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ABSTRACT =

The optical absorption spectrum of chromium (III) tris;
‘acetylacetonate has been determined, using a grating speétrogféph,
at roomrtemperatﬁre, 77K and h;2©Ks |

; I% iS'shown‘thaﬁgkdue to the similarity of the crystal field
of this chelate'té that of ruby, the optical absofption spectrum of
this éhelate may be interpreted using a previous interprefatioh of
the ruby spectrum. The proposed assigmments of fhe spectral fea~
tures of Cr(AcA)3 have been tenfatively verified by a studynof

their optical anisotropy. |

It is also shown that the poéitidn and spacing of'the inter-
combination lines may be poténtially useful s an indication of the

degree of‘covalency.of the metal-~ligand bonds of chelates.

vii



| INTRODUCTION AND BACKGROUND

In 1929§ Bethel introduced the'concept of the crystal field.
He assumed ‘that, in a coﬁplax of either ﬁhé rafe”earths'or the |
transition metélsj the'mblecﬁlé could be‘treated as a central ion
-surrounded by 2, 3, Ly 5, 6 or more point charges. ‘These point
charges replaced thé ligands of the comﬁlaxg and their ﬁosition and
mimbeyr were jusﬁ the position and number of 1igan&so |

He poétulated that the enérgy,levéls of the central ion
could be determined by assuming that these pdint charges created an
electric field, which perturbed the.#afious d §r £ orbitals, thus
partially rembving the degeneracj of theée orbitals.

He formﬁlated fhis problem mathematically and, using group
theory, showed qualitatively hcw the different atomic stétes 6f the
free atom would be affected by fields of different strengthg due to
the proximitj of the ligéhds to-theAcentral ion, and of different
symmetry, due to.the number»and locabioﬁ of the ligands.

~ The first use made of this.theory‘was in 1932 by Schlapp
and Penneyz, who used this electrqstatic field concept 10 explain
thé magnetic.ﬁehavior éfrcompléxesa‘ Using this crystal field theory,
theyvaﬁtempted to explain the changes in the farémagnetiSm of an ion
~ when it isvplaced in a complex byvcalculating the paramagnetic

1
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susceptibility of sevgral_tranSitidnrmetal_complexeso The expressions
'they'obtained coula bé made to fit éxperimental values of the sus~
ceptibilities by assuning *reasonable Values“ for the parameters
involveds | v

‘fery little was done with crystai field fheory for the next
twenty years. The exisfence of complexes as well as their magnetic
properties could be_eﬁplained, with a fair degree of accuracy, using
Pauling's theéryB of ioniQ énd covalent bond types. Pauling's
, théory'Waé“also able to qualitatively rationalize many features of
the'optical_spectra‘of‘complexesg since i£ led to reasonable conclue
sions about the positibﬁs of available energy levels, at least in
 the cbvalenﬁ»complgxeso

B In 1952, h‘ovyweve:m'9b().:i:",g‘\fall"L showed thalt crystal fiéld theory,'
was véfy"similér té'Pauling*s concept of bonding types. There are
reSSentialiy'twb types of éomplexesg‘différeptiated by their magneticv
: behavibre - The first, called ionig complexes by Pauling, exhibit
the mormal ﬁaramagﬁetism of. the free ion. These are classed as weak
field com?lexes in crystal fieldvthepryg in which it is assumed that
the crystal field splitting is small compared to electronic repuléions
so'that;eleCtrons.willlfavor the higher enefgied orbitals rather than
- pairing in thejalreadyjsingly,oﬁcupiéd Ioﬁer'eﬁergied,orbitalsg Thus .
an ion;having four d electrons ih a low field complex will have all
Tour eléctronS'withlsﬁins unpaired; resulting in the large magnetic

_ moﬁent exhibited by the free ions
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The secondrfype'of complexes arefPauling?s covalent complexes,
in which the paramagnetism oﬁsérvedvin the free ion is redﬁced ér
destroyéde Using éfystal field theory, this-would be explained as a
strong field case, where the érystal fie}d,splitting is larger than
electron repulsiong,‘Thus;the élééﬁronstwill favor pairing rather
: than promotion to one of the highgf energy Qrbitals; Hence, an ion
havingvéix'd4electrons; WhiCh éxhiBi£s5baréﬁaghetism;in'the free
‘stateg‘ﬁill éxhibit diamagne%ism in an oétéhedral; sfrong field
complex, due to a pairing of all Six elgctrons in the three. lower
energied orbitals,

In this article, Orgel aléo showed qualitatively how crysﬁal
-’ fleld theory could be used to explain heats of hydration of the
tran31t;on metals. He showed that ‘the anomalously low heats of hydraw
tion of Mn (II) and Fe (III) were due to a lack ofrcrystal field
stabiiization§ sihce bofh have 3 gfbund states, and, hence are nov
stabilized by the formation of a crystal field.

Orgel also explained the deviétion of many sixucoérdinated
complexes fron.nerfect octahedral symmetry in terms 01 a Jahn-Teller
effect. Thus, using crystal.field theoryg the unusual stereochemistry
of octahedral Cﬁr(II) complexes; which have four short and two long
bonds, can be éxplained¢>yPaulina's covalent bonding theéry could not
explain thls dlffefence in the six metalullgand bonds .

Since this rev1val of 1nterest in crystal ?1e1d theory in

the early 1950s, a considerable amount of work has been published



b
on applications of thié’theoryo Thé greater pért of thié work has
been atteméts to better intérpret the optical spectra of transitibn'
metél compiexeso » | | |

