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of the neopentyl di(tertiary phosphine) derivatives (Table IIT)
exhibit the expected singlet with coordination chemical shifts
similar to those of the related di(tertiary phosphine) com-
plexes.!5 The proton-decoupled phosphorus-31 NMR spectra
of the neopentyl tri(tertiary phosphine) complexes (Pneo-
Pneo-Pneo)M(CO)3 (M = Cr, Mo) and [(Pneo-Pneo-
Pneo)NiCl][PFs] exhibit the expected low-field triplet from
the ligand center phosphorus atoms and the expected higher
field doublet from the two ligand outer phosphorus atoms with
coordination chemical shifts and phosphorus—phosphorus
coupling constants similar to those of the related tri(tertiary
phosphine) complexes.!5 The proton-decoupled phosphorus-31
NMR spectra of the remaining neopentyl tri(tertiary phos-
phine) complexes (Pneo-Pneo-Pneo)RhCls and [(Pneo-
Pneo-Pneo)MCI][PFs] (M = Pd, Pt) exhibit two singlets since
the phosphorus—phosphorus coupling is below the resolution
limits of the spectrometer. The decrease in phosphorus—
phosphorus coupling constants between two phosphorus atoms
in a five-membered chelate ring formed by a poly(tertiary
phosphine) upon descending a column of the periodic table
from nickel through palladium to platinum was observed in
the previous phosphorus-31 NMR study.!5

The platinum-phosphorus coupling constants [LJ(Pt-P)| in
the complexes [(Pneo-Pneo-Pneo)PtCl][PF¢] and [P-
(-Pneo)3PtCl][PFs] are readily determined from the satellites
in their proton-decoupled phosphorus-31 NMR spectra. The
|1J(Pt=P)| coupling constants for the center phosphorus atoms
appear around 3115 £ 10 Hz which is within the 3024-
3242-Hz range found for similar phosphorus atoms in the
previous work.!> The |1J(Pt—P)| coupling constants for the
end phosphorus atoms in coordinating P(CH2CMez3)2 groups
appear around 2300 Hz which is slightly below the 2340-Hz
values found for the |LJ(Pt-P)| coupling constants of the end
phosphorus atoms in coordinating P(CH3)2 groups.!>
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A simple model is proposed for the description of charge-transfer states in transition metal complexes. The electron repulsion
effects in the LMCT excited states are evaluated by using ligand field data. Indeed, the relative energies of certain excited
CT states in a d7 system can be related to the ligand field levels of the corresponding dn*! central ion complexes. The
applicability of the proposed scheme is tested and demonstrated by studying the charge-transfer absorption spectra of a
number of tetrahedral compounds, leading to a coherent interpretation of the spectral data.

I. Introduction

It is the purpose of this paper to make a few general remarks
on the study of charge-transfer states in transition metal
complexes. Important progress in this field has been made
by Jorgensen,!.2.1924 Day, DiSipio, Oleari,>-5 Gray,6 and many

others. Most of the work of these authors centers on a
one-electron description, either in terms of optical electro-
negativities or in terms of a simplified molecular orbital theory.
Only in a limited number of cases has the attention been
focused on electron repulsion effects. Apparently, the theory
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Figure 1. Partial molecular orbital energy level diagram for a
tetrahedral d” system. The ligand o orbitals are not included;
they are probably too low in energy to be of importance in the
assignment of the relevant bands.

of charge—transfer transitions has not reached the same degree
of sophistication as the theory of the so-called “intra-metal”
d—d transitions.

As an example, let us consider the well-known tetrahedral
cobalt(Il) tetrahalides. Figure 1 shows an approximate
molecular orbital energy level diagram. The upper occupied
orbitals 2e and 2t2 are antibonding and predominantly metal
centered; the different transitions corresponding to a 2e — 2t2
jump are d-d transitions within the seven-electron metal
system, The other three orbitals are predominantly centered
on the four halogen ligands; t1 is a nonbonding ligand group
orbital, while 1t2 and 1e are essentially w-bonding orbitals. An
electron transfer from any one of these three orbitals to 2t2
can be considered to have charge-transfer character.

The ground state of this type of compound is 4A2. The
different excited charge-transfer states have the configuration
(2e)4(2t2)4 supplemented by one hole in the ligand orbitals.
Each one of the three different excited configurations gives
rise to a number of states, separated by electron repulsion and
spin-orbit coupling. The latter effect being the smaller one,
the main problem resides in the description of the electron
repulsion effects.

