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DISSERTATION ABSTRACT 

Armendajrez, Peter X. Ph.D., The University of Arizona, 

1964. 

"The Spectroscopy of Chromium Complexes" 

Dissertation Director: Leslie S. Forster 

The polarized absorption and emission spectra of 

chromium acetylacetonate and derivative complexes were 

measured with oriented crystals at 4.2 and 77°K. The 

derivative complexes were obtained by the substitution 

of nitro, iodo, bromo and chloro groups for the hydrogen 

atom in the y-position of the acetylacetonate ring. Sharp 

line-like spectra were found at 4.2°K. Assignments to the 

2 / ^ / E <— A2 and T-^ <—- A2 electronic states and associated 

vibronic levels were possible. Three principal frequencies 

characterized as involving metal-oxygen stretches were 
f 

found in emission and absorption for chromium acetyl-

-1 acetonate with energies of 261, 455 and 676 cm . Similar 

frequencies were also observed for the derivatives. Low 

2 energy bands associated with the E state were assigned 

to lattice modes. The energies of these vibrations were 

found to increase with increasing polarizability of the 

substituent atoms. The spin-allowed S?2 <— ̂ A2 transition 

was also measured for the nitro and halo derivatives with 

ix 



polarized light. Trigonal field splittings were obtained. 

A polarization reversal for the trigonal components measured 

with reference to the monoclinic crystal b-axis was found 

for the halo and nitro derivatives which contrasted with 

the spectra of the chromium acetylacetonate system. This 

behavior was rationalized on the basis of the molecular 

orientation of the derivative complexes in the crystal 

lattice. 

x 



INTRODUCTION 

The basic problem of spectroscopy is to character

ize the states giving rise to spectral bands and to provide 

an appropriate theoretical explanation of the results. 

Crystal field theory as first treated by Bethe (1929) 

and applied by Van Vleck (1940) to electronic absorption 

spectra has been found very useful in the study of the 

spectra of transition metal compounds. The physical ideas 

underlying the theory may be summarized as follows. Elec

trons of the central ion with a dn configuration are assumed 
J 

to be subjected to a non-spherical electrostatic potential 
t 

due to the surrounding ionic or dipolar ligands. How such 

a potential arises to produce the crystalline field is not 

considered explicitly. Only the magnitude (expressed in 

terms of the parameter A) of the potential enters the 

theoretical formulation as a parameter to be determined 

empirically. The crystal field energies of this cation-

centered model are determined from a perturbation calcula

tion in which the free-ion Hamiltonian, HqJ modified by the 

ligand potential, V, gives the total Hamiltonian for the 

system: 

(1) H = H0 + V 

1 
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the energy terms and degeneracies for the free ion are 

known from atomic spectra. The symmetry of the potential, 

V, is determined by the symmetry of the surrounding ligands. 

Considerations of symmetry determine the number of components 

into which each term is split, ̂ hile the magnitude of the 

term splittings depends on the strength of the crystalline 

field. 

The observed free-ion terms for Cr+^ arising from 

3 
the d configuration and arranged in the order of increasing 

energy are: ^F, ^P, , ^D, ^H, ^F (C. E. Moore - 1952), 

The manner in which these terms are split in an octahedral 

environment is shown schematically in figure 1. This split

ting scheme gives a useful classification for the observed 

+3 3 
transitions in Cr complexes. Crystal field spectra of d 

systems occur in the region from the near infrared to the 

ultraviolet and are generally of two types. The bro$d 

4 A A 
spip-allowed bands ( T2 <— A2, <— A2) correspond 

to transitions where there is no change in multiplicity. 

Less intense, often line-like bands (^E <— ^T^ <— ̂ 2, 

2 
Tg <— A2) are formally spin-forbidden (AS ̂  0). In 

practice, the low intensity gives an indication of the 

origin of these bands. The five transitions described 

above have been assigned in the spectrum of the ruby crystal 

(figure 2, the assignment of the T^ state is still in doubt). 

Crystal field theory is thus able to account for the number 
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Figure 1.--Terras splittings of Cr(III) in octahedral 

and trigonal environments. 
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Figure 2.--The crystal field transitions of the 

ruby crystal (D. S. McClure - 1959). 
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of optical transitions and their relative energies. The 

labelling of states can be made in a consistent manner and 

the observed intensities rationalized. In favorable cases 

a quantitative treatment can be made in terms of the crystal 

field parameter, A, and the quantities designated B and C. 

These latter parameters are a measure of the interelectronic 

repulsion. 

Although the main features of octahedrally coordinated 

+3 
Cr complexes are readily summarized as in figures 1 and 2, 

a more detailed investigation leads to new kinds of informa

tion. To observe the small band splittings and the details 

of the vibrational structure it is necessary to go to instru

ments giving high resolution and to work at low temperature. 

The use of polarized light to study polarization sensitive 

transitions of oriented crystals may also be used to advantage. 

For example, Thosar (1942) used polarized light to observe the 

splitting of the spin-allowed bands of the ruby crystal. This 

splitting arises from the presence of a trigonal environment 

+3 
about the Cr ion, an observation which had been previously 

known from X-ray studies (see R. W. G. Wyckoff - 1948). 

Axial or trigonal symmetry (Cg or D^) may be described 

as arising from a compression or elongation along the Cg axis 

of the octahedron. For this reason it is often referred to 

as trigonal distortion. To account theoretically for the 

effect of trigonal distortion the potential term, V, in 
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Equation 1 now includes components which allow for the 

decreased symmetry of the field. Sugano and Tanabe (1958) 

have introduced the parameter, Ks as a measure of the 

trigonal deviation from octahedral symmetry. Trigonal 

field splittings are usually not large so that the major 

part of the potential, V, which determines the crystal 

field states, has octahedral symmetry. 

It is noted that in the case of octahedral coordina

tion of dn systems all electric dipole transitions are for

bidden when the nuclei are at their equilibrium positions 

because of the presence of a center of symmetry (LaPorte or 

parity forbidden transitions). The observation of these 

bands is then explained by taking into account the vibrational 

distortion of the octahedron (A. D. Liehr and C. J. Ballhausen -

1957). In such a case the spectral transitions are said to be 

vibronically allowed. On the other hand, systems with a 

trigonal environment have no center of symmetry. Trigonal 

distortion may therefore be another means by which the crystal 

field transitions derive their intensity. 

Since the optical spectra of the ruby crystal have 

been extensively studied, it may serve as a prototype of 

Cr(III) complex spectra in a trigonal environment. The 

present study is concerned with the optical spectra of 

Cr(aca)g and some of its derivatives in the crystalline state. 

These complexes have symmetry (figure 3) but contrast with 

the simpler ruby structure in having an extended ligand system. 

The n-electrons of the ligands give rise to a number of new 
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3-fold axis 

Figure 3.--Model of the Cr(aca)^ molecule. 

states which complicate the simpler crystal field 

predictions for those states (d-d transitions) charac

teristic of the metal ion. Nonetheless, if consideration 

is given mainly to the lower lying transitions, crystal 

field theory is still quite useful for the interpretation 

of the spectral features observed in these extended systems. 

Studies of polarized spectra of crystalline com

plexes with trigonal (Cg or D^) symmetry, other than the 

ruby crystal, include the work of Piper and Carlin (1961) 

on the tris-oxalates and the tris-acetylactonates of the 

first row transition metal ions (T. S. Piper and R. L. 

Carlin - 1963). Yamada and Tsuchida (1960) studied the 

+3 
room temperature, polarized spectra of the Cr(en)g and 

+3 
Co(en)g ions. Despite the trigonal environment of the 
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latter complexes the measured spectra did not reveal a 

splitting of the spin-allowed bands. The observed spectra 

show effective octahedral symmetry indicating that the 

trigonal components in the perturbing potential have only 

a minor effect. However, visual observation of the crystal 

dichroism was taken as an indication of the presence of a 

small splitting. The tris-oxalateg and tris-acetylacetonates, 

on the other hand, show splittings of the order of a few 

hundred wave numbers. One of the purposes of this study 

is to investigate the effect of different substituents in 

the tris-acetylacetonate framework on the spectral splittings 

which occur in symmetry. 

Polarization behavior for the spectra of molecules 

arises from a consideration of the symmetry transformations 

characterizing the wave functions of the molecule as well 

as those of the transition moment vector. In molecules 

with symmetry the transition moment vector parallel to 

the molecular axis will transform in a different manner 

from the vector perpendicular to this axis (Appendix I). 

The net result is that the energy and intensity of the 

transition will be different along the two directions. 

These considerations provide selection rules which help 

rationalize the 'observed polarization behavior of the 

spectra measured with oriented crystals. Polarization 

rules for Dg systems are summarized below. 
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<—f-> A^, A2 <"7Ag 

A^ <—> A2, polarized parallel to Cg 

A^, A2 <—> E, polarized perpendicular to Cg 

To illustrate these rules it is seen that the components 

of the first spin-allowed band, ^A^ <— ̂ 2 and ^E <— ̂ 2, 

are active with the excitation source polarized with respect 

to the molecular Cg axis in the parallel and perpendicular 

directions, respectively. The second spin-allowed band 

4 4 
involves the component, A2 <— A^, which should be 

completely extinguished or only very slightly allowed. 

This behavior has been observed for the ttis-oxalate 

complex (T. S. Piper and R. L. Carlin - 1961) verifying 

in this instance the validity of the polarization rules 

for Dg symmetry. In the tris-acetylacetonates the second 

spin-allowed band has not been definitely characterized. 

Its predicted occurrence in the near UV region, vAiere a 

number of other states involving the ligand n-electron 

system is also possible, prohibits an unambiguous assign

ment . 

The spectra of the lowest energy doublet, E <— A2, 

have been observed in absorption for several chromiun com

plexes. This transition occurs in the red or extreme red 

spectral regions and may be split into two components. 
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Joos and Schnetzler (1933) investigated the low tempera

ture absorption spectra of over forty chromium compounds 

in the form of crystalline powders. They observed a 

large number of line-like transitions for each compound 

in the region of 14,000 cm"*-. Although it was suspected 

that the several components corresponded to vibrational 

levels associated with the doublet transition, a consistent 

vibrational analysis could not be made. The only complete 

vibrational analysis appears to be that of the ruby crystal 

by Krishnan (1947) and later with polarized light by Ford 

(1962). The transition to the E state involves a net 

change in spin, but according to the strong crystal field 

description it retains the same orbital configuration (t^) 

as the ground state. The ground state vibrations may be 

readily measured with present IR techniques. Correspondence 

with the ground state levels and those associated with the 

2 E excited state may therefore be useful in making spectral 

assignments. 

The energy of the E <— A^ transition is given 

by crystal field theory as 9B + 3C and is to a first approxi

mation independent of A, the crystal field parameter. Since 

B and C, the interelectronic repulsion parameters are roughly 

proportional to the average value of 1/r , \rtiere r is the 

distance of the d electrons from the central ion, a decrease 

in these parameters may be taken as a measure of electron 
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derealization (C. K. J^rgensen - 1962b). The value of 

this energy for the ruby crystal occurs at about the 
_ i 

14,400 cm and similar values obtain for a large number 

+3 
of Cr compounds having a six-oxygen octahedral environ

ment (G. Joos and K. Schnetzler - 1933 and C. K. J^rgensen -

1962b). Forster and DeArmond (1962) first detected the 

2 4 
E —> transition for Cr(aca)^ in emission and it was 

later reported in absorption (T. S. Piper and R. L. Carlin -

1962) at about 12,950 cm"*". This is a relatively low value 

for the energy. Still lower values have been reported for 

substituted tris-acetylacetonate derivatives in emission and 

the significance of the low energies discussed in terms of 

n-covalency and molecular orbital formation involving the 

ligand (K. DeArmond and L. S. Forster - 1963a). 