. Crystal jield theory has been used to partially interpret
the spectra of transition meta1'coﬁplexeSfésiearly aé 19h005 However,
théée eafly stﬁdiéé wefé:éeﬁeraily able\td inﬁerpfet qualitatively
or semiequantitatively only ﬁhé broad, weak absorption bands charac-
teristic of the optical spectra of‘these compoun&so Many of the
transiﬁion metal compléxes,exhibit, in addition to these bands,
séveral‘sharp lines, or sebs of lines, of very low intensity. Few
vof the early studies were able to intérpret, even qualitatively,
these lines. For a good feview summarizing ﬁhe work done on spectral .
interpretatioﬁ prior to 1959,‘thé reader’is referred to McClureaé
The firsﬁ’good ipterpretafion of large portions of these
spectra was published iﬁ 1958 by Sugano and Taﬁabeo7 In this work
they intefpreted thé‘opticél spectrum of fuby,'which'consists of
‘small amounts of Cr (iII) suspended in an aluminum oxide ia%ticeg
Since the Gr‘(XII) préSumably substiﬁﬁtes at the aluminum lattice
,Sites, it is octahedrally surrounded by six oxygen atoms. - Thus we
: ,may_cénsider the ruby:as a dilute, erystalline Cr (III) complexp
the;ligands béing oxygen atoms@ » |
In this stﬁdyy thé optical spectrum of Cr (III) triémacetylw |
" acetonate, in thévcrystalline formg'was'examinedrat low temperaturess

 Sin¢e,the Cr (IIi) of this chelate is octahedrally surrounded by



six oxygen atoms, creatihgfa'field'ﬁhOSé“Symmeffy'cah bé reiatedlto; V-‘C

'that of ruby, an attempt has been made to 1ntermfet thls spectrum
us1ng Sugano and Tanabe‘s ruby 1nterbfetatlon= Thls sLudy has” been
'.necessarlly 1ncomplete, bui it is hoped tnat 1t may be 1nd10at1ve of =
_ the valldlty of thls approach to the 1ntarpretat10n of the ontlcal i

o speetra of,chelatese '



' CRYSTAL FIELD THEORY

Mbs£ of the-phyéicéi éﬁd‘cheﬁiqalfproperties of transiﬁibn
metal iohé can be understood8 from a'study of ligand field theory,
which is a grafting‘ﬁdgether of crystal fiéld theory and molecular
orbltal bonding theoryg
| In electrostatwc crystal fleld theory, the central metallic

ion ié considered to be subgecwed tO»an electric field, generated byr
the nearest atom ofTeaéh ligand. This atom is usually either neg~
atlvely charged or the negétiﬁe‘eﬁd of an electric dipoleo

This negative charge will repel the various d electrons of
the central lon, the-repulsion being greatest in the viecinity of
'fhe negative electrostatic charge. " Since we presume the eléctrohic
distribution of'd electrons to be characterized by five orbitals, the
proximity of an orbital to the ligands will determine its‘desﬁabilin
zation by the crystal fieldo Thus tﬁe ofbital dégengracy of the ffee
lon is partially'remcveda o

In avdiscgssion of fhe effeéts of the crystal field, it is
'_more meaningful’to speak of the reﬁoval of the‘degeneracy of the
'atomic'stétesg rather than aiscuséing the effect of the field on
,eleétrons in ‘the individual'orbitals;' This is .most easily appre~
elated by_femembering thatbén»aﬁqm.having one d electrqn/cannot be

, . _
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considered-as having an electron in oﬁe discrete brbiﬂalg but rafher
ftone-fifth of an electrontt in each of the five d orbitals. Thus it
_ can-be seen that a discussion of .the orbitgl*spliﬁting is rather
neaningless, exceplt as an aid to an-infuitive under#tandihg of crystal
field theorye" | | | |

The manner in which a given atomic’ state spliﬁs is a function'
| of the symmet:y of the élecprostatic field created by the ligands, as
well as of the distagcg befweén‘the cénﬁf&l ion and the iigandso
Thué, in a perféétlj ocﬁahedrélifieldﬁ ah_F state.willvsplit into
thre‘é states, while in a -dist;oi'{ed EC’Eahedral]field , the degeneracy
of the F statejwill %é fu:ther removed by a splitting into six stateseé

The relative enefgies of each compéﬁent of a split state can,
in theory atvleaSt,'be célculated frbﬁ‘pefﬁufbatipnitheofy@ A poten~
tial fuction due tbAthe field is assumedg'Which has the same symmetfy
as the fieldg A combinatién of étomicld orbitals ié then chosen which
exhibits thé‘same,symmetry as the split component unaer-qpesiionn
This potential function and this combination of-atomic orbitals is
then used in perturbation calculations to determine the energy of
this component, relative to that of the atomiC\state ﬁrom.which it
originates. The expressions obtained are difficult to splve and yield
energy levels in ‘terms of several péfameters, which must be evaluated
from the observed spectra.

lin the-studj of octahedral-complexesg the field is generally

considered to have octahedral symmetry, éither perfect or elongated



along one axis. In the casee studied in this project, a trigonal
£ield!?’ is found to be superimposed on this octahedral field. This
trigonal field hes the effect of further splittiﬁg the components due
to the'octahedral field. As will be seen, thls additional sollttlng
. glves rlse to the optlcal anlsotropy observed in the quartet-quartet
transitions of the rubys
K‘Anoﬁhef effect‘ﬁeeded:to.explain these sﬁeetra is that due to

spin-orbit coupling. Tbis equpling,‘which is neglected in the first
approxiﬁationg is the intefactionlof the spin and the orbital angular
mementum of an electron° The result of thls coupllng is to further

ollt the energy leVels of the doublet staﬁes in the presence of the
crystal flelde This spllttlng gives flse to .the. optlcal anlsotropy
observed in the quartetmdoublet (1n$ercomb1natlon) lines observed
in these spectraa 7

N The only other essumptlon needed in the 1nterpretat10n of
the spectrum of Cr (IIl) trls~acetylacenonate is the existence of
covalent bondlngo As 1s well known, 1f‘an aﬁomlc orbital is sub~
Jected to covalent bondlng, molecular orbltal formatlon, the energy
of the resulting molecular orbltal 1s lower than that of the OrLgm

‘iﬁal atomic orbital. Thus it may be said That covalent bonding

lowers the energy of an atomic state.



EXPERIMENTAT, TECHNIQUES

The trismacetylécetonate chelates of Cr (III) aﬁd‘Go (TI1)
were obtalned from MacKenzile Chemlcal'Wbrk59 Inc, and hleCurO
Metaliurgical Co° of Unlon Carbide Corp° The alumlnum axlde boulesg
containing 0406% and 1.8% Cr (III), Wefe obtained. from Linde Divie
slon of Union Carbide Corp. These boules Wwere approximately two |
inches long by one-half inch in diameter.

