be true. The halogens 

have an inductive effect of opposite sign to that of the CH^ groupj 

therefore, the bathochromic shift of the halogen substituents must be 

caused by a conjugative effect canceling out the hypsochromic inductive 

effect. 

A comparison of the Cr^JC^-aca)^ with 1-nitroazulene shows that 

in azulene, the relative magnitude of the shift for the NOg group 

compared to halogen or CH^ substitution is much larger than the 

corresponding effect in Cr(NOg-aca)^. In both azulene and Cr(aca)^, 

the NOg substitution gives a hypsochromic !±iift. It has been suggested 

that the NC^ group in Cr^Og-aca)^ is sterically hindered and, there

fore, not free to conjugate with the ring (Collman - 196la). The 

ymax of the long wave length absorption for the 3-NOg derivatives 

of Cr(mal)^ and Cr(foim)^ as reported by Collman (1961a) are listed 

in Table 11. The shifts for NO2 substitution in CKmal)^ and Cr(form)^ 

are greater than for NC^ substitution in Cr(aca)^ indicating that 

steric inhibition of resonance does occur in CrtNOg-aca)^* The small 

hypsochromic shift observed for CrCNOg-aca)^ is probable due to in

ductive effect of the N02 group. The M effect of the N02 group gives 
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a hypsochromic shift in contrast to the normal bathochromic M shift 

of phenyl and alkyl groups. Such behavior is in agreement, however, 

•with the directing effects exhibited by NOg groups in benzene systems. 

A CF^ substituent when placed on carbon 2 and U would be 

expected to give a shift opposite in direction to that of a CH^ group 

at this position if the inductive effect were dominant. A bathochromic 

shift is observed when CF^ is substituted for CH^. However, CF^ sub

stitution for H (brackets in Table 11) appears to give bathochromic 

shifts for bands D and B and a small hypsochromic shift for band C. 

A hypsochromic shift is exhibited by Cr(tri F-aca)^ relative to 

Cr(mal)^. Similar spectral £i±fts of the hexafluoroacetylacetone and 

trifluoroacetylacetone ligands have been observed (Belford, Martell, 

and Calvin - 1956). The anomalous behavior of the trifluoromethyl 

groups is not well understood. 

Unfortunately the spectral shift analysis of the ultraviolet 

spectrum will not allow the unambiguous assignment of the spectra of 

the |3-diketone chelates. However, this treatment has pointed out some 

factors which might prove useful in the assignment of the bands. In 

Table lli, the magnitude of the shift of bands B and D are equal (for 

CH^ substituents), but different from the magnitude of the shift of 

band C. Moreover, the magnitudes of the shifts of band C approximates 

that of Band E for the alkyl substituted complexes (Table 16). 

If the magnitudes of the shifts are quantitatively significant, 

this suggests that band C and E are similar transitions and different 

from bands B and D, which are probably 7f 3 7f ̂  transitions. The 

great difference in intensity of bands C and E would, however, argue 
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TABLE 16 

Spectral Shifts of Band E 

(lowest energy peak) 

Compound : V (cm.-1) : ^ V (cm.~^) 

Cr(aca)̂  2k,200 0 

Cr(fom)^ 23,500 -700 

Cr(mal)^ 22,700 -1500 

Cr(Et-aca)-j 22,200 -2000 cm."1 

CrCMe-aca)^ 22,100 -2100 cm."-*-
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against the conclusion that these bands are of a similar type. 

• The anomalous shift of band C gives rise to two more interest

ing facts. In Table 17 the amission maxima of the ̂ -diketone complexes 

are listed in column 1, while in column 2, the difference between the 

maxima of bands C and D have been tabulated. The two sequences compare 

rather closely. The exact significance of this relationship cannot be 

explained presently. Secondly, the CrCNC^-aca,)^ spectrum can be 

partially explained on the basis of this sequence, ^ince CrCNC^-aca)^ 

is the weakest iT-bonder, b- (C-D) might be expected to be the largest 

for the Cr(N02-aca)y 

TABLE 17 

The ff-Bonding and Differences in Band Maxima ( cm.-1) 

Compound 
1 • J. « 

: Emiss Max. : 
2 

A (C-D) 

CrCNOg-aca)^ 12,9UO (U700) 

