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The excitation and ionization spectra of TiCl4 have been studied theoretically by the 
symmetry adapted cluster (SAC)/SAC-CI and multireference CI (MRD-CI) methods. The 
calculated spectra show good agreement with the observed spectra. The present results 
indicate several new assigriments for the excitation spectrum. The peaks below 8.0 eV are 
assigned to valence excitations and those at 9.35 and 10.04 eV are assigned to Rydberg-
type excitations within chlorine ligands. The ordering of the ionized states in the outer valence 
region is (lt1) -1 < (3t2) -I < (Ie) -I < (2t2) -1 < (2al) -I, which supports theresuItof 
earlier Green's function calculations. 

I. INTRODUCTION 

Titanium tetrachloride is both a fundamental molecule 
and typical of the tetrahedral compounds of transition met
als. Furthermore, it is important in both organic and inor
ganic chemistry as a Lewis acid. For example, TiCl4 plays 
an important role in polymerization of alkenes by Ziegler
Natta catalysis. 

A number of experimental studies have been reported 
to investigate the electronic structure of this important 
molecule. Details of the electronic excitation spectrum 
have been observed over a wide energy range up to the vuv 
region. 1

-
5 A schematic diagram of the spectrum is shown 

in Fig. 1; there are five main bands in the region from 4 to 
10 eV, of which the three at highest energy are the stron
gest. 

The uv photoionization spectrum of TiCl4 has also 
been investigated intensively; the He(l) and He(I1) pho
toelectron spectra observed in the gas phase6-9 are complex 
because there are five peaks in the narrow energy range 
(11.76-13.96 eV), thus leading to a range of possible as
signments for this region. A schematic diagram of this 
spectrum is shown in Fig. 2. A summary of assignments by 
elementary MO considerations, together with He(I), 
He(I1) intensity changes, and considerations of photoion
ization cross sections under synchrotron irradiation 10 sup
port the early uv photoelectron spectral assignments.6-9 

The x-ray photoelectron spectra of TiCl4 and related 
molecules show well-defined satellites on the Tiep 3/2) line 
at 4.0 and 9.4 eV above the main lineY However, inter
pretation of these shake-up states, in terms of the vuv data, 
has been controversialI2,13 owing to the intensity ratio of 
the two bands. 

Several theoretical studies have focused upon these 
spectroscopic results; thus the vuv spectrum has been par
tially assigned by using both semiempirical meth
odS,2.5,14-17 SCF-Xa methods l8-2o and small scale CI cal-

culations.21 However, there are no ab initio calculations 
which include a detailed analysis of electron correlations. 

Assignment of the uv photoelectron spectrum by 
means of theoretical methods, using semiempirical or Xa 
calculations, is summarized in the study on the Green's 
function method;22 this gave the ionization ordering, 

(1t1)-1 < (3t2)-1 < (le)-I, (2t2)-1 < (2a1)-I. 

This order is the same for the lowest three IPs as that 
obtained by open-shell INDO-SCF (intermediate neglect 
of differential overlap) calculations.23 

In this paper, we reinvestigate the excited and ionized 
states of TiCI4, in order to put the theoretical aspect on a 
more rigorous level. We use the SAC (symmetry adapted 
cluster expansion)24/SAC-CI method,25 which has been 
applied to a number of molecules including transition 
metal complexes.26-28 This method has been shown to be 
useful for investigating spectroscopies of excited and ion
ized states of molecules and given many reliable new as
signments for the experimental spectra. In addition, a par
allel investigation using multireference CI has been 
performed; we have previously found that this method is 
capable of giving a good interpretation of the vuv spectra 
of aromatic compounds.29,30 The present paper presents the 
consolidated results of the two approaches. 