II. A Simplified Model

In the evaluation of the repulsion integrals, one has to
distinguish between integrals containing only the highest
occupied 2t2 orbitals and integrals containing these 2t2 orbitals,
as well as one of the three lower orbitals, The former integrals
can be considered as a measure for the repulsion between two
electrons, both mainly localized on the metal; they might be
called M~M repulsion integrals. The latter integrals can be
considered as a measure for the repulsion between one electron,
mainly centered on the metal, and another one, mainly
localized on the ligands (M—-L repulsion integrals). Because
of their many-center nature, the exact evaluation of these
integrals is not easy. However, it seems reasonable to suppose
that the M-L integrals are a good deal smaller than the M—-M
integrals. If this assumption can be carried through far
enough, the picture will simplify considerably. For instance
in the case of the cobalt(II) tetrahalides, the state energy level
diagram would be described approximately by Figure 2.
Within any one configuration, the metal part, here (2t2)4, is
considered first, and the splitting pattern, resulting from the
M-M interactions, is shown in the middle of the figure. This
problem should be manageable, since it is concerned with the
crystal field level scheme of a d8 system. The coupling of each
of the resulting states with the hole, mainly centered on the
ligands, would then give rise to a number of relatively closely
spaced energy levels. Therefore, the charge-transfer spectrum
of a dn system might be connected to the crystal field spectrum
of the corresponding dnt! system.

Apart from its inherent plausibility, the here presented
model is quite compatible with Jorgensen’s utilization of the
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Figure 2. Qualitative energy level diagram for the charge-transfer
excited states in CoX,?” complexes (X = halogen).

spin-pairing energy concept.2 Jorgensen added this energy as
a correction to his one-electron formula containing the orbital
electronegativities of the metal and the ligands. The spin-
pairing energy is a function of the spin quantum numbers of
only the parent metal configuration; therefore, it really implies
a weak coupling between the ligand hole and the partly filled
metal subshell,3.7-9

III. Applicability of the Model

The cobalt(II) tetrahalides cannot be used to test the validity
of the model. Indeed, if one limits oneself to the electric dipole
transition mechanism, the only excited states, accessible from
the 4A> ground state, are 4T1. From Figure 2, it follows that
each excited configuration gives rise to one, and only one, 4T
state. Therefore, the splitting pattern of the figure will
certainly not be expected to show up in the actual spectra of
the tetrahedral Co(II) compounds.

It is possible, however, to draw qualitative energy level
diagrams for all tetrahedral d» systems (n =1, 2, ..., 9) and
to find out which ones would be suitable to explore the ap-
plicability of the simple considerations outlined in the previous
section. Table I shows the result of such an analysis. For the
Co(IT) systems, the electron had to be transferred from a
ligand orbital to the metal 2t2 orbital, since the metal 2e orbital
was then fully occupied by four electrons. However, in general,
of course, both orbitals, 2e and 2t2, can be the electron ac-
ceptors. The symbol a in the table means that each excited
configuration contains only one state, which is accessible by
the electric dipole transition mechanism; this was the case of
the Co(II) d7 systems and it is equally the case of d% systems
such as Cu(II), and a few others as well. In the bl complexes,
the different accessible states all belong to the same parent
metal term; therefore, in the present context, one expects the
resulting energy splittings to be small and difficult to evaluate.
In the b2 complexes, on the other hand, the different accessible
states belong to different parent metal terms; in these systems,
comparatively larger energy splittings are expected and, most
importantly, these splittings should be traceable to the crystal
field splittings of the corresponding d#*! systems. The last
column of the table shows a number of examples. In what
follows, the attention will be focused on the b2 cases, namely,
3d!, 3d2, and 3d6 high-spin compounds.
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Figure 3. Gaussian analysis of the absorption spectra of a number of tetrahedral complexes.

Table I. Group Theoretical Analysis of the CT Excited States in
Alld” Systems with T; Symmetry®

2e 2t,

System acceptor acceptor Example

d! b2 b2 VCl,
MnO,*"

d a b2 MnO,*"
FeO*"

d? high spin b2 b2

d? low spin a b2

d* high spin b2 b2

d* low spin b a

d* high spin a a FeCl,”
FeBr,”

d*® low spin b2

d® high spin a b2 Fe(NCS),*”
Fe(NCSe),*"

d® low spin b2

d’ a CoCl, >
CoBr,*~

ds bl NiCl,*"
NiBr,*~

d® a CuCl,*" ¢
CuBr,* ¢

@ The class to which a given complex belongs is given for the
two possible acceptor levels 2e and 2t,. ? 2e cannot be the
acceptor level (completely filled). € Distorted T4 symmetry
D,q).