CrCaca)^ 12,800 3900 

CrCform)^ 12,580 3600 

Cr(Cl-aca)-j 12,U20 3000 

CrCBr-aca)^ 12,390 3200 

Cr(tri F-aca)^ 12,360 U300 

GrCmal)^ 12,360 3200 

Cr(l-aca)^ 12,360 3000 

CrCEt-aca)^ 12,310 2900 

Cr(Me-aca)^ 12,230 3100 
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Close inspection of the spectrum of CrCNC^-aca)^ indicates that an 

inflection of the spectrum is observed at approximately 35,000 

This band could be band C. Since the Coulson treatment is a one 

electron scheme, it ignores electron repulsion effects. It, therefore, 

is possible that bands A, B, C, and D are all ff ̂ 7T^ transitions. 

A polarization study of the bands and a theoretical calculation in

cluding electron repulsion would clarify the assignment of these 

spectra. 

The effects of substituents upon the Tf-bonding parameter, Y , 

can now be understood in terms of the spectral diift theory. Barnum 

has suggested that the lT -bonding involves both "if ̂  and 7f ̂  orbitals. 

We shall assume the Barnum energy level scheme (Figure 1$) is 

essentially correct. If CrCaca)^ used as the base compound, then 

removal of an alkyl group from carbon 2 or k results in marked decrease 

in E^ (c^2 a -0«5U35), while (c" -0.103^>) remains essentially 

constant. If we consider that tg (Figure 1$) remains constant in this 

scheme, then the decreasing energy difference between t2 and ff ̂  would 

result in the observed order of increasing bonding, Cr(mal)^ >• 

Cr(form)j > ^(aca)^. Alkyl substituents on the carbon 3 would in

crease E^ (^3 " -0.728U) and leave E^ essentially unchanged (c^ • 0). 

This again leads to increased ff -bonding in the sequence Cr(Et-aca)^"5* 

Cr(Me-aca)2 > Cr(aca)^ we assume that t^ is essentially constant 

in position. 

Replacement of the CH^ in the 2 and H positions of CrCaca)^ 

by phenyl groups involves mainly a mesomeric effect with E^ increasing 

and E^ decreasing. The predicted order of if covalency Cr(dbm)^ > 
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Cr(ba)^ > Cr(aca)^ is again observed. The shifts of the emission 

maxima for the remaining substituted p-diketones relative to Cr(aca 

also are seen to follow the moveirent of the rf -a- transitions 



UTILIZATION OF EXCITATION ENERGY BY CHROMIUM COMPLEXES 

The absorption and luminescence spectra of the chromium 

chelates have been discussed in relation to the molecular structure 

and bonding of these complexes. While these data provide information 

about the energy and types of states reached by absorbed radiation, 

they do not indicate what the mechanisms of energy degradation are, or 

what part of the energy is removed through luminescence® 

To obtain specific information about energy dissipation pro

cesses, studies of quantum yields of luminescence, lifetimes of 

emission, solvent effects upon luminescence, and vibrational electronic 

spectra are useful. With such studies both radiative and non-

radiative modes of energy dissipation can be considered. 

The radiative processes of interest are of two general typesj 

fluorescence and phosphorescence. One distinguishing criterion is the 

lifetime of the luminescence process. Fluorescence generally has a 

Q Q 
decay period (lifetime) of 10" - 10""' sec. while phosphorescence has 

a lifetime of 10 - 10"*^ sec. This criterion is not a rigid one, how

ever. A more fundamental difference is the pathway of the degradation 

of energy (Figure 17). Fluorescence results from the direct radiative 

deactivation of an excited state of the same multiplicity as the ground 

state (process 2) while phosphorescence involves the return of the 

excited molecule to the ground state via a long lived state of 

78 



79 

+X 
n \ 

^ e 
\ 
\ 

b c 

\ 
\ 

d \ 

\ 

-v- T2 

T~\ 
3 5 / /6 \ 7 

^ M 

yti Y t k 

indicates a radiative transition 

indicates a non-radiative transition 

Figure 17« Pathways of Energy Degradation 



80 

different multiplicity (process 5). 

