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A scaled INDO semi-empirical method, called SINDO, has been applied to TiCL,
and VCl, to test the method and possibly to reinterpret the photoélectron and UV
spectra of these molecules in the gaseous state. The method involves one adjustable param-
eter for each molecule. Two versions of the method are discussed, SINDO/1 and SINDOj2.
In the latter version integrals depend on charge and conﬁguratlon of atoms. The ground
state and excited states have been discussed in terms of the Longuet-Higgins and Pople
SCF theory, with the energy corrected to account for a proper interelectronic repulsion and

a proper total spin. Both versions yield acceptable results. However, similarly as in the case
of free atoms and ions, results obtained with SINDO/2 are better,

1. Introduction

In Part I [1] a new semi-empirical INDO-type treatment has-been suggested suitable
for transition metal compounds. It has been called SINDO; from Scaléed INDO: In
SINDO/1, the Condon-Shortley parameters F© and F* are empirical parameters of atomic
origin. All other Condon-Shortley parameters are calculated theoretically with approxrmate
Hartree-Fock atomic orbitals and scaled afterwards by the ratio of appropriate empirical
and theoretical values of F2. Ohno’s formula is used for two-center- “Tepulsion integrals
and Mulliken’s one for resonance integrals. In SINDO/2 additional scaling of integrals is
performed as-a function of charge and configuration of the appropriate atoms. It is
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assumed in this stage that all felative changes in integrals are reproduced to a sufficient
accuracy by integrals over Slater-type orbitals with the exponents varied in accordance
with the Burns rules. Details of the method and a review of the subject has been given in
Part 1. It has been shown there that SINDO/1, and particularly SINDO/2, form a sound
basis for the theory of transition elements. In the present study we are going to show
that SINDO is also useful in the case of molecules.

In the study presented, the Longuet-Higgins and Pople form od SCF equations for
closed and open shell systems was used [2], separately for-all ground and excited states.
The purpose was to optimize the orbitals for all states independently. The total energy
was then calculated exactly within the framework of SINDO, with the total wave function
being always an eigenfunction of S$? (square of the total spin) and always of proper symmetry
(basis of an irreducible representation).

2. Spectral properties of TiCl,

The electronic structure of TiCl, has been the subject of many papers. Apart from
a pure electrostatic model like that of Jergensen [3], simplified MO picture like that of
Dijkgraaf [4], SCCC MO calculations published by Basch, Viste and Gray [5] several
more sophisticated studies appeared related to CNDO [6]-[91, INDO [10] or the X«
method [11]. ' :

A first (non-empirical) CNDO-type calculation was performed by Dahl and Johansen
in 1968 [6]. Considering virtual SCF orbitals the authors claimed a reversion of the approxi-
mately d-type levels, 4t, < 2e, in contrast to the prediction of the crystal field - theory
(CFT). The calculated difference was 8.4 eV, large enough to believe that only drastic
changes could reverse the order again. Additional variation of .atomic orbitals was
performed by Becker and Dahl in 1969, with no change, however, in this conclusion [7].
The method was applied also to interpret the UV spectrum [8]. Numerical agreement
with experiment was poor, but the assignment of bands was believed to be adequate.

A qualitatively different result was obtained by Fenske and Radtke [12]. In the case
of their virtual orbitals 2e < 4¢,, in agreement with CFT.

~ Evaluation, of ionization potentials through the use of the Koopmans theorem was
performed by Choplin and Kaufman with the modified GTO-CNDO/2 technique [9],
by Truax, Gere and Ziegler with a non-empirical INDO technique [10] and by Parames-
waran and. Ellis with the familiar Xo method [11]: The experimental photoelectron spec-
trum and a tentative assignment of bands were given by Cox, Evans, Hammett and
‘Orchard [13]. The assignment of bands differed from one work. to the other and the
numerical agreement with experiment was not always satisfactory. _n L
v For all these reasons we found it interesting to reconsider the electronic properties
of TiCl,, basing on the SINDO theory. To avoid arbitrariness just a single empirical param-
eter was left, f%z in formula (13) of Part I [1], common here for all types of interactions
within the molecule. Atomic orbitals and atomic parameters were exactly the same as
those discussed in Part 1. The experimental value of the bond length was assumed,
Rri_a = 217 A.
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The resulting interpretation of the first three bands of the UV absorption spectrum
and the optimal choice of §%;, follow directly from Fig. 1. Dotted horizontal lines represent
the experimental maxima found by Becker, Ballhausen and Trabjerg [8]: Dotted vertical
lines refer to the optimal values of B3, in accordance with a least square fit.