IV. Specific Applications

A. Experimental Data. Figure 3 shows a Gaussian analysis
of the absorption spectra of the following compounds: VCls,
MnO42-, MnO43-, FeO42-, Fe(NCS)42-, and Fe(NCSe)42-,
The spectrum of VCls refers to the gaseous state and was taken
from Penella and Taylor.!® From electron diffraction studies,!!
as well as infrared and Raman!2.13 spectroscopy, VCl4 appears
to have a regular tetrahedral structure. The MnQO42- spectrum
is taken from den Boef et al.!4 There is a strong resemblance
between the solution spectrum and the spectra of the same
compound doped in M2SO4 (M = K, Rb, Cs).45 Since the
coordination in the solid state is very nearly Ty, there is a good
reason to assume the same symmetry in solution. The spectra
of MnO43- and FeQ42- were taken from Johnson et al.}5 and
Carrington et al.,!6 respectively.

As a result of the Gaussian analysis the position and in some
cases also the number of absorption bands can be slightly

different from what is indicated in the literature.

The Fe(NCS)42- and Fe(NCSe)42- spectra were measured
in our laboratory on a Cary 14 in dichloromethane. The
complexes were synthesized as described in the literature.!7,18
Although the synthesis was carried out under nitrogen at-
mosphere, EDTA titration indicated that part of the Fe(II)
was probably oxidized to Fe(I11); the spectral consequences
of this fact will be discussed later. X-ray and ir studies!7.!8
reveal a tetrahedral structure with N as the coordinating atom.

B. Theoretical Considerations. (1) Energies. For the
different metal ions under consideration, the spin—orbit
coupling constant is at most 400 or 500 cm-!; therefore, in
what follows, spin—orbit coupling will be neglected.

In the study of the optical properties of the tetrahedral
complexes, the relevant orbitals are the ones shown in Figure
1. The energy difference between 2e and 2tz is equal to the
crystal field parameter 10Dg. The relative order of the t1, 1t2,
and le orbitals does not seem to be altered in going from one
tetrahedral complex to another.3,19-21

The consecutive introduction of M—M and M-L repulsions
in T4 d! systems leads to a qualitative energy level diagram
as shown in Figure 4. Both 2e and 2t2 can serve as acceptor
levels. In each case, the different CT excited states, that are
accessible by the electric dipole transition mechanism, are
separated by M—M interactions. The energy differences for
the corresponding d2 systems are given—for the (2e)?2
configuration—by

E(‘A))—-ECE)=8B +2C

ECE) - ECA;) =8B +2C

and for the (2¢)!(2t2)! configuration by
ECT) - E('T,)=4B

E('T) - ECT,)=2C- 4B

ECT,) - ECT,) =128

The energy difference between 3T2(2e)!(2t2)! and 3A2(2¢)?
is 10Dg. The Racah parameters B and C might be taken
directly from the experimental data of the d2 complex; if this
information is not available, they can be obtained from the
free-ion parameters Bo and Co, multiplied by the nephelauxetic
ratio 8. The 8 values either can be found directly in the
literature or can be estimated by interpolation or extrapolation
of literature data.!.!9.22-24 The values of Bo, Co, 8, and the



Tetrahedral Transition Metal Complexes
Table II. Theoretical Crystal Field Splittings in the Excited CT
States of Ty Complexes®
d! Systems
8B +2C 4B 2C-4B 12B

Complex B, ¢, B

vCl, 0.86 3.12 0.65 8.53 224 1.81 6.72
MnO,> 145 576 040 926 2.33 228 698
d? Systems
Complex B, C, 8 8B +2C 4B 6B +3C

MnO,** 096 398 045 7.04 173 1797
FeO,*" 1.06 447 040 698 170 1791

d® Systems (High Spin)
Complex B, g8 12B  Complex B, g 12B
Fe(NCS),>~ 0.75 0.8 7.17 Fe(NCSe),*” 0.75 0.8 7.17

% The energies are expressed in kK.