Nonradiative energy transfer is of two typesj intemolecular 

and intramolecular. Solvent quenching often is the most important 

intermolecular quenching process. By studying luminescence in a 

rigid medium such as a glassy solution at liquid nitrogen temperature, 

diffusion controlled salvent quenching is eliminated. However, 

quenching of luminescence by nondiffusion processes involving oxygen 

or other paramagnetic species can often occur (process 7). 

Intramolecular nonradiative processes are generally of two 

types also. A nonradiative transition between states of the same 

multiplicity (process 3) is called "internal conversion" while a non

radiative transition between excited states of differing multiplicity 

is called "intersystem crossing". It has been estimated (Kasha - 19$0) 

that for aromatic systems, the rate constant for internal conversion 

between excited states = 10^/sec« Intersystem crossing is estimated 

to have k • 10^/sec. in most aromatic systems. While intersystem 

crossing cannot generally compete favorably with internal conversion 

from upper excited states, it can compete favorably with fluorescence 

and internal conversion from the lowest singlet; thus phosphorescence 

and fluorescence in most organic systems are independent of wave length. 

This fact is attributed to the efficiency of process 3 in excited 

states. The total luminescence yield ( ̂  in a number of 

luminescing aromatic compounds approaches unity. In such systems, the 

ratio of the phosphorescence yield to the fluorescence yield is a 

measure of the intersystem crossing from the lowest excited singlet to 

the lowest excited triplet. In this case, internal conversion and 
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intersystem crossing from these lowest excited states to the ground 

state can be considered to be small. In many cases <P >C 1} 

therefore, the previous assumption regarding internal conversion and 

intersystem crossing is invalid for such systems. 

The majority of the luminescence studies have been concerned 

with cfyes or aromatic molecules. Recently, however, studies on the 

luminescence of metal chelate systems have appeared. Crosby and Whan 

(I960, 1961, 1962a, and 1962b) have studied the luminescence of a 

number of rare earth chelates. The ligand absorption is little per

turbed by chelation, indicating that the rare earth ion and ligand act 

independently in the chelate. The luminescence spectra support this 

belief, as ligand fluorescence and phosphorescence are found in 

addition to line-like emission characteristic of the rare earth ion. 

Ohnesorge and Rogers (1959a, 1959b) have studied a number of oxine 

chelates of various metals in which the ligand and metal act 

independently. They find a fluorescence band characteristic of the 

oxine ligand whose position changes only slightly as a function of 

the metal ion. Crosby and Whan (i960) have found a phosphorescence 

band for oxine complexes. 

A series of papers concerned with the quantum yield of ruby 

have recently appeared (Maiman - I960, Maiman - 1961, Maiman et al. -

1961, Schultz - 1962). From Maiman et al. (1961), the ftp for 

3650 A, U358 A, and 5U60 a at room temperature can be estimated to be 

0.55, 0.70, and 0.62, respectively. It is suggested that only 

2 radiative processes from the E state are occurring (Figure 17). The 

intersystem crossing constant between the first excited ^Tg state and 
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the 2E state is estimated to be 2 x 10̂ /sec., while the nonradiative 

decay from is ^^^^d to be = U x 10^ sec. (Maiman et al. -

1961). 

The procedure for the determination of the relative quantum 

yields of luminescence has been described in the "Experimental" 

chapter along with instrumental corrections necessary in the 

determination of the quantum yields. Samples were degassed and the 

lifetimes and quantum yields measured to determine the effect of oxygen 

upon the emission. No oxygen effect was found and oxygen was not 

removed in the bulk of this work. The quantum yields for solutions of 

varying concentrations were measured to determine if any geometric 

effects arising from nonuniform light absorption were present. No such 

effect was observed. 

The effect of temperature upon the luminescence of the chelate 

is noteworthy. Neither crystals nor solutions of ^-diketones would 

luminesce at room temperature. The absence of crystal luminescence 

indicates that intramolecular nonradiative processes were the primary 

energy dissipation processes in the systems. Ruby, however, emits at 

both room temperature and 85°K., indicating a lack of intramolecular 

quenching processes in ruby. In the chelates, many molecular vibrations 

could dissipate the excitation energy nonradiatively. The Cr(ox)^ 

compound with absorption aid emission spectra very similar to those of 

ruby would not emit at room temperature in the crystal. The lifetime 

of the emission of Cr(ox)^ in glycerol at 85°K„ is much less than that 

of ruby. This behavior of the oxalate seems to indicate that the 

additional molecular vibrations in the chelate have again removed the 
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excitation energy by nonradiative processes. If the presence of a 

complex~molecular species having a number of associated vibrations 

was the only significant factor in the nonradiative dissipation of 

excitation energy, it would be expected that complexes such as the 

I^N^rF^ would aiiit at room temperature, since it has a relatively 

simple molecular structure, as does ruby. No luminescence could be 

obtained from 1his solid at room temperature. This apparent anomaly 

will be explained in the final section of this discussion. 

