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ABBREVIATIONS

en = ethylenediamine ietren =tetraethylenepentamine
phen = o-phenanthroline trien = triethylenetetramine
dipy = dipyridyl pn == propylenediamine

0X = oxalate ibn = isobutylenediamine
das = o-phenylenebisdimethylarsine DMSO = dimethylsulfoxide

o = spin orbit coupling coefiicient

A, INTRODUCTION

Our understanding of the electronic structures of transition metal compounds
has rapidly gained momentum in the past decade and a half with the advent of
ligand field theory. Various physicochemical observations such as the stereoche-
mistry, magnetism, and spectroscopic behavior of a variety of systems have been
satisfactorily inferpreted by recent bonding theories'—5. This has been particularly
true in the case of compounds of cubic symmetry. Even in systems of non-cubic
symmetry, some successful interpretations of electronic spectra have been re-
ported®—35. In order to make further progress on these non-cubic compounds not
only do the theories have to be systematically extended but more precise and exact
experimental spectroscopic measurements have to be made. These experimental
studies have to be carried out with the aims of locating the exact band positions,
of achieving better resolution of the band components, and of uncovering bands
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of low intensity. Until recently most of the spectroscopic data available on the
known non-cubic transition metal compounds have been obtained only.in connec-
tion with synthetic, kinetic, and photolytic studies and not with the sole aim of
making intensive spectroscopic investigations. As a result, much needs to be done
in the area of visible and ultraviolet electronic spectroscopy of transition metal
compounds.

In this report we will limit our survey and discussion to complexes of chro-
mium(III) belonging mainly to quadrate symmetry. The aim of this review is to
summarize briefly the theory of cubic and non-cubic ligand fields with special
emphasis on the effect of quadrate fields on d® configuration, to survey all the
available spectroscopic data, the band positions and the intensities of all the known
mono and disubstituted octahedral complexes of chromium(III), and to attempt
to systematize and interpret the data as much as possible by the theory developed.
The result of such a survey should bring into focus appropriate systems for further
studies and provide guidelines to extending both experimental and theoretical in-
vestigations on non-cubic compounds of transition metals in general.

B. THEORY

The theory of cubic compounds is well-known. Figure 1 shows the Tanabe-
Sugano energy plot for the d* configuration in octahedral fields. This energy dia-
gram is plotted somewhat differently in the sense® that the ordinate is the absolute
energy with the ground state being zero, varied as a function of Dg from 0 to
4000 cm™!. The B and C values are chosen to be suitable to the hexaaquo-chro-
mivm(III) complex cation i.e., B = 700 cm~! and C/B = 4. The optical spectrum
of the hexaaquo ion fits very well at a Dg value of 1740 cm™!. With a slight varia-
tion of B and C/B such energy plots can be used to explain the spectra of a variety
of octahedral chromium(IIl) complexes. Thus the spectra of hexacyano (Dg =
2650 cm ™!, B = 500 to 550 cm™%), trisethylenediamine (Dg = 2185 cm™!, B =
625 cm™ 1), hexaammine (Dg = 2155 cm™ !, B = 650 cm™'), hexaisothiocyanato
(Dg = 1765cm™, B = 575 cm™*), hexafluoro (Dg = 1600cm™*, B = 750 cm™?)
and of many other systems can be interpreted. In both chromium(III) and nickel(II)
octahedral complexes the lowest energy spin-allowed band directly gives 10 Dg
(or 4), and the evaluation of B can be made by the use of any of the following
formulae®”.

B = (2v;24-0,2—3v,v,)/[(15v,—27v,)  (fitting the second band)
B = Qvy2+v32—3v;v3)/(15v;—27v,)  (fitting the third band)

B = (v,+v;—3v,)/15 (fitting the sum of the second and
the third band maxima)
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B = 1/75{3v; +[25(vs—v,)*—16v,*1*} (fitting the difference of the third
and the second band maxima)

In the above equations vy, V5, and v, are the first, second, and the third spin-
allowed transitions in the order of increasing energy, respectively.

Thus in cubic fields only one ligand field parameter, Dg, is needed to describe
the spectra. On the other hand, in quadrate fields, two more ligand field para-
meters, D¢ and Ds, are introduced because of the added axial fields. The axial
ligand field parameter, Dt, is very similar to Dg in that both are matrix elements
of the fourth order harmonic potential, whereas Ds is the matrix element of the
second order harmonic potential®*>. In the limit of crystal field formalism it can
be shown that Dt = —2/7 (Dg,— Dq,) for an octahedral complex of the formula
MX,Y and twice this for trans-MX,Y,. Although more general symmetry argu-
ments require ten electron correlation parameters in cubic ficlds and twenty three
in quadrate fields these can be averaged to three both in quadrate and cubic
fields?!? if the differences among these parameters are assumed small. They are
the usual Racah parameters A, B, and C (or the related Slater-Condon-Shortley
parameters Fg, F,, and F,). Since the parameter A occurs in all energy levels and
since our interest is in energy differences, we are concerned with only B and C,
which depend upon the positions of the spin-allowed and spin-forbidden bands,
respectively. Spin-orbit perturbation is not included in the present report.