The alumiﬁum (II1) tris;ééetylécetegates used to prepare
mixed crystals, Wés preéared by mixing stoichiomeﬁric amounts of
aluminum chloride and adetylaeetone_in'an agueous solution, made
o sufficiently alkaline with sodium,hydroxide to dissolve any insol-

_uble’aiuminum hydroxide formedP'.After stirring fér five minutes at
roém temperature, the'whifeﬁ gelatinous précipitate of aluminum
acetylacetonate was filtefed}'Waéhed‘With'Waterg and taken up in
 benzene. This method produced a large yleld of pale yellow crystals.

The Al(AoA)3 crystals were recrystal_lzed from benzene and
thelr visible absorptlon snectra determlned u51ng a Cary Model 11
Arecordlng spectrOphotometeraf The absorptlon in the vigible and

near 1nfared reglons consisted of two small peaks at h30 mp and

. 612.5 mp with molar extlnctlon coef¢101ents of 0,178 and OoOlO

respectively. These were not intense enough to interfere with the

9
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'wofkgwhichﬁWagjdéne.withzthis compound ;- which was used as a trans-
parent matrix fbr‘other éhelatés; | . »

All compounds used in tﬁis study‘weré purified by filtering
benzene or ethanol solutions of the cdmpoﬁnd to remove any\benzene
or éihan01'1h$olu51e haﬁter pms’ém”T EThe chelate in solution ﬁas.
then recfystaliizéd by bdiling until saturated, cooling to rdom
temperature or slightly below, and filtering out the precipitated
chelate. The material thus obbtained was used without further
. purification.

Since, for this'work? large; thick crystals were not reqﬁiredj
the usuai maﬁho&S of 6rystal grbﬁﬁh‘ﬁéféuhét useds Lsee, seeﬁing a
supersaturated solution or sloW5 thermdétatted cooling of a saturated
solution; Other common teohniques which were not applicable, due to
the instability of the acetylacetonateé‘to heat, include ZOﬁe melting
- and growing from a melt. | |

It was found that two methb@sjof.c:ystél growth'gavé Cbmpletely
’satisfactory crystals in ﬁhree to fOpr dayso The first‘of theée
methods was thé grbwth of the desired drystals directly oﬁ a beaker
bottom by slow évapbration of a benzéﬁé or ethanoi solution of the
chelétee It was found thatb three or four grams of the-desifed chelate
dissolved in seventyfive milliliters of solvent'wcuid producefa supply
of usable crystalg in three days,ﬂ

for a;stﬁdy éf'thé stfghgiyiébsérbing(transitions in.matérials

whose crystalline structures were isomorphous with aluminum



aceﬁylaéetonate; diiuté; mixedlérysialé could be succéssfully

groWTl . These'ﬁere obtained by disgolving a known amount of the
chelate uﬁégr éﬁudy i; beﬁz;he with a known am@unﬁ of Al(AcA)BD

This soluﬁion'was then allowed to.evaporate slowly, yielding mixed
crystals whose concentration was known. = Generally a ratio of ten %o
one hundred parts of fhe aluminum chelate per part of the transition
‘: metal chelate was used.

“This technique will prove especially vaiuable for solid
state studies of ﬁhe nore intense'absorptions (e.gs ligand bahds)g
It ﬁas generally found‘that.for the forbidden transitions under:study
here, pure crystals of sufficient thinness could be prepared.'»The
miied crystalé were used, however, for some studies of the‘500~700 mpr’
region of the Gr(AcA)3 spectrum. | .

The second crystai growth -technique used was the growth of
crystals at a benzeneawﬁter intefface}_ The chelatefﬁas dissolved
in benzene and this solution floated on a water layer. After the
benzene had evapdrated; well~formed crysﬁals were lifﬁed off the
',Water, allowed to dry in air, and used, This method generally
\produced_grystals o£ betﬁer size and shape with fewer visible surface
defects than did the first method discussedo Using this techﬁique
minimized the danger of crystal bréakage dﬁripgiremqval of ‘the
cxystals_ffom the beakefe This technique is limited to water insol-
uble chelates.  If, howevefy it were desired to use ihis oﬁ water

soluble chelates, any liquid having the proper density, and in which
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- the chelate and its solvent were insoluble,Aeeuld Ee used,

Thetaluminum oxide boules were cut into useful pieces, using
a diamond‘tipped'sew,‘Wiph,one,fece parallel to the‘crystallographic
¢ exiso' The optieal-efieﬁﬁatiOn was determined by means of & polar- ’
~dzing microsc,'Ope° “No attempt was made to cut or mount these boules
'w1bh an accuracy greater than a one or two degree deviation in the
position of the ¢ axis.

For determlnatlon of the crystalllne absorptlon spectra,
the crystalS'Were mounted on clear cellophane tape, which has no
detectable absorption in the reglon LOO-900 mp. This tape was then
mounted on a plastic holder painted black, with a small hole for the
passage of~light“through the crystal. For a sketch of this holder,
see Figure 1. This assembly was then placed in the immer compartment
‘of a lafges Two compartment, ﬁacuum jacketed dewar with optical
Windqwsp A long, removable plastic rqd'was_used for adjustment
and removal of the holder.

The dewar was nounted on a universal euppoft'whieh allowed
precise adjﬁstment of the dewar to'compensate for changes in the
Jength of the crystal ﬁelder on cooling. The dewar was attached to
this universal support in such a way as to allow reproducible
removal and replacement of the dewar,