The large amount of interaction between metal ion and 

^-diketone ligand as indicated by the ultraviolet spectra and bonding 

parameters makes this stucfy uniquely different from those previously 

mentioned chelate studies, Crosby and Whan obtained luminescence 

characteristic of the dbm, ba, and oxine ligands. The Cr(ba)^, 

CrCdbm)^, and (^(oxine)^ chelates all give only phosphorescence (no 

fluorescence) from a predominantly chromium localized transition 

(^E —^Ag), The ruby system, which has considerably less Tf-bonding 

than the ̂ -diketone chelates, exhibits a much higher quantum yield and 

a longer lifetime (lymillisec.) than the ̂ -diketone chelates,, 

A possible mechanism for the radiative and nonradiative 

transitions in the ^-diketone systems (Figure 17, the lowest three 

energy levels only) is: 
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(1) A + hy s A* 

(2) A* m A + hy 

(3) A* sx A 

<fc) A* s A** 

(5) »**• A SB A + h Y 

(6) «** A - A 

(7) A* (or A** ) + 

(8) 
* 
A (or A** ) » 

(V,_^kr2) 

(^2—*kA2) 

(1jt2-->^A2) 

(^2— ̂ 2E ) 

(2E —^ \) 

(h--*- ̂ a2) 

For the p-diketone chelates 3tudied here, no photolysis could 

be detected. As was mentioned previously, Cr(oxine)^ gives a very 

weak luminescence at 900 ra/-(. which could be due to a photolysis product. 

The jcr(en)^j Cl^ and |cr( ^, o( (bipy)^j (ClO^)^ complexes in glycerol 

both appear to photolyze to some extent (probably a solvent sub

stitution), Plant and Hunt (1957) have observed that the exchange of 

coordinated H20 in Cr(H20)+++ is an extremely slow reaction. Recently, 

a thorough study of K^jpr(ox)^j indicated that this compound does not 

undergo photolysis (Porter, Doering, and Karanka - 1962). Studies of 

Cr(NH^)^+++ and in aqueous solution (Edelson and Plane -

1959) indicate that photochemical aquation of this compound occurs. 

On the basis of this evidence, it appears that Cr-0 bonded complexes are 

photochemically stable while Cr-N bonded complexes are unstable. There

fore, step 8 will be ignored for the ^-diketones studied here. A 

number of ̂ -diketone complexes were examined for fluorescence in the 

higher energy regions, but no fluorescence was observed, ^ince no 

oxygen effects were observed for the p-diketone complexes, step 7 will 

be omitted. Making the steady state assumption, we obtain: 
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^ (A*) - Jkg + k^J Ik*'") 

t 

>p • k^ (A**) kUk5 (A*} 

"'"abs. 

-*-abs, 

[k2 + k3 * 

\ + W 
^ (A*) 

P = Vs 

i 

*1"-

^5 + k6] [k2 * 

1 

k3 + ku) 

(1) 

P* * *1 

Vs (2) 

i k2 * K3 + ̂  

f = k2 (3) 

+ k3 + k^J but k2<< + k^ 

(no fluorescence) 

where is the quantum yield of phosphorescence, ~f is the lifetime, 
]? 

Iabs is "the quanta absorbed and kg-k^ are rate constants for the 

corresponding process. 