In the limit of zero spin—orbit interaction the quadrate theory can be devel-
oped on the basis of either of the representations that axial fields being perturbative
additions to the cubic fields or that they are large enough being included along
with the cubic fields to start with?!2. The latter scheme would be more appropriate
to describe systems of pentacoordinate square pyramidal, tetracoordinate square
planar, and highly tetragonally distorted octahedral geometry. On the other hand,
mono- and frans-disubstifuted hexacoordinate octahedral systems which are under
present study can be conveniently described by the former scheme, ie. these
systems would be treated as slightly deviated from cubic symmetry. The symmetry
adapted wave functions in this representation are simply the cubic wave functions
but properly decomposed in going to quadrate symmetry. The decomposition of
the representations of cubic symmetry relative to quadrate is as follows: AT, » A%,
A(Z:g - B?, Eg - A?s Egcb - B?a ngz - Ag, Tlcgb,c I a?bv nga - B% and
ngb,c -» EZ,. These symmetry adapted strong-field 43 quadrate wave functions are
listed in Appendix A. Using the same decomposition it is, of course, possible to
carry out the perturbation of axial fields over the octahedral weak-field representa-
tion. Since it is the strong-field functions that more aptly describe the real systems
we chose to carry out our calculatiors in strong-field formalism. The structure of
the energy matrices is obvious from the decomposition of representations described
above. The matrix clements in cubic fields, i.e., cubic ligand field and electron
correlation terms, would stand as they are. Now in addition to the added axial
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field parameters in the diagonal elements, the 4§, and Eg, representations both
being transformed to AQ representation in quadrate would be connected by axial
ligand field off-diagonal elements. Similarly the A5, and Eg, the T . and
Tzcgb,c representations will have non zero off-diagonal elements in axial ligand
field parameters, Dt and Ds. The energy matrices of d* configuration in quadrate
fields are listed in Appendix B*.

The splitting of the octahedral energy levels in quadrate fields is shown in
Figure 2 which has been constructed with the parametric values B = 650 cm ™',
C/B =4, Dt = +300 cm™! and x = Ds/Dt = 2. Such a plot is applicable to
systems where an octahedral complex is cither monosubstituted or #rans-disubsti-
tuted by a ligand whose Dg value is larger than the Dg value of the parent complex.
Note that this diagram is also appropriate to describe the energy levels of an
elongated tetrahedral complex of d” configuration. In this diagram Dg is varied
from O to 4000 cm™!. At zero Dg value, we have linear symmetry with Dt =
+300 em™?! and = = 2. The energy levels on this line correspond to those of
cylindrical labels. At the right hand side of the diagram are given the strong-field
labels for the quadrate representation. Each of the orbitally doubly and triply
degenerate octahedral levels split into two quadrate levels as expected. Considering
only the diagonal elements the doublets of (t3,) configuration do not split but they
do so when configuration interaction is included. Our primary interest in this
energy plot is the splittings of the three excited spin quartet levels. In the first
approximation it can be seen from the diagonal elements of the energy matrices
that these are given by +35/4 Dt (*E—"*B,), +6Ds~—5/4 Dt (*A,—"E), and
+3Ds—5Dt (*E—"*A,). For the parameters chosen here the splitting of the third
quartet cannot be observed in this diagram. If configuration interaction is included
the *E levels repel each other so that the splittings of the first two quartets would
be actually lower than given by these formulae. For negative values of Dt the
quartet levels will be reversed so that configuration interaction actually enhances
the splitting of these quartets. The effects of configuration interaction can be seen
very nicely in the energy diagrams displayed in Figures 3 and 4. The *8, com-
ponent of the first excited quartet is placed at an energy of 10 Dg from the *B,
ground state even when configuration interaction is included. The value of 10 Dg
is fixed in these energy plots and Dr is varied so that such plots will be applicable
for a series of mono and trans-disubstituted derivatives of given parent octahedral
complex?®. The Dg value chosen in Figures 3 and 4 is 1740 cm ™! which is that of
an hexaaquo complex cation. As pointed out above these diagrams reveal that the
splitting of the first excited quartet depends not only upon the magnitude of Dz
but also upon its sign. In fact, in Fig. 3 for positive D¢ the splitting of the first
quartet band becomes smaller as the D¢ value is increased as a consequence of the
non-crossing of the *E levels. Another interesting observation that can be made in
* Appendices A and B which have been deposited with the ADI as part of ref. 21a are reproduced

here by permission from J. Phyvs. Chem.
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The superscripts on the energy labels refer to the percent of that eigenvector component
of the eigenfunction. The various symbols have the following meaning:

M
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¥
¢
#.
3

100% * 2%%,
85% + 24%,
70% £ 24%,
§5% + 4%,
40% + 24%,
25% + 2%,

G 95% + 24%,
+ 80%  24%,
} 65% £ 24%,
P 50% + 2%%,
¥ 35% £ 2%%,
N 20% + 2%%,

1 90% + 2%4%,
8 75% £ 24%,
$ 60% * 249,
¥-45% + 249,
B 30% £ 2%4%,



115,000,

FTogltigeghigh

27 [tdge3Eg

95,000

|2 Tpglt3gedl'Eq))

*Tigltiged) . -

75,000

zT:g['-gg(arig)e-';]

Tiglt3gl' Tagled]

$%,000;

?259 [e3gt'E gled]
° 2
./{2

ng[‘%g(sfvg)ec‘;]
2 gft3gt1E gled]
“Tgtigey
4

ng(tggea)

35,000

30,000

2,403

20,000

20___

15,000
2y

2Tyqlt3g)

2 3
Eqt3

1500

2000
.Dglem1)

2500

30

oo

35

o0

w050 Azglt3g)

*Tiglt2gegthzgll® -

Zgg ["gg('A@)ea]

:Azg[tzg(: Eg )eé]
% Tagltigl'Taglegl-

'-'Fig. 1. Energy level diagram for d3 configuration in

octahedral felds: £ =0, B = 700 cm~!, C/B = 4.
(See the caption of Fig. 2 for the meaning of the super~
script symbols of theenergy labels.) ‘



$
287[%E, (e3)]

250(21—2%:: [‘égeé“‘l 'g)]}’
2a9[2e 5, te3))*
zag{zTE%e[L‘zgeS(’A,g)]}’
N N AL
208 {2E Syt 3qUgiel I

b2
$ L]
25?{27'3%0[{%995(‘&,9)}} — "‘E;\_\, Cm e 5-—78,000-% : /ZA%(zT,‘f;.,[s.‘zgeS('Eg)]}
- . £ L ¢ 7 2e9f21C I e2(3A, )
TR — . 25 —— 7/ FEC{PTigs[thged®hagll
20Q(21C [4! o249 . ’K’é_v 'T—T‘y}?zr '—_—_-;Bf 7 288(RasgltiglEgles]l”
E { TZgbI‘ZgEQ( A:g)]}\-\ _,,f' '/_,_—/ ) 2g 2 //‘ 2 2g9727C 1 2((E )]}P
25Q0[2-C £, 2 1 1ne e o e T ; 2 —— - 83t zga[tzgeg g
8Y{%eGaltigAgleg)} T ; 82 2= 1 209127, [thae23a T}
2p0[2e€ (es)]"“/ 2 iy T / 2{?Tigaltzge§®azg
1L Sgaleg ; Eq | /'8 =™ T 2mCi2TC [e2 ! 'D‘
ZAOL2C i 2o ¥ g Tt ——— B3 nge['-zg( Taqleg
223{* 1 Gelt2geg EQl} s i ~ 200127C 12 (3T jel ¥
2E9(21E (1300 Tagle ]} = | 23T a1 Tiglegl}
egpiragl f2glegli~_ £ :\\\250{2T2%D[Léqe§(lsg)]}t

-
Za?(%gg[tgg('sg)egl}'&/ 7
| —

zEc(zrucgn[L%g(sTlg)Ea
20218 [tiqed eI ——
ot
AF{PEGaltEgagleg ]} g
28?[25‘!5,,@3)]‘———/ /
2E{PT G, [tég€§(3‘12g)})‘/
zag{szcgc['-gg(ang)eé]}'
zAg{ET,%a[:_gg('ng)eé]}*'/
20 {275 [l 0B e}
“Ec[“T,cgb(t%geé)]‘—/ /
ZA?{ZEge['-gg(‘Eg)e};D’
zeg{szcga[tgg(‘Tag)eén'
DI T Galtigel e

N

NS
N E { Tign['-zg( ng’eg]}
\'\Q\ “a3(* Tigalt2ged*

\\ \\25?{2556['-59("‘19“%]}t
\ \EEQ{Zrzcgu ['-Sg(aﬂg)eé]).
AN ZA?{zEga[ngt'Egleal}‘
0\ 220 T GeltEgeg)*

\ 25?{2585[159('59)%‘;]}'
\ \ BT S, (1 5ged T
|\ AR T el g Togleg )
\\L—zeg(zT;ga['-gg(ang)eén
\=2a{(PagtZg'Eglegl)”
260(2TE (12T gleg ]}

