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be sensitive to the asymmetry of the surrounding counterion 
force fields. 
Conclusions 

Mixed-cation GeOz-rich glasses that contain equimolar 
amounts of copper(1) and a second cation exhibit physical 
property changes that reflect a unique structural situation. 
These GeOz-rich ternary glasses appear to retain some of the 
features of both the copper(1) germanate glasses and the alkali 
or silver germanate glasses. Thus, they may contain (1) some 
of the linear 0-Cu-0 arrangements that characterize 
GeOa-rich copper(1) glasses and (2) some of the GeO6 oc- 
tahedra that are found in the GeOz-rich alkali and silver 
glasses. The rather voluminous nature of these ternary glasses 
suggests that they may contain a relatively open arrangement 
of germanate polyhedra. 

Although the mixed-cation copper(1) germanate glasses are 
more voluminous than their copper(1)-free analogs, the vol- 
ume-composition relationships of the copper(1) ternary glasses 
depend upon cation size in a manner similar to that of their 
copper-free ternary and binary analogs. It is thereby possible 
to gain an idea of the approximate size of the cation cavity 
in the mixed-cation copper(1) germanate glasses. Such in- 
formation could be of possible practical value in a number of 
ion-exchange processes that involve amorphous oxide materials. 

Additional confirmatory evidence for the possible linear 
( rCu-0  arrangement of copper(1) in binary GeOz-rich glasses 
was uncovered by this study. It is evident that copper(1) does 
not experience the structural role encountered by other 
univalent cations in network-former-rich oxide glasses. The 
3dlO electronic nature of copper(1) creates a bonding situation 
that can be quite different from that of 4dlo Ag+. Caution 
should be exercised in attempts to substitute or exchange Cu+ 
for Ag+ and vice versa in oxide environments. Caution will 
also have to be exercised in attempts to substitute or exchange 
Cu+ for the alkali cations and vice versa. This study suggests 
a new route to possibly unusual amorphous materials via the 
exchange (below the Tg of the glass) of an alkali ion for a Cut  
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in surface layers. The alkali ions would find themselves in 
unusual coordination sites. This could significantly alter 
selected physical properties of the resultant material. 

The enhanced shift to lower frequencies of the main infrared 
Ge-0 vibration that accompanies a change of composition 
(such as per cent GeOz) for mixed-cation copper(1) germanate 
glasses is quite similar to that previously reported for other 
mixed-cation germanate glasses. While the reasons for the 
frequency shift observed for the former ternary glasses are more 
complex, they are readily interpretable in terms of the de- 
polymerization sequences of the corresponding binary glasses. 
The copper(1) ternary glasses thus offer another example of 
the usefulness of infrared isofrequency contours as a unique 
structural probe. 

Registry No. GeO2, 1310-53-8; Cu20, 1317-39-1; Ag20, 
20667-1 2-3. 
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Magnetic circular dichroism and electronic absorption parameters of charge-transfer excitations, 2Tzs - 2Tiua,b and 2T2,,, 
were computed for the prototype “covalent” transition metal complex [Fe(CN)6]3-. All valence electrons (65) and valence 
orbitals (57) were included, and a semiempirical LCAO-MO model in common use for such large molecules was employed. 
The construction and use of the complete multicenter orbital angular momentum (L), electric dipole (eR), and velocity 
dipole (V) matrices and their artificially incomplete counterparts lead to the conclusions that (i) the MCD Faraday ratios, 
C/D,  can be computed reliably with unmodified or overlap-optimized iron functions, (ii) these C / D  ratios can be computed 
reliably with the incomplete, block-diagonal matrix, L(b), composed of only the one-center and two-center integrals, (iii) 
complete electric dipole transition moment matrices should be employed, (iv) the dipole strength of 2Tzg - 2T2,, is predicted 
to be the most intense of the three transitions, as found experimentally, by using either optimized or unmodified iron functions, 
and (v) the use of optimized iron functions has the advantage of not making t2g(7r) and tiu( w u )  accidentally degenerate. 

Introduction 
It was the premise of this study that the practice of using 

molecular orbitals of semiempirical LCAO-MO procedures 
for assigning electronic excitation bands of transition metal 
complexes by means of magnetic circular dichroism (MCD)2  
is best tested by evaluating all one-, two-, and three-center A 0  

integrals of appropriate operator matrices. By this means any 
discrepancy between computed and experimental Faraday 
parameters can be directly attributed to the molecular orbitals, 
so that the quality of the latter can become known with 
certainty. In other words, it was felt necessary to employ this 
procedure, because using semiempirically derived molecular 
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Table I. Dipole Strengths, D(a -+ j),  and Faraday Ratios, C(a + J)/D(a -+ j),  of Charge-Transfer Transitions for [Fe(CN),]3- 

Schreiner, et sal. 
B 

Ref 01 Method 2T,u" 2T2U" ZT,ub Operator matrix 

a 
b 
C 

&?, kK 
24.04. 33.17 38.45 
23.89% 33.423 38.112 
24.5 32.9 

_I_ 

D(exotl). D2 
a 
b 
c (290") 
c (12") 