From Einstein's relation between the induced absorption and 

spontaneous emission (Kasha - I960), kg can be related to the oscillator 

strength (f number) of a transition. 

f = U.319 x 10-$ dV 

Since the —>• ^Tg bands of the p-diketone chelates all have approxi

mately the same half width, the molecular extinction coefficient of the 

band can be used as a measure of f„ The (• for the B-diketone 
*• max \ 

chelates in ethanol at room temperature are 70 + 7. Therefore, kg must 

be constant to within 10# for the ^-diketone complexes. If we assume 
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that 

kg + k^-d k^ 

then 

t P • y*5 * (u) 

fj/f = k5 (5) 

A great change in k^ (radiative lifetime)for alkyl substitution 

is not to be expected. From Table 19 it is seen that <pp/f (&60 A 

excitation) is not constant in the group Cr(aca)^> CrCforni)^, and 

Cr(mal)^. Therefore, it appears that the assumption is invalid and 

k2 + k^ is not negligible compared to k^. Since no fluorescence is 

observed, The lifetimes of Cr(mal)^, and Cr(aca)^ (Table 19) 

decrease in the sequence: 

Cr(aca)^ > Cr(form)^ > (^(mal)^. 

Therefore, if k^ remains constant, k^ must be increasing in the same 

sequence. 

Since kg-^ k^ therefore 

typAf " k^k^/k^t k^ (6) 

If it can be assumed that the intersystem crossing constant (k^) is 

constant in the sequence, then a decrease in %H indicates that k^ 

increases in the same sequence as k^. 
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TABLE 18 

Relative Quantum Yields 

Compound <P r 3650 $ ? U358 Qf 5U60 

Cr(aca Ul.U + 0.8 U7 + u 5 8  + 6  

Cr(form)^ 6.8 + O.U 8.5 + 0.8 9.0 + 0.5 

Cr(mal)^ 1.0 + 0.0 1.2 + 0.1 0,53 +0.08 

CrCNOg-aca)^ 7U + 5 66 1 7 8U + U 

C"\ CO 0
 

cc 1 
H
 

e
 9.0 + 0.9 12 + 1 7.8 + 1.0 

Cr(Br-aca)^ 16 + 1 20 + 3 1 0  + 3  

CrCcl-aca)^ 16 + 2 26 + 3 25 + U 

CrCdbm)^ 5.3 + 0.3 U.7 + 0.2 < 1.8 

Cr(ba)^ 9.3 + 0.6 9.6 + 0.6 3.U + 0.6 

Cr(oxine)^ 1.7 + 0.1 o.U + 0.1 - — 

Cr(Et-aca)^ 6.9 + 0.5 9.7 + 0.7 10.2 + O.U 

Cr(trl F-aca)^ 3.9 + o.U U.7 + o.U 5.0 + 0.9 
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TABLE 19 

The and Values 

Compound (usee) EPA 3650 U358 5U6o 
Y 
usee MEI 

Cr(aca)^ 1*20 + 30 9.9 11 lU 

Cr(forra)^ 9 2 + 1  7.U 9.2 9.7 110 + 10 

Cr(mal)^ Uo + 5 2.5 3.0 1.3 2 8 + 3  

Cr(tri F-aca)^ 7 0 + 3  5.6 6.7 7.2 9 U +  U  

CrCNOg-aca)^ 670 + UO 11 9.9 13 6U0 + 13 

CrCl-aca)^ 111 + 8 8.1 11 7.0 132 + 5 

CrCBr-aca)^ 230 + 17 7.0 8.7 u.u 231 + 9 

C^Cl-aca)^ 2^0 + 11 6.U 10 10 260 + 18 

rr\ —
 

u 
o
 5 3 + 7  10 8.9 < 3.U 58 + h 

Cr(ba)^ 151 + 6 6.2 6.U 2.3 167 + 3 

CrCoxine)^ 390 + 30 0.U3 0.10 - - 370 + 13 

Cr(ox)~ 

glycerol 560 + 59 — 

Cr(en) +++ 

glycerol : 120 + 13 
• • 
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A comparison with the ruby system is of interest. Schultz 

(1962) states that intersystem crossing to the ground state does not 

take place for ruby. A weak fluorescence is reported (Maiman- i960) 

and the £ and half widths of the ^-diketones (this wark) indicate that 

k2 of the (3-diketones is equal to that of ruby (within a factor-of two). 