Table III. Analytical Expressions for the
Molecular Orbitals in T4°

12¢e) =c,dy2_y2 + [y —ya—ys + 4]
2e0) =c,d,2 + ¢, [1a(x, = x, — x5 + x,)]
Ntyay=c,'dy, +¢,'x +¢,'[V2(z, ~ 2, + 2, - 2,)] +
€ [Ma2(sy =85, + 83— 8 )]+ ¢ [Val(xy + %, + X3~ %) +
, 312y =Yy + ¥ + ¥
Nt,8y=c,'dyy + ¢,'Y + €3 [Valz, +2, -2, 2,)] +
e[ (s, + 5,83 =50 + ¢ [Vallx, —x, +x,—x,) +
, 3y =y, + Y3y
Nt,yd=c'dyy + 2+ ¢,'[Vale, — 2, -2, +2)] +
' [Yasy — 55— Sy + s — ¢ [MValx, +x, + x4 +>xo)]
% x, y, and z stand for py, Py, and pz; @, 8, v, €, and 6 are the
components of the different spatial functions. The 2t, orbitals

have the same form as the 1t, orbitals, but the coefficients ¢,’, c,’,
¢;', ¢, ,and ¢/ arereplaced by ¢,”, ¢,”, ¢;", ¢,”",and ¢,"".

calculated energy splittings are given in Table II. The data
for the d2 and d6 systems are equally shown in the same table.
The corresponding energy level?S diagrams are shown in
Figures 5 and 6. For the d2 compounds, the energy difference
between 4T1(2¢)2(2t2)! and 2E(2e)? equals 10Dg — 4B - 4C.
In the case of the d6 high-spin Fe(II) complexes, the energy
difference between 4T2(2e)3(2t2)4 and 4A2(2e)4(2t2)3 equals
10Dg.

(2) Intensities. From Figures 4-6, it appears that one given
parent metal term gives rise to several accessible charge-
transfer states. An analysis of the relative values of the in-
tensities of these different transitions will obviously be very
useful in the assignment problem.

In the T4 systems under consideration, the states are to be
described by (two or more)-open-shell configurations.
Griffith’s irreducible tensor method?26 allows one to calculate
the different many-electron matrix elements in terms of a few
one-electron matrix elements. In the Appendix, Griffith’s
method is extended so as to include three open shells.

Figure 7 and Table III show the coordinate system, the atom
numbering, and the analytical MO expressions we have used.
Qualitatively, it is obvious that the absolute values of c1, c1”,
and cs', will be the largest ones, say between 0.80 and 0.95,
while all other coefficients will be a good deal smaller.

In the explicit evaluation of the one-electron transition
moment integrals, only the diagonal elements on the ligand
atoms were considered. Indeed, several authors have
shown3.27-29 that these elements carry the most important
contribution to the dipole moment. The results of the intensity
calculations of the d!, d2, and d6 high-spin systems are shown
in Table IV.

(3) Spectral Interpretation. (a) 3d! Complexes. The spectral
data on VCls and MnQ42- have been analyzed by several
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Table IV. Intensity Calculations for the CT Bands in Ty d',d?,
and High-Spin d® Systems®

Orbital Metal CT

System transition term  state  Dipole strength
d! t, = 2e A, T,  (3/4)c,)?
‘E T, 1/4)(c,)’
T, 1/4)(c,)?
'A, T, (1/4)(c,)?

1t, > 2e A, *T, (3/4)(c,)*(c,)?

‘E T,  (1/4)(c;)(c,)?

T, (1/4)e) ey
YA, T, (1/4)((32)2(55’)2
1, —2t, 3T, T, 27/32)(c,")?
T, (9/32)(cs"")?
3Tl ’T, (9/32)(‘—'5”)2
T, (27/32)(c")?
'T, T, 9/32)(c;'")?
T,  (3/32)c")?
(3/32)(c."")?
T,  (1/32)(¢")?
d? t, = 2e E T, (c,)?
1t, - 2e ‘E T, (c,)*(cs)?
t, = 2t, ‘T, T, 2(¢")?
T, T, (¢/)?
0

»*T, T, O
a’T, T, 0
High- t,-2 A, T, (1/2)c,)
spin d*® 1t, - 2e ‘A, *T, (1/2)(c;)?(cH?
t, =2t ‘T, °T, (9/16)(c;")?
T, (3/16)(c,)?
(3/16)(c,")?
T, (9/16)(c,")?

% The dipole strength is given as a function of R? (R is the
metal-ligand distance) and the MO coefficients of Table 111.