II. COMPUTATIONAL DETAILS 

The structure of TiCl4 is tetrahedral with Ti-CI bond 
length of 2.17 A}I Since we did not include structural 
relaxation effects in the present study, we focus upon ver
tical excitations of the TiCl4 molecule. In all the calcula
tions [including both the SAC-CI and MRD-CI (multiref
erence double excitation) ones below], the computations 
were performed in the C2V subset of T D; under these cir
cumstances the MO identities are 
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FIG. 1 (a) Experimental (b) SAC-CI theoretical excitation spectra of 
TiC4. For the 8T2 and 9T2 states the intensities given for the SAC-CI 
spectrum are 1/5 and 2/5 of the calculated ones. 

tl(a2+bl+b2),t2(al+bl+b2), e(al+a2), and al(al) 

with the inverse relationships shown in Table IV below. 
The Bl and B2 states are degenerate under these circum
stances; there are no a2 (T D) MOs for TiCl4 with the 
present basis sets. The T D symmetry of TiCl4 leads to the 
following open shell direct products of MOs in the low
lying excited states: 

tl X t2 = Tl + T2 +A2+E, t2X t2 = TI + T2 +AI +E, 

t1xe=T1+T2, t2Xe=TI+T2, t2xa2=TI> 

t1Xa2=T2, exe=A I+A2+E. 

We tested two types of basis sets in these parallel stud
ies, the effective core potentials of Hay and Wadt32 and the 
all-electron GTO (Gaussian-type orbital) basis of Huzi
naga,33 but with various expansions and appended Ryd
berg functions, as described below. 

A. Examination of basis sets 

Initially in the SAC-CI study, we calculated the atomic 
excitation spectra of Ti3+, CI atom and CI anion, and de
termined the final set to best reproduce the excitation en
ergies of TiCI4. Since the TiCl4 bonds are polarized 
Ti + -CI-, and some of the excitations were expected to 
approximate to ligand excitations, we examined the effect 
of diffuse functions on CI that would produce an anion
type basis. Table I shows the excitation energies of Ti3+ 
and the CI atom together with the experimental values.34 

There exist large discrepancies between the theoretical re
sults with the ECP (effective core potential) and the ex-
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FIG_ 2 (a) Experimental spectrum, (b) SAC-CI theoretical outer-valence 
ionization spectrum, and (c) SAC-CI theoretical inner-valence ionization 
spectrum for TiCI4. (1): (1al)-I, (2): (1t2)-I, (3): (2al)-I, (4): 
(2t2)-I, (5): (1e)-I, (6): (3t2)-I. 

perimental values; about 5.5 eV for the 4p state of Ti3+. 
With the all-electron basis set of Huzinaga on the other 
hand, we can reproduce the experimental values within 
0.20 eV. Furthermore, extensive tests of this ECP by both 
the SAC-CI and MRD-CI procedures failed to produce an 
acceptable envelope for the vuv excitation spectrum of 
TiCI4. Table II shows 3p->4s, 4p excitation energies of the 
CI anion calculated with and without the anion s, p basis 
(Ss = Sp = 0.049).36 The effect is as large as 0.49 eV for 
some states and important for obtaining the correct order
ing of the 4s and 4p states. 

In the initial phase of the MRD-CI calculations, the 
ECP (Ref. 33) was performed with a Ti [3s2p3d] and CI 
[2s2p] valence shell, and an active space of 55 MOs and 24 
electrons. Not only was the 8-10 eV region poorly inter
preted, but the lowest excitations were also difficult to as
sign to the experimental envelope. Increase of the valence 
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TABLE I. Excitation energies of Ti3+ ion and CI atom calculated by the 
SAC-CI method (in eV). 

State Expt.a 

Til+ ion 
4s 9.97 
4p 15.86, 15.96 
4d 24.40,24.41 
5s 26.33 
5p 28.59, 28.63 

CI atomd 

(3p->4s) 
2p 9.20,9.28 
2D 10.43, 10.43 

(3p->4p) 
2S 10.56 
2p 10.56, 10.65 
2p 11.69,11.71 
2F 11.79,11.80 

"Reference 35. 
bBasis sets in Ref. 33 are used. 
"Basis sets in Ref. 34 are used. 

ECpb 

10.61 
21.44 
25.15 
26.91 
33.19 

9.30 
10.82 

10.37 
10.56 
12.00 
12.19 

dSAC-CI (R general) method (Ref. 35) is used. 

Basis set 

All electronC 

10.18 
15.64 
24.55 
27.03 
28.58 

9.43 
10.86 

10.61 
10.74 
12.14 
12.24 

shell basis to Ti [3s4p3dlf] and CI [2s2p Id] and a similar 
active space led to little improvement. Further, there were 
technical problems of extrapolation in the MRD-CI calcu
lations owing to coupling of the roots into groups with 
similar composition, but with wide energy ranges. 37 

In view of the problems with fitting the experimental 
vuv envelope for TiCI4, we decided to abandon the ECP, 
and further tests of the all-electron bases were undertaken. 
We finally selected the following three sets for the molec
ular calculations. Some features are summarized in Table 
III. 