=
A 20T g gl

v

2E0{27C (12 (1T, Jel
Ee°£2r?b{zf9eef’g€e§}]'}\ “E9(* T 1)

2 2geltagegt =g} ——u0- 2 2g 2nQ[21C 3 W
SEO[ATG (e el —— 1A ng_,l'z R B2[3TS5alt3g)]
ZBQ{ZEC [Lz (e )e‘]}’———"""' ~T—2 = 282
ZAé{zAi?tgnggi,‘;]g}‘// oA _282_20'(:,00:_?,,~,__4 e
2Ag(2Tﬁga['~§gPT|gje<3]}°/ — A g : £ GrQ[ATC 142 TP
2par2re o o] ., TSt 2gel ]
E9eT s (t3g)) / ! 4-ar4 cgb zg? 5

E i P 83{ Tz:;a“zgeg)l

ZEQ{ZTngb['-gg(BT‘sg)eé )
csg[Grfgu(tggeé)]:’/
28?[2T2%°(lgg Ui -

927G a3

/21:3[27,%,(:39))“
2a9[2ES s3]
289125, 3]°®
I ®
T PE PTG ()]

4

28{%EGs (t3qll°
2“9[2550“279)]:
GRS
/ {10,000
AT Galt 3ge ) O
“EQ[“Tchb(tggeé)]‘——————l
- - 50090
q 4
B, b/ By
3g[3AS (b2 )% | 29 1
¥ 2g'2g -1000 -500 [ 500 1000
Dt{cm~1)
Oct. - Quad. d3

£ =0, Dq=1740, B=700cm~!, C/B =425, k=3

489{4aSq (341

Fig. 3. Energy level diagram for d3 configuration in quadrate fields (varying Dr) £ =0, Dg =

1740 cm~%,B = 700 cm~ !, C/B = 4.25, Kk = 3 (see the caption of Fig.
superscript symbols on the energy labels).

for the meaning of the



ZBQ{ZTz%a[tégeé(‘A,g)]}‘

93,000

250(27‘2‘%}»[’-&998("“9)]}’
e T I
2BY{2E§altEq M igled DY
zEa(zTicgu["zqeg(’Eq)]}'\_'—
20321 o[t 3ge B (e ] |-

o

23 {PEGaltZ gt Regleg I\

e ]
—

— o=
P et

M

250{21'2%!’[;5095('59)]}‘

29035 [t 8o MTagled 11
28925 [ 3" Egled M .
2B3{*TSgalt 5g( Tagleg IF ———]

269215, [‘éges‘z“zg)]}v
:Ag{:l"c a [t;geg (SAzg)]}:

Ad(%Ty o u[‘-%g('ng)eb]}'
2e921G, ['-59(37?9)3&]}‘/
2gg (zrzcga['-Sg(aﬁg)eé b5

*af{%egaltiql'Eglep )"

NN

N

252[2 ¢, 3)®
*
:E:{Z'fzggn[%qié('ﬂqg’])
a9[2EGateq)] .
282{215elthge5 Mg}
279127C ! _e2¢'g _M}*
i3 lccu 2 I
zag{zrzga[‘zgeg( Eg)])'
2E0(2T G, [tiged e} .
ZA‘%{ZTs%a[tégeS(’Azg)l}

"/ZA‘-’{ZESa[tgg('A-g)et’;]}"*
/EQ{ZTEDMQES Chggll)

. 283 {2€§alt2gt Agleg] I

ZE°{ZTZ‘§,[tége5('Eg)]}'

/‘4“3[471‘55('-596811‘

L]
zag{zrzcge['-gg(’rzg)‘e:‘;l}
2B7{%a5qlt3g('Eglegl}

{‘E"[‘T,Cgh (tige3]]®

PE{2 TS, [tgg('ng)e'g]}'

EA%{ 2130 33 Tgled }}:
AT{%Egalt2q('Eqlegl}

FE{* Ty gb[thPT«g)e.}])'

2B 2T [’-%g(a'rlg’eé]}'

ZE°{2Tng[c%gt'rzg)e5]'}‘
2B9{2eGo[t5gt'Eglel]}
“A3[TigaltZgeql®

E°[*Ti3e (tégeg)]’t\
2RAT2EC 42 (e el
oo {ZEgu [‘z:g( Sg')eg]).\. 208{2TGalt3g Togled]}®
B3(* Tegaltigeg ('Egll} i 283 (2T 55alt3qCTiglel 1"
Tl Tglel ]l —— Rt

arerc (! i »
ZAz[zTiga(‘-zzqe?)] it VA 2n9(BaG 3, E gled )"
£9{ Tign['»zg( ng)eg]} ] // 41—19 __d—ﬂEc[qucgh(t%gef;)]*