Table V. Spectral Assignments of the CT Bands of VCl, and
MnO,?" As Proposed by Previous Authors®

v(l,
Position  Alder- Penella- Position Alder- Penella-
(e) dice?® Taylor!® (e) dice?®® Taylor!®
24.8 t,>2 t,—2 400 VOCL,? t, - a, (4s)
(2800) (~2500)
29.9 voCl,? 45.4 1t, - 2e
(~5000)
33.9 t, > 2t, t, —-2t, >50.0 1t, = 2t,
(4500) (~12000)
MnO*-
Carrington- Carrington- Viste~ DiSipio
Position (¢) Symons®!  Jorgensen®? Gray® et al.?
12.02 2e —» 2t,(*T,)
(very small)
15.54 t, = 2e(*’T,) 2e-—2t,? 2e—2t, t, —2e(T,)
(1598)
2291 t, >2e(*T,) t, -2 t,~2e t, »2e(CT,)
(1330)
~26.60 t, = 2e(°T,)
28.48 t, = 2t,°T,) 1t,—2e? 1t,—»2e t, »2t,C°T,
(1630) or ’T,)
33.40 t, = 2t,(*°T))
(1539)

% The band positions (in kK) and the molar extinction
coefficients are given for each transition.

authors;46.10.30-32 their identifications are summarized in Table
V. [Inall but two cases, the spectral assignments were made
on the basis of a one-electron energy picture. Carrington and
Symons3! assigned state labels—partly on the basis of EPR
data—while DiSipio et al.4 accounted for electron repulsion
in a way, which is to some extent similar to the procedure
outlined here.

The relevant orbital transitions are t| — 2e, t1 — 2t2, and
1tz — 2e; quite probably the other possible LMCT transitions
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fall outside of the spectral region under consideration. From
Tables IT and IV, it follows that t1 and 1t2 — 2e¢ should give
rise to four bands, each with an intensity ratio 3:1:1:1. Within
each group of four bands, the total energy splitting should be
~17 kK; one expects the two middle bands to be close to-
gether, both in energy and in intensity, with the most and the
least energetic band each about 8 or 9 kK away. For the t1
— 2t2 transition, Table IV predicts a rather complicated
pattern of eight CT bands, subdivided into four sets of two,
2T1 and 2T3; within any one set, the energy splitting would
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be small, while the intensities would in all cases be in a ratio

With this general framework in mind, it is possible to
analyze and assign the spectra of VCl4 and MnO42- as in Table
The least energetic band in VCl4 at 24,9 kK obviously

— 2¢ orbital transition, more specifically
d 2T> (3A2) state where the parent metal

term is written in parentheses. The transition at 31.1 kK is
about 3 times less intense and is situated at about 6 kK from

erefore the properties expected for either
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Figure 6. Qualitative energy level diagram for the charge-transfer excited states in Ty d® high-spin systems. The ground state is °E; the

allowed transitions are °E — 5T, °T,.

Figure 7. Coordinate system and atom numbering used in the cal-
culation of the one-electron matrix elements.

2T (1E) or 2T1 (LE); the present calculations do not provide
us with an adequate criterion to distinguish between the two
possibilities. In Table VI, the 31.1-kK band is assigned to the
2E — 2T transition, while the 33.7-kK band then corresponds
to 2E — 2Ti. The alternative assignment, obtained by in-
terchanging the two CT states corresponding to the parent
metal !E term, cannot be ruled out on the basis of our cal-
culations. However, on the basis of single-crystal studies on
the manganate ion, DiSipio et al.4 found 2T to be lower in
energy than 2T1. Therefore, in Table VI, the same energetic
order was adopted. The energy of the band at 37.5 kK
suggests the assignment 2E — 2T ('A1). The intensities
remain a problem in this assignment, since the last two bands
are clearly more intense than predicted. It seems reasonable
to suppose that the set of bands, corresponding to the t; —
2e transitions, overlaps to some extent with another set of
transitions. Probably this new set does not correspond to the
orbital jump t; — 2t2. Indeed, if so, the spectrum would have
a more complex structure. Moreover, if the 33.7-kK band is
associated to the (close-lying) 2T1 (3T2) and 2T2 (3T2) states,
the 37.5-kK band would have to be associated with the 2T
(3T1) and 2Tz (3T1) states. While this is more or less ac-
ceptable on energetic grounds, Table IV predicts an equal
intensity for these two sets of transitions; this is in conflict with
the experimental data. Therefore it seems more reasonable
to suppose that the overlapping orbital transition is 1t2 — 2e.
The 2E — 2T2 ('E) component then overlaps with the 2E —