For ﬁhe 77@K studies, the inner compartment of the dewar
was filled with liquid nitrogen and the cry‘stal9 which had been pre-

cooled with solid carbon dioxide, was placed in thls llqnld nvtrogen
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bath. This pfecobling of ﬁhe‘crystal helﬁed minimize thermal strain
on the crystal duewto rapid;éooling by the liguid nitrogene.
For the L.29K Studies; thgvéuﬁervcompartment of the déwar
was filled with liquid nitrogen to prec;ol the dewar. The crystal
was precooled as above anQ-placed in the‘inher-ebmpartment which
was theh filled‘Wiéh»liqﬁid héli?m°: iﬁ'wés found.thét liguid helium
could berretainéd in the dewar fo;‘about one hour. It was found
necessary.to reduce the pressure in the vacuum jacket of the dewar
to lO"5 mm,Hg’to'preveht exceséive-condgnsation of‘air in this
jacket on the bﬁtical’windqw$ of the dewar. This pressure reduction
wés accqmplished'with a meéhanical‘vacuum forepump and a mercury
' diffusion pumpo . o
The graﬁihg'spectrograph used in this study was built for
iour group by Mr. Leon Solenave, of the University of Arizonaa; A
sketch of this instrument is shomn in Figure l. The mirrors shown
iare conca%re9 front siivered, collimating mirrors, whose focal length
is equal to'ﬁhe distance frqmithé mirror to the grating and/or the slit.
A two inch square replica grating§ b1azed at one ﬁicron,“was
used. To take advantage of this blaze angle, all visible absorﬁtion
spectfa5 L00=700 1o, Wereistudied in the second order. In allvinfared
'studiésy 7001200 mp, the first 5rder‘wasvused,
_ The spectrogréph Was'equippedVWith a parallel jaw slit, which
could be‘opened reproducibly to any desired'widtha The settings

used in this study, between 0.0L and 0;07 mm, were found to give no
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appreoiable line'broadening to low’pressﬁre helium arc iinesﬂ

The camera uses standard )i X SVinch‘spectroéraphic plates,

It has a two compqnentg air spaced lens systém‘with a focal length of
15 cm, and the_apefturé variable from f£:2.5 to-f?%m7e Fof these
studiésﬁ a setting-bf faZ,S was used to take fﬁllest advantége of
the light available‘at‘thé grating. The camefa conétruction allowed
five seperate exposures on each plate.

| For each spectral region studiéds appropriate Corning glass
filters Wefe used to remove~over1apping orderé and undeéiredjwavem

. lengths. Generally, for eééh study, a filter was chosen which
removed all light of shortér anelength ﬁhan the region under study.

- A low pressuré helium arc was uéed for calibration purposes,
ﬁhe‘spectrum of which was photographed on'éach plafe beside the
ébsorptionbspectrum under study. This arc generally put six or
seven of the more intense helium lines on thé plate, the exposure
‘time having been sﬁort enough 1o omit the 1éss infénse linese‘ Since
~a grating sﬁectrograph gives a linear dispersion, the position of a
given spectral feature éaﬁ be'éccﬁrately interpolated, once the
~ spacing of the various heliﬁmwlines’is determined.

Two presentations are pbssible with this spectrdgraphq The
normal presentabioﬁ used in most of fhése-sﬁudies produces resolution
of 5 to 10 cmfl at lS;dOchm";e A second, high résolﬁtion presentation
is available which offers,three’timeé this resolution. This second

presentaﬁion'WaS\not'usedg since the first gives generally adequate.
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dispersion, 3 m{s per millimeter on the plate, for7these studies.

also, since the dispersion of the second presentation is so.great,
only a small portion of the spectrum can bé'bhotographed on one plate.

Kodak Spectrographic. plates were used throughout this study.

The first of these, 103a~F, has an effective wavelength range of

1,00-700 mp. The second, 1~N, is_usefulifor the 700-900 mp regione

. Since this second plate type isAconsierébly slower than the first, .

these plates ﬁere hypersensitized by washing With water and drying
with methanol béfofe use. This~hyperséhsiti2ation increased the
speed of the 1-N plates to aBout that of the 103a-F plates.
lStandard'devglqpmenﬁ and fixingltédhntieS'Were followed.
The plates.were'developed by_four:minutes of oontinuous égitation
in Kodak D;19 de#elopér at 20°C followed byAa thirty seéond,'running
water rinse. Theijere fixed Ey ten minutes of continuous agitation

in Kodak Acid Fixer at 20°C followed by a finmal thirty minute,

‘running water rinse.

The light.sourde uSeq for the'dbsorptidn studies was a
Westinghouse lSO'waft, seif focusing, tungsten pfojector lamp. This
was encloéed in a'box‘coﬁtaining a cobling blower. No attempf wés
nade to further focus the lamp, since ample intensity was obtained
without further focusing. A ground glass screen was placed between

the lamp and the éryétal to render the light striking all parts of

" the crystal uniform in intensity.

_Thé lamp was operated thrbugh‘a Variac at 100 Voltsa_ Using

a Variac to turn the light on and off avoided the large initial
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- surge of power thrbugh‘the lamp with a resultant shortening of the
life of the lamp. Since a tungsten lamp emits a great deal more
.intensity in the 1ong‘wavalength visibie than in the shdrtg it'was
found necessary to place a‘solution‘of ferrous ammonium sulfate

(120 g/1 Ee('NHh)Z(SOl;L)Z in 2% sulfuric acid in a cell 2.5 cm thick)
in the light path to reduce the iﬁtenéity of the longef wavelength
visible light to'approximately that of the shorter wavelength
visible light.

For the polarizatibn studies;;a'Wollasﬁon, double refracting,
polariziﬁg prism'was'introduced into ﬁﬁe light path inside the spec~-
trograph. This prismfdispersed.thé bean into two parallel beans,
which had their respective elecitric véétoré ninety degrees apart.
Since one 6f the beamS'was‘parallei and one?perpendicqlar’to the
molecular_()3 axis, the cryﬁtgl having been mdunﬁed,inithis mannerg
studies of ‘the polarized absorption speétrum.of fhe crystal were
possible. For these stﬁdies,'the’cry§ta1,was nounted with the
molecular Cs'axis:perpendicular to thg propagation-direction of the
irradiating light and parallel tp one of the polarization vectors
of the'@blléétén prisma | ”

Using this experiméntal,sétnup,,the crystals! absorption
spectra, either polériéed or unpolarized, ﬁere phdtogfaphed at room
temperaturé, liquid nitrogénbteﬁéeratﬁre‘(77°K) and, where the
‘ liquid nitrogen photoéraphmindicated possible sharpening of struCg
tural features, at liquid helium temperature (L.2°K). The results

of these studies are given and discussed in the following sections



 RESULTS AND TNTERPRETATION

Slnce the 1nterpretablon of the optlcal spectrum of chromium
(I11) trls—acetylacetonate is based on Sugano and Tanabe's 1nter~

pretat10n7

of the ruby spectrum, both the spectrum and the energy -
level dlagrams for Ghe 1aoter are reproduced here. For their calcue
_latlonsg Sugano and Tanabe, assumed a field having C3V synmwtryei