I 
XI 
111 
I \7 

1.02 
P .485 
1.54 
1.61 

---.I ___-I 

2.92 
5.50  
1,76 
0.41 

2.1 1.54 
2.691 1.20 
2.81 
3.00 

B(computed), D 2  
.--_11 

4.57  6.40 eZ (complete matrix) 
4,?6 3.04 vX (complete matrix) 
1.58 1.15 vX (three-center integrals annihilated) 
0 0.08 '7% (block diagonal) 

GlLYexi?tl), BM 
b -0.605 0.340 -0.283 
c (290")  -0.43 0.27 
c (12") -0.332 0.131 

C/D(connputed), 
I1 -0.439 0,439 -0.439 L, (complete matrix) 
III -0.444 0,444 -0.444 L, (three-center integrals annihilated) 
IV -0.436 0.436 -0.436 L, (blockdiagonal) (=&@)) 
x -0.37 0.37 -0.37 L, (only one-center integrals retained) 

a Experimental values from ref 28. Experimental values f r o n  ref 6. Experimental values from ref 8. 

orbitals along with incomplete operator rnatkes could 
misleadingly good computational results simply bec 
approximations within each part &an mutually cancel. 

The MCD and electronic spectra of (Fe(CN)6]3- are good 
test cases because (i) the Faraday G terms were recently 
measured, (ii) the three charge-transfer bands in question are 

rge for obtaining 
its molecular orbitals by curr semi empirical 
LGAO-MO procedures, and (iv) [ js representative 
of a large number of transition metal compSexes having 
significant metal-ligand covalency a d  ab bonding, e.g., 
[Fe(CO)s], [%lu(N~N)(NHlr13)5121', and [M(C0)69 (M = @r, 
Mo, w, VI. 

The previous sources of information about the Faraday effect 
of  [Fe(CN)6I3- in the 20-45-kK region of its three GN- - 
Fe3+ charge-transfer bands (Figure 1) are as follows. Two 
reports of the magnetooptical rotatory dispersion were given 
in 1964 by Shashoua and Briat,3 and in 1365 Stephens4 as- 
signed the symmetry of the two low-energy bands ( - 2 5  and 
-33 I&) to 2T2g(t2g5) --2. 2T1u(t1,&2g6 or t 1 ~ d t ~ ~ 6 )  and 
2T2g(tzg5) - zT~~(t2~jt2g6) by estimating their Faraday ratios, 
@/D, where in general G(a - j )  = ( 1 / 2 d a ) 6 a , l , m , i L ( a l ~ ~ a ) "  
Im[(almij) X (jlmla)] and D(a - j )  is the electric dipole 
strength, (f/da)Caj,rnl( almu)12. h o n g  the later developments 
are the MCD measurements of all three charge-transfer 
bandss-4 and the association6 of these bands with the 
charge-transfer excited states, T i ~ a [ t i ~ 5 ( - a ) t z g 6 ]  < 2'T2~- 
(t2u5(n)t2g6) < 2TiUb[tiuj(-~>t2s6]+ Finally, the dependence 
of these MCD bands on temperature was measure 
and McCafferys in order to separate the Faraday 
and C(a - j) parameters,z i.e., $(a --r j )  = --(24NH/Ac). 
(f(v))[B(a ---p j )  + C(a - j)/ka], where 8 is the intensity and 
f ( v )  is the shape function of the band. The authors concluded 
that the Faraday C parameters for ~ T I u ~ ,  2T2~, and 2Tiub were 
as shown in Table I (values denoted by footnot6 ic in the table). 

It was the object of the present study to compute these C(a - j)/D(a - j) ratios by using operator matrices containing 
all their one-, two-, and three-center integrals and then to 
transform these into molecular orbital space by the use of 

nicely separated, (iii) the molecule 

* l .OI  A I  

v -"t I 

nm 

Figure 1. MCD (4.4-kG magnetic field) and electronic absorptior: 
spectra of an aqueous solution of [Fe(ChT),I3- at room tempera- 
ture. [ B ] M  is the molar ellipticity per Gauss. Spectra recorded in 
this laboratory. 

semiempirically derived molecuiar orbitals. Ground-state 
functions are tested by this step. We also evaluated the ekxCtPic 
dipole strengths of these three transitions, 2T2g -*  TZU, 2'liiua,bs 
so as to ascertain the usefulness of such semiempirical mo- 
lecular orbitals for constructing excited-state functions. i[n 
order to accomplish this testing, the task was undertakem (i) 
to generate such molecular orbitals and (ii) to compute 
complete operator matrices of the required muitimnter integrals 
in double precision on an IBM 360/ 170 for the operators z ,  
V x ,  and Lx. z is the coordinate of an electron, V x  EEZ a/ax, 
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and Lz = (h/2ai)[x(a/ay) -- y(a/ax)]. The effects of op- 
timizing metal orbitals were also studied. Finally, the con- 
clusions reached for this molecule ion would be indicative of 
what to expect for several other computations; Le., the operators 
used here also occur in several other places, e.g., in Faraday 
A,  B, and C terms and in electric dipole strengths, D(a - j), 
magnetic dipole strengths, permanent electric dipole moments, 
and optical rotatory strengths. 
Computations 

The nonoptimized basis consisted of all valence orbitals of 
iron (3d, 4s, 4p), carbon (2s, 2p), and nitrogen (2s, 2p). Slater 
orbitals9 were used for the last two atoms, and multi-( 
functions,"JJ' for iron orbitals (Fe+); i.e. 