Table V1. [nterpretation of the CT Spectra of Ty d! Systems”

CT state CT state
(parent (parent
Position  Orbital metal Position  Orbital metal
(e) transition state) (¢) transition  state)
24.9 t, >2 T, (*A,)) 16.7 t,>2 T, (CA))
(2850) (1560)
31.1 t, >2 T, (E) 22.5 t,>2 T,(E)
4150) (950)
337 . t,—»2 T, ('E) 24.4 t,>2e¢ ‘T, (E)
(4150) 1t, - 2e °T, (’A)) (710)
37.5 t, =2 T, ("A,) 28.1 t,»2e T, (*A))
(2150) 1t, »2¢ T, ('E) (1560) 1t, »2e T, (’A))
44.0 ? 33.1 1t, -~ 2e T, ('E)
(4350) (1340)

% The band positions (in kK) and intensities (parentheses) are
slightly different from the ones given in Table V, as a result of the
Gaussian analysis of the spectra.

2Ty (1A1) of t} — 2e, while the 2E — 2T (3A2) overlaps with
the 2E — 2T (JE) of t1 — 2e. Since ¢s' is the 7-bonding
coefficient in the predominantly w-bonding 1t2 ligand orbital,
it can roughly be put equal to 1; if so, summation of the
theoretical intensities results in a ratio 3:1:4:2 for the first four
bands. This is in very good agreement with the experimental
data.

The identification of the bands in the MnQ42- spectrum can
be made in a very similar way. On the whole, the CT spectrum
will be shifted to smaller wavelengths with respect to VCla,
Indeed, the optical electronegativity of V(IV) is 0.23 unit
smaller than the optical electronegativity of Mn(VI), while
the oxygen and chlorine ligands are at about the same place
in the electronegativity scale.!®

The first four bands result from the t; — 2e transition. The
total energy splitting of these bands is smaller than in the VCl4
case, but qualitatively, the pattern is identical. The overlapping
with the 1t2 — 2e transitions now starts at the 28.1-kK band.
De Michelis et al.33 also pointed out the possibility of an
overlapping between the different electronic configurations.
The next transition at 33.1 kK is at 5 kKK from the previous
band; this is almost exactly the energy splitting between the
3A2 and 'E metal terms, as derived from the first four bands.
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Table VII. Assignment of the Spectra of MnO,*” and FeO,*” As Proposed by Previous Authors

MnO*"
Carrington- Carrington-
Position (¢) Symons?®! Jorgensen®? Viste-Gray*® Kingsley et al.®* Orgel®®
11.0 (small) 2e - 2t,C°T,) 2e = 2t,(°T,) 2e - 2t,(°T,)
14.8 (1100) t, = 2¢(°T,) 2e—2t, 2e— 2t,C°T,) t, - 2e(*T,) 2e — 2t,(°T,)
16.7 (small) 2e - 2t,(°T,)
30.8 (3800) t, = 2t,(°T,) t, - 2e t, — 2¢(°T,) t, = 2t,(°T,) t, = 2e(’T,)
FeO,*"
Position (e) Carrington-Symons?' Carrington-Jorgensen®? Viste-Gray®
12.8 (350) t, - 2eCT,) 2e - 2t, 2e — 2t,(°T,)
17.7 (sh)
19.6 (1120) t, - 2t,CT,) t, — 2e? 2e - 2t,(°T),)

Therefore, the bands are assigned as shown in Table VI.

An alternative interpretation, based on the overlapping of
the (1t1)5(2e)(2t2) configuration, is less acceptable for the same
reasons as in the VCl4 case.

(b) 3d2 Complexes. Table VII shows the assignment of the
MnO43- and FeO42- spectra, as proposed by previous au-
thors.6.31-35 The assignment of the CT bands was made on
a one-electron basis in all cases.

It seems almost certain6.34.35 that the first CT band lies at
28.4 kK and that it corresponds to the t; — 2e transition, i.e.,
3A2 — 3T (RE). The extinction coefficient of the 31.6-kK
band is at least 3 times too large to be associated with 1t2 —
2e. This band corresponds more likely to the t1 — 2t2, 3A2
— 3T (4T1), transition, for which Table IV predicts an ex-
tinction coefficient of about 2000 or 3000 M~! cm~!. The
33.6-kK band cannot be associated with 3A2 — 3T (b2T),
since this would require an anomalous value of 3 = 0.12 (Table
IT). However, it has both the energy and the intensity expected
for the 1t2 — 2e transition.