v 2gQre Tt 3 ®
2 Tsalt

aéefzfg‘aa(i%gﬂg . // ,// = ZE‘AZ _’____; . _/ _::/zgagrzrgcgb:tgg))]]m
29215 (139 Tigleg I} ~ 2 L ‘4_~—<;'1: 2%4 21" T2galtzg
€9 Tyt 3geg)® Z -/”C/’zsz 200003 €
L asal =
At 2ol Egleg I — g, “g, .
:Bg[:ngu('-%zge'?)]: L < L 48304 TS alt3ges)
'Agf Ticqu('-zqeg)] 2 Tag “
2A5[°TGalt3gN)® %, %8, %Az %A, PA3[*TGe 3]
2qa[2E€ (3 8 15000 . 2ca[2tC (3 "
BY(PESs (t3g)] = e (21,34

1 gb zgt e I/l v 2°2é§ sgﬂ
zA?LEE?;g(lgg)J‘/ 207 %, 2] 2}-@ 2 2y \\ &t Egn('-zg)]“

2g0f2EC . (y3
qu[ZTng(tgg)] / O BY[2EGs (t3q)]
/ 10000
€[ TSt ZgelI®
5000
‘?1 *Aggq 4?1
LI TONA 3 4135 45Qr4nC 3 95
BY[*A3g ("29)] -1000 -500 o 500 tooo 87(["A%g (12
Dt(cm~1}
Oct,-Qued. d°

£ =0, Dq=1740, B=700cm™, €/B8=4.25, x=1

Fig. 4. Same as Fig. 3 but ¥ = 1.



2
Eg
283(*T5althged Ry} ~—_ __ ;"{;—,_cce
= = gy ,_L—," -
\~\_~\~ —’_," 2A' "2’8
zAl‘- = _:7{-\17 .
——— ad — lag
0 4 -
AT T e TS o R B
2a9[2E§ale3)] _'—;—-—_— e 1:.1?90
1 s -
zB?FEg;[‘-gq('Aig)eq]} [ N TNt 7//2_'}9
Qf21C 2.1 s l/_ 2g
2E{ T 13" Togleg I} - = >
g 'g 2.1 * ey . Tig
2a3(2T,5altiged'EGT) - L .
aeltned 5l N\ S— )
229275, (1255 Tigleg I P e S A s
goitzgt Tiglegl] e A -fos ooz
28002 (124 Egled 1" N\ S e ke *Tig
2,0f2¢C 1 o 2(3 \ NS = s> 3 Azg,
A2l Tigeltageg! Azg’]é\\\_.,.z'-—‘:i/,___/ - B Yom
2E92 75, [tige§'Egl} .\L‘:-;:- AT, e By e o ;J
1 " -
:Azge“é:a[[t%g('s SLQQ])%}Nh_ﬁ&- _ﬁ;zi: T — =1 ee,
C e b 1205 12 e : e e I
“e°[*Tigp(t3geg)® . AZ =T 2 ;:/-: f”ts.ozo 9
ng{szcgu[t%g(:ng’eé]} y; 4 g ‘/ %, 2 g
2e9[2es, (e3)) 7
1 g g 118 S/ T,
2a2{(*Tgalt2gt Tegleglt y/ // A€ g
30 Tga(taged " / 7,
“E[* Tagoltzgl® t \ /7 / : Z St 30,000
2aQ{2ealt2gtiglel | /. i/
‘E“[‘T,%b(t’zge,%)]:———‘\/ y s -, I
wmaeie*—0 |7 g “,
22 nGatt 3 —0nu [\ 2L L 1 $Tog
7 Vi /
// 7 "l// 7 25,000
7 ¢ 77
Pl
/./ 74 .
s TA
/ }// '/a\Az 2g 2;
; 1 20
J ’ ./% 7 7 20,000
7 4 ” 2
23(ag [ty Egled I y/ o4 L— 8
2g0(27E v) e2('E )} /// —
E21Gbltageg'Eg 3 / £k -
s AN
N LU NN A
2Ag[27|cqu(‘§q’]: i y / e / ’ 15,000
zae[zagb(tgzgﬂs 1 \;"V / 2, 2!3'// ZAle E *Tig
2gaf21g), 1340 ﬁg)eg]}\ A / RN e e 2
a0 Tl e SR A e i oo il PN
B L WA ~—
ngiszcga[‘gg('ng"??]}. [~ - 10,000
zAg{aT&,,[tgg(S:,g)eg]},\ v = /
2E9[2 13t 2g)] — v/ e
/ 5000
SER[ATS (2200l
$ 4 ‘BI
“8f[%nggt3g) - B\$ b low,
“A3[*TZalt Bged )} ~z000 “t1s00 D;-‘(‘::?") -500 29

Oct.-Quad. ¢*
g=0, Dq=2650, 8=550cm", C/B=5.2, x=3

f‘ig. 5. Same as Fig. 3 but Dg = 2650 cm~!, B = 550 cm™*, C/B = 5.2.