This is the symmetry of the oxygen atoms surrounding the Cr (III)

11 has

»ion in ruby, as has been shoWﬁ by'Wykoffslg Deutschbein
shown that no appreciable sharpening of the spectral features is
observed at temperatures below 770K9 so.studies of ruby have generally
been carried out at this températuréo

The eénergy levei:diagrams shown in Figure 3 are constructed
from Sugano and Tanabe's'ﬁork and are intended ‘o show only the
splitting of the various atomic states. They are not intended to
be quanﬁitative'with regard. to the exéct energy of each lev§13
which Can>be given‘oﬁly'as a function of severgl parameters, bﬁt
o merely indicate the relative energy of each level., It should
be'hoted that their calculations indicated that the quartet levels
areusplit primarily by'the cubic and.trigonai componéﬁts of the
field, while the doublet levels are spii% by the cubic field and by
spinmorbit coﬁpling combined with the trigonal-fielde' |

18
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In thisgwork; the ruby spectrum was studied merely to verify
the validity of the experimental techniques used. The portions of
the spectrum studieé are shown in Figures L and 56'

Tt should'be>neted that good agreement is obtained in the
-polarization ratios of the intercombination 1ines at lh,hlB and
1h,hh3 emf and at 20 992 21,086 and 21,357 cm ", as well as in
The vibratlenal structure on the lowest energy pair of bands at

”lo T+ should be also noted that, in the region around

189000 cm
lﬁ,jOO cm“l; many lines,. of Tesser intensity than the two main
iinesg appear. These‘heve been observedlo'by previous workers,
although no good eAplanatlon for them has been oi‘feredo It should
‘also be noted that an 1ntense llne occurs in this work at 1h,162 em L
in the parallel polariza‘bion9 which is not observed in the,perpenm
“dicular polérizationp' This'linevhas‘not been repbrted previouélyg
althoughAit"has undoubtedly been observeda

| One other feature of interest observed here is the structure

at 1),,870 and 15,050 cn’ lg Ford12

has observed structure in this
reéion, using a Perkin Elmer Speetrocord; and has assigned this to
lattice vibrations. No attempt will be made in this thesls to
further’elucidate this structufeo

The assiénhent of the features of the ruby spectruﬁ by
Sugaﬁo and Tanabe is glven in Table 1. These assignments were

verlfled by Sugano and Tsuglkawa913 who studied the. Zeeman spllttlng

of the 1ntefCOMb1natlon (doublet««quarteo) lines under the action of
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a 24,000 gauss magnetic field. They calculated the Zeeman splitting
for each transition on the basis of the assignments made by Sugano
and Tanabe, and found that the experimentally observed splitting
for the various intercombination lines agreed with their predicted

values.

Table 1

ASSIGNMENT OF SPECTRAL FEATURES OF THE RUBY (Sugano and Tanabe')

Position Polarization Assignment

~18,500 A (B)* perpendicular hE (hTE) <~ hA2

parallel hAl(b'l’z) - hAz
~2L,000 et (B) perpendicular hE (th) - hA2

parallel hAz(L'Tl) - l‘Az
~38,000 emt (B) perpendicular hE (hP) - hA2

parallel bA2(hP) L. llA2
1L,418 et (L) perpendicular E (2E) - hA2
1bL,Lh3 cn (L) parallel 2k (2E) - hAz
20,992 em~t (L) parallel 2Z'(2T2) -« hAz
21,086 cm™t (L) perpendicular E,(°T,) <~ by,

* (B) and (L) mean band and line respectively

It should be noted that the line at 21,357 em™t has not been
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assigned. on the Easis of ‘the abpﬁe energ&’leﬁel diagram. On the
basis of Sugano and Tanaﬁe’s work, this line doés not appear to be
the tranSiﬁion ﬁ%(ZTé)?@ﬁTVHAéglsince ﬁheir:enefgy level diagram
pladeS'the energy of the Eé.state below that of the other two com-
poﬁents of 2T2a | ' |

1h recently recalculated the splitting

However, Sugano gnd Peter
for ruby, including in‘this calculation the effect of cbnfiguraﬁional
-wixing of higher energy statés with“tﬁe‘stétes originally consldered.

- This effect WQSvneglected-in the calculaﬁions'of;ﬁugano'and Tanabe.
The mosﬁ‘significaﬁt qoﬁtrigﬁtioﬁ of.thié ealﬁulatidn was to place
the energy of‘the E% level above that of the ﬁé(2T2)e |

On the basis of this new calculation, they tentatiﬁél& assign
" the line observed at 21,357 cm"l in ruby to‘the transition
Eﬁ(sz) G #A2&‘ Unfortunately, Sugano and Tsujikawa'slB'Zeeman
studies were not‘able to vérify this assignment, since.ﬁhis 21,357 cmfl
line is too broad to allcw:obéervation of its'Zeemaﬁ splitting.

- This line does not exhibit the’extreme polarizaﬁion*Sugano and Tanabe
predicted for ‘the transition to which this line is now assigned,‘
_but it dqgs appear slightly,more intenge in ﬁhe parallei polérization
“than in the pérpendiculars Which is aé predicted. No mention of this
inconsistency was made by Sugano and Peter.
| Tt should be noted that transitions to the components of
' the‘ZTl state have not been identified in the’rubyAspectrume SuganoA

and Tanabe predicted that this staté should split, under the action
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~of the trigonal field and spin-orbit coupling, into three states,
WhoseAspacing and polarization intensities should be as shown in

Figure 6. LowlS has reported three lines at 1L,795, 14,950 and

15,178 em”lgiwhiéh he assigns tentatively to the transitions:
| Eé(le)’ P EAZ ‘for the 15,178 en™ line
2E(°T)) - 'hAZ for the 1L,950 cm™ linév,
ﬁ%(?Tl)‘ G EAZ  fforl£he 1h9795 T iiné@