The identification of the spectral bands of FeO42- can be
carried out in a very similar way. The assignments are
summarized in Table VIIL. It should be noticed that the first
CT band of FeQ42- comes at much lower energy (11.4 kK)
than in the MnO43- spectrum. This can be expected on the
basis of the difference in optical electronegativity (0.3 unit!9)
between Mn(V) and Fe(VI).

From Table VIII, it appears that the energy difference
between the t1 and 1t2 ligand orbitals does not change very
much from one complex to the other (7 kK in the ferrate ion
and 5.2 kK in the hypomanganate ion). The energy difference
between the 2¢ and 2t> metal orbitals can be calculated from
the relative positions of the 3T (2E) and 3T (4T1) levels and
equals approximately 11.7 kK. This agrees fairly well with
the 10Dg values derived from d—d spectra, 11.3 kK and 12.5
kK for MnQ43- and FeOa2-, respectively.35

(c¢) 3d® High-Spin Complexes. Schmidtkeé proposed a
preliminary interpretation of the CT spectra of the iron(II)
pseudohalides. He considered only the first band and identified
it as the t1 — 2e transition.

The Fe(NCSe)42- spectrum does not allow further analysis:
it is almost completely structureless and shows only one very
broad band at 32 kK. The Fe(INCS)42- spectrum on the other
hand is well structured and deserves closer attention (Table
IX). The least energetic band at 20 kK is most probably37
due to Fe(NCS)¢3-, which is formed very easily by oxidation.
The first band of the Fe(NCS)42- complex lies at 31.8 kK and
should of course be identified as t1 — 2e or SE — 5T2 (4A2).
The next band at 34.3 kK is almost twice as intense as the first
one, and, therefore, from Table IV, it should correspond not
to 1t2 — 2e but rather to t1 — 2t2, SE — 3T (4T2). If the
M-L interactions are small, the SE — 5T2 (4T2) transitions
should be at a few kilokaysers from the 5T state with the same
parentage; the intensity ratio for these two states should be
1:3. The 36.5-kK band satisfies these conditions. In this

case—unlike the d! systems—the T1 and T2 states can be
distinguished on the basis of their relative intensities.

The transitions at 38.5 and 40.1 kK have the right intensities
to be associated with SE — 5T1 (4T1) and SE — 5T2 (4Th).
However, this possibility should be rejected for two reasons.
First, the band at 40.1 kK is probably37 due to Fe(NCS)¢3-.
Second, this would imply an energy difference between the
metal terms 4T and 4T of only about 4.5 kK, which is too
small (8 would have to be ~0.5!). Therefore, the 38.5-kK
band is associated with the 1t> — 2e transition. The band at
44.2 kK is not identified; possibly, it is a ligand-ligand
transition.38

The theoretical energy difference between the metal terms
4T2 and 4A2 equals 10Dq. In the present context, the energy
of the first CT band is a rough measure for the position of 4A>,
while the average of the second and the third band situates
approximately 4T2. This yields a 10Dq value of 3.6 kK, which
is 70% of the value derived from the d—d spectrum.!?

V. Conclusion

We proposed a general procedure which can be applied in
the assignment of charge-transfer spectra of transition metal
compounds. The spectra of a number of tetrahedral complexes
have been analyzed and interpreted on the basis of two sets
of results: first, ligand field calculations on the central ion,
whose oxidation number is lowered by 1 unit, and, second,
calculations of the relative transition probabilities. This implies
that, as far as electron repulsion effects are concerned, the
metal and the ligands can be considered as reasonably separate
entities within the molecule,

A more quantitative agreement between theory and ex-
periment would of course require the introduction of con-
figuration interaction. However, even at the present level, the
model seems to provide an adequate basis for the description
of charge-transfer spectra.

Appendix. The Reduced Matrix Element of the Electric
Dipole Operator between States Resulting from
Three-Open-Shell Configurations

In the calculations of the intensities of the charge-transfer
bands, it is necessary to evaluate the matrix elements of the
dipole operator between states resulting from ambrce and
ambm+lico-i configurations. Here, the “metal parts” amb and
ambm+1 have to be coupled first, and, only then, are the “ligand
parts” co and co! coupled to the rest of the configuration.