84- J. R. PERUMAREDDI

this same plot is that for negative values of Dt around 400 cm ™! the *4, and *B,
levels are so close to each other so that in systems which can be described by this
set of parameters, only three transitions may be observed instead of the more
general four component structure of the two cubic quartet transitions.

There is no definitive answer at present as to whether k is a constant or
whether it varies from system to system. Further extensive investigations, in par-
ticular polarized spectroscopic measurements by which definitive assignments can
be given for the observed transitions are required. Until then we use alternate
values of x resulting in alternate assignments for the second cubic quartet com-
ponents. .

Figures 5 and 6 are the quadrate energy diagrams with Dg = 2650 cm™?!
applicable to substituted cyanocomplexes of chromium(III). Since cyanide is at the
extreme strong-field end of the spectrochemical series most of the substituted
cyano complexes would have negative Dt values, so the energy levels are not derived
for positive values of Dt in these diagrams. Energy plots appropriate to sub-
stituted ammine and ethylenediamine systems have been constructed earlier by
the author?*?.

The theory described above rigorously applies to monosubstituted and trans
disubstituted derivatives of parent O, complexes belonging to C,, and D, sym-
metries, respectively. Although the cis-disubstituted complexes strictly belong to
C,, or lower symmetry, they can be treated as approximately belonging to D4y
symmetry if each of the trans ligand pairs can be averaged in considering the
ligand fields®22. The cis-disubstituted compound MX,Y, would then become
pseudo trans-MZ,X, where Z is a ligand intermediate in ligand field strength to
X and Y. The Dt for such a cis-MX,Y, is then —4/7 (Dg,—Dgy) and since
Dq; = 1/2 (Dgx+Dgy), Dt = —2[T (Dgy—Dgyx) which is the same as the value
for a monosubstituted C,, complex but of opposite sign. This is in harmony with
the fact that the cis compounds MX,Y, or MX,Y, can be considered as mono-
substituted derivatives of 1, 2, 3 or cis MX;Y ;. If Dgy > Dqy then Dg, = 1/2
(Dgx+ Dgy) > Dgy so that Dt for cis-MX,Y, is positive in contrast to the negative
Dt for the corresponding frans compound. Similarly if Dgx < Dgy then Dg; =
1/2 (Dgx+Dgy) < Dgy so that Dr for cis-MX,Y, is negative in contrast to the
positive Dt for the corresponding ¢trans compound.

Neglecting configuration interaction these Dt relations can be substituted in
the energy equations for the first quadrate quartet components, Schematic spectral
profiles in this region for mono, cis and corresponding frans disubstituted com-
pounds are displayed in Figure 7 which also includes the above derivations picto-
rially. Two points are of significance in the spectroscopic relationships between cis
and trans for the cases MX,Y, where Dgx > Dgy and Dgy < Dgy. Comparing
the two cases for trans only, we would expect a larger splitting of the first cubic
band for the Dgx > Dgqy because of configuration interaction. Similar wider split-
ting, though not to the same extent, can be expected in the cis case for the reverse
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systems, i.e. Dgy < Dgqy. Another interesting observation is that the *B, level of a
cis compound is predicted to be positioned roughly at the same energy as the “E,
level of the corresponding trans compound and the “E level of a cis compound to
be roughly placed in the middle of *E, and *B,, levels of the corresponding trans
complex, which is also the approximate frequency maximum of the “E component
of the monosubstituted complex. Thus the #B, levels of cis and mono derivatives
are mirror images to each other with the *£ level of both forming the mirror plane.
These predictions along with the fact that greater intensities are expected in the
cis compounds because of lower symmetry should aid as spectroscopic criteria in
distinguishing the cis and trans disubstituted derivatives of octahedral complexes?2.

C. APPLICATIONS

While it is not our intention here to calculate and compare the transition
energies with the observed bands, we intend to give quadrate assignments where
definitive, remark on the derived values of the parameters, in particular Dfand
finally predict the band positions of some hitherto uncharacterized substituted
complexes.

Table 1 collects the data of all the known monosubstituted complexes of chro-
mium(III). Among the acidopentaammines only the halopentaammines show split-
ting of the *T,, band. Resolution has not been achieved in the others which are
expected to show a splitting of about 1000 cm™!. Among the pentaaquo systems
definite splitting has been observed in the iodo and chloro systems whilst an
asymmetric appearance of the *T,, band suggests the presence of a second com-
ponent in the bromo and other complexes. Precise measurements should certainly
resolve this band; a definite component should appear at about 17,400 cm™* cor-
responding to the #B, transition. There are only two complexes of positive Dt in
this list. Resolution has not been achieved in the aquopentaammine itself so that
the pentaaquoammine with the corresponding positive Dt does not show any
splitting of the T, band. The cyanopentaaquo system displays a second com-
ponent upon gaussian analysis. The splitting of the second cubic quartet band
4T\, into two components has only been observed in two or three systems and the
third cubic spin-allowed band which has been uncovered in only two systems, the
fluoropentaaquo and the aquopentafluoro, does not split at all.