His SPectfum iéireéroduced'in Figure‘io It should be noted
-~ that these lineéfare very weak and db»notuagrée with the polarizations
or the spacing predicted for these trénsitions by Sugano and‘Tanabe,
Since no experimental details.were gi%en'by Low, it‘is hot known how
falid his'éssignments may be. The author of this thesis prefers to
wait until iOWYS'Work is verified before‘aCcepting these agsignments.
From the abovéAdiSCuSéibnz'wé-see that most of the features of
. the ruby‘spect?um can be satisfactorily explained by crystal field
theoryghwiﬁh the'additibn‘bf Spinéorﬁit’céuﬁling’effectso
We shall now éttémpfito intefprét the spectrun of chromium
(III) triséécetylacetonatelWithin the framework of the same theoretical
‘ treatmentp
Thé‘chromium‘(III) trié=acetylacetqnate molecule beiongs to
. the point group.symmetry'Ds and the crystal field sﬁrrounding the
" central ion is primarily‘Cubicg due to the six oxygen atoms of the
‘ligands, which form a regular octahedron about this ione In addition
to this cubic field, there is a stfong tfigonal field9 whose origin

is at present wnknown.



Fig. 6
RELATIVE ENERCIES OF THE SPLIT COMPONENTS
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9

Singer,” who first postulated this field, to explain his
EFR neasuremnents on‘crystalline Cr(AcA)B, showed that the interaction
energy of this trigonal field with the Cr (iII) ion is considerably
vlarger'than.ﬁould be predicted on the basis of the moleculaflstructure@
,Jarreftlé offers two possible explanaﬁiens for this field. The first
is the existence of a dipole moment for the entire 1igahdo ﬁowever,

as he states, i£ is doubtful if this dipole could berf‘suffiéienﬁ‘
nmagnitude to create a trigonal‘fieiélés strong as is oﬁservedoy His
second po%Sibie eXplanatibn ié the éffecﬁ dfvf'bonding between the

el orbitél'of'the oxygen atqms andvthe tzg orbitals of the central

ion on these tzg_crbitals, Wﬁich could presumably create a trigonal
field by altering the éleéﬁrsn‘distributibh in these orbitals. The
exact cause of this field is stillvuﬁkpqwngfhowévern

| | The signifiéant point here is that the épliﬁﬁing pattern
prodﬁced by a field of D

3

“symmetry should be the same as that produced
fielda Siﬁqé the splitting patterh is the same for both

by a C3v
symuetry species,'WQ should be able tdviﬁterpret the Gr(AcA)B Spec
';trﬁﬁg'whose_fieldbp:obébly has DBISymmetry, by aﬁa1ng to thé ruby
; ;pectrumw'whgégjfigld haSngv symmétfyf‘ In eaqﬁ'casé, we expect the
same splitting patterns o |

‘The splitting~of the .doublet levels may~be less invOp(AcA)B
than in ruby, since this islpaftly due to‘spinmorbit coupling and it
ris known that én increasé iﬁ‘the covalent nature of a bond will

decrease the importance.bfAthis coupling. This effect, if observed,
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will change only the quantitative splitting of the intercombination
| 1ines,'however9 and‘will_hafe no effect on the essential gqualitative
features of the energy level diagram. - |

9

: Singer offers as‘prebf'bf the~1arge degree of covalency of
chromium (IIT) complexes_the‘following;

1. The slow exghange,qf ﬁhe ligands of chromiuvm (IIT)
chelates and complexes with ligand molecules in soiutione Presumably,
if the bbnding‘were largely ioniec, a rapid exchange Wouldibe notede

2. The slow rate of racemizatiqn of optically active
chromiun (IIT) complexesg.‘Here again, iohic bonding would predict
rapid racemization. | |

Quantitative aﬁplication o§ the ruby energy level diagram
to Or(AcA)B.cannot be»fu¥lyvjustifi§dq, However, as will be shomn
the chelate speqtrum can be seminquantitétively interpreted using
this energy ievél diagram; The diécrepénéiés‘noted can be easily
' fatienalized§

 The optical épecffuﬁ’of Cf(AcA)} is reproduced in Figures 8
~and 9. It will bérnoted that only a portion of this spectrum is
polarized. We havé,mot)yet succeeded incobtaining a polarized
spectrun of the SOOQYOO'mM region. It is hoped that polarization
studies of this region Can‘be;made'to verify the tentative assign=
ménts nade in this tﬁeSisa | N

To determine the ofientatiOﬂ,of the molecular_CB‘axisiwith

9

respect to the crystallographic axes, Singer” used Cr(A_cA)3 crystals,
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Fig. 9
ABSORPTION SPECTRUM (F Cr(AcA)s,_h90-590 mp~
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oriented in a magnetic field for ground state Zeeman studies. These
studies indicated that the molecular 03 axis lay at an angle of 31#1°
from the crystallographic b axis. His studies could not, however,
determine the exact location of this molecular axis, but merely
placed it on a cone about the b axis.

Due to the uncertainty of this placement, we merely oriented
the crystal with respect to the crystallographic b axis, whose location
was determined by Dr. R. L. DuBois, of the University of Arizona.

The orientation of the crystallographic axes is shown in Figure 10.
The crystal shape shown is that obtained when the crystal is grown
by the methods described above. The relative dimensions of the
crystal, in the directions shown, are approximately 10:20:1 for

the a, b and ¢ directions respectively.

Fige 10
LOCATION OF CRYSTALLOGRAPHIC AXES IN Cr(ACA)3 CRYSTALS

Using crystals oriented in this manner, it was not possible
to determine the exact intensity ratios of a given transition in the

different polarizations, but polarization trends are observable. These
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trends are sufficient to allow tentative assignments. In the polar-
ized spectrum determinations, the crystal was mounted with the
crystallographic a axis parallel to the propagation direction of the
source light and the b axis parallel to one of the vibration directions
of the Wollaston prism.

There are several features of the unpolarized (500-700 mp)
region which are of interest. The broad absorption band, having its
maximum at about 535 mu at 77°K and L.2%°K is undoubtedly the

L

A2 transition, observed at 18,500 cm

in ruby. Chakravorty and Basu17 reported a study of the optical

(components of hT2) < -1

anisotropy of this band at room temperature. Their spectrum is

reproduced in Figure 1l.