51/(3d) = 0.5060({M = 4.05) + 0 .6750( ( '~  = 1.80) 

$ ( 4 ~ )  =-0.02078({1, =25.38) + 0.07052({2, = 9.75) - 
0.1744({,, ~ 4 . 4 8 )  + I .0124(('4, = 1.40) 

$(4~)=0.04091({2~ = 10.60)-0.14364({3p =4.17) + 
1.00932({+, = 1.25) 

The molecular orbitals were obtained by solving the secular 
equation of an oblique A 0  basis [H - ES]C = 0, where S is 
the completely evaluated overlap matrix, C is the matrix of 
molecular orbitals, and H is the semiempirically generated 
Hamiltonian matrix. The diagonal elements of H for transition 
metal orbitals were taken as 
Hii = -E'dk(VOIP)k 

k 

according to Basch, Viste, and Gray,12 where the valence 
orbital ionization energy (VOIP) for the kth configuration (e.g., 
3d44s1 for Fe+) is (V0IP)k = AkQm2 4- BkQm 4- c k  (Qm is 
the charge of the metal). Other details of the procedure are 
fully given elsewhere.12 Carbon and nitrogen diagonal elements 
were taken as Hi(L) = -cL as given by Ballhausen and Gray.13 
All off-diagonal elements were obtained by using the 
Wolfsberg-Helmholz equation14 with K = 1.9. Since an 
oblique basis was employed, i.e., [H - ES]C = 0, with S # 
1, the latter secular equation had to be transformed into 
standard eigenproblem form as follows. The overlap matrix 
is the Hermitian, positive definite metric of the oblique atomic 
basis, so that the original secular equation may be written in 
eigenproblem form 
[M-E]T=Q 

using standard matrix analysis as follows.15 The molecular 
orbital coefficient matrix, C, of the oblique basis is related to 
the molecular orbital coefficient matrix, T, of an orthonormal 
basis by 
C =PT 

where P = US-1/2. U is the unitary matrix which will di- 
agonalize S, derives15 from the diagonalized form of S ,  
M is the conjugate of H, or M = P l H P ,  and T is obtainable 
because it diagonalizes M. A Mulliken population analysis16 
was carried out to obtain atom charges, q, from C and S .  For 
atom A 

and qA = ZA - PA, the atom charge, where ZA is the charge 
of the atomic core (numerically equal to the number of valence 
electrons), P A  is the number of electrons on atom A, and the 
other symbols in the present notation can be found elsewhere.17 
Iterations were carried out, as given in ref 17, which varied 
matrix C until it produced self-consistent charges on two 
successive cycles. 
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1 

. . . . . .  ! . . . . .  , 
- -1 ... .... .. .... . , . . . , , . . . . . . . . . .  - 

(b) 

Figure 2. The' aligned coordinate system (a) recognized by subrou- 
tine INTE and the molecular coordinate system (b) employed in the 
molecular orbital calculation. 

The elements of the overlap matrix, S ,  were obtained by 
using subroutine INTE (QCPE, Program 82.1). This sub- 
routine as received from QCPE was found to be accurate after 
extending the number of B functions, a k ( t ) ,  to be used for each 
integral from the fixed number 10 to such a number n so that 
another term, Bn+i(t) ,  would contribute only 10-8 or less to 
the sum of terms preceding it. The routine is the coding of 
formulas by Kuppermann, Karplus, and Isaacson18 over 
single-f STOs.  Since this subroutine evaluates the integrals 
in the aligned coordinate system of Figure 2a it was necessary 
to express the atomic orbitals of the molecular orbital co- 
ordinate system (Figure 2b) as linear combinations of aligned 
atomic orbitals (Figure 2a), Le., for the sets of p m  and d m  
orbitals in the molecular coordinate system m 

Pm = App, 

dm = Bpd, 

where p a  and d, are orbitals in the aligned coordinate system. 
The transformation matrices A and B were derived using the 
Euler angles and Goldstein matrices19 in the conventional 
manner. 

The one-center and several types of two-center electric dipole 
integrals were evaluated with INTE, However, in order to 
evaluate three-center integrals, (x i (C) lez (A) lx j (B)) ,  the 
operator on center A, or Fe here, had to be transformed onto 
center B. This had the effect of changing every three-center 
moment integral into a linear combination of two-center 
integrals. This can be carried out for the general case by 
recognizing that the coordinates of an electron with respect 
to center A can also be expressed with respect to those of center 
R, and the relationship is shown in Figure 3. These coordinates, 
in fact, are related geometrically by 

XA = X, + R sin 6 cos @ 

YA = YB +R sin 0 sin @ 

Z A  "ZB + R  COS 6 

where 8,4, and R are defined by the geometry of the complex. 
The alternative method of computing electric dipole 

transition moment integrals was also used.20 This method 
employs the differential operator V q  = a / a q  (q  = x, y ,  or z )  
in place of the components of the distance operator, q = x, 
y ,  or z; i.e., for the transition a - j 

2 I1 
(alqlj)= - (a IaJaq Ij) 

m2 (Ea - Ej) 

Using V q  in this manner has been termed the velocity dipole 
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P 

/ 

Figwe 3. Coordinates of an electron with respect to two atoms, A and B. 