It would be easier if a7 could be coupled to the rest, since
in that case the problem could be solved by combining eq 10.15
and 10.19 of Griffith’s book.2¢6 Indeed, in eq 10.15 b could
be replaced by brco in the bra and by brtlce-! in the ket, If
breo and br+ico-! give rise to S2h2 and S2'h2', respectively, the
second g in eq 10.15 has to be replaced as follows

gnhz'hz'(b,f)<b”uf“a) - (Sz/’lez” U”'Szhz?‘{z)
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The latter reduced matrix element can then be evaluated from
eq 10.19.

Therefore the remaining problem is one of changmg the
coupling order. In his eq 5.10, Griffith26 gave a formula
allowing a recoupling of functions, each characterized by one
given irreducible representation of the molecular point group.
If one has three functions A, B, and C, characterized at the
same time by an irreducible representation for the space part
and by a given set of spin quantum numbers, one finds

a b
[(Aﬁ“a X BSB)S! X csz] M=
- N 2+h b+h,+h( 1)s: 8+85,b+s, "S(2S + DY) X

o5, @283+ 1\, yrw(g” §i° §3)

o g i farix Gapxeni ]2l

where a and b are further speciﬁcations needed in the ex-
plicitation of the spin states; the configuration a™ leads to S12,
and br leads to Sib. The quantum number S3 = S1b + S3,
Sib+ 821, ..., |S1b — Sa|, while k3 is one of the irreducible
representations in the direct product hib X A2,

Using this cxprcssion, the reduced matrix elements of the
electric d1pole spectra in T4, U = RT» = Y _pr(k), can be shown
to be asineq L.

@S 12, 2)b7(S 12112 )b (8171 )cO(S 12 JSHMIRT s | X
am(s, a'p a’)bn-rl(Slb’hlb')ambn+1(sl’hl’)co-l X

(S2'hyYSH'M) =85 5 85 25,0’ X
1M Pt theh, b’ "‘hz +h +h B«»h a’ X

(1)5 \D+§,+8,D'+5, +25+268,8 X
(281 + DY2AAR)A@S, + DYAINR )X

=(S;b S,2 S1
(S St 8\ gy (kb e h
W(s‘ Sz’ s§>w<h‘ hz h§>x
W(Z"b i hl,)‘shah,’(“l)T“h2°+"3'>\(h)1/2><

Mh’)“’(—l)h’W(Zla 4N Z:) X

g’"hlahla’(a,Tg)(alerz Ha>+s (2S3 + l)X

I 3\‘4

N )1/2W<Slb $i s) (g g s,)

3

hb he h hv' hys by hy' ha T
W(h‘ ha h;>w(’l hy' h3> <h3 A hfﬂ>x

<§2 gfb' §f2>5h,ahla'("‘l)Tz+h,a+h,'>\(h)1/2.x
Ah )1/2(——1)h(__1)S1b+s’f+§j+1 (—l)hlb;hz'*h2+hlb;T’ «
[(n + 1)0(S1b’ + 1)) 12128, + l)x(h3)>\(h3’))\(hlb') X
N12))207(S PRy 2) b 116718, hy¥Xeo (S2) X

hi® hy  hs
{ 'C,Co.1 (S2 ’hz’)xc IrT2ib) X hlbl hz' h3l (I)
b C Tz

Registry No. VCla, 7632-51-1; MnOa?-, 14333-14-3; MnO4?-,
14333-15-4; FeOs2-, 16836-06-9; Fe(NCS)42-, 45069-78-1; Fe-
(NCSe)42-, 57550-04-6.
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Table VIIL. Interpretation of the CT Spectra of T4 d* Systems:
MnQ,’" and FeQ,*"

MnO,*" FeO,*”
Orbital Orbital
transi- transi-

Position (¢) tion  CT state Position (¢) tion  CT state

28.4(1200) t, —»2¢ °T, CE) 17.0(500) t, —2¢ °T, (°E)
31.6 (3500) t, »2t, °T, (*T,) 19.9 (1100) t, »2t, °T, (*T,)
33.6 (800) 1t, »2e °T, (*E) 24.0 (380) 1t, —2¢ °T, (°E)

Table [X. Interpretation of the CT Spectrum of Fe(NCS),*~

Orbital Orbital
transi- transi-
Position (¢)  tion CT state Position (¢)  tion CT state

31.8(3300) t, » 2¢ ST, (°A,) 36.5 (2500) t, —2t, ST, (*T,)
34.3 (6400) t, — 2t, ST, (°T,) 38.5 (2200) 1t, —2e T, (*A,)
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