Set I. This set was designed, based on the calculations 
shown in Tables I and II, for studying singlet and triplet 
states by the SAC-CI method. For the Ti atom; Huzinaga's 
(14s8p5d)/[6s2p3d] set33 augmented with two p-type func
tions with (;p = 0.15,0.073 to represent the 4p orbitals was 
utilized. For the CI atoms, Huzinaga's (1Is8p) /[ 4s3p] set33 

enlarged with Rydberg s, p functions of {;s = 0.025, {;p 
= 0.02, and anion s, p functions with the exponents of {;s 
= {;p = 0.049 (Ref. 36) seemed appropriate. As shown in 

TABLE II. Excitation energies of CI anion with and without the anion 
basis calculated by the SAC-CI method (in eV). 

Anion basis' 

Without With 
Effect of 

State Degeneracy Singlet Triplet Singlet Triplet anion basis 

(3p->4s) 3 4.62 4.43 4.16 4.08 -0.46 
(3p->4p) 5 4.55 4.49 4.39 4.36 -0.16 

3 4.61 4.60 4.44 4.43 -0.17 
1 5.02 4.27 4.53 4.22 -0.49 

"Anion bases with the exponents of (;s = (;p = 0.049 are included or not 
included to the all electron [4s3p] set plus Rydberg basis with the expo
nentsof~s = 0.025, ~p = 0.020. 

Table II, the anion basis is important for describing 3s->4s, 
4p excitations of the CI anion. Thus the final set for the 
TiCl4 molecule consisted of 120 functions. For the SAC-CI 
study the 12 highest occupied orbitals and 4610west virtual 
orbitals were selected for the active space. 

Set II. This set was used for the ionized states (SAC
CI only). The Rydberg functions and the anion basis on 
the CI atom were removed from the basis set of Set I. The 
total number of basis functions was 88. The active space 
was composed of the 16 highest occupied orbitals and 42 
lowest unoccupied orbitals. 

In all the SAC-CI calculations, the Hartree-Fock SCF 
MOs of the ground state were obtained by use of the 
HOND0738 program, and were utilized as the reference 
set in the subsequent SAC/SAC-CI calculations performed 
with the SAC85 program. 39 

Set III. The MRD-CI study used an all-electron triple 
zeta valence set40

(a) on both Ti and CI, augmented by Ti 
[lslp] of Rydberg type ({;s 0.0314,{;p 0.016)40(b) and CI 
[ld] polarization function. This led to 156 basis functions; 
the CI subset consisted of 52 MOs and 24 electrons with up 
to 69 main reference functions (69M20R in the 
usuaI41(a),41(b) MRD-CI terminology). The diagonaliza
tion dimensions were around 13 000 varying with irreduc
ible representation, with a total selected configuration 
space of 400 000. The SCF calculations preceding the 
MRD-CI study were performed with the GAMESS suite of 
programs.42 

B. Details of the SAC-CI calculation 

Electron correlation in the ground state was computed 
by the SAC theory24 and those in the excited and ionized 
states by the SAC-CI theory.25 We included all single ex
citations and selected double excitations in the linked 
terms. The contributions of triple and quadruple excita
tions are considered in the unlinked terms. To reduce the 
size of the matrices involved, we performed configuration 
selection as reported previously.44 For the singlet and trip
let states, the thresholds Ag and Ae were set to 2 X 10-5 and 
4X 10-5 a.u., respectively (Set I). Configuration selection 
was performed for the lowest 20, 17, and 18 SE (single 
excitation)-CI solutions for the lAb IA2' and IBI states, 
respectively, and lowest 10 solutions for each symmetry of 
the triplet states. For the ionized states, Ag and Ae were set 
to 3 X 10-5 and 1 X 10-5 a.u. (Set II). The resultant di
mensions of the present calculations are shown in Table 
IV. 