Most of the frans disubstituted systems show splitting of the *7,, band as
can be seen from Table 2. This is because D¢ in these systems is twice that of the
corresponding monosubstituted derivatives resulting in a larger splitting of the
4T, level. In contrast to the C,, systems splitting of the second band has been
observed in many D, compounds. Once again the third cubic quartet was un-
covered in only two systems, the trans-difluoro and the dichlorotetraaquo, and in
both cases does not show any splitting. For the reasons already noted only a few

(text continued p. 93)
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TABLE 4
Dt VALUES IN cm ™! FOR COMPLEXES OF THE FORMULA [Cr(X)sY]*

(The Dt values for frans-[Cr(X)s(Y).] are twice and for cis-[Cr(X)4(Y):] are the same but of
opposite sign.)

X

Y\ CN- NH; NCS™ H,O0 Nj- F- OH~ CI- Br~

CN- — +141 4253 4260 4291 4297 +339 4380 4416 466
NH; —141 — +111 4119 4150 4156 -+197 4239 4275 4325
NCS™ —253  —111  — + 7 4+ 39 4 44 + 8 127 +163 +213
H, O —260 —119 — 7 — 4+ 31 + 37 4+ 79 4120 +156 4206
Ny~ —291 —150 — 39 — 31 — + 6 -+ 47 -+ 8 125 4175
F- —297 156 —~— 44 — 37 — 6 — + 41  + 83 +119  -+169
OH- —339 —I197 —8 — 79 — 47 — 41 — 4+ 41 4 78 4128
Cl~ —380 —239 —127 —120 — 89 — 8% — 41 e + 36 -+ 86
Br~  —416 —275 —163 —156 —125 —I19 — 78 — 36 — -+ 50
1- —466 —325 —213 —206 —175 —169 —128 — 86 — 50

? Dgvalues: CN™ = 2650, NH; = 2155, NCS™ = 1765, H,0O = 1740, N;~ = 1630, F~ = 1610,
OH™ = 1465, CI~ == 1320, Br~ = 1193, I~ = 1018 cm—*.

* Thus the observed 47y, components can best be fitted by the following Kk values (with slightly
varying B values):
[Ce(NH3)s(OH)** K == 7/2; [Cr(H:0)sBr]**, [Cr{CN)s(H0)*~ K = 2.
tfrans-[Crlen)z(OH).1*, [Cr(en);F,]*, [Cr(en).(H:0) (OH)F** k =2;
[Cren),Cl21* ¥ = 1; [Cr(H,OLF.lt x =5;
[Cr(dipy)2Clz1*, [Cr(das)Cl1*, [Cr(das);Br:]* x = 3/4.

cis-[Cr(en)2(H.0) (OH)]*+ K = 7/2, [Cr(dipy)2(0ox)] * K == 2. Note that the corresponding negative k¢
values would also predict the observed splittings but reverse quadrate assignments. Definitive
assignments may probably be arrived at by further polarized spectroscopic studies.

It should be added that the negative K value not only reverses the quadrate assignments
(for the modulus K > 5/3) but gives rise to the prediction of a much enhanced splitting (for all
values of K) of the third spin-allowed cubic band, *Ty,, compared with the corresponding positive
¥ for both positive and negative Dr. This enhanced splitting which increases with the increasing
value of Dt is due to the energy difference of the two quadrate components, (3Ds-5D¢). The
configuration interaction effects are expected to be similar on both the quadrate components since
both *4. and “E, respectively, being the second and third energy levels (both being highest) of
the same symmetry designations in the order of increasing energy will be raised in energy although
may not be to the same extent. Thus the magnitude of splitting of the third band in conjunction
with a knowledge of the Dr value can be used indirectly to derive the sign of the K parameter.
Unfortunately, the third band which is usually buried under intense charge transfer absorption
itself has been uncovered only in very few systems and in no case has been found to be split.