An estimate of the absolute quantum yield of the ^-diketone chelate 

indicates that the absolute yield of the most efficient emitter, 

(^(NC^-aca)^, is 2 - The lifetime of Crtaca)^ is approximately 0.1 

of that of ruby. It appears that vibrational dissipation of energy in 

the ̂ -diketone chelates has made both of the nonradiative processes to 

the ground more efficient than in ruby. 

The wave length dependence of ^ is of interest. Most of the 

^-diketones show <P P 36*0 A^p U3i>8 A (Ta^e 18 )• we consider 

that the difference is significant, Figure 17 offers a possible ex

planation. Two nonradiative processes are shown occurring from the 

O p 
3650 A level, one to the ground state and the other to the U3!?8 A level. 

Two nonradiative processes are also shown from the U35>8 1 level. The 

absorption band in the 1;3£8 A region is significantly less intense than 

the higher energy ultraviolet bands and may be due to an intercombination 

transition (previous chapter). If this is true, then state Y (Figure 

17) could be a sextet or doublet. Step b would be an internal con

version, whose probability can be related to the radiative absorption 

probability (Kasha - 1950). Step c would be an intersystem crossing 

(quartet —>• sextet or doublet). For the 1+3$8 A absorption, both non

radiative processes would be intersystem crossing processes (doublet or 

sextet —y quartet) and would be expected to have approximately the same 
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k. Therefore, the ke/k^ ratio would, be expected to b« smaller than 

th« kf/kd ratio, thus giving the observed wave length dependence 

3650 A U358 !)• 

The (£)p ^60A "^or Cr(mal)3i Cr(ba)2» and Cr(dbm)^ is much 

smaller than 4'p 36^0 A ̂  $'p 1*358 A of these comP°unds, ( (j) p Q£q & 

for Cr(dbm)^ could not be obtained, the value given is an upper limit). 

This 5)460 A Per*iaPs explained by the presence of a low lying 

ligand triplet (sextet or doublet of the molecule) in the 1*300 A -

5U00 A region. The rare earth dbm and ba chelates give phosphorescence 

bands in the 20,000 - 21,000 cm."^- region. 

The luminescence behavior for Cr(oxine)^ is significantly 

different from that of the ^-diketone chelates. The 

(p p 3650 // fyh358 A va^-ueE vary considerably from those of the {3-

diketone chelates. As was mentioned previously, a weak luminescence 

around 900 mji was obtained for this complex. However, this luminescence 

was only about 2 - 3% as intense as the main emission band and would not 

be expected to affect the and ~f values by its presence. Moreover, 

if decomposition is occurring for this complex, the amount is probably 

small, as no significant changes in the behavior of a solution upon 

aging could be observed. The dependence upon wave length could con

ceivably be explained by a low lying doublet or sextet level, since 

Crosby and Whan found a phosphorescing level in the rare earth oxinates 

in the 18,000 cm.'""1" region. 

A study of the (p p values as a function of wave length through

out the entire spectrum would clarify a number of points raised con

cerning the luminescence data. Also such studies could conceivably 

help locate various ligand triplet (molecule sextet or doublet) levels 
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in the system. A study of the <p ^ 36^0 A ^f'p U358 A. ̂ or * 

compound such as jcrCen)^ cl^ would be useful for comparison with 

the (J)p 3650 A $ p ij.358 A the £"<^-ke't'one chelates. Since the 
C •• • 

3650 A and k3$8 A lines for jCr(en)^ Cl^ are both in ligand field 

bands of the same approximate i , the ^ 35^0 A ^Pp 1*358 A 

might be expected to be approximately equal (barring other differences 

in the paths of degradation which could occur, such as those due to 

photolysis). 

As was noted previously, it is' extremely difficult to link the 

luminescence behavior with the gross structure of ultraviolet and 

visible absorption bands. The importance of energy states which can be 

reached only by spin forbidden transitions (weak absorption bands) is 

well established in the theory of luminescence. Other minor per

turbations or small changes in the vibrational behavior of systems can 

exert major changes in luminescence behavior. However, a comparison of 

the Tf-bonding parameter and the ~f data is of interest. 