hAE (eV) LAE(eV)

Fig. I. Theoretical analysis of the UV spectrum of gaseous TiCly

The following conclusions can be drawn from Fig. 1.

(i) The calculated transition energies depend sharply on BSs A least square fit to
all three bands yields %, = 0.373 in the case of SINDO,2 and f%; = 0.525 in the case
of SINDO/I.

(¢i) Comparing the results of SINDO/1 and SINDO/2 one finds a slightly better
fit to experiment in the case of SINDO;1. Maximum deviation amounts to 0.15 eV and
0.30 eV accordingly.

(¢if) Singlet and triplet excited states are strongly overlapping; for this reason triplet
states might be difficult to observe.

(fv) Numerical agreement with experiment is now qualitatively better than that of
the CNDO treatment of Becker et al. [8] (Table I).

(v) The assignment of the bands is now different (Table I). According to the present
calculations the first two bands result from the same orbital excitation, 17, — 2e. In all
the former treatments the transition energy was estimated from the difference of orbital
energies of occupied and virtual orbitals. Only the average energy of 17, and T, could
be thus estimated in this way. Our calculation, being more sophisticated, seems to be
more reliable at least in this respect.



Electronic absorption spectrum of gaseous TiCls (in eV)

Experiment [8]

Assignment } SINDO/1# SINDO/2P
(1t — 2¢) °T, 3.88 4.24
37, | 3.90 4.26
ir, 3.99 4.28
ir, 4.28 4.51
(11, > 48) °T, | 5.37 5.04
T, { 5.52 5.07

afor f%p = 0.525; P for $%p = 0.373.

ca 4.0
4.43

5.38

TABLE 1

CNDO (8}

ty — 3a; (1.39)
3¢, — 3a; (2.49)

ty — 4, (4.39)

(vi) SCF energies of (1#; — 2¢) 'T;, , terms are lower than that of the (1, — 4£,)T,
state. Hence the splitting of the approximately d-type levels, 2e and 4¢,, is here qualitatively
the same as that following from CFT, being correct to the order of 1 V. Thus the conclusion
on the order of d-type levels, drawn by Dahl and Johansen [6], Becker and Dahl [7],

is not confirmed.

The dependence of ionization energies on B9 is shown in Fig. 2. Dotted horizontal
lines correspond to the experimental values found by Cox et al. [13]. Dotted vertical
lines correspond to BY5’s which had been found to be optimal in the case of the UV
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Fig. 2. Theoretical analysis of the photoelectron spectrum of gaseous TiCly
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spectrum. Interpolated ionization energies are compared with experiment and with other
theoretical results in Table II. From Fig. 2 and Table IT the following conclusions can
be drawn:

TABLE 1I

Photoelectron spectrum of gasedus TiCly (in eV)

Experiment | CNDO2-GTO | Non-emp. INDO Xa i
[13] [9] ‘ [10] , [1] SINDO/1 SINDO/2
11.78 | (1#4) 14.39 (z;) 13.69 (2ty) 122 (1¢4) 13.13 (1£9) 11.75
12.79 (31,) 15.32 (¢2) 15.89 91,) 12.7 (21,) 13.87 (21,)12.35
13.23 (2¢,) 15.86 | (e) 17.00 2e) 13.0 (312) 14.00 (3t2) 12.65
| (a;) 17.03 (2ay) 14.07 (21,) 12.83
13.97 (le) 16.54 (z2) 19.42 (81,) 13.8 (le) 14.78 (le) 13.22

(2a4) 16.82 { (8ay) 14.1

i

(7) Definitely the best numerical agreement with experiment is obtained in the case
of SINDO/2 (with no additional fitting of the parameters) and in the case of Xo [11]
(with fitted o, « = 0.85). On the other hand, the agreement in the case of GTO-CNDO/2 [9]
and non-empirical INDO [10] is relatively poor.