procedure (using q being the electric dipole procedure), and 
experimental energy differences were employed here to 
compute the dipole strength, D. The integrals of the velocity 
dipole operator, V. were evaluated by first deriving the 
analytical functions obtained by operating on the oblique 
atomic orbital, Xm, in the manner VIXm),  this action creating 
a new function. For example 

so that 

constant x overlap integral 

The reduced matrix element (2Tzgily~Il2T2g) of the Faraday 
ratio6 C/o or 

was evaluated in all the possible combinations of bases allowed 
by Griffith's table of ClebschGordon coupling coefficients.21 
For example 

where the integral on the right-hand side was evaluated as usual 

(2T2& IE, 121'2e7a: :z $Vr2&)Lz $(2TLg?I> 

1I / (T2g ,$ )  (=@(2?'2g[)x)  is the Slater determinant of molecular 
orbitals for 2Tzg[, Lz is the 57 X 57 operator matrix of Lz over 
the atomic orbitals, and x is the column matrix of these atomic 
orbitals. Integrals of the many-center angular momentum 
matrix LZ were evaluated as described by an example given 
in the Appendix. 

The overlap optimization of metal orbitals was carried out 
in the following manner. First of all, the 3d orbital of Fe+ 
was used as given by Richardson, et ~l.,lO in view of previous 
experience by Fenske and Radtke.22 The other two orbitals, 

4s and 4p, were o v e r ~ a . p ~ o ~ ~ i m ~ ~ e ~  as follows.zz The starting 
orbitals were taken from papers of Richardson, et al.,1031 1 Le., 

$y4s) =--0.oao"i8(5,, = 25.38) + 0.07052(1'2, = 
9.75) -0.1744(<3, 4.48) C 1 .0124([4s 1.40) 

G'(4-p) =0.0409i((2p = 10.60) -0.14364(i3, zz 

and the core orbitals (Is ,  2s, 2p, 3s, 3p) of iron were as 
previously given,lo The procedure for optimizing $0(4s) was 
to (i) change the a h v e  value of i-4irs, (ii) reevaluate C4 (1.0124) 
by using the requirements that $(b) be orthonormal lo the 
core, and (iii) compute the overlap integral with the 2p(u) 
orbital of the bonded carbon atom. The result is a more 
contracted orbital 

4.17) -t. 1.00932 (f4, = 4 25)  

$(4S) == -0.04968({1, =: 25.38) -'i- 0.16997([2, 
9.75) -- Q.44492(f3, = 4.48) 4- 1.07902(<4, = 2.06) 

which gave the largest overlap ixtegral. +(4p) was found 
sineilarly by changing {4p, reevaluating C3, but then computing 
the two overlap integrals S, and S,r with the adjacent carbon 
orbitals 2p(cr) and 2 p ( ~ ) .  The optimum value of (4p, in the 
sense that 1/2(S8 3. S,) was maximized, was taken to define 
11/(4P) 
ii/(4p) = 0.88042(*2, =: 10.60) -- 

0.29Q63({3p = 4.17) C 1.03763([+ 1.65) 

For example, the orthonorrnalizaeions to obtain +(4s) were 
carried out using the ~ o ~ ~ o ~ ~ ~ ~  expressions.23 For the coef- 
ficient of 44s in $(4s) 

and for the other three coefficients, i 1, 2, or 3, in $(4s) 

where 
G s , k  = -(@4slThs > G s , 4  

The Tks are the orthonormal Is, 2s. and 3s core functions,lo 
or T k s  C,wkr,u$X and $ is a single-{ STO. rhe  internuclear 
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distances of [Fe(CN)6]3- were used as previously g i~en .6>2~ 
Finally, from previous experience25 in this laboratory it was 
found that the single-{ Clementi-Raimondi orbital exponents26 
for lighter atoms (e.g., C and N) are very nearly as good as 
the multi-{ ("double-r) orbitals of Clementi.27 This con- 
clusion derives from comparing two-center and three-center 
electric dipole moment integrals and overlap integrals.25 With 
this in minci the present calculations were carried out using 
the single-{ exponents of Clementi and Raimondi.26 The 
molecular Hamiltonian matrix elements, H ,  for these 
optimized-orbital calculations were evaluated as described 
above, except that the diagonal ligand elements are evaluated 
by means of the equation 

where the coefficients A, B, and Care  given by Basch, Viste, 
and Gray,lz and QL is the charge of ligand atom L (C or N). 
Results and r)iSCUSSiQIl 