Sugano and Tanabe (1958) have described the splitting 

of the three doublet states of the ruby system when the 

effects of trigonal distortion and spin-orbit coupling 

interaction are considered together. The same general 

3 
splitting scheme may be used for other d systems having 

trigonal symmetry. A further object of this study is to 

2 
study the possible splitting of the E state in Cr(aca)2 

and its derivatives. 

Despite the great deal of recent spectral investi

gations on the tris-acetylacetonate systems, a completely 

consistent theoretical scheme has not yet been worked out. 
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Crystal field theory is a tentative basis for interpreta

tion of the observed spectra. The more complete formula

tion, ligand field theory, which relieves the ligands of 

their passive roles, may be expected to tie together the 

various experimental results which have been obtained. 

Barnum (1961, 1962) has made a first step by presenting 

an LCAO-MD calculation for the tris-acetylacetonate com

plexes. These calculations attempt to rationalize the 

observed, intense spectral bands in the UV and near UV 

regions of the spectrum. The spectra have also been 

studied for several substituted tris-acetylacetonate 

derivatives and assignments made (K. DeArmond and L. S. 

Forster - 1963b). 

The present study has the following objectives: 

1. To assign the electronic and vibronic transi

tions observed in the crystal spectra of Cr(aca)^ 

and its derivatives. 

2 4 
2. To locate the T^ «— A2 transition and 

determine the splittings. 

3. To study the effect of substituent on the 

splitting of the ̂ 2 <—- ̂ 2 transition. 



EXPERIMENTAL 

Measurements 

Spectral measurements of crystal field transitions 

were made at low temperature with the sample immersed 

directly in the coolants, liquid nitrogen (77°K) and 

liquid helium (4.2°K). The very weak intercombination 

spectra (^E <— ̂ 2 and ^T^ <— ̂ 2) were not clearly 

observed at room temperature in either absorption or 

emission for Cr(aca)^ or its derivatives. At 77°K the 

complexes studieid showed a varied behavior with regard to 

spectral sharphess and a clear characterization of the 

absorption bands. Some of the complexes gave only diffuse, 

ill-defined band structure, making it difficult to obtain 

precise measurements. The use of liquid helium as the 

coolant was found to sharpen considerably the intercom

bination spectra. 

Absorption measurements of single crystals also 

were made on a Cary Model 11 spectrophotometer. For low 

temperature work the crystal was mounted on a copper 

strip and placed in a cryostat especially designed for 

the Cary instrument. Only the stronger, spin-allowed 

transitions (^2 <— ̂ "Ag) were measured in this manner. 

15 
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A grating spectrograph designed by Mr. Leon 

Salanave of the University of Arizona was used to make 

the spectral measurements. Figure 4 shows the pertinent 

details of the experimental arrangement. The absorption 

and emission spectra were recorded photographically. The 

blazed grating used in the present instrument is designed 

O 
to give maximum intensity in the region of 10,000 A (first 

order), Intercombination spectra were all measured in 

second order, while the emission spectra, occurring in 
O 

the region of 7800-9000 A, were measured in first order. 

A Sylvania 150 watt, self-focusing, tungsten pro

jection lamp was used as light source for the absorption 

measurements. The lamp was housed in a box equipped with 

a small electric fan to provide air cooling. To insure 

uniform intensity of the source at the absorbing sample 

a ground glass screen was placed between the lamp and the 

crystal. A 500 watt mercury arc lamp operating at 220 

volts was used as excitation source for the emission spectra. 

Corning glass filters were used to remove overlapping orders 

from the different regions investigated. 

The entrance slit of the spectrograph was adjustable 

to several slit widths. The optimum setting was found by 

observing the behavior of the lines from a mercury arc source 

or.helium arc as the slit width was increased. Slit width 
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Figure 4.--Experimental arrangement for the absorption 

and emission measurements. 
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settings of 0.04 to 0.07 mm. produced sharp lines as observed) 

visually and photographically. 

To obtain the spectra of oriented crystals a Wollaston 

prism was mounted between the entrance slit and the collima-

ting mirror (figure 4). The two beams are focused onto the 

grating and two diffracted images are produced side by side 

on the plate. Single polarizers are used for the measurement 

of the polarization behavior of the broad spin-allowed bands. 

These polarizers are H-sheet (manufactured by the Polariod 

Corporation, Cambridge, Massachusetts). 

Room temperature measurements of the spin-allowed 

bands were made with the single polarizer stationary, the 

crystal being rotated in its mount relative to the polarizer. 

A protractor attached to the crystal holder allowed a change 

of angle between the polarizer and a fixed direction of the 

crystal. Changes of the band maximum for each position are 

due to the presence of two transitions which are polarized 

differently with respect to the molecular C^ axis. Due to 

the large band width of these transitions (2500-3000 cm"^) 

and their relatively small separation in energy, the two 

band maxima are not resolved in unpolarized spectra, each 

transition contributing to the observed absorption. 

The weak absorption spectra of the intercombination 

transitions, were measurable only with relatively thick 

samples of pure material. Best results were obtained with 
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crystals measuring 3 to 4 mm. thick. It was found that 

toluene or a toluene-benzene mixture were satisfactory 

solvents for growing crystals. The use of chloroform is 

to be avoided, for the most part, because it is known to 

form clathrates with some of the tris-acetylacetonate 

derivatives (R. W. Kluiber - 1960). Slow evaporation of 

the solutions was accomplished by placing the material at 

the bottom of a deep, glass tank, the lid of which was 

slightly opened at the top. Some crystals were also grown 

at lower temperature by placing the solutions in the 

refrigerator. 

Crystals to be measured were placed in a slot the 

size of the crystal cut in a strip of 1/8 inch balsa wood. 

The edges of the crystal were glued directly to the holder. 

Black clay filler was used to fill the region between the 

crystal and the holder. Balsa wood is readily worked and 

holds very well at low temperatures. Also, the use of 

individual crystal holders eliminates the problem of 

accommodating crystals of varying sizes to one holder. A 

long rod of hard balsa extended to the top of the dewar 

system and was provided with a hook at the lower end to 

engage the crystal holder. The rod could be rotated to 

place the crystal in the desired position relative to the 

light source. For the emission measurements the crystal 

holder was oriented at about 45° from the line defined 
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by the slit and the dewar system (figure 4), while the 

excitation source was at a right angle to this line. 

Powder samples were also used to measure the 

intercombination transitions. About one-half gram of 

powdered material was mixed with several drops of Duco 

cement on a glass plate. The mixture was stirred with a 

glass rod to form a slurry of uniform appearance. This 

mixture was then introduced into a slot of a balsa wood 

holder and allowed to'dry. Shrinking occurs during the 

hardening and more material was added until a uniform 

surface was obtained. Samples prepared in this manner 

gave results in complete agreement with the non-polarized 

spectra obtained with single crystals. Best results are 

obtained with compounds not too soluble in acetone and •when 

the material is not too finely powdered. Since almost all 

the measurements were made of single crystals, the powder 

method was employed as a check and for preliminary work in 

lieu of using up hard won crystals. The method proved quite 

useful for both absorption and emission measurements. 

The crystal morphology of the compounds investigated 

was determined by measurement of the inte^facial angles on a 

two-circle goniometer. Accurate measurements can be made 

only if the surfaces of the crystal are flat and well-developed 

BO that the light may be reflected sharply and unambiguously. 

This ideal condition is not realized completely for the com

plexes studied here. Crystals to be measured were placed in 
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small tightly stoppered bottles and kept in the cold (0°C.) 

until ready for use. Crystals left open to the atmosphere 

begin to show surface degradation in a short time. The 

goniometric measurements allow assignment of the crystal 

to a particular symmetry class and establish specific 

directions along which the absorption measurements with 

polarized light could be made. 

Alignment of the crystal sample for the absorption 

measurements was made by placing the crystal loosely in 

its balsa wood holder and positioned correctly while under 

observation with a polarizing microscope. Specific direc

tions obtained from the morphological measurements are 

identified with the polarization behavior along these 

directions. A correspondence between a crystal axis (say 

the b-axis for monoclinic crystals) and the color observed 

with polarized light gives a simple means by ^ich the 

crystal may be aligned. In the case of Cr(aca)^ a further 

check is provided by the observation of etch pits produced 

on the surface of the crystal. This was done by placing a 

drop or so of solvent (benzene or toluene) onto the surface 

of the crystal and brushing with a camel's hair brush. The 

etch pits are observed under a microscope and appear as 

arrow-like figures which point in the direction perpendicu

lar to the b-axis of the crystal. 

Absorption and emission spectra were recorded on 

Kodak spectroscopic plates. Kodak 103F plates were used 
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O 
in the region of 4000-6800 A and Type I-N for the region 

O 
6000-8500 A. Five exposures could be taken on each plate. 

The spectral sensitivity of these plates is fairly uniform 

in the spectral region investigated. Depending on the 

material, and other physical conditions, such as crystal 

imperfection, degree of light scattering and the humidity, 

the exposure times varied from two or three hours to a few 

minuteis. Powder sanples of crystalline material generally 

required three to four hours exposures. 

A helium Geissler tube was used for calibration 

purposes. Sharp arc lines of narrow width could be obtained 

on the photographic plates after five to six minute exposures. 

A calibration arc spectrum was usually placed below and above 

the crystal exposure. For the highest accuracy, however, the 

arc lines were superimposed directly onto the crystal spectrum. 

In this manner any errors of alignment involved in transferring 

the calibration lines to the crystal spectrum are reduced. 

Table I gives the helium lines used for the wave-length 

calibration. Some of these lines correspond to second or 

third order spectra and their first order values are given 

in parentheses. In order to get the dispersion of the 

spectrograph direct measurement of the helium arc intervals 

was made on a linear comparator (Gaertner Corporation, Model 

1201C). The average dispersion in second order was found to 
O 

be about 40 A /mm. Sharp line-spectra were resolved at this 
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TABLE I 

HELIUM LINES3 USED FOR WAVE-LENGTH CALIBRATION 

Wave-length Dispersion (A/mm.) 
/Px (Second Order) 

1 6878.15 
42.3 

2 6707.22 (4471) 
42.3 

3 7065.18 
42.0 

4 7281.35 
41.7 

5 7382.89 (4921.93) 
41.3 

6 7523.89 (5015.67) 
39.7 

7 7777.77 (3888.64) 
39.5 

8 7929.46 (3964.73) 
39.1 

9 8052.38 (4026.19) 

Values taken from "The Handbook of Chemistry 
and Physics," 38th Ed., Chemical Rubber Publishing Company, 
Cleveland, Ohio. 

^Wave-lengths in parentheses correspond to first-
order lines. 
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dispersion such that lines separated by 1-2 cm~^ could be 

distinguished. 

The plate spectra were transferred to a chart 

recorder by means of a Hilger recording microphotometer. 

The Hilger instrument is provided with a tilting adjust

ment to match the scanning slit to the tilt of the meas

ured spectra. Tilting of the spectrum occurs because of 

the position of the plane grating relative to the light 

beam. The diffracted image is slanted from the vertical, 

the greater tilt occurring with the higher diffraction 

orders. A viewing screen allows direct observation of the 

plate as it is being scanned and permits a check on spurious 

effects caused by plate imperfections. The principal lines 

observed in the sharp spectra obtained at liquid helium 

temperature we^re also measured with a »linear comparator 

which allows measurements down to 0.001 mm. 

The chart recordings of the measured spectrum with 

the helium arc lines superposed were measured with a pair 

of calipers, taking the interval between successive helium 

lines as linear. Distances to the band maxima were measured 

to the nearest ̂ Lenth of a millimeter. Depending on the width 

of the band the measured intervals are considered accurate to 

within 5 cm""*". This is the accuracy to which known positions 

of the ruby doublet and mercury arc lines were obtained by 

measuring from the reference helium arc lines. The position 

of the relatively broad bands and shoulders found in the 
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complexes around 14,500 cm"^ are considered accurate to 

about 20-30 cm"*'®" for the 77°K absorption spectra. 

The IR spectra of the complexes were also measured. 