({f) In contrast to SINDO/2 the assignment of the photo-electron bands is not unique
in the case of SINDO/I.

(#ii) Assignment of the lowest band is the same in all treatments (ionization from 1¢,).
Assignment of the other bands, however, varies from case to case. According to our
SINDO/2-type calculations the second band corresponds to the ionization from 2a,,
the third one (asymmetric and broad) to a superposition of ionizations from 2¢, and 31,,
the fourth one to the ionization from le.

(iv) In contrast to the other authors we did not try to estimate ionization energies
from the Koopmans theorem. Tonization energies estimated from this theorem show in
our calculations, a much larger spread, similar to that found by the other authors. Also
the ordering of occupied orbital levels (la; < 17, < 2a; < 2t, < le < 3t, < 1#;) does
not follow exactly the order found by independent SCF calculations for each state.

(v) Tonizing 1¢,, 3¢,, 2a, or le electron one obtains a total wave function of a different
symmetry in each of these four cases. No essential problem appears then when performing
SCF-type calculations. Explanation, however,.requires the calculation of the ionization
energy from the 2z, level, lower than that of 37,. A fixed electronic configuration has been
enforced in this calculation, (1a,)? (12,)° (2a,)? (2t,)° (le)* (31,)° (1£,)%. It was tested
that the final wave function was practically orthogonal to the SCF wave function of the
lower state of the same symmetry, corresponding to (1a,)? (1£,)° (2a,)? (2t,)° (le)* (31,)°
(1z,)®. Basically the same procedure is currently used in the transition state version of the
Xo method.

(vi) Note that occupation of orbitals of the lowest possible orbital energy must not
necessarily lead to the lowest total energy! A good example is just the crossing of the
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total SCF energies in Fig. 2 in the case of ionizations from 27, and 3¢, levels, found in the
case of SINDO/1. One is usually not quite aware of such a possibility. Consequences of
this effect might be important not only in a semi-empirical theory.

3. Spectral properties of VCI,

The electronic structure of VCl, has been studied by several methods, both experi-
mental and theoretical. Restricting the discussion to more advanced theoretical models,
we would like to point out some difficulties raised with regard to the ground state of this
molecule.

According to CFT it is a d* case, with 2E being the ground state. The same result was
obtained in the parameter-free MO calculation by Fenske and Radtke [12], and in the
Xa-type calculation by Parameswaran and Ellis [11]. Becker and Dahl [14], on the other
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Fig. 3. Theoretical analysis of the photoelectron spectrum of gaseous VCl, and a comparison with results
obtained by other authors

hand, basing on the non-empirical CNDO method and neglecting off-diagonal Lagrangian
multipliers found the 27, term to be that of ground state, with the 4¢,(d) level lying thus
lower than that of 2e(d). To still 2 different conclusion came Copeland and Ballhausen [15].
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TABLE I
Photoelectron spectrum of VCl, (in eV)
P. E. Spectrum? ‘ SINDO/Z (for fo5=03) |  SINDO/1 (for s = 0.6)
Value . !
Band (intensity) Lealc Probable assignment . Leate Probable assignment
— e _ ———— ——— —_— l — — - e
1| 9.41(w) | 9.9b | 2¢f: 14, . | 920 | 2f: 14,

S W Bl e S S A
II 11.75(s) 1L.7— | 1,7 'T(11.8); 3T (11.7); 13.4— | 11,1 'T1(13.5); 3T4(13.5);