Regarding the use of nonoptimized Fe functions, Table I 
is the collection of experimental data and computational results 
for dipole strengths, B(a - j), and Faraday ratios, C(a -+ 

j)/D(a - j), for the three CN- - Fe3+ charge-transfer 
transitions 2T2g - 2Tiua[tid(--.a>l, 2T2~, and 2Ti$[tiu5(-~)1. 
These transitions are at -24,000, -33,000, and -38,000 
cm-1 in the same order, and the bands are shown in Figure 
1. There is a bit of variation of the magnitudes of the ex- 
perimental dipole strengths,6,8,2* and the ranges are 1.02-1.64, 
2.1-3.0, and 1.20-1.54 D2 for 2Tiua, 2T2u, 2Tiub, respectively. 
However, it is unambiguous that the middle band, 2T2u, has 
the largest dipole strength (Table I ) .  There is a similar 
uncertainty about the Faraday ratio, C/D,  of each of 2Tiua 
and 2T2"; i.e., for the first of these the measured ratios fall 
between -0.332 and -0.605 EM, and for the second one the 
reported values are 0.13, 0.27, and 0.340 BM (Table I). For 
2 T i u b  only one value, -0.283 BM, has been reported.6 The 
room-temperature MCD spectrum obtained here is given in 
Figure 3 for easy reference, ;ind this figure also shows how 
the electronic spectrum compares with the MCD spectrum. 
It is somewhat surprising that the absolute values of these 
extracted C / D  ratios are not more similar, since it can easily 
be shown, and has beeil,6 that theory predicts them to be equal, 
i.e. 

Hii(L) = - [ A L Q L ~  + BLQL - t  CLI 

where p~ = L CielL(i). However, the difference of absolute 
magnitudes of these experimentally extracted C / D  ratios 
probably arises in large part from the uncertainties inherent 
in curve fitting electronic anti MCD spectra and due to the 
presence of d-d character in some of these charge-transfer band 
envelopes. 

The computational results are as follows. On using the 
complete orbital angular momentum operator matrix, Lz, the 
computed Faraday ratios (IC/Dl = 0.439 BM) were found to 
be in quite good agreement (calculation 11, Table I) with the 
experimental values (Table I) and had the correct signs. It 
is also quite interesting that the ratio IC/Dl = 0.5, computed 
by Schatz, et al., is quite close to our value, in spite of the few 
momentum integrals of Lz those authors evaluated.6 This led 
us to annihilate arbitrarily certain types of blocks in our 
complete matrix, Lz, so as artificially to produce defective 
matrices to be used with the same state function as with the 
complete Lz. For example, it was found that on annihilating 
all three-center integrals, (XAILz(Fe)(XB) (A f B # Fe), the 
Faraday ratio changed by only - 1% (calculation 111, Table 
I). Furthermore, by calculation IV (Table I), with (xA(L~-  
(Fe)(xB) = 0 for all A # B, it was evident that on further 
simplifying LZ to block-diagonal form the IC/Dl ratio again 
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differed very little from that of calculation I1 which used the 
complete momentum matrix. This block form of Lz for 
calculation IV has the same form as would an overlap matrix 
in which the overlap between each pair of neighboring orbitals 
vanishes. In fact, on making the most severe approximation 
of retaining only (L) values of the iron orbitals (calculation 
X), it was found that the reduced matrix element still gave 
the correct sign and approximately the right magnitude, e.g., 
L -(Tlu "") = -0.37 BM D 
However, it must be admitted that this ratio is a more sizable 
change (- 15%) of magnitude from the value obtained on using 
the complete operator matrix (calculation 11). Also, this 
deviation is held to - 15% because the t2g orbilals in [Fe- 
(CN)6l3- are so high in iron content, Le., 74% Fe, that 
two-center and three-center integrals do not play a very 
important role. The more fundamental reason for this result 
is that the reduced matrix element of states simplifies to the 
expectation value over t2g molecular orbitals, e.g. 

The multicenter integrals of Lz are expected to contribute to 
an even smaller extent to the C/D values of more ionic complex 
species, e.g., [FeC14]-, so that it can be expected that the 
inclusion of only one-center angular momentum integrals will 
lead to the correct sign and approximately correct magnitude 
of such excitations. 

It is also informative to look at the quality of the computed 
electric dipole strengths of these three parity allowed bands. 
While it is generally conceded that this is a difficult quantity 
to calculate correctly, it was of interest to ascertain whether 
the semiempirical molecular orbitals would predict that 2T2g - 2T2u is the most intense excitation of the three (Table I). 
Indeed the method was found capable of making this prediction 
when we used the complete matrix of the distance operator, 
eZ; viz., the predicted magnitudes (calculation I) were 2.92, 
7.57, and 6.40 D2 for 2Tiua,  TZU, and 2Tiub, while the ex- 
perimental values are 1.02-1.61, 2.1-3.0, and 1.2-1.54 D2 in 
the same order. 

On using these same state functions for evaluating the 
electric dipole strengths by means of the complete matrix of 
the velocity dipole operator, V, the three predicted values were 
of comparable magnitude again (5.50,4.76, and 3.04 D2) as 
found experimentally, although the middle band, 2T2~, was 
not computationally the most intense one. We proceeded 
artificially to simplify the operator matrix V so as to investigate 
whether three-center and two-center integrals are as dis- 
pensable as they were found to be for evaluating the 
ground-state orbital magnetic moment of the ratio C/o. I t  
was discovered that the dipole strengths were significantly 
sensitive to the presence of the three-center integrals, since 
deletion of the latter (calculation 111) from V led to greatly 
reduced dipole strengths compared to using the proper complete 
operator matrix V (compare calculations 11 and 111, Table I). 
In fact, if one had carried out these dipole strength calcu- 
lations by deleting these more difficult to evaluate three-center 
integrals for the sake of convenience, one would have been 
led to the erroneous conclusion that the state functions are 
excellent. The computational result on simplifying the operator 
matrix were worst when the three-center integrals plus those 
two-center integrals which involve orbitals on different centers 
(see result of calculation IV, Table I) were artificially an- 