Based on the possibility that the Dt, Ds parameters can be regarded as symmetry para-
meters in ligand field and molecular orbital theories, it has been suggested earlier (ref. 21b)
that x may also assume negative values. However, the corresponding assignments have not been
given either in ref. 21b or here only to restrict the alternative choices of assignments until further
studies, particularly polarized spectral measurements, are carried out. Using an empirical mole-
cular orbital approach®3+2¢ with certain assumptions on the o and z bonding characteristics of
ligands, references 27, 30, and 106 discuss and give the reverse assignments for the quadrate
components of the second quartet (and the third) in the spectra of some of the trans complexes
listed in Table 2. It is interesting to note that the recent polarized spectral measurements of
Yamada (ref. 69b) on trans-[Cr(en).Cl;]1*, the only such study to date on any chromium(ID
complex, confirms our earlier and present assignment, but not the reverse assignments based
on negative K.
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of the cis disubstituted systems listed in Table 3, show splitting of the “7,, band.
The second band has not been found to split in any of these except the hydroxy-
aquo(bisethylenediamine) and the oxalato(bisdipyridyl) systems; the third band
which has been revealed only in the tetrafluoro ethylenediamine system does not
show any splitting.

The Dt values calculated from the simple crystal field assumptions seem to
agree with the observations and are noted for some of the systems in Table 4.
Using appropriate D¢ values from this Table, the predicted positions of the qua-
drate components in the spectra of the mono- and disubstituted ammine, aquo
and cyano complexes of chromium(III) are calculated and listed in Tables 5, 6 and
7. In these Tables the quadrate components of the 7T, and *T,, cubic bands are
given for the mono and trans-disubstituted derivatives whereas only the *7T,, com-
ponents are listed for the cis-disubstituted compounds. Although the predicted
maxima of the “T,, components in these systems are expected to be accurate the
4Tlg components may be found to be somewhat different from the values given
here, since these are obtained with constant B and x values. The B and x values
may be different for different derivatives of a parent octahedral complex®. The
transition energies for C,, and Dy, systems are derived exactly from the energy
matrices for the same set of parameters as in the appropriate energy diagrams of
x = 1. [It may be pointed out here that the author had directly read the transition
energies from the energy diagrams and found that they are within about +50cm ™!
of the actual computed values and the discrepancy is usually very close to
+10 cm™! and in no case exceeded 100 cm™1]. Those of the cis disubstituted are
obtained by the use of the formulae of Figure 7 and do not include configuration
interaction. Although the *B, values are exact, including configuration interaction,
the “E values will probably be reduced by about 100 to 500 cm™*! for these cis
systems. The spectroscopic predictions of these Tables agree well with those bands
observed in systems which are well characterized, if it is assumed that whenever
the expected splitting is of the order of 2000 cm™! or less, only one band is ob-
served at either of the predicted positions or some mean value of them (see also
the footnote on p. 92). It appears that the resolution of the quadrate components
depends not only on the extent of splitting but also on the widths of the bands
and their intensities. Another factor is their position relative to the electronically
allowed transitions. It is rather difficult to achieve resolution if they appear as
humps on the intense charge transfer bands.

D. CONCLUSIONS

Definitive quadrate assignments have been given only for those systems where
resolutions of the cubic quartets has been observed. Such resolution in most of
these systems has only been found for the components of the *T, band. Alternate
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assignments based on alternate choices of B and x values are possible for the
observed transitions in the higher energy region because of lack of resolution of
the *T, cubic quartets. In most of the systems surveyed, spin-forbidden bands have
not been uncovered let alone the observation of their splitting. Thus more and
precise experimental data are needed in the area of the spectra of quadrate chro-
mium(III) complexes. Of particular interest would be polarized spectra of single
crystals at low temperatures in the hope of achieving better resolution and de-
finitive assignments. The detection of low intensity spin-forbidden bands will aid
in evaluating more definitive values for the electron correlation parameters B and
C and thus in understanding the covalency effects in these compounds. The energy
diagrams presented in this report and earlier?!® would be valuable in the inter-
pretation of the spectra of a variety of substituted ammine, aquo, and cyano com-
pounds. Similar energy diagrams can be constructed for appropriate sets of para-
meters from the energy matrices of Appendix B. Finally, when more precise and
abundant data become available on the band positions and intensities spin-orbit
perturbation can be included in these calculations.
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SYMMETRY ADAPTED STRONG FIELD WAVE FUNCTIONS: QUADRATE FIELDS
(Q = guadrate, C = cubic)
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APPENDIX B

ENERGY MATRICES OF THE d3 CONFIGURATION: QUADRATE FIELDS
(All matrices are symmetric.)

4BI.Q 4A2|c(t213 4.8 1Q 47' 2,,°(t2,2e,)
4 4,%(t253) —12Dg—171Dt 4T2..S(t2g%e) —2Dg—1Dt
+3A—15B—E +3A—15B—E
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4EQ T. 2|bc(t2 lze‘l) *T; 1 lbc(tz lzex) 4T, 1 :bc(tztelz)
V3
T2e0%(t257€p) —2Dg+3Dt — 3 @Ds+sDD) O
+3A—15B—E
4T 14 (t252es) —2Dg—2Ds—3Dt -}-6B
+3A—3B—E
T yan (t2se5%) 8Dg++Ds+3D¢
+3A—-12B—E
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