PARTIAL SPECTRUM OF Cr(AcA)3 AT ROOM TEMPERATURE
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No experimeﬁﬁal details were given; S0 it is not known
exéctly how their crystal was,orienteao They did report the polari-
- zations asvpafallel and perpendicular to the "longvaxis of the
crjstal“@ 'it must be‘;ésﬁmed‘that this long axié corresponds to
the b axis of the crystai; which, as was seen previously, is normally
the longeét dimensioﬁ Qf thg prystalo  Sihce their work was done at
roém témpera’tufe9 thej did nof“obsérve the fine structure seeﬁ in the
low temparatureﬂtracingS‘éf Figure 9. ,F

The ?osition‘éf ﬁaximum absorption observed fy'them is at
the saﬁe wavelength 6bserved by ﬁhis éufhof at rdom témperature@
As is expected, thefé is a considerable shift of the maximum with a
~ decrease in ﬁemperatureo This shift is caused by a thermal depop-
' ulation-éf thé eicited vibrational levels of the ground staﬁeyAthus
femoving the low energy vibronic transitions from.these levels.

“The significant feature of their work is that the two
polarizétions show the higher energy transitipn is polarized

parallei to the molecular G axis, wﬁich is as assigned in the ruby

3
(See Table 1). Thus, it is entirely reasonable to assign these two

bands to the split components of the hfz state. The transitions

observed are thens:

e M, (555

Perpendicular pélarization hAl <= AAZ (585 ﬁyga

Parallel polarization

Ancther feature to be observed in this region is tﬁe complete

~absence of fine structure on the low energy side of these bands, even
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at 129K, In the ruby spectfum, five distinct peéks are obseri‘red8
The spacing of these peaks is about 200 cmfls which zgrees with the -
ground statervibrationai spacing obtained by KrishmanlB in the
infaredg 1ok émflgl It has been assumed, thereforé, that fhese peaks
K aré vibfationai structure of the‘excited=state¢
The absence of vibrgﬁignal structure in Cr(AaA)B is probably
due to the complexity of the ligand, which ailows many vibrations of
similar énergy‘within the 1igaﬁdo 'Henéé; the Sharp vibrétional |
features of the chromiﬁmuoxygen‘ﬁondg observed in ruby, are obscured
by a éuperpoéitign'of mény'vib;atipns‘within the ligand of CrCAcA)Ba
To test this hyg;oﬁhesis; “the éoéresbéndingiband in cobalt (III)
rtris~a¢etylacetonate.wés-examined:attrOOm temperdbure, 77°K and
11e2%Ke This banas unpdlar%zed, fof COCAGA)B‘iS éhown in-Figure 12,
It should be nptéd that no viﬁraﬁional structureréppears here,.even
though it has been observed in Co (ITT) suspended in aluminum oxide.™
Since this situation is complefeij gnalagous to the Cr (III), it may
be safglyaaésumed“thatuthe,QOQPIEXiﬁy'Of‘the'1igand_is responsible
;for this‘abéencé of structufeg | ' “
‘Alﬁhough similar vibrational structure has béen reported
for v (211),2° wa (111),~ and Wi (TII)YY in aluminun oxide, the
acetylacetonate,chelaﬁes of these ions were ﬁot examined for such
rstructure, due to the absence of this din the two chelafes studied.
| The»mpst Significant feature ofithe unpolarized spectrum of

Gr(AcA)B is the»bocurence of three shafp lines in the higher energy
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Fig. 12
ABSORPTION SPECTRUM OF Co(Ach)s, 550-630 mp-

Optical density

\SRoom temperature ,_57701{ and }4.2°K

630 mn 620 610 600 590 580 570 560 550 mp.
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region of the broad absorption band., Although the optical anisotropy
of these lines has not yet been determined, their spacing is directly
related to the spacing of the (split components of 2T2) < bAz

lines observed in ruby near 21,000 cm'l. The spacing of the lines

for these two materials is shown in Figure 13.

Fig. 13
COMPARISON OF SPACING OF 21,000 et LINES OF RUBY
~1

AND 19,000 cm — LINES COF Cr(AcA)3

Ruby CrgAcA)3
|22 cm"ll 273 cm~t l'zé cm‘ll, 108 cnt ;|l
oK E, E
20,992 cm™t 21,357 en™l 19,257 om™- 19,391 cm~t

Two features of this comparison are important, both of which
may be explained by the same assumption. The first of these is the
same ratio of spacing in both ruby and Cr(AcA)B; 1:li for the ruby and
1:); for the Cr(AcA)B. The absolute spacing for Cr(AcA)3 is only about
one third as large as that of the ruby, but since this splitting is
partly due to spin-crbit coupling, we would expect the spacing to
decrease with a decrease in spin-orbit coupling. Since we assume a
greater degree of covalency in Cr(AcA)3 than in ruby, we expect less

spin-orbit coupling in the former and hence less splitting. The
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ratio of the spacing of the lines should remain nearly constant in
the two materials, however.

The second feature to be observed is the shift of these lines
to a lower energy in Cr(AcA)3 by about 1500 en~l, This shift is
also expected if we postulate a greater degree of covalency of bonding
in Cr(AcA)3 than in ruby, since this bonding will reduce the energy

of the original 2

G spectroscopic level, from which these excited
states originate.

The above facts, coupled with the absence of any other lines
in this spectral region, indicate that these lines may be assigned
to the transitions:
for the 19,257 cm™L line

2 (°1,) < hAz

E; (2T2) -« hA2 for the 19,283 en™t line
Eg (2T2) - hAZ for the 19,391 en™t line.

These predictions should be verified by both a study of the optical

anisotropy of these lines and by a study of their Zeeman splitting.

If these predictions are correct, both should be similar to the

13

values obtained by Sugano and Tsujikawa ~ for the ruby.

A second portion of the Cr(AcA)3 spectrum is also of interest.
In Figure 8 is reproduced the the spectrum of Cr(AcA)3 in the region
from 700 to 900 mp in both polarizations. It should be noted that
considerably more detail is observed in the parallel polarization
than in the perpendicular and that the intensity of several of the

bands shows a dependence on the polarization direction. These facts
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indicate that the crystal orientation is good enough to allow obser-
vation of polarization trends.