Operator matrix 
__l__l__ 

Method 2Tl," 2T*u ZTl"b 
-lll_̂ _ll__l____ 

AE. kK - 24 -33 -38 

Computed Dipole Strength, U,, D2 
i4 1.8 5 . 3  3.3 Complete matiix; no optimization 
B 0.62 6.0 3.7 Coniplex matrix; optimization 
h' 0.31 2.68 1.83 Three-center integrals annihilated 
n 3.72 0 0.15 Blockdiagonal operator matrix 

Computed Faraday Ratio, C/D, B11.Z -___-_ -- 
A -0.40 0.40 -0.40 
a -0.4 18 0.418 -0.418 
c -0.41 I 0.41 1 --0.411 
u -0.428 0.428 -0.428 

a See 'Table I for exparimmtal values. Optimized orbitals. Velocity dipole operator, v .  

mihilatea; i.e., the computed dipole strengths are 0.41, ~ J O ~  and 
0.88 D2 for T i u " ,  2 % ' ~ ~ ~  and 2 T i u b l  respectively. 

' We courclrade that the use of dipole strength calculations 
1s  a criterion of iesting semiempirical wave funcfions of 
~ ~ ~ r ~ ~ ~ ~ $ ~ ~ , ~ e ~  states requires one io use  he complete ~ p -  
erator matrix. On 162e other hand, the multicenter integrals 
o f t h e  orbital angutnr rmmentum operator, Lq, are much less 
i ~ ~ ~ ~ o r ~ ~ ~ ~  relatilie to the one-center integrals, when used to 
evaluate the angular momentum of the ground state. Ht also 
swms reasonable to suggest from this experience that Faraday 

terms will be computationally accessible, if very few states 
t magnetically mixed into the excitation a - 4. The effects 

of optimizing the metal 4s and 4p orbitals are given in the 
remainder of the paper. 

The suggestion has been made in a recent paper that 
overlap-optimized atomic orbitals for metal-ligand pairs of 
atoms in tramsition metal complexes ought to be used for 
LCAO-MO calculations of such large, many-electron sys- 
te rns .22  It is our premise that this intuitively reasonable 
practice i s  best tested by computing molecular orbital coef- 
ficients with (CO) and without (e) this optimization, and then 
to compute expectation values corresponding to experimental 

ying completely generated A 0  operator 
along with CO and C, respectively. This 
tage over the one of assessing the relative 

merits of such coefficients by inspecting bond orders and atomic 
charges, generated on subjecting CO and C to a population 
analysis, since these parameters are not related to observables 
in the concise manner of operators. For this reason the Faraday 
ratios, C(a -* j)/D(a -+ j), of MCD electronic excitations, and 
electric dipole strengths, D(a -6- j) ,  of electronic absorption 
bands are explored, and the remainder of this paper concerns 
itse.if with determining what the improvements are, if any, on 
employing optimized metal basis orbitals (see Cornpu 

The dipo!e strength matrix computed by method 
most complete of the three using optimized iron funct 
Table 111, since the complete velocity dipole matrix, VX, was 
employed to derive the dipole strengths, D, of 0.62, 6.0, and 
3.7 D2. This computation (Table 11) clearly predicts 2T2,, to 
be the most intense band, as found experimentally. When all 
the three-center integrals of the operator matrix are artificially 
annihilated (calculation C), as one might be tempted to do 
in order to be able to save computer cost, it was discovered 
that each of the three dipole strengths decreased by ca. 50% 
from their respective values of calculation B, in which the full 
matrix, Vx, was employed (Table 11). The second feature of 
interest about the practice of using the incomplete operator 
matrix, V J Q ,  which is improperly devoid of i t s  three-center 
' tegrals, is that the computed dipole strengths for 2T2u (2.68 
2) and  TI$ (1.83 D2) (but not 2'I'iua) are in better agrmment 

with the experimental values, 2.1-3.0 D2 ( T z u ) ,  and 1.2 and 
1.58 IP?- (2Tiub), than were the ones obtained with the properly 
complete matrix, Bx. The point here is that, ifone had used 
the incomplete Vx(& one would have been led to the erroneous 
conclusion that the molecular orbital coefficients ure excellent. 
(It was also possible lo reach this conclusion by using the 
simpler, nonoptimized basis, along with the distance operator 
in place of the velocity dipole analog (vide stipra). There is 
another, and more grave, discrepancy between the results as 
obtained using the complete operator matrix, Vx, and the one 
artificially devoid of three-center integrals, VXW. The sign 
of the unsquared eleceric dipole moment ineegral (almu) of 
2Tzg -+ 2Tid changed when the incomplete matrix, Bx(1), was 
employed to evaluade it! This behavior would have dire 
consequences in computing rotational strengths, R, of natural 
optical activity in similar transition metal compiexes, since this 
unsquared moment appears here 
R(a -+ j) = Irn(alm IjNj lyla) 