Vibrational energies were required in order to analyze the 

many bands found in the intercombination spectra. The 

„ 1 
region of about 350-850 cm was measured with a Beckman 

IR-4 spectrophotometer using CsBr optics. Samples of 

powdered material were made in the form of a KBr pellet. 

Potassium bromide was powdered and then dried at 110°G. 

Each sample had a nominal concentration of one milligram 

of complex to 400 milligrams of potassium bromide. Solu

tion measurements of the IR spectra in the region 600-1600 

cm~^ were also made in carbon tetrachloride. The nitro and 

halogenated chelates were soluble to a limited extent in 

this solvent. Saturated solutions were used to obtain the 

spectra. A Perkin-Elmer Infracord instrument was used for 

these measurements. Calibration of the wave-length readings 

was made with a polystyrene standard. 

The Cr(aca)^ and Al(aca)^ lattices are isostructural 

(W. T. Astbiiry - 1926 and L. S. Singer - 1955) and form 

mixed crystals. Dilute crystals of one mole percent chromium 

chelate to aluminum diluent material were used in the measure

ments of the spin-allowed transitions. The use of dilute 

crystals avoids the difficulty of working with extremely thin 

crystals required for measurements involving intense transi

tions. 
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Preparation of Materials 

The complexes studied here may be regarded as 

substituted tris-acetylacetonates. 

X 

CHi A CHi 
N:" c ̂  3 

The tris-acetylacetonate structure (X = H) is readily 

modified to investigate the influence of the substituent 

on the spectral properties of these systems. Except for 

the trifluoro complex, the compounds studied involved a 

variation of X. Table II gives the nature of the X-group 

and the designation of each complex. 

The complexes of C^iodbaca)^, Cr(bromoaca)g, 

Cr(chloroaca)g and the Al(bromoaca)g were prepared by 

the methods described by Collman (1961). These compounds 

are obtained by the halogenation of the CrCaca)^ or the 

Al(aca)^ complexes. The latter materials were prepared 

with special precaution to eliminate all traces of iron. 

Chromium and aluminum salts used to make the chelates 

were made iron-free by the method of Steinbach and Freiser 

(1953). A solution of the salt (usually the chloride or 

nitrate) was adjusted to pH of 1. A few milliliters of 

acetylacetone were added and the mixture shaken. The 
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TABLE II 

P-DIKETONE COMPLEXES OF CHROMIUM (III) 

X Designation 

1 H Cr(aca)g 

2 CI Cr(chlaroaca)-J 

3 Br Cr(bromoaca)^ 

4 I Cr(iodoaca)3 

5 CH-j Cr(methylaca)2 

6 ^2^5 Cr(ethyiaca)^ 

7 NO2 Cr(nitroaca)^ 
H 

8 CH, } CF0 Cr(trifluoroaca)o 
3 

V 
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mixture was placed in a separatory funnel and extracted 

several times with chloroform. The preparation of Cr(aca)g 

and Al(aca)g then followed the methods described in 

"Inorganic Syntheses," Volume V. Collman (1961) used both 

HCClg and glacial acetic acid as media for the halogenation 

reaction. To avoid formation of chloroform adducts with 

the halogenated chelates acetic acid was used as solvent. 

The purification of the compounds followed Collman (1961). 

A final purification step was to pass a benzene solution 

of the compound through a column of activated alumina. This 

step was particularly effective for the aluminum complexes. 

Even after several crystallizations solutions of these 

compounds showed a yellow coloration. These became color

less after passing through the column. 1 

Cr(nitroaca)g was made by nitration of Cr(aca)^ 

with Cu(N0^)2*3H2O in acetic anhydride as described by 

Collman (1962). The nitration of the aluminum chelate by 

this method was unsuccessful. 

Cr(trifluoroaca)^ was prepared in an ethanolic 

medium. Solutions of chromium nitrate and freshly dis

tilled trifluoroacetylacetone were prepared in absolute 

ethanol. A solution of KOH in ethanol was added dropwise 

while the reaction mixture was stirred and refluxed. The 

complex was recrystallized from a benzene-heptane mixture. 

Cr(methylaca)g and Cr(ethylaca)^ were made by the 

same method used for Cr(aca)^. Methyl and ethyl 



30 

acetylacetone were made by alkylation with methyl or ethyl 

iodide in dry acetone in the presence of anhydrous K2CO3. 

The methyl acetylacetone boils at 170-2°C., while the 

ethyl compound boiled at 178-82°C. 

The identity of the complexes studied were checked 

in all cases where data were available by the measured IR 

spectra. Data obtained from a chemical analysis and the 

measured melting points are given in Table III. 

Synthetic ruby samples obtained from the Linde 

+3 
Company and about 0.75% in Cr were used in the initial 

work to check experimental technique and procedure,,. 



TABLE III 

CHEMICAL ANALYSIS3 AND MELTING POINT DATA 

Calculated (%) Found (%) Melting 
Compound . Point 

C H N or X C H N or X °C. 

.1 Cr(aca)^ 51. 60 6. 06 51. 64 6. 04 212-2 

2 Cr(trifluoroaca)^ 35. 30 2. 37 33. 50 35. 52 2. 37 34. 60 157-9 

3 Cr(nitroaca)^ 37. 20 3. 75 8. 67 37. 05 3. 63 8. 65 238-40 

4 Cr(chloroaca)g 39. 80 4. 01 23. 40 41. 22 4. 10 22. 82 218-20 

5 Cr(bromoaca)^ 30. 74 3. 10 40. 90 31. 00 3. 43 40. 82 240-41 

6 Cr(iodoaca)^ ^ 24. 77 2. 48 52. 35 25. 19 2. 16 51. 20 234-6 

7 CrCmethylaca)^ 55. 20 6. 93 55. 74 7. 16 230-2 

8 CrCethylaca)^ 58. 11 7. 69 57. 24 7. 52 234-6 

9 A1(aca)^ 55. 55 6. 52 55. 42 6. 59 193-5 

10 A1(bro moaca)^ 32. 11 3. 23 42. 73 32. 75 3. 51 40. 75 190-1 

aAnalysis by C. W. Beazly, Microtech Laboratories, Skokie, Illinois. 



CRYSTAL MORPHOLOGY 

The data presented in this section were obtained 

in order to orient the crystal sample properly in the 

measurement of the polarized spectra. The data in the 

tables give the H and V-circle angular measurements. 

These are the measured angles and refer to the latitude 

and longitudinal coordinates of the face normals where 

they intercept a reference sphere. The plane of the 

equator is taken as the reference or basal plane and may 

be any face of the crystal. Once the symmetry is deter

mined, however, the H and V-circle measurements may be 

transformed so as to obtain standard reference positions. 

For example, the crystals of the monoclinic system are 

here referred to a set of axes where the b-axis is polar. 

Transformation of the arbitrary H and V angles gives the 

new coordinates, say p and 0, from which the Miller indices 

are determined. Conventions and rules for indexing, except 

where noted, were taken from the Barker Index of Crystals 

(M. W. Porter and R. C. Spiller - 1956). 

Morphology of CrCaca)^ 

Crystals were grown from benzene or toluene. The 

crystal is monoclinic, class 2/m and the space group has 

32 
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been reported as P2^/c (L. S. Singer - 1955). Figure 5 

shows a drawing of the crystal in the habit obtained vdien 

grown in benzene or toluene. Table IV gives the angle 

measurements and the face assignments. The c-axis was 

taken to conform to the X-ray measurements. The rules 

given by the Barker Index would have the a and c-axes 

interchanged from the assignments made here. 

All polarized spectra were taken with the light 

incident normal to the (001) face. Polarization directions 

were along and perpendicular to the crystal b-axis. 

Morphology of Cr(bromoaca)^ 

This compound crystallizes in the monoclinic system 

(Table 5 and figure 6), class 2/m, Morphological measure

ments and a comparison of the d-spacings taken with an X-ray 

powder camera show that the aluminum and chromium complexes 

are isomorphous (Appendix II). The complexes, C^methylaca)^, 

Cr(iodoaca)2, and (^(chloroaca)^ were found to enter the 

Al(bromoaca)3 lattice in sufficient concentration to allow 

the measurement of the spin-allowed transitions, (^(aca)^, 

Cr(nitroaca)^, and (^(ethylaca)^ were not incorporated in 

the lattice to any appreciable extent. Dilute crystals of 

the bromo, iodo, and methyl chromium complexes showed a 

distinct dichroism when observed under polarized lightL 

Viewed with polarized light along the b-direction the color 

was a pale red and along the perpendicular direction it was 



Figure 5.--The Cr(aca)3 crystal. 
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TABLE IV 

GONIOMETRIC MEASUREMENTS OF Cr(aca)3 

Symmetry: Monoclinic, class 2/m. 3 = 98°50' 

Axial ratios: a:b:c = 1.84:1.00:2.14 

H Va P Index 

0°00' _ _  90°001 81°10' {001} 

81°14' 

90°50' 

90o00'~ 
• 90°00' 0°02' {100J 

85°44' 28°17 

35044, 

94°21' 

-28°26» 

28°20' 
28°38' 0°06* {110} 

94°21' -28°20» 
J 

64°10' 

64°10' 

28°14'~ 

-28°14'j 
37°33' 54°39« {111} 

aV-angle measured from the b-axis. 

k(2-angle measured from the b-axis. 
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TABLE V 

GONIOMETRIC MEASUREMENTS OF Cr(bromoaca)3 

Symmetry: Monoclinic, class 2/rn. P = 105°48' 

Axial ratios: a:b:c = 1.302:1.00:1.576 

H Va P Pb Index 

0°00' 90°00' 74°12' {°°i} 

70°50' 

70°50' 

37 °32' + tT 

~37°34' + IT 
41°34' 45°38' {m} 

79041.  

79041, 

37°31' 

-37 °311 
38°36' 0°00' M 

60°24' -90°00' 90°00' -45°48' {101} 

74°03' 90°00< 90°00' 74°03' {001> 

Angle is measured from the b-axis. 

Angle is measured from the a-axis. 



Figure 6.—The CrCbrotnoaca)^ crystal. 
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a pale green. This behavior was found useful as a check 

on the crystal orientation. 

Morphology of Cr(nitroaca)g 

Crystals of C^nitroaca)^ were grown in the cold 

from a 1/1 mixture of toluene and chloroform. Crystals 

grown from chloroform are very soft and crumble with the 

slightest handling. A toluene solution gives needle-like 

crystals, but they do not grow readily to the 2-3 mm. 

dimensions required for the measurement of the weak spin-

forbidden transitions. Large crystals may be obtained in 

the cold from a solution using the mixed solvents. 

The crystal symmetry is monoclinic, class 2/m 

(Table VI and figure 7). 

Morphology of Cr(trifluoroaca)^ 

Large crystals of Cr(trifluoroaca)^ are readily 

grown from a toluene or benzene solution. The crystal 

symmetry is orthorhombic, class 2/m 2/m 2/m (Table VII 

and figure 8). Crystals of the compound have a cleavage 

plane along the ab-plane. Very thin samples may be obtained 

with a hand microtome or sharp razor. No diluent material 

was used to measure the spin-allowed transitions. 
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TABLE VI 

GONIOMETRIC MEASUREMENTS OF Cr(nitroaca)3 

Symmetry: Monoclinic, class 2/m. p = 9o°05' 

Axial ratios: a:b:c = 0.995:1.00:0.707 

H va P Index 

0°00' - -

89059.  180°00' 

90°00« 0°00* 

89°55« -44°47' 

90°00' 45°05' 

90°02' 45°06' 

89°45' -44°53' 

45°00' 45°06' 

44°50« -45°55' 

540401 -90°001 

} 
90°00' 

0°00' 

89°55' 

+ rr 

+ IT 

44°551 0°01 '  

} 60°03' 

90°00' 

54044.  

35°15® 

-foor} 

foio} 

fno) 

fill} 

{201} 

a 
Angle measured from the b-axis. 

3Angle measured from the a-axis. 