The feature of particular interest here is the optical anisot-
ropy of the band at 12,900 cm—l. This band has not been resolved
into two distinct components, due to concentration broadening, but an
attempt to do so is now being made. At the present time, however, it
does appear that this band consists of two components which are
oppositely polarized. The spacing of these two components appears to
be about 30 cm_l, although they are not sufficiently sharp to allow
exact determination of their spacing.

Here also, there are two features which should be noted. The
first, and most important, is the optical anisotropy of the two
components. The high energy line at 19,928 cm-l appears to be more

~1

intense than the low energy line, at 12,900 em™—, in the parallel

polarization and less intense in the perpendicular. The second
feature of interest is that these lines are located about 1600 em™+
below the 1lL,LLO cm~! intercombination lines of ruby. This is
roughly the same shift observed for the high energy intercombination
lines.

These lines exhibit the same optical anisotropy as the
ruby intercombination lines (E - hAz at 1h,L420 em™! and 28 hAe
at 1L,LL3 cm'l) and they are shifted in the same way as the previously

assigned intercombination lines. Thus it seems entirely reasonable

to assign these two lines of Cr(AcA)3 to the transitions:
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E (°E) = L‘Az for the 12,900 cm™L line

2K (ZE) - hA2 for the 12,928 cm™t line.

As was stated above, due to the width of these lines, it is
not possible to give their exact spacing. Hence, the discrepency in
the spacing of these lines relative to that of the ruby, 28 cm‘l VSe
2l ent respectively, is not as serious as it may first appear.

No attempt will be made to interpret the other features of
this low energy portion of the optical spectrum. This author does,
however, suspect that some of the other peaks observed in the 700-
780 mp region of the Cr(AcA)3 spectrum may be the components of the
2Tl < hA2 transition. Since the other two sets of intercombination
lines have apparently been shifted to lower energy in Cr(AcA)B, it is
not unreasonable to expect that transitions to the components of the
2Tl level would also be shifted to a lower energy. This shift could

presumably move these lines out of the 18,000 en™t

bands, where
this author suspects they are in ruby, into this spectral region of

Cr(AcA)B.



CONCIUSIONS

Inithis sﬁudy,yangattemptﬁhaé‘Bééﬁ.ﬁéde to teﬁtatively
assign~many‘of(theHStructural featﬁres of the chroﬁium (FIT) trige
acetylacetonate 5pecﬁrum, using the energy level diagram developed
by Sugano and Tanébe for the fuby@ If the aséigﬁﬁents made in this
: étu&y prove valid, it may be concluded that this diagram can be
applied, at least qualitatively, to otﬁer Cr (III) chelates, having
the sane symmetry of field as.ér(AcA)Bo ‘This diagram will furnish
a véluable tool in the inferbfeﬁation of-these Spectrap-

This studj‘haS‘also'indiéated that a study of the Splittihg
of intercombinafion lines and their shifting may be a valuable tool
~in the study of the céﬁalency of bonding in éhelatese As has been
seeﬁ, the degreé of covalency may'ﬁé iﬁferred quélitatiﬁely from both
of thése properties. IT may prove possible to develop a systematic
“covalency? parametef enabling oné to relate these changesvté the
degree of covalency. This will Ee accdmplished oﬁlj after a
Syétematic,study of Several related chelateS'whoserrelative covalency
can be estimated independentlyo

* Iﬁ'has also been seen that»puré electrostatic crystal field
| theory is not sufficient to explain manj of the features of these

_spectra. This is seen both in the existence of doublets and triplets



L1
for inﬁercombinatién'lines, which fely on Spinéorbit coupling for an
explanation54qnd iﬁ the éhifts of theée linesg.apparentiy'with covalent
bonding charactere Thus, it‘becomes necessarj;to gréft severéi
extensions onto crystal fieidiﬁheory to explain all the observed
features of‘these.speétraa This é@phasiies that, while each theory
nwg‘be qulte satisfactory 1n its explanatlon of a 51ngle feature, a
unlfled theory, capable of explalnlng all the features, is stlll
not a real1tyo | | |

It is 51gnificant;>however, that such a large degree of

success can be attained by grafting these differént theories together.



SUGGESTIONS FOR FURTHER STUDY

Polarized studies of the high energy intercombination lines
of Cr(ACA)3 should be carried out to verify their optical anisot-
ropy. This study would have to be performed on thin crystals
(0.1 wm) at low temperatures, either 77°K or L.2°K.

The low energy intercombination lines should be better
resolved to determine more accurately their spacing and to verify
their observed optical anisotropy. Both of these can be accomplished
by using a high dispersion spectrograph to increase the resolution
and by using dilute, mixed crystals to minimize concentration
broadening.

An attempt should also be made to identify the components

of the missing 2T - hA2 transition in Cr(AcA)j. It is quite

1
possible that this transition gives rise to one or more of the peaks
observed in the 700-770 mg region of the Cr(AcA)3 spectrum. If this
is true, the above mentioned techniques shculd resolve this peak,
or these peaks, into its components.

It will also prove advantageous to study other chelates
related to the acetylacetonates, whose bonding should be more or less
covalent than this. This study will test the hypothesis of covalency

of bonding being related to intercombination line behavior.

W2
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Two excellent ligéndéjfor this aré-trifluoroacetylacetone
and hexafluoroacetylacetones‘the Cr (III)'chelates oft which have
been prepéred1by MrgrPa’X;.Armendarezg whbiwill conﬁinue.this project.
These two chelates should be more or less covalent than the one |
studied here, due to the presehce of highly electronegative atons
near the chelating oxygen atoms; This should reduce the negative
~charge on the oxygen atoms, and thus change the covalency of the
metal-oxygen bondso If.the above assignments‘arevcorrects these
‘chelates should éhgwya‘difference in thejsplitting of the interf
combination lines and in the position of these lines.

The infared spectra of these éhelates could be examined to
determine the relative covalenc& of theserbondss as it is expecﬁed
 that thé stfétching frequency of‘the metal~oxygen bond shéuld

" reflect changes in the covalency of this bond.
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