In Table 20 the compounds have been placed into three groups 

according to certain structural similarities. Within each group, it can 

be seen that as the if-bonding increases, the lifetime decreases. It 

is suggested that increasing if -bonding allows better coupling of the 

+3 
Cr ion with ligand system, which allows a more efficient transfer of 

nonradiative energy to the solvent environment. Such if-bonding coupling 

of the Cr+3 ion with the fluoride ion conceivably could explain why 

CrF^ would not emit at room temperature in the solid form. The bonding 

is naturally only one of the factors involved in the energy dissipation 

and may not be a dominant factor in all cases. If the compounds in 
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Table 20 are considered as one group, it can be seen that the 

relationship between "f values and ff-bonding are only approximate, 

indicating perhaps the importance of small vibrational changes in the 

compounds. 
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TABLE 20 

Correlation of ff^Bonding and Values 

Compound ~*f (usee) 

I. 

Cr(raal)^ 

Cr(tri F~a.c&), 

Cr(forrc)^ 

Cr(aca), 

12,360 

12,31*0 

12,580 

12,800 

hO 

70 

91 

bbB 

II. 

Cr^bm)^ 

Cr(ba)^ 

Cr(aca)^ 

III. 

Cr(l»«.ca) 

Cr(Br-aca)^ 

CrtCl-aca)^ 

Cr(N02-aca)^ 

12,0J>0 

12,14.20 

12,800 

12,31*0 

12,390 

12,1*20 

12,91*0 

53 

lh9 

1*1*8 

111 

229 

2$k 

687 



SUMMARY 

The position of the luminescence maxima at 8£°K. in the 

chromium complexes is shown to be a measure of the Racah parameter, 

B. The systematic variation of the ligand structure of the chromium 

complexes caused a marked variation in the B values. The reduction 

of the B value for a chromium complex relative to the B value of 

Cr(en)^+++ indicates the extent of bonding in the complex. The 

estimate of the extent of the ff-bonding for the CrF^ ion obtained 

in this work approximates the estimates of ff-bonding for CrF^ 

obtained by Helmholz, Guzzo, and Sanders (1961) from magnetic resonance 

measurements. A further systematic variation of ligands coordinated 

through N atoms (N,N diamine or oxine liganda) would indicate the 

validity of this method of determination of the extent of tf-bonding. 

The attempt to assign the ultraviolet spectra of the |3-

dikatone chelates using the Coulson one electron theory for non-

alternant systems did not allow an unambiguous assignment of these 

spectra. The shifts of the bands with alkyl substitution were con

sistent with their assignment as if—*" if * bands. However, the 

results did not preclude the assignment of some of the bands as 

charge transfer bands. The inadequacies of the one electron approach 

points out the necessity of polarization studies of these bands. The 

correlation of the sequence of ultraviolet spectral shifts with the 

sequence of luminescence band shifts is additional justification for 

9U 
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the use of the luminescence spectra as an indication of the extent 

of IT-bonding in the p-dlketon© systems. 

The relative quantum yield and lifetime data obtained for the 

j3-diketone chelates indicates that nonradiative energy dissipation 

processes were more efficient in these systems than for ruby. The 

lifetimes of the ^-diketone chelates in glassy EPA range from 1+0 ji 

sec, for Cr(raal)- to 670 fA sec. for Cr(N0 -aca). while the absolute 

quantum yields of the ^-diketones are all less than 3%* The correspond

ing quantities for ruby are it millisec. and - 70%. For CrCmal)^, 

Cr(dbm)3, and Cr(ba)3, (j? p 36^0 £ ~ <j) p rA > (p p A 

in contrast to the behavior for the remaining p-diketone complexes. 

The path of degradation of energy for the CrGnal)^, CrCdbm)^, and 

Cr(ba)3 is different from that of the remaining {3-diketone complexes 

and quite possibly involves the movement of a doublet or sextet state 

in the region of 2$,000 - 18,000 cm."-*-. A study of the luminescence 

efficiency of the ^-diketone complexes as a function of all exciting 

wave lengths from i+OO n^to 600 mp would clarify this situation and 

help determine the position of presently unknown doublet or sextet 

states in the p-diketone chelates. The correlation of the sequence of 

lifetime values of the ^-diketone complexes with the tf -bonding 

sequence suggests that increasing if-bonding increases the efficiency 

of the nonradiative dissipation processes, A study of the quantum 

yields and lifetime values for another series of chromium chelates would 

be useful in determining the role of ff-bonding in radiative and non-

radiative dissipation processes. 
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