Figure 7.--The Cr(nitroaca)3 crystal. 
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TABLE VII 

GONIOMETRIC MEASUREMENTS OF Cr(trifluoroaca)3 

Symmetry: orthorhombic, class 2/m 2/m 2/m 

Axial ratios: 0.95:1.00:1.40 

call <
 

11 ^S
J Index 

90°00' 18°36' 

90°00» -18°41' 
- {201} 

90°00» 
- {201} 

90°00' 18°37' + w 
- {201} 

90°00' -lS^O1  + rr 

90°00' 90°00! 1 
{001} 

90°00' 

-90°001 J {001} 
90°00» -90°001 J {001} 

28°00' 0°00' "1 
{120j 

28°00' 

f {120j 
27 °55' 180°00' J 

{120j 

a0-angle is measured from the a-axis. 



Figure 8.--The Cr(trifluoroaca)^ crystal, 
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POLARIZED SPECTRA: SPIN-ALLOWED TRANSITIONS 

Polarized spectra of Cr(aca)^ crystals in the 

visible region consist of the two components of the 

^2 ^2 transiti-on and a second set of transitions 

to higher energy (blue region) whose origin remains in 

question. Piper and Carlin (1962) analyzed the spectra 

observed with the light vector polarized parallel and 

perpendicular to the b-axis of the crystal (figure 9). 

Unlike the ruby system where the dg axis of the crystal 

coincides with the trigonal (Cg) symmetry about the 

chromium ion, the Cr(aca)^ molecules are located in a 

lattice having a two-fold axis as the highest axis of 

symmetry. Singer (1955) made EPR measurements on the 

Cr(aca)g crystal and located the Cg axis of the molecule 

lying at an angle of about 30° from the crystal b-axis. 

Piper and Carlin (1961) showed that the polarized spectra 

obtained with respect to the b-axis may be resolved to 

obtain the energies and intensities of the components 

4 4 
parallel (n-spectrum, A^ <—- and perpendicular 

(a-spectrum, ̂ E <— ̂ A2) to the molecular C3 axis. Here, 

the symbols TT and a refer to the directions relative to 

the molecular C^ axis, whereas the measured spectra are 

referred to directions parallel and perpendicular to the 

47 
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Figure 9.--Polarized spectrum of CrCaca)^ in an 

Al(aca)^ crystal (||and X to the b-axis) (77°K). (Piper 

and Carlin, 1962). 
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b-axis of the crystal. It was found that the observed, 

parallel spectrum has a 757, contribution from the 

tT-component, and the perpendicular spectrum is essentially 

the same as the o spectrum. 

The measurement of the absorption dichroism by 

means of polarized light allows assignment of the com-

4 4 
ponents of the T2 <— ^2 transition arising from the 

presence of a trigonal field (figure 1). It is of 

importance to know the sign and magnitude of the trigonal 

splitting in order to make spectral assignments. The 

2 A 
separation of the components of the E <— A2 transition, 

for example, depends on the value of the parameter, K, which 

is a measure of the trigonal splitting. 

The spectra of the spin-allowed (^2 <— ̂ 2^ 

transitions of the complexes studied here have half-widths 

of the order of 2500-3000 cm~^. These bands would be at 

least partially resolved if separated in energy by about a 

half-width. Depending on the relative intensities, the 

band envelopes would vary from bi-nodal (equal intensities) 

to bands with shoulders. For relative band intensities up 

to 5/1 and an energy separation of less than a half-width, 

the appearance of a shoulder or two nodes will not occur 

(J. M. Vandenbelt and C. Heinrich - 1953). Since no 

shoulders are observed in the (unpolarized) spectra of 

the spin-allowed bands of complexes studied here, it may 

be inferred that an upper limit to the separation of the 
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4 4 
trigonally split components of the T2 <— A2 transition 

is about 2000 cnfThis conclusion is based on the 

assumption that the intensities of the components are 

not greatly different. The work on Cr(aca)g crystal by 

Piper and Carlin (1962) indicate that the assumption is 

valid. 

The use of polarized light allows the observation 

of one transition at a time. Ideally, if all the molecules 

could be oriented with the Cg axis along one common direc

tion, observation of exclusively tt or o-spectra would be 

possible using polarized light. The tris-acetylacetonate 

and substituted complexes are located in lattices of low 

symmetry, having at most a two-fold symmetry axis. The 

molecular C3 axis may be generally located making some 

arbitrary angle with the symmetry axis of the crystal. 

Precise location of this axis for the systems investigated 

requires extensive X-ray crystallographic or EPR measure

ments. Lacking this information progress may still be 

made in the interpretation of the spectra by studying 

the absorption dichroism of the crystal relative to a 

selected reference axis. For monoclinic systems the only 

unique axis of the crystal is the b-axis and this was chosen 

as the reference axis in the measurements with polarized 

light. The absorption dichroism is detected by measuring 

the spectrum with light polarized parallel to the reference 
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direction and then perpendicular to it. The separation of 

the band maxima observed in the two polarizations gives a 

4 
measure of the splitting of the T2 state. If the environ

ment about the Cr+^ ion were perfectly octahedral only one 

band would occur, and for slight deviations from this 

symmetry only a small splitting is expected. 

The choice of the b-axis as reference direction 

for monoclinic systems was observed to give the maximum 

separation of the ̂ 2 components. Several alternate, 

arbitrary reference directions with light incident on 

the (001) face gave a lesser separation between the two 

polarized band maxima. This behavior may be explained by 

the following considerations. Assuming that the lattice 

symmetry is generated by the single molecule as a lattice 

point [this is true, for example for CrCaca)^ which occurs 

- in a lattice having P2^/c symmetry], the molecular Cg axes 

for a pair of molecules will be located at angles + 0 from 

the two-fold crystal axis. Consider the drawing below. 

The drawing shows a cross-section perpendicular to the 

incident light and vfaere the b-axis is vertical. Let P(J 

and be the total unit projections of the transition 

moments along and perpendicular to the C-j axes of the two 

molecules onto the direction of the polarized light vector. 

The angle between the molecular Cg axes is given by + 0. 

The Cg projections are shown for convenience placed to the 
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b-axis 

C^-axis projection 

right and left of the b-axis but may be translationally 

displaced according to the lattice symmetry without 

affecting the present argument. The angle between the 

electric light vector and the b-axis in the plane of the 

projection is designated P. From the drawing it is seen 

that, 

P j l  = cos [90° - (P - 0)] + cos [90° - (P + 0)] 

To maximize the total projection of the molecular transi

tion moment vectbrs onto the direction of an electric light 

vector, differentiate (2) with respect to P and set equal 

to zero. This gives, 

P || = cos (P - 0) + cos (P + 0) 

( 2 )  
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and 

sin [(P - 9) - 90°1 _ i 
sin L90° - CP + 0)J 

The first relation will be generally true for arbitrary 0 

when 0 = 0, and for the second relation when 3 = 90°. 

Selection of the b-axis as a reference direction for light 

polarized parallel and perpendicular to this axis gives 

then the maximum separation of the molecular transitions 

4 
for the polarized T£ components. The preceding result 

has validity for a particular face of the crystal occprring 

parallel to the b-axis. Any other face parallel to the 

b-axis would offer the same choice for the polarization 

directions. 

The results of the polarization measurements for 

the different complexes investigated are given in Table VIII. 

All bands observed from about 6000 to 3500 X are listed. 

Figure 10 shows the spectra for Cr(iodoaca)^ in the AlCbromoaca)^ 

lattice and is typical of the spectra observed. The light 

was incident perpendicular to the (001) face as assigned 

in the morphological measurements for each crystal. A 

summary of the features of the observed spectra for the 

four complexes measured in the Al(bromoaca)g lattice and 

the differences from that of the Cr(aca)g spectrum (figure 

9) are listed below. 
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TABLE VIII 

POLARIZED BANDS OF CHROMIUM COMPLEXES 
IN THE VISIBLE REGION 

Maxima of 

Compound 
polarized,bands Separa-

Com-1) 
I I  X  ( c m  1 )  

Other Bands 

CrCaca)^3 18,100 18,800 + 700 24,280, 25,560, 26,240 

I7,65pb 18,300 + 650 26,770 

(corr.) 17.440 18,300 + 860 

3l 
CrCbromoaca)^ 18,640 17,650 - 990 (22,830), (26,040) 

18.210 17,200 L010 

£ 
Cr(chloroaca)g 18,600 17,700 - 900 (22,560), (25,000) 

18.130 17,230 - 900 

£ 
Cr(iodoaca)g 18,390 17,470 - 920 (22,360), (24,740) 

17.830 16.820 - 910 

Cr(methylaca)^ 18,550 17,650 - 900 (22,090), (23,980) 

18.050 17,130 - 920 (25,000) 

Cr(nitroaca)g 19.510 18.910 - 600 

Cr(trif^uoro-
aca)^ 

17.350 18.050 + 700 

Measured in a dilute crystal, Cr(aca)o in Al(aca)q, 
and iodo, bromo, chloro, and methyl derivatives in Al(bromoaca), 

Underlined values refer to room temperature measure
ments. All other values obtained at 85°K. 

u c 
Spectra measured with a thin section of pure crystal. 
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Figure 10.--Polarized spectrum of CrCiodoaca)^ i-n 

an Al(bromoaca)g crystal ( II and J. to the b-axis) (85°K). 
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1. The separation of the band maxima for the 

parallel and perpendicular spectra measured 

relative to the monoclinic b-axis is of the 

order of 950 cm"''". This indicates little 

effect on the trigonal field splitting for 

a change from a methyl to a halogen substi-

tuent in the chelate ring. 

2. The higher energy component of the ^2 state 

is obtained with the light polarized parallel 

to the b-axis of the crystal. The same 

behavior occurs for the CrCnitroaca)^ crystal. 

This behavior contrasts with the spectra of 

Cr(aca)g (figure 9), where the higher energy 

component occurs when the light is polarized 

perpendicular to the b-axis of the crystal. 

3. The higher energy bands around 25,000 cm~^ 

show polarization behavior which is again 

opposite to that encountered for the Cr(aca)^ 

crystal. The perpendicular spectrum is of 

nijch greater intensity for these bands (see 

figure 10). In Cr(aca)^ these bands are 

polarized in the parallel spectrum (figure 9). 

The corrected energy separation of the components for the 

Cr(aca)^ crystal is 860 cm~\ the a-component being to 

higher energy. In Cr(trifluoroaca)^ the measured separa

tion is 700 cm"\ and since the axis for this crystal 
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is known to be about 5° from the b-axis of the orthorhombic 

crystal (H. S. Jarrett - 1957) a correction to this energy 

would increase only slightly the separation of the compon

ents. The location of the axis relative to the crystal 

b-axis is not known for the Al(brotnoaca)-j and Cr(nitroaca)^ 

lattices. However, any correction due to the imperfect 

alignment of the molecular Cg axes along the reference 

direction may be expected to yield a larger value for the 

component separation. 

To examine the nature of the correction made on the 

observed spectra consider the relations obtained by Piper 

and Carlin (1961) between the observed absorbances (a^ 

and a^ ) and the component absorbances (aff and*aa), the 

aosorbances referred to the molecular G-j axis. 

2 2 a ., = cos 0 a_ + sin 0 a_ // tt a 
( 3 )  2  2  2  2  

a^ = sin 0 cos (J + (1 - sin 0 cos 0) aQ 

The angle between the crystal b-axis and the molecular 

axis is given by 0, while the projection of the axis 

in a plane perpendicular to the reference b-axis is 

designated 0. The content of these relations is summarized 

in figure 11. The ordinates give the percentage contribu

tion of the measured parallel and perpendicular spectra to 

the absorption intensities of the trigonally split 

components as a function of the geometrical variables 9 

and 0. Maximum resolution of the IT and o-components is 
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Figure 11.--Dependence on the a- and n-components 

of the absorption spectrum on the angles 0 and 0. (Equa

tion 3). 
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obtained for 0 angles close to zero or ninety degress. 