1.8 STL(11.7) 13.5 3T,(13.4)

M| (12680 ‘ 12,3 | 11.4: 1T5(12.3) Il 14.1— | 14,1: 'T5(14.1)
IV | 1288() | 128 | 361 'Ty(12.4); 3Th(12.4); ‘ 146 | 36,1 1T5(14.2); 3T5(14.2);
| STL(12.5); 1T5(12.6) 3T(14.1); *T(14.4)
\ | lel:134,(12.4); °E(12.5); let: 34,(14.5); *E(14.6);
| ‘ 3A4,(12.6); 'E(12.8); 26,11 3T,(14.4); 1Ty (14.5);

2a,1: 14,(12.6); *4,(12.5) ‘ 3T.(14.4)

‘ | | 21,11 3T,(12.6); 237,(12.8) |
| . . -

V| 13540ms) | 133 | 26,1: 1Ty(ca 13.3) 14.7— | 26,1: 'T,014.7)
! | 149 | 1et: 434,(14.8), 'E£(14.9)

(At A 1852e)°T, 33T, | 153 | 2a,1: Y34,(15.3)
2Ty, E, *A5, 2' Ay, ' 4,, I
3E Ty, 3T,

VI | U3.9)m) | >14.0°|
14.2)m) |

*after Ref. [13]; ®9.4eV for B4 = 0.33; ©9.4eV for % = 0.58; 9 values in brackets are
estimated from Fig. 1 of Ref. [13]; ©14.0 refers to °T',. Average cnergy of the configuration of the ionized
state is higher by ca 5eV.

They carried out unrestricted CNDO-type calculations for possible open shell ground
states, followed by a spin-projection to insure a relatively pure doublet state. In accordance
with their calculations 24 should be the ground state. This raised the question as to the
applicability of the CNDO method to complex compounds [11]. However, it has been
shown by Truax, Geer and Ziegler [16] that in the case of their non-empirical scheme the
2E ground state is also obtained and that the order of orbital levels resembles that found
by Parameswaran and Ellis.

The photoelectron spectrum of gaseous VCl, was originally discussed by Truax
et al. [16] and Parameswaran et al. [11], based on the Koopmans theorem. According
to our SINDO-type calculations, ionization from the 2e level depends strongly on ﬂf},,.
Carrying out several sets of calculations with the step 48%; = 0.1 it was found that best
results are obtained around f9; = 0.3 in the case of SINDO/2 and 0.6 in the case of
SINDO/i. Results of these approximately optimal calculations are reproduced in detail
in Table III and compared with experiment and other results in a condensed way in Fig. 3.
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(i) The overall numerical agreement with experiment is again the best in the case of
SINDO/2. SINDO/1 yields results of a numerical agreement with experiment comparable
to that of Parameswaran and Ellis.

(i) In our SINDO-type calculations a single empirical parameter was introduced,
B95, to reproduce the molecular properties. We recall that also in the case of appropriate
Xo-type calculations a single empirical parameter was introduced, «, in order to obtain
an overall good agreement with experiment (x = 0.85) [11].

(iif) The assignment which follows from the SINDO/2 method is substantially different
from that suggested in the other works. The reason seems to lie in the use of the Koopmans
theorem by the other authors. It is shown in Fig. 3 that, for example in the case of SINDO/1,
the Koopmans theorem leads again to an ordering of ionizations quite similar to that
found in non-empirical INDO [16] and Xa [11] methods.

(iv) The photoelectron spectrum of gaseous VCl, was measured by Cox et al. [13].
Let us discuss the possible assignment of bands as following from the SINDOJ2 theory.
Band I is certainly due to the ionization from 2e. Band II is basically related to the
ionization of the 1¢, electron, similarly as in the other treatments; terms T, 3T, and
3T, have here almost the same energy. Band IV and the superimposed band III seem
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Fig. 4. Dependence of the first transition energy of VCl, on 8%