(p being the magnetic dipole operator), Le., using the in- 
complete matrix, Vx(l), may lead to erroneous sign predictions 
of the rotational strengths. The very same computational error 
would appear in assigning excited states on the basis of 
computing B parameters, which for the cubic problem would 
be 

where M$M$ = (alrnxb)(jjmylk), etc.2 In other words, here 
too one finds unsquare moment integrals, and using in- 
complete operator matrices, W), may lead to erroneous signs 
of Faraday B parameters. Calculation D, the result of which 
is summarized in Table II, consisted of computing the dipole 
strengths with the defective block-diagonal operator matrix 

with the operator centered at Fe, so that Ai is the one-center 
matrix of dimensions 9 X 9 (one 48, three 4p, five 3d orbitals), 
and the remainder of diagonal blocks are "same-center" 
two-center integrals at carbon, Ci, nitrogen, Wi ,  etc. The result 
of using this defective matrix, VJb?, was severe when 
transformed to compute the electric dipole strengths, D; i.e., 
the latter values were 3.72,0, and 0.1 5 112, This approximation 
should, therefore, be avoi ed at all cost for charge-transfer 
excitations. Again, the moment integral for the excitation to 
2T:$ had the opposite sign from that obtained on using the 
proper, complete matrix B x .  The reasonably smccessfd relative 
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dipole strength computation of method B (optimized orbitals 
and complete operator matrix VX) should now be compared 
with those of method A, in which nonoptimized iron orbitals 
were used but the operator matrix VX was also complete. 

The three relative dipole strengths (1.8, 5.3, 3.3 D2) for the 
three excitations to 2Tiu(-da), 2T2u(a), and 2Tiu(-a), when 
computed with unmodified iron functions of Richardson, et 
ul.,lOJ1 are somewhat in better agreement with experiment 
(Table 11) than the ones (0.62, 6.0, 3.7 D2) computed using 
the optimized functions (method €3). It is of interest to point 
out that the 2T2g - 2Tiu(-a) excitation is most sensitive 
computationally to this choice of functions, since the most 
covalent Fe-CN molecular orbitals are being involved in the 
intensity calculation. In fact, the sensitivity of this 2Tiu(--a) 
intensity can be used to advantage; viz., since the computed 
dipole strength using optimized iron functions is somewhat too 
small (0.62 D2 compared to the low experimental value of 1.02 
D2), it can be concluded that the molecular orbital procedure 
employed leads to tiu( - a) molecular orbitals which are a bit 
too covalent, if one assume!; that the A 0  basis is correct. The 
only objection we can put forth here with regard to using 
nonoptimized metal functions along with this semiempirical 
LCAO-MO procedure is that tiu(ma) and t2g are found to 
be very nearly accidentally degenerate. This causes electron 
population analysis problems. On the other hand, use of the 
optimized metal functions with this molecular orbital procedure 
led to the molecular orbital order t id ( -a )  U tzU6(a) e 
t i d (  wa) < bg5(.) which lis most reasonably consistent with 
the order of states, or rr2g 9 2Tiua(-a) 9 2T2u(a) > 

The computational results of Table 11 for evaluating C / D  
ratios are as follows. First, employing the complete operator 
matrix, Lz, gave quite good answers, or IC/Dl = 0.418 BM 
(method B: complete Lz and optimized Fe orbitals). However, 
when we artificially deleted all three-center integrals from Lz 
(calculation C) or when we went farther by removing, in 
addition to all three-center integrals, those two-center integrals 
which had orbitals on different centers (calculation D: Lz 
became block-diagonal), it was discovered that neither of these 
two approximations is severe (Table 11). A similar conclusion 
is reached from the calculation in which nonoptimized AO's 
of iron were employed (vide supra and Table 11). This result 
was somewhat surprising to us, since inorganic chemists view 
[Fe(CN)6]3- as having quite covalent iron-carbon bonds, which 
in turn led us to believe that two-center integrals of the type 
(xk(Fe)lL(Fe)lXi(C)) woiild contribute prominently to the 
value of ( 2T2g1pr12T2g). The underlying cause for being able 
to use a defective operator matrix, Lz, for (2T2glpz12T2g) 
appears to be the large metal character in the open shell, t2g5; 
i.e., after transforming the molecular orbital coefficients C of 
the oblique basis, x ,  to molecular orbital coefficients, T, of 
an orthogonal basis, xt, i .e. 

T = P-'C 
(vide supra), we find from T that the 3d(Fe) orbital content 
of t2g indeed is 69%. C/D Sor nonoptimized Fe functions are 
good for the same reason. 

We conclude from the calculation of these Faraday ratios, 
C/D,  that (i) a block diagonal operator matrix, E@), of one- 
and two-center integrals is sufficiently complete to compute 
these Faraday ratios, (ii) L@) may be computed with optimized 
metal orbitals or with the unmodified ones as given by 
Richardson, et al.,loJl and (iii) the L(b) type matrix may be 
used for computing Faraday ratios, C/O, for nearly all other 
transition metal complexes since they will be even less covalent 
than [Fe(CN)6]3- (a few molecules such as perhaps V(CO)629 
may turn out to be exceptions). In contrast, electric dipole 
strengths of charge-transfer transitions such as these ought 
to be evaluated with complete operator matrices. 