As 0 approaches 45° the two contribute nearly equally 

to the observed spectra, and provided the relative 

intensities of the components are not greatly differ

ent, the resolution of the components would be diffi

cult to observe. For a given value of 0 the distance 

between the parallel curve to the perpendicular-curve 

(0-curves) is a measure of the component resolution. 

The value of about 950 cm"^ separation of the 

parallel and perpendicular bands for the complexes 

observed in the AlCbromoaca)^ lattice (Table VIII) is 

somewhat larger than the value found for Cr(aca)^. The 

reversal of the polarization behavior is significant. 

There are two possible explanations for the observed 

polarization differences. Assuming that the angle 0 

for the molecules in the Al(bromoaca)^ lattice is less 

than 45°, then the crystal field model (Piper and Carlin -

1960) requires a reversal in the sign of the trigonal field 

parameter, K, in going from Cr(aca)^ to the substituted 

derivatives. The trigonal field parameter appears in a 

perturbation calculation (S. Sugano and Y. Tanabe - 1958) 

which takes into account the effects of a small trigonal 

4 
distortion on the T2 transition which is degenerate in 

octahedral symmetry. The resulting splitting is given in 

terms of this parameter. 
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K/2 

A 

In Cr(aca)^ the cr-component is at higher energy, the 

value of K is positive (+572). The substituted complexes 

measured in the AHbromoaca)^ have the energy levels of 

the parallel and perpendicular components reversed. 

Consequently, if the molecular axis lies 0° < 9 < 45°, 

the value of K will be negative for the substituted com

plexes. According to Piper and Carlin (1962) the Cr(aca).j 

molecule may have an effective trigonal compression along 

the axis due to the electron density in the chelate 

ring and the sign of K would then be positive. It is 

difficult to understand on the basis of this model vfay a 

change of K should occur for the systems studied here since 

they are very similar complexes. 

A more plausible explanation of the polarization 

reversal can be made. The parallel and perpendicular bands 

of the substituted complexes in the Al(bromoaca)2 lattice 

(figure 10) are well resolved. The absolute value of K 

obtained from the measured interval of the two bands 

(630 cm"^) is^-again close to the corrected value obtained 
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for CrCaca)^. Since the substituted complexes had very 

similar band splittings it may be inferred that the value 

of K for these complexes is not appreciably different and 

that the sign of this parameter should be the same. A 

polarization reversal may then occur if 45° < 0 < 90°, 

and since the components are well separated in the parallel 

and perpendicular spectra, the probability is that the 

value of 9 is closer to 90° (figure 11). 

The Cr(nitroaca)^ crystal also shows a polarization 

reversal from that of CrCaca)^. Similar considerations as 

those given above would explain this behavior. 

The polarization reversal of the higher energy bands 

for the complexes measured in the Al(bromoaca)^ lattice are 

also consistent with the Cr(aca)^ spectra by the arguments 

presented above. The measured values of the band maxima 

are simply listed here (Table VIII). A discussion of their 

origin has been given by DeArmond and Forster (1963b) and 

by Piper and Carlin (1962). 



ABSORPTION AND EMISSION SPECTRA: 

SPIN-FORBIDDEN TRANSITIONS 

Spin-forbidden Transitions of Cr*~* Compounds 

Chromium(III) complexes in octahedral coordination 

are assigned three spinTforbidden transitions in the crystal 

2 
field scheme (figure 1). These levels are designated E, 

2 2 
T^ and T2 and are usually expected to increase in energy 

in the order given. Crystal studies of these transitions 

for the ruby and the tris-oxalate systems have been 

reported (S. Sugano and Y. Tanabe - 1958, T. S. Piper 

and R. L. Carlin - 1961) and the results are briefly now 

reviewed. The assignments for the trigonally split com-

2 *• 
ponents of the E state (27£ and E) for ruby and the tris-

oxalate complex are given below. 

Energy (cm""*") 

Components of ^E ruby tris-oxalate 

<— 4A2 14,447 14,476 

E «— 4A2 14,418 14,455 

o 
It is seen that the splitting of the E level is rather 

small (29 and 21 cm"^*). Sufficiently sharp line spectra 

for these systems are obtained at 77°K, however, and the 

components are readily measured. The 77°K spectrum of the 

65 
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Cr(aca)^ crystal (T. S. Piper and R. L. Carlin - 1962) shows 

several bands in the region of 12,950-14,500 cm"''". The band 
1 0 / 

at 12,950 cm" was assigned to the E <— A2 transition, 

but a separation into components was not observed. 

Three levels are predicted for the splitting of 

2 
the T^ state (S. Sugano and Y. Tanabe - 1958) and are 

designated Ea, 2A and E^. An unambiguous assignment of 

these levels has not been made for the ruby system. Low 

(1960) assigned the bands measured at 14,795, 14,950, and 

15,178 cm""*" in the ruby spectrum as the components of the 

2 
T^ state. However, Ford (1962) assigns these bands to 

vibronic transitions involving lattice vibrations. In the 

tris-oxalate complex, bands located at 15,216, 15,284, and 

-1 2 15,323 cm were assigned to the T^ components (T. S. Piper 

and R. L. Carlin - 1961). There may also be a question as 

to the latter assignments since a vibrational and polariza

tion analysis was not made. A calculation by Sugano and 

-1 2 
Peter (1959) gives an interval of 700 cm between the E 

2 and T^ states for the ruby system. The assignment of the 

2 
T^ level in Cr(aca)2 has not been made. 

Three levels are also predicted as components of 

2 
the T2 state when perturbed by a trigonal field. These 

occur around 21,000 cm"* for the ruby and tris-oxalate 

2 
systems. It is observed that the interval to the E 

2 -1 
state from the T2 state is about 6500 cm . Assuming 

the same interval for the states in Cr(aca)^ would place 



67 

2 -1 
the T£ level very close (19,400 cm ) to the spin-allowed 
A A 
^2 <"""~ 2 trans:'-t:^on and it would be difficult to observe. 

A shoulder observed by DeArmond (1963) in the Cr(aca)^ 

spectrum (77°K) in a glass at 19,380 cm *" may correspond 

to this transition. 

In the previous section it was shown from the 

absorption dichroism of Cr(aca)^ that the trigonal field 

parameter was of the order of 600 cm-*". The magnitude of 

this parameter for the ruby is 350 cm"'*' (S. Sugano and Y. 

Tanabe - 1958) and 270 cm"*" for the tris-oxalate complex 

(T. S. Piper and R. L. Carlin - 1961). From a comparison 

of these values alone one would expect a splitting of the 
o 
E state for the Cr(aca)^ crystal. The spectrum of Gr(aca)^ 

measured at 77°K is too broad to detect a splitting. Meas

urements of single crystal spectra were therefore made at 

the temperature of liquid helium in order to sharpen the 

spectra. 

Crystal Spectra of Cr(aca)^ 

The polarized absorption spectrum of Cr(aca)^ at 

4.2°K is shown in figure 12, and the emission spectrum in 

figure 13. Whereas the 77°K absorption spectrum consists 

of a number of broad bands, the spectrum measured at 4.2°K 

is quite sharp and a number of lines of one cm"*" width are 

present. For example, at the low energy side of the spec

trum the second line at 12,895-12,899 cm"*" is actually split 
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Figure 12.—Polarized crystal absorption spectrum 

of CrCaca)^ (4.2°K). 
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Figure 13.--Emission spectrum of CrCaca)^ (4.2°K), 
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into two components separated by 4 cm"^. The intensity of 

this band appears greater than that of the immediate 

neighbors but each component has about the same intensity 

as that of the first line at 12,882 cm"^\ A number of 

features of the absorption and emission spectra are 

summarized below: 

1. The line of lowest energy in absorption occurs 

1 9 / 
at 12,882 cm" and is assigned to the E <— A 

2 
transition. 

2. The first five sharp lines are repeated at an 

interval, of 455 .cm"^ and retain their relative 

intensities in the two polarizations. 

3. There are two oppositely polarized bands at 

14,415 cm and 14,573 cm"^. The first of 

these bands occurs only weakly in the perpen

dicular spectrum, while the second band occurs 

with a greater relative intensity in this 

spectrum. In the parallel spectrum the band 

at 14,415 cm"^ has the greater relative inten

sity. 

4. The prominent band at 13,176 cm ^ has a pronounced 

- 1 
shoulder at 13,143 cm 'wfaich is almost extinguished 

in the parallel spectrum. Bands at 13,633 and 

14,255 cm"^ are also polarized and appear stronger 

in the parallel spectrum. 
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5. The emission spectrum (figure 13) shows a 

sharp line at 12,873 cm"^" which differs 

from the 0-0 band in absorption by 9 cm"1. 

This difference may be real, although within 

the absolute error of the measurements. 

6. A prominent band system occurs in the emission 

spectrum beginning at 12,835 cm""'" and has a 

large number of unresolved components. 

7. Several sets of doublets occur in the emission 

spectrum with a common separation of about 

27 cm"1. 

Before considering these observations in greater detail 

the nature of the physical problem presented here is 

briefly described. 

The usual applications of crystal field theory 

deal strictly with the electronic states of the central 

ion and how these are perturbed by the electric fields of 

the ligands. An analysis of the characteristic vibrations 

and how these are coupled to the electronic motions requires 

further consideration. The formidable task of making a 

complete normal coordinate analysis of the systems con

sidered here has not been done, but Nakamoto (1961) has 

made an approximate analysis of the Cr(aca)^ molecule. 

This work was found useful in characterizing the many 

2 vibrations coupled to the E state of Cr(aca)^ and its 

2 
derivatives. Since the E level involves a transition 
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3 
within the same orbital configuration, t£, the energies 

of the characteristic vibrations are expected to differ 

little in the ground and excited electronic states. 

For the molecular crystals considered here it is 

possible to divide the characteristic vibrations into two 

groups (A. S. Davydov - 1962): 

1. The intramolecular or internal vibrations 

arising from the nuclear motions within the 

molecule and which are governed by the 

geometry and the strong cohesive forces 

between the constituent atoms. The fre

quencies usually range from 10C1-3000 cm"'". 

2. Lattice vibrations which depend on the inter-

molecular forces and are due to the torsional 

or translational motions of the molecule as 

a vAiole. In molecular lattices bound chiefly 

by van der Waal1s or dispersion forces, the 

lattice vibrations may be expected to be of 

low energy, usually no greater than 100 cm"^". 

The distinction of the two groups based on the relative 

energies may not be strictly valid. Some of the internal 

vibrational modes may also be of low energy, especially 

those involving the motions of the chelate rings relative 

to each other. However, as a working distinction it is 

useful in attacking the problem of assignments of the 

several transitions observed for the tris-acetylacetonate 

systems. 
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The first problem that presents itself in the 

interpretation of the CrCaca)^ absorption spectrum is the 

2 
location of the second component of the E transition. 

The splitting is not expected to be large. Due to the 

presence of four sharp lines in the immediate vicinity 

of the first component (12,882 cm~^), a clear choice is 

not immediately obvious. An estimate of the splitting 

may be made by considering the relation obtained by Sugano 

2 
and Tanabe (1958) for the separation of the E components, 

U2E), 

(4) X(2E) * :> 4 KJ% 
w( E) - w( T2) 

where j* is the spin-orbit coupling parameter, K is the 

2 2 
trigonal field parameter, and W( E) and W( T«) are the 

2 4 2 4 
energies of the E <— A2 and transitions, 

2 
respectively. Values for the T? transition energy and 

S are not known for (^(aca)^. An estimate of <f can be 

made from the spectroscopic g-factor for Cr(aca)^ obtained 

from EPR measurements (L. S. Singer - 1955). The relation 

between the g-factor, A, the crystal field parameter and 

J3 may be written for chromium(III) complexes (C. J. 