to have quite a complex origin. Several molecular terms due to the ionization from
3t,, le, 2a, and even 2t, lie quite closely together, being likely responsible for these
two bands. Band V might then correspond to ionization from 2t,, with T, as the
final state. Bands VI, VII and VIII are in the tail of the spectrum. SINDO/2 bears
rather an untypical explanation of these bands. In SINDO/2 all other single ioni-
zations yield ionization energies of the order of 20eV; however, one can hardly ex-
clude ionization, say from the 1f, level, associated with a simultaneous excitation of
a second electron, say from the 17, state to the low lying 2e state. The lowest calculated
energy of such a two-electron process is 14.0¢V (to the T, state). This value is almost
identical with the maximum of band VI (13.9 V). The spread of molecular terms due to
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this ionization-excitation process is quite large. A detailed numerical analysis is laborious
and rather unjustified in this approximation.

The lowest excitation energy observed in the UV absorption spectrum is equal to
1.12 eV [17]. It corresponds to an approximately d—d type transition. The transition
energy calculated by Parameswaran and Ellis [11] was too low (0.6 ¢V) and that calculated
by Truax et al. [16] was too high (1.71 eV). Both these estimations were based on the orbital
level scheme. In Fig. 4 we give the dependence of this excitation energy in accordance
with SINDO/1 and SINDOJ2, based on optimized orbitals separately for the ground
state and the excited state, as a function of 595 The dotted vertical lines correspond to
the values of Bz, in the case of which a best overall agreement with experimental photo-
electron and UV absorption spectra has been obtained: 0.335 in the case of SINDO/2
and 0.578 in the case of SINDO/1. Excitation energies interpolated from Fig. 4 are 0.75 ¢V
and 1.31 eV accordingly.

Certainly a better agreement with experiment could be obtained varying B9, with
the type of bonded atoms and the type of orbitals. The results would then show, however,
some ambiguity which we have tried to avoid.

4. Comments on the electronic structure of VCI, and TiCl,

In Fig. 5 we show the dependence of the net charge of the metal ion as a function
of B%s: It is interesting to note that it is almost identical for both atoms, V and Ti. The
estimated net charge depends strongly on the model. According to SINDQ/2 it lies in the
range from 1.8 to 2.0, according to SINDO/I in the range from 0.4 to 0.6.
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In Table IV the population of atomic orbitals is given for selected molecular states.
Let us consider the excitation 2¢ — 41, in VCl,. We see from the table that Ad(e) = —1.16
and 4d(t,) = +1.18; an excited electron pulls another electron with it. The mechanism of
this process is simple: in accordance with Table IV there is a charge transfer from d(e),
to p.i(e) and a strong back donation of o-type electrons from ligands s and p, type orbitals
to d(t)y.

TABLE 1V
Population of atomic orbitals for selected molecular states (SINDOJ2, 8% = 0.3)
: PrL1
State sme | pPMe | d@me | dlidMe | sL1 DoL1 —|  PnL1
(o) 2) ,
T
ground state 0.325 | 0.537 | '1.359 | 0.734 | 1.874 | 1.821 | 0.910 | 1.407 | 1.500
2e — 4t, ‘ 0.322 ‘ 0.532 | 0203 | 1918 | 1.647 | 1.782 | 0.949 | 1.399 | 1.500
2el | 0.373 0.598 0.384 1.556 1.637 1.643 0.904 1.361 | 1.500
TiCl, | | |
ground state 0.307 | 0.463 | 0.302 | 0.875 | 1.878 | 1,804 | 0.925 | 1.406 | 1.500
1£4,1 | 0310 | 0.479 ‘ 0332 | 0.893 | 1.879 | 1.802 | 0917 | 1.398 | 1.250

Somewhat different pictures are in the case of the ionization from the 2e level. Sub-
traction of the practically d-type electron (in 88%) is followed by a large charge redistri-
bution. The final net charge of vanadium is changed unsignificantly. The reason is a strong
back donation of o-type electrons. In result 4d(z,) = +0.82.

We appreciate the assistance of dr R. Nalewajski in the preliminary stage of this
work.
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