2 T l u ( ~ ~ ) .  
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A ~ ~ ~ w l ~ g ~ e n ~ .  Acknowledgment is made to the donors 
of the Petroleum Research Fund, administered by the 
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Numerical values of several two-center integrals, made 
available by Professors H. Eyring and S .  F. Richardson and 
Dr. R. E. Linder, were also of benefit during the checking stage 
of the machine coding. 
A ~ ~ n ~ i ~  

The evaluation of the three-center integral, J = 1.318911' 
BM = (2p,(Ni)ILZ(Fe)12px(Cz)), is exemplary 5f the com- 
putationql steps necessary for constructing the orbital angular 
momentum matrix, Lz. First, the operator is transformed from 
Fe to the carbon atom C2. This will have the convenient effect 
of changing J into a linear combination of two-center integrals. 
In general, since Lz = -ih [x(a/ay) - y ( a / a x ) ] ,  it is necessary 
to know that 

(1) 

(2) 

.XFe = XC, t R F M ,  sin CY COS /3 
YFe = Yc, + R F ~ ~ ,  sin CY sin 0 

by 
This follows directly from Figure 3, and the angles are defined 

(41 

After substituting eq 3 and 4 into eq I and 2 and putting the 
explicit form of eq 1 and 2 into the expression of Lz, subsequent 
manipulations give 

Next, we operated to the right in each of the four terms so 
as to create new functions from each operation. The final result 
was that it was possible to evaluate each of these four terms 
as a linear combination of overlap integrals. For the integral 
above we obtained 1.318911' BM using the following input 

Coordinates, A 
X Y Z 

c2 1 .goo 0.0 0.0 
N, 3 .OS 0 0.0 0.0 
Fe 0.0 0.0 0.0 

The carbon and nitrogen orbitals were26 

R(C2;  p) =Nle-1.5679r 

R(N,; p) =N2e-1.9170r 
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and the overlap integrals were evaluated using INTE (vide 
ther integrals of Lz were evaluated similarly. 

~~~~~~~y NO. Fe(CN)63-, 13408-62-3. 
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The Raman spectra of solid samples and aqueous acid solutions of the anions MX4n- (M := Pt, Pd, or Au; 
and of acetonitrile solutions of the IClc  and IC12- ions have been recorded, and accurate values of the 
fun?damenlais in each state are  reported. The intensities in solution of all the Raman bands of each ion relative to that 
o l  the 935-cm-1 band of the perchlorate ion have been measured at  four different exciting frequencies. On the basis of 
these measurements, bond polarizability derivatives, &‘Mx, at  zero exciting frequency have been calculated. A procedure 

the calculation of both the parallel and the perpendicular components of &‘MX for square-planar and linear ions is outlined. 
both for the case in which the MX bond is assumed to have cylindrical symmetry and for that  in which it does not, and 
the magnitudes of these quantities are calculated for the ions in question and discussed. The quantity all’ is a measure 
of the degree of covalent character of a bond. Values for the bond anisotropy p i x  have also been deduced for the square-planar 
ions from the intensity of the Raman-active bending mode of each ion. 

~~$~~~~~~~~~~ 

Previous sludies o f  the intensitjes of Raman-active fun- 
daniientals of ~ ~ ~ o l f ~ ~ l e s  and ions have primarily been concerned 
with octahedral,l--d tetrahedral,5-8 linear79,1o and trigonal- 
pla.nars311 species. The present study, the first involving 
square-planar ions, has been carried out in order to establish 
values for the MX bond polarizability derivatives ((Y’Mx) for 
this interesting class of ions for comparison with the (Y’Mx 

values of related ions of different stereochemistries. A pro- 
cedure has been developed for the calculation of  parallel and 
perpendicular bond polarizability derivatives in square-planar 
and linear ioas, and the magnitudes of the quantities so 
ca.lcu!ated are discussed with reference to the degrees of 
~opdaknt charaxter of the MX bonds involved in the normal 
mode of vibration. Bond anisotropy derivatives as well as bond 
anisotropies have been deduced. 

In all cases the intensities of the Raman-active fundamentals 
were measurd relative lo the 935-cm-1 band of the perchlorate 
ion as interna! standard. All intensity measurements were 
carried out by use of the rotating-sample technique at four 

different exciting freqaaencies in order that suitable corrections 
for the preresonance aman effect could be made. Bn the 
course of the work, a.ccura%e values for all the 
fundamentals of each species have been dete 

Samples. The compounds KAuCla, #AuBr4-2I-I20, K2PdCl4, 
KzPdBr4, and (NW4)zP)tCls were obtained from Johnson Matthey 
and Go. Ltd. KzPtBr4 was obtained from K & I< Laboratories, Inc. 
[(CzH5)4N] [AuCk] and [ ( C Z H ~ ) ~ N ]  [AuBrd] were prepared by 
standard procedures.12 ’Fhc compounds [(c2&)4x] [IC141 and 
[(c2w5)4N] [IClz] were prepared according to the method of Popov 
and Buckles,l3 and their Raman spectra were recorded in dried 
acetonitrile, the 919-cm-1 band of lht: latter being used as internal 
standard. This band was subsequently calibrated against the 935-cm-1 
band of the perchlorate ion. In all other cases the samples were 
dissolved in aqueous solutions of the appropriate hydrohalic acid to 
minimize hydrolysis and then sodium or potassium perchlorate was 
added in known amounts as internal standard. 

Each solution was studied at two different relative concentrations 
of standard to solute. The approximate mole ratios (number of moles 
of solute/number of moles of perchlorate) used for each anion studied 