Ballhausen - 1962): 

(5) g = 2.002 -
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The measured value of g is 1.983 and taking A as 17,500 

cm"^ from the energy of the spin-allowed 

transition gives a value of 124 ccrf ̂  for jf* . The value 

found is a little smaller than that of the ruby crystal 

of 140 cm"''". A decrease is reasonable if d-electron 

delocalization over the extended molecular orbitals of 

Cr(aca)^ occurs as has been proposed (for example, T. S. 

Piper and R. L. Carlin - 1962). The interval between the 

2 2 -1 
E and T£ transitions is taken as 6500 cm , about the 

value found for the ruby and the tris-oxalate systems. 

From the values thus obtained the magnitude of the splitting 

is found to be 44 cnT^". The four nearest lineg to the 

12,882 cm"^" band gives intervals of 13, 17, 33 and 48 cm~\ 

A choice among the possibilities is difficult and can only 

become unambiguous by studying the Zeeman splittings of 

the lines as has been done for ruby (S. Sugano and Y. 

Tana.be - 1958). On the basis of the foregoing estimate 

alone either of the latter two intervals, corresponding 

to the lines at 12,915 and 12,930 cm"^, would appear to 

2 
be possible assignments for the second E component. 

Further considerations, however, based on the polarization 

behavior observed in the absorption spectrum need to be 

taken into account in order to check this assignment. 

Due to the sign of the trigonal field parameter, 

K, which is positive for Cr(aca)^ (negative for ruby) the 
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2A component is expected to occur as the lower energy 

2 
state of the trigonally split E level. The intensities 

2 of the E components are determined by the spin-orbit 

coupling interaction (S. Sugano and Y. Tanabe - 1955), 

Thus, the dipole strength for the transition 2A <— 

depends on matrix elements of the type, 

(4A2 I f 1 \ ^ T 2 )  )(4AL(4T2)| VB.O.| 2A(2E)> 

W(2E) - W(4T2) 

where P is the transition moment operator, Vs.o., the 

spin-orbit coupling operator, and the state functions 

4 2 
are designated E, etc. The intensity of the transi

tion is therefore dependent on the magnitude of the spin-

orbit coupling interaction and the difference in the 

2  4  
energies between the E and T^ state. Elements contain

ing higher energy states should also be included, although 

their effect on the transition intensity decreases as the 

separation, W( E) - W (higher energy quartet state), 

becomes greater. The result obtained from the perturbation 

calculation may be qualitatively described as a borrowing 

of intensity from the higher energy spin-allowed bands. 

The transfer in intensity will be the greater the closer 

2 
in energy the upper levels are to the E state. If the 

first spin-allowed transitions of Cr(aca)^ largely deter-

mine the intensity of the E levels, then the 2"K level 

should have a greater intensity in the parallel spectrum, 



78 

and also have a greater relative intensity than the E 

level in this polarization. Experimentally the parallel 

spectrum, including the 2A level, which would be assigned 

to the 12,882 cm"^ line, has a greater intensity than that 

of the perpendicular spectrum. This agrees with the behav

ior of the first spin-allowed bands, whose integrated 

intensities are in the ratio of 3/2 for the parallel to 

perpendicular components. (T. S. Piper and R. L. Carlin -

1962). On the other hand, a greater relative intensity is 

not observed for the possible E component at 12,915 or 

12,930 ctn"^" in the perpendicular spectrum. These two lines 

are actually of weaker relative intensity in this spectrum. 

The parallel spectrum shows that the first five principal 

lines have comparable intensities (account is taken of the 

second line at 12,895-99 which is split into two components). 

The location of the E level cannot, therefore, be determined 

simply on the basis of intensity borrowing from the first 

spin-allowed levels of Cr(aca)^. A neglect of mixing with 

higher excited states may explain the observed behavior. 

An assignment of the E component to either of the 

lines at 12,895 or 12,899 cm"^ gives an interval of 13 and 

17 cm"\ respectively, for the splitting, a value which 

appears rather small compared to the estimate of 44 cm"'''. 

Nevertheless a smaller value is consistent with more 

extensive Tt-delocalization of the d-electrons than say 
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for the ruby and tris-oxalate systems. The spin orbit 

interaction depends on the distance of the electron from 

3 
the central ion, varying as 1/r . Greater n-covalency 

would decrease this interaction, diminishing and thus 

2. 
the E splitting. 

A vibronic mechanism allows an otherwise forbidden 

transition to occur when it is coupled to an odd vibration. 

In the case of Cr(aca)^ no vibronic mechanism is required 

2 9 /. 
to explain the transition to the E state. The E <— A^ 

transition may be allowed by the combined effects of the 

trigonal field and spin-orbit coupling. However, a coupling 

2 
of the E level with an odd vibration may also serve to 

enhance the intensity (A. C. Albrecht - 1961). If the 

coupled vibrations are of the totally symmetric species A^ 

(Appendix I), the polarization dependence should follow the 

polarization behavior of the electronic state. This behavior 

is observed for the first set of four lines in the Cr(aca)g 

spectrum (figure 2) vvhich are repeated at intervals of 455 

and 676 cm"*" and retain their relative intensities in both 

polarizations. 

A further explanation of the multiple sets of lines 

obtained may be due to Davydov or factor group splitting 

(A. S. Davydov - 1962). In a crystal the electronic and 

vibrational levels of the molecule cannot be considered 

independently from the remaining molecules in the lattice 
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but go over into the states of the crystal as a whole. 

Starting with originally non-degenerate States, the 

analysis (A. S. Davydov - 1962) shows that as a result 

of the presence of non-equivalent molecules in the unit 

cell, a characteristic splitting of the original molecular 

levels may occur. The splitting depends on the number of 

molecules in the unit cell, the lattice and molecular 

symmetries and the oscillator strength of the transition. 

2 4 
The E <— A2 transition is of low intensity, having an 

oscillator strength of 2.3 x 10"^ (T. S. Piper and R. L.„ 

Carlin - 1962). Such a low value would seem to preclude 

2 
a significant factor group splitting of the E state. 

Splitting of the vibrational levels may also be expected, 

however, and may contribute to small splittings in an 

ordered lattice not observed in solution spectra. 

The coupling of the internal vibrations and lattice 

2 
modes to the E state gives then the rich spectrum observed 

in absorption and emission. Except for the broad band system 

starting at 14,415 cm~^ and considered separately, the greater 

part of the spectral structure may be assigned to a relatively 

small number of vibrational frequencies. Assignments are 

made in Table IX. Three principal frequencies are observed 

having energies of 261, 455, and 676 cnf ̂". These vibrations 

have been described (K. Nakamoto - 1961, J. P. Dismukes - 1961) 

as involving metal-oxygen stretching modes. The measured IR 
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TABLE IX 

ABSORPTION ENERGIES OF THE Cr(aca)3 CRYSTAL (4.2°K) 

V (pm
-1) 

Assignment (cm-^) and 
description of band 

1 12 882 2E <— ̂ 2 (0-0 band) 

2 12 895-9 + 13--17 (lattice?) Ilpol. 

3 12 915 + 33 lattice or second ||pol. 

4 12 930 + 48 
2 

component of E Ilpol. 

5 12 952 + 70 lattice j|p°1. 

6 12 979 + 97 lattice 

7 13 067 + 185 

8 (13 143) + 261 (M-0 stretch, 255 IR), «lpol. 

9 13 176 + 261 + 33 (255 IR), not polarized 

10 (13 226) + 344 (355 IR?) shoulder 

11 13 297 + 415 (M-0 stretch, 416 IR), not polarized 

12 13 337 i r+ 455 (M.O. stretch, 459 IR). 

13 13 348 •¥ 455 + 11 repetition of 

14 13 372 + 455 + 35 lines 1-5 with 

15 13 385 • 455 + 48 the same 

16 13 407 L+ 455 + <7 0 polarization 

17 13 432 + 550 not polarized 

18 13 559 r* 677 (ring def. and M-0 stretch, 677 IR), 
repetition of lines 1-4 

19 13 570 + 677 + 11 

20 13 590 
i 
+ 677 + 31 

21 13 610 L+ 677 + 51 
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23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 
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TABLE IX--Continued 

,  - l v  Assignment (cm"*") and 
V ' description of band 

13,633 + 751 llpol. 

13,808 + 926 (C-CH^ and C-0 stretch, 934 IR), no. pol, 

13,834 + 952 not polarized 

13,891 +1009 not polarized 

13,947 +1065 (1032 + 33, CH3 rock?, 1025 IR), no pol. 

13,956 +1074 

14,094 +1212 (C-H bend?, 1195 IR), no pol. 

14,255 +1373 (CH3 def., 1370 IR), jfpol. 

14,415 +1533 (2Tl <— 4T2, 0-0 band), || pol. 

14,449 +1567 (1533 + 34), || polarization 

14,482 +1600 (1533 + 6X), || polarization 

14,573 +1691 (1533 + 157) 

14,598 +1716 (1533 + 183) 

14,870 +1988 (1533 + 455), 2TL + M-0 stretch 
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frequencies and their description are also presented in 

Table IX for comparison. Vibrational energies associated 

2 
with the E state are seen to agree quite well with the 

measured IR frequencies. This confirms the nature of the 

transition as occurring within the same orbital configura

tion. Since the location of the E level is not definitely 

fixed, the recurrence of a 33 cm"^ interval in the assign

ments may be taken as either a lattice vibration of this 

2 
frequency or the separation of the E levels. 

The symmetry species of the vibrational assignments 

made by Nakamoto (1961) are not useful for a polarization 

analysis here since his model was based on C2V symmetry 

of the chelate ring system. Assuming that the molecular 

symmetry determines the type of vibration allowed, then the 

character table for symmetry (Appendix I) gives the 

species A^ and E which may combine with an allowed elec

tronic transition. E-type vibrations are also IR-active 

and thus the occurrence of similar frequencies in the IR 

2 
region and from the E state may coincide. The A^-type 

vibrations for the molecule are formally forbidden in the 

IR but become at least weakly allowed in a lattice or 

condensed phase. The appearance of bands at intervals of 

555, 751, 952 and 1009 cm"*" as measured from the 12,882 

cm ^ line and for which there appears to be no correspond

ing IR frequency may be vibrations of this type. 
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Table X gives the assignments for the bands found 

in the emission spectrum (figure 12). The same prominent 

frequencies occur as in the absorption spectrum, including 

a 360 cm"^ band not found or occurring only weakly in the 

absorption spectrum (figure 11 and Table IX). The prominent 

band system occurring in the emission spectrum at 12,835 

cm"^ has a large number of unresolved components. Emission 

spectra were measured in first order and the resolution is 

not as good as that of the absorption measurements. How

ever, the large number of closely spaced components suggests 

several excited quanta of lattice vibrations, giving a pro

gression of 10-20 cm"^ intervals. To lower energy the 

intramolecular vibronic modes are dominant, although these 

may occur with one or more lattice quanta. If> in fact, the 

12,882 cm"^ transition is taken as the 0-0 band for the 

emission bands (assuming that a lack of coincidence of 9 

cm"^ between the corresponding bands in emission and 

absorption is real), then the measured intervals in emis

sion would all be increased by 9 cm""'*". The first two bands 

in emission woul^d then correspond to lattice vibrations of 

9 and 47 cm \ which are seen to occur also in absorption 

(Table XX). All other vibrational intervals would be 

assigned as in Table X, but would also be coupled to 

lattice vibrations of 9 and 47 cm"*". 
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TABLE X 

THE EMISSION SPECTRUM OF Cr(aca)3 (4.2°K) 

(cm"''") Assignment (cm"^) 

12 873 2E <— ̂ 2 (0-0 band) 

12 835 + 38 lattice 

12 814 + 59 lattice 

12 797 + 76 lattice 

12 731 + 142 

}2 671 + 202 

12 644 + 202 + 27 

12 601 + 272 

12 572 + 272 + 27 

12 513 + 360 (355, IR) 

12 486 + 360 + 27 

12 409 + 464 (459, IR) 

12 382 + 464 

12 245 + 628 

12 205 + 668 

12 187 + 686 (677, IR) 

12 157 + 686 + 30 

12 067 + 756 
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In emission the vibrational intervals were not 

observed greater than 756 cm"*" with the 20-minute exposure 

times used in these measurements. 

Spectra of the Tris-acetvlacetonate Derivatives 

The spectrum of Cr(nitroaca)g in absorption at 

77°K is shown in figure 14, and the spectrum of Cr(bromoaca)^, 

representative of the halo derivatives, is shown in figure 15. 

The transition energies and the vibrational intervals are 

given in Table XI. The salient features of the specta are 

summarized below. 

1. The lowest energy band (A-band in Table XI) is 

assigned to the ^E <— ^ transition. Energies 

for this level are all decreased in the deriva

tives. The decrease varies from a few wave 

numbers for the nitro derivative to about 500 

cm~^ for the iodo complex. 

2. A second prominent band (labelled B in Table XI) 

occurs with intervals from the A-band of 87, 124, 

132, and 142 cm~^ for the nitro, chloro, bromo 

and iodo derivatives, respectively. 

3. Vibrational coupling of the principal frequencies 

observed for Cr(aca)g occur at intervals of 

260-300, 460 and 700 cnT^ from the A-band. 

4. Vibrational coupling of the principal frequencies 

also occur from the B-band, including a vibrational 

interval of about 1030 cm"'''. 
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Figure 14.-"-Absorption spectrum of Cr(nitroaca)^ 

(77°K) . 
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Figure 15.--Absorption spectrum of CrCbromoaca)^ 

(77°K). 
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TABLE XI 

ELECTRONIC AND VIBRATION ENERGIES OF THE ' TRIS-
ACETYLACETONATE DERIVATIVES IN ABSORPTION (77°K) 

Transition Energies -^A^) (cm" *") 

Cr(nitroaca)2 Cr(chloroaca)^ Cr(bromoaca)g Cr(iodoaca)2 

V A y "  V A? V V A? 

A 12,837 (0-0) 12,522 (0-0) 12,430 (0-0) 12,375 (0-0) 
12,880 43 

(0-0) 

B 12,925 87 12,646 124 12,562 132 12,517 142 
12,952 115 
13,062 225 
13,135 298 12,789 267 12,727 298 12,636 261 
13,250 413 
13,293 456 12,977 455 12,894 464 12,836 461 

12,968 538 
13,382 545 13,104 582 13,024 594 12,978 603. 

456 458 462 461 
13,526 689 13,322 699 13,259 696 13,066 691 

13,344 822 13,259 829 13,028 833 
698 697 691 

13,746 909 13,382 907 
' 13,818 1049 13,462 1032 

13,672 1150 13,592 1162 13,526 1151 
14,196 1359 13,914 1392 13,734 1359 

(14,154) 1632 (14,069) 1639 (13,694) 1589 

The 2Tx< — 4A2 transition 

C 14,222 (0-0) 14,351 (0-0) 14,257 (0-0) 14,229 (0-0) 
14,543 192 14,499 242 

14,731 474 
14,956 699 

aInterval measured from the B-band. 
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5. A broad band analogous to the band at 14,415 

cm~^ In Cr(aca)g also occurs for all of the 

derivatives and is again decreased in energy 

from that of Cr(aca)g (C-band in Table XI). 

The IR spectra of Cr(aca)^ and the derivatives are given 

in Table XII, Principal vibrational frequencies observed 

2 from the E level are again seen to agree quite well with 

the measured IR spectra. The electronic spectra of the 

nitro and bromo derivatives were also measured at the 

temperature of liquid helium. Figure 16 and Table XIII 

give the results for the bromo derivative and Table XIV 

for the nitro derivative. Several features noted above 

remain true at lower temperature, except that the spectra 

are more sharply pronounced and assignments to a number of 

other vibrational modes is now possible. Neither the nitro 

nor bromo derivatives showed the marked polarization behavior 

observed for Cr(aca)g [the crystal b-axis was again used as 

a reference direction and light was incident onto the (001) 

face]. This contrasts with the absorption dichroism exhibited 

4 4 
by these systems in the measurement of the T2 <—• A2 transi

tion (Table VIII). 

Since the trigonal field parameter was found not to 

2 
vary appreciably by substitution, the estimate of the E 

splitting made for Cr(aca)g should be about the same for 
o 

the derivatives or possibly less. The energies of the E 

state are decreased in the derivatives, indicating increased 
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TABLE XII 

EFFECT OF SUBST1TUENT ON THE VIBRATIONAL ENERGIES 

Vibrational energies (cm" ) 

Cr(aca)g* 
Cr(ni tro-
aca) ̂ 

Cr(chloro-
aca) ~ 

Cr(bromo-
aca)^ 

Cr(iodo-
aca), 

256 
355 350 349 347 353 
416 416 414 440 375 
458 464 457 

495 
462 464 

592 612 599 610 
608 620 634 630 631 
654 674 646 
682 697 703 688 695 
774 741 
791 817 
931 932 925 922 919 

1027 989 973 
1018 (1025) 

1115 
1047 1023 1022 

1188 (1195)? 1216 
1272 (1281) 1292 1290 1282 

1344 1362 1344 1339 
1370 (1385)? 1377 1381 1362 1362 
1450 (1427) 1421 1420 1420 1420 

1475 1456 1451 1447 
1520 1531 1559 1555 1548 
1570 1580 

aDismukes (1961). 

^Nakamoto (1961). 
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Figure 16.—Absorption spectrum of Cr(bromoaca) 

(4.2 °K). 
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TABLE XIII 

ELECTRONIC AND VIBRONIC ENERGIES OF Cr(bromoaca)n 
IN ABSORPTION (4.2°K) J 

V (cm ) Interval (cm ) 
2 

(measured from E) 
Assignment 

12 430 (0-0 band) 2E <— 4A,. 2 
12 453 23 lattice ot 2nd-""*! component of T, 
12 563 133 lattice (B -band) 
12 613 183 
12 645 215 
12 676 246 
12 715 285 (M-0 stretch 1) 
12 814 384 (246 + 133) 
12 840 410 (246 + 133.+ 33) 
12 868 438 

(246 + 133.+ 33) 
(440, IR) 

12 902 472 (M-0 stretch, 462, IR) 
12 979 547 (23 + 246 + 285) 
13 023 593 (460 + 133) (462, IR + lattice) 
13 086 654 (183 + 472) 
13 137 707 (688, IR) 
13 180 750 (285 + 472) 
13 271 841 (707 + 133) (688, IR + lattice) 
13 355 925 (922, IR) 
13 457 1027 (1023, IR) 
13 545 1115 
13 583 1153 (1027 + 133) 
13 620 1190 (707 + 472) 

(13 810) 1380 (1362, IR) 
(13 866) 1436 (1451, IR) 
(13 998) 1558 £1555, IR) 
14 231 1801 <• — 4t 

L 2  , 0-0 band 
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TABLE XIV 

ELECTRONIC AND VIBRONIC ENERGIES OF Cr(nitroaca)., 
IN ABSORPTION (4.2°K) J 

9 (cm"1) Interval (en,"*) 

(measured from E) 
Assignment 

Relative 
Intensity 

12 796 - 69 very -weak 
12 837 - 28 ? 1 

(12 853) - 12 ? A 1. 5 
12 865 (0-0 band) E <— 4A2 9 
13 878 + 13 lattice 4 

(12 906) + 41 lattice 9 
12 916 + 51 lattice 9 
12 933 + 68 lattice 8 
12 950 + 85 lattice 9 
12 972 + 107 (68 + 41) 8 
12 985 + 120 (107 + 13) 9 

(13 002) + 137 (85 + 51) 7 
13 016 + 151 (137 + 13) 5 
13 050 + 185 4 
13 068 + 203 5 
13 087 + 222 8. 5 
13 101 + 236 (222 + 13) 8 
13 161 + 295 (254 + 41) M-0 stretch + lattice 10 
13 184 + 319 (254 + 68) M-0 stretch + lattice 7 
13 203 + 338 (254 + 85) M-0 stretch + lattice 5 
13 219 + 354 

(254 + 85) 
(350, IR) 6 

13 247 + 382 (295 + 85) 9 
13 255 + 400 8 
13 284 + 419 (416, IR) 9 

(13 307) + 442 (400 + 41 5 
13 324 + 459 M-0 stretch (464, IR) 9 
13 353 + 488 (419 + 68) . -- 6 
13 378 + 513 (2 x 254 ?) 6 
13 408 + 543 (459 + 85) 8 
13 468, + 603 4 
13 537 + 672 (674, IR) 5 
13 55,0 + 685 (672 + 13) 5 
13 565 + 700 (697, IR) 7 
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TABLE XIV--Continued 

V (cm 1) 
Interval (cm~^) 

2 
(measured from E) 

Assignment Relative 
Intensity 

13,624 + 759 4 
13,650 + 785 (700 + 85) 5 
13,693 + 827 (817, IR?) 3 
13,712 + 847 3 

(13,757) + 892 5 
13,784 + 919 (932, IR?) 7 
13,841 + 976 7 
13,866 +1001 7 
13,891 + 1026 7 
13,928 +1063 (976 + 85) 7 
13,980 + 1115 (1115, IR) 4 
14,023 +1158 (1115 + 41) 4 
14,086 + 1221 (1216, IR) 5 
14,196 +1331 broad, (1344, IR) 7 
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IT-covalency, and consequently may lead to a smaller Jf. 

If the second prominent band of the derivatives, which 

is associated with vibrational energies, is taken as one 

of the split £ components, an explanation based on the 

crystal field model becomes very difficult. Such an 

assignment would give splittings varying from about 33 

cm"^ in Cr(aca),j to 142 cm"**" in the iodo derivative. From 

Equation 4 it is seen that to explain such a variation 

would require large changes in either $ (spin-orbit coupling 

2 2 
parameter) or the separation in energy of the E and T£ 

states, or both. Neither of these quantities is expected 

to change appreciably for the systems considered here and 

very likely not enough to account for a four-fold increase 

2 
in the splitting. Also from the measured value of the E 

energy, everything else being equal, the iodo complex should 

have the smallest splitting whereas the opposite is true in 

the proposed assignment. These considerations make it very 

probable that the observed B-band does not correspond to one 

2 2 A 
of the split E components. An assignment to the T^ <^— A2 

transition might be considered, but arguments presented below 

place this transition at a higher energy, corresponding to 

the broad band occurring at about->14,500 cm"^ in these 

complexes. A satisfactory alternative is to assign the 

B-band to a lattice vibration. To rationalize this assign

ment consideration is given to the"*nature of the Intermolecu-

lar forces in the crystal which determine the energies of the 
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lattice modes. For non-polar, molecular crystals the 

attractive forces are of the van der Waal's or dispersion 

type. The simplest expression for the intermolecular 

potential and only strictly valid for spherical molecules 

(A. S. Davydov - 1962) is given by the relation: 

where a is the polarizability of the molecule, R is the 

distance between molecular centers and I is the ionization 

potential of the molecule. The derivative of this potential 

with respect to R gives the attractive force between two 

molecules. Setting this force equal to -kR where k is the 

force constant for vibrational motions of a torsional or 

translational type between molecules, gives the expression, 

(6 )  V 

(7) 

2 2 
Letting k = 4TT y> M, where M is the mass of the molecule and 

V is the frequency gives (for linear displacement), 

so that 
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This simple treatment shows that the frequency goes dir

ectly as the polarizability of the molecule. The polari-

zability of the molecules considered here is not known. 

The C-X groups in the outer part of the molecule may be 

expected to play a large role in the intermolecular 

vibrational motions. Using the average bond polarizabilities 

for these bonds, a rough correlation is found with the ener

gies of the B-band as shown in Table XV. A correlation 

between the lattice energies and the average bond polariza

bility divided by the square root of the mass of the molecule 

is also given in Table XIV. Since the intermolecular distance 

(R, taken as the equilibrium position between molecules under

going small displacements), and the ionization potential (I) 

are also variables determining the frequency for these 

systems, the correlation is at best indicative of the trend 

expected for the vibrational energies. Instead of a linear 

displacement a rotational or torsional motion may be assumed 

and the mass M in the equations replaced by the moment of 

inertia of the molecule. However, the mass of the molecule 

still enters the equations so that the correlation made in 

Table XIV remains applicable. Energies for the torsional 

modes are expected to be larger than those due to linear 

displacements in lattices of molecular complexes (A. S. 

Davydov - 1962). 

A further possibility to explain the variation of the 

observed frequencies is to assign these to intramolecular 
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TABLE XV 

CORRELATION OF LATTICE FREQUENCIES AND POLARIZABILITIES 

Compound 
Average bond " 
polarizability 

( 3 ,a25v 
(cm x 10 ) 

Polarizability 

(Molecular mass) 

(x LO14) 

TJT 
Frequency 
of B-band 

(cm 1) 

Cr(aca)^ 6.5 2.71 33 

Cr(nitroaca)^ 32.4 11.5 85 

Cr^hloroaca)^ 26.1 9.5 124 

Cr(bromoaca)^ 36 11.5 133 

Cr(iodoaca)2 58 16.7 142 

Average bond polarizabilities were obtained from 
Hirschfelder, et al. (1954). The polarizability for the 
nitro group was obtained from the value of the refractivity 
(J. R. Partington - 1953). 
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motions of the rings relative to each other. The large 

atomic polarization found for the tris-acetylacetonates 

(At E. Finn et al. - 1938) was explained on the basis of 

a twisting or bending of the chelate polar rings relative 

to each other. The frequency of this motion now depends 

on the total dipole moment of the ring and inversely as 

the square root of the mass. Group moments measured for 

the C-X bond in alkyl systems vary from 1.7-2.0 Debye units" 

for the halogens and 3.3-4.2 D for the nitro group (C. P. 

Smyth - 1955). The dipole moment for the chelate ring was 

estimated at 7.5 D. (A. E. Finn, et al. - 1938). If 

determined largely by the metal-oxygen bond, the resultant 

moment should be directed away from the metal ion. The C-X 

groups all have polar groups directed away from the metal 

ion also. The substituent C-X groups may therefore enhance 

the net dipole moment of the ring. Neglecting the C-H bond 

moment and simply adding the ring and C-X moments gives 

9.2-9.5 D. for the ring of the halogen derivatives and 

10.8-11.7 D. for the nitro derivatives. An increase of 

the vibrational energies is expected on this basis alone, 

but the increased ring masses in the derivatives will tend 

to lower the frequency in comparison to that of the Cr(aca)^ 

molecule. These considerations suggest possible alternatives 

to explain the observed data, but a clear decision is not 

obtainable from the present data. 
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The many sharp, line-like transitions found for 

Cr(nitroaca)g in absorption at 4.2°K are assigned in Table 

XIV. Table XVI gives the results found in emission at the 

same temperature. In absorption there are a few very weak 

bands to low energy from the principal band at 12,865 cm"*". 

These bands occur at 12, 28 and 69 cm-*" from the 12,865 cm-*". 

Intervals of 13 and 69 cm"**" also occur -with greater intensity 

to higher energy from the 12,865 cm"'*" (Table XV). The first 

emission band observed occurs at 12,837 cnT^" and does not 

coincide with the assumed 0-0 band found in absorption 

(12,865 cnf^"). The difference observed is 28 cta"^ between 

the 12,865 crrf*- found in absorption and the first band found 

in emission. This type of behavior has been described by 

Davydov (1962) for molecular crystals and is related to' 

non-equilibrium phenomena peculiar to the solid state. In 

absorption a possible lattice vibration of 13 ctif^" gives a 

doublet splitting to many of the bands (Table XIV). The 

bromo and nitro derivatives also have prominent bands of 

85 and 133 cm ^ which couple with the principal vibrational 

energies as was found in the 77°K spectrum.(Table XII). 

Several bands at low energy are observed for both the nitro 

and bromo derivatives at 4.2°K having energies between 100 

and 300 cm It is possible that some of these may be 

intramolecular vibrations involving motions of the chelate 

rings. A more complete model of the tris-acetylacetonate 

system should allow a determination of these modes of 
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TABLE XVI 

VIBRATIONAL ENERGIES OF Cr(nitroaca)3 IN EMISSION (4.2°K) 

(cnT^) Interval (cm-1) 
9 Assignment (cnT^) 

(measured from E) 
Assignment 

12,865 (not observed in emission) ^E ^2, 0-0 band 

12,837 (taken as 0-0 band for the emission spectrum) 

12,796 + 41 lattice 

12,744 + 93 lattice 

12,637 +200 

12,604 +233 

12,571 +266 (M-0 stretch 1) 

12,531 + 306 

12,484 +353 (350, IR) 

12,435 +402 (416, IR) 

12,381 +456 (464, IR) 

12,341 +496 

12,283 +554 

12,238 +599 

12,162 +675 (674, IR) 
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motion which are not given by the Nakamoto analysis 

<1962). 

2 
The State 

2 / 
Although assignments to the E A2 transition 

are more or less readily made, the assignment to the 

^T^ «— ̂ 2 transition is made difficult because of the 

possible overlap with the extensive vibrational structure 

2 
of the E level. This difficulty is apparent in Cr(aca)_ 

2 4 
and its derivatives where the T^ <— A2 transition 

occurs with energies which may also qualify for the C=C 

and C-0 stretching modes of the tris-acetylacetonate 

derivatives. For example, the possible ^T^ <— ̂ A^ 

transition for Cr(aca)^ at 14,415 cm"'*' occurs at an 

interval of 1533 cm from the ^E level (12,822 cm *") 

and could correspond to the IR frequency of 1520 cm"*" 

(Table XIl) for this compound. A similar interval Occurs 

for the nitro compound (Table XI). On the other hand the 

energies of this band (C-band in Table XI) for the hal<5 

derivatives have intervals of 1829, 1827 and 1854 cm"*' 

from the E level for the chloro, bromo, and iodo deriva

tives, respectively. These could be assigned as a combina

tion band (1550 + 300) but their large relative intensity 

and other reasons presented below appear to preclude this 

assignment. 
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In the first approximation crystal field theory has 

2 2 
the E and T-^ states degenerate and of equal energy. Sep

aration of these states and further consequent splittings 

occur due to three principal effects: (1) Components of 

the trigonal field in the perturbation potential, (2) Spin-

orbit coupling, and (3) Configuration interaction. Accord

ing to Sugano and Peter (1961) the latter effect has the 

2 2 
greatest effect on the separation between the E and 

energies. Configuration interaction arises from a mixing 

of states from different electronic configurations of the 

2 
same symmetry as the state. This interaction is differ-

2 2 
ent for the E and levels and causes their separation of 

2 
energy. The three components of T^ are expected to show 

polarization behavior which is found useful in the assign

ment of the levels in Cr(aca)^. Of the three components 

2A, Ea> and E^, the first component is expected to be 

polarized parallel to the C^ axis of the molecule and the 

other two levels perpendicular to this axis. In Cr(aca)^ 

the 2A level is expected to lower energy. Figure 11 shows 

that the 14,415 cm~^ line is strong in the parallel spectrum 

and occurs only weakly in the perpendicular spectrum as 

expected for the 2A state. In the perpendicular spectrum 

the band at 14,573 cm""'" has the greatest relative intensity 

and may be assigned to the E, level. The E level vtfiich 
D Si 

depends on the spin-orbit coupling for its separation from 

2A may not be distinguished from this level or should occur 
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close to it. Its separation from vibrational states near 

the 14,415 cm~^ band based on the polarization behavior is 

not possible. 

2 
The assignment for the T-^ level appears therefore 

to be satisfactory for C^aca)^. Further evidence that the 

C-band (Table XI) is an electronic transition is given by 

the occurrence of intervals measured from this band which 

corresponds to the principal frequencies precisely as those 

2 
observed for the E state. The bromo derivative (figure 14 

and Table XI) has frequencies measured from the C-band of 474 

and 699 cm \ while Cr(aca)2 may also be assigned a vibra-

-1 2 
tional interval of 455 cm from the T^ level. The C-band 

2 4 
is therefore assigned to the T^ <— A2 transition. 



SUMMARY 

The low temperature spectra of Cr(aca)^ arid deri

vative complexes have been measured in absorption and 

emission. Sharp line-like spectra were found at the 

temperature of liquid helium (4.2°K). The measurements 

in absorption allowed assignments to electronic states 

and the associated vibrational levels. Similar vibrational 

intervals were found in absorption and emission. 

Three principal frequencies which have been char

acterized as involving metal-oxygen stretches were found 

in absorption and emission with energies of 261, 455, and 

676 cm ^ for CrCaca)^. Similar frequencies were also 

observed for the derivatives. Several other frequencies 

were assigned in the absorption spectra to vibrations which 

were also found in the infrared. Vibrational intervals of 

about 550, 750 and 1060 occur prominently in the absorption 

spectra of Cr(aca)^. These energies are not found in the 

infrared measurements. It is possible that these frequencies 

are not permitted in the infrared. A Raman study of the 
( 

AKaca)^ crystal may clarify this question. Several low 

lying energy modes are observed for CrCaca)^ and the deri

vatives and these may be due to lattice frequencies. Changes 

in the lattice energies were rationalized on the basis of the 

polarizabilities of the substituted complexes. 

109 
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The trigonal splittings for the derivative com

plexes were measured and compared to that of Cr(aca)^. 

The change of trigonal field splitting with different 

substituents was found to be small. A reversal of the 

polarization behavior in the derivatives measured in the 

Al(bromoaca)g lattice is explained as due to a possible 

molecular disposition with respect to the crystal b-axis. 

X-ray crystallographic studies of AKbromoaca)^ and related 

systems would be useful in making more extensive spectro

scopic investigations of these complexes. The emission 

spectrum of Cr(bromoaca)g was not measured at 4.2°K. This 

complex does not emit as strongly as Cr(aca).j or CrCnitroaca)^. 

A measurement of the emission with longer exposure times 

than was possible in this work would be useful in character

izing more completely the vibrational energies. 
r\ t 

The T^ <-— A£ state in Cr(aca)^ was assigned. This 

assignment was rationalized on the basis of the polarization 

behavior of the components of this state and the occurrence 

of characteristic vibrational intervals associated with this 
o 

level. The splitting of the E state was not clearly decided 

in this work for Cr(aca)2 or its derivatives. Zeeman studies 

of the very sharp line spectra observed for Cr(aca)^ would 

help to decide the position of the second component of this 

transition. 
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APPENDIX I 

SYMMETRY PROPERTIES AND SELECTION 

RULES FOR Cr(aca)3 

The molecular symmetry of the Cr(aca)^ molecule 

is Dg. The character table for D3 symmetry is given below 

and the IR and Raman active symmetry species are indicated 

(K. Nakamoto - 1963). 

D3 I 

Symmetry 

2C3(Z) 3C2 IR Raman 

A1 1 1 1 - active 

A2 
1 1 -1 active -

E 2 -1 0 active active 
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APPENDIX II 

D-SPACINGS FOR THE Cr(bromoaca)^ and Al^bromoaca)^ 

COMPLEXES FROM X-RAY POWDER PHOTOGRAPHS 

CrCbromoaca)^ 

o 
d-spacing (A) 

Al(bromoaca)g Quality of Line 

1 7.47 7.48 broad 

2 6.18 6.19 broad 

3 5.58 5.60 fair 

4 4.97 4.97 broad 

5 4.30 4.30 weak 

6 3.62 3.60 broad 

7 3.08 3.08 good 

8 2.90 2.90 weak 

9 2.73. 2.74 very weak 

10 2.61 2.59 fair 

11 2.49 2.48 fair 

12 2.30 2.29 fair 

13 2.16 2.14 fair 

14 2.09 2.07 very weak 

15 1.97 1.96 very weak 

16 1.82 1.85 very weak 

17 1.65 1.69 very weak 
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