III. THE TiCI4 GROUND STATE 

The HF configuration of the ground state of TiCl4 and 
the orbital character in each of the all-electron calculations 
are shown in Table V. We adopted the valence shell num
bering of previous work22 for easy comparison throughout 
the present paper. The lowest occupied valence MOs, lal 
and 1 t2 are composed of the inner valence 3s orbitals of the 
Cl ligands: four 3s AOs split into nondegenerate al and 
threefold degenerate t2 MOs, whose orbital energies are 
very close. The next three occupied MOs 2ab 2t2, and 1e 
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TABLE III. Basis set, active space, and SCF and correlation energies of the ground state for TiCI4• 

Basis set SCF Correlated 

Ti CI Dimension Energy (a. u.) Method Active space (occxvac) Energy Correlation energy 

Set I [6s4p3d] [4s3p] 120 - 2685.87048 SAC/SAC-CI 58 MOs (12x46) -2685.98434 -0.11386 
+ 2s2p (diffuse) 

Set II [6s4p3d] [4s3p] 88 -2685.86284 SAC/SAC-CI 58 MOs (16X42) -2686.06560 -0.20276 
Set III [lOs8p3d] [7s4p] 156 - 2686.68406 MRD-CI 52 MOs (12X40) - 2686.884 29 -0.21023 

+lslp (Ryd) +ld (pol) 

are bonding MOs between Ti and CI atoms. The Ti 4s 
orbital is used in the 2al MO and the Ti d orbital is used in 
the 2t2 and Ie MOs. The highest two occupied MOs, 3t2 
and 1tl , are nonbonding lone-pair orbitals localized on the 
ligands. We note that the orbital energies of the occupied 
orbitals 2al> 2t2, Ie, and 3t2 are very close to each other. 
We will see later that this causes the complexity of the 
main configurations of the valence excitations and the dif
ferent assignments in the ionization spectrum. 

The lowest unoccupied MOs 2e and 4t2 are antibond
ing between Ti and Cl: they have negative orbital energy. 
The next group of unoccupied orbitals are mainly com
posed of the Rydberg-type 4s and 4p orbitals of the CI 
ligands, but 6t2 is of mixed character of Ti 4p and CI 4p 
orbitals. These orbitals shown in Table V were the only 
group of MOs found to be important for describing the 
primary nature of the excited states. 

The energy for the ground states of TiCl4 is summa
rized in Table III. The correlation energy is the difference 
between the SAC or MRD-CI energy and the SCF energy. 
The SCF energy indicates the quality of the valence basis 
set: Set III is by far the best among the basis sets used. The 
correlation energy of the SAC calculation for Set II is 
larger than that for Set I because the former involves the 
correlations of the 3s electrons of Cl. The MRD-CI corre
lation energy is larger than the SAC correlation energy of 
Set I because it involves angular correlations of CI repre
sented by the polarization functions. 

TABLE IV. Dimensions of the SAC/SAC-CI calculations for TiCI4• 

State s~mmet!! 
Td C2v Dimension 

Basis set I 

Ground IAI IAI 1326 
Excited states 

IT2, IE, IAI IAI 6139 
ITI, IE, IA2 IA2 6645 
ITb IT2 lEI 5927 
3T2, 3E, 3AI 3AI 5309 
3Tb 3E, 3A2 3A2 5918 
3Tb 3T2 3EI 5874 

Basis set II 

Ground IAI IAI 2780 
Ionized states 

2T2, 2E, 2AI 2AI 2083 
2TI, 2E, 2A2 2A2 1001 
2TI,2T2 2EI 1777 

Table VI shows a population analysis for TiCl4 with 
different basis sets. We see that atomic populations are very 
subject to basis set. For example, when we take off the 
CI anion bases from Set I, the Ti charge changes from 
-0.2328 to +0.5199: a large change occurs on the Ti s 
and d AO populations. A well-known difficulty of the Mul
liken population analysis occurs when the basis set includes 
very diffuse bases. When the bases do not include the anion 
basis on CI, the Ti gross charge is positive( +0.5 - + 1.0) 

- and CI is negative( -0.13- -0.26), though the charge is 
still very much basis-set dependent. For further examples, 
basis sets (TilCI) 149 (7s6p4d/7s4pld) , 156 (Basis III) 
( 1ls9p3d/7 s4p ld), and 178 ( 1ls9p4d/8s5p Id) give 
charges on Ti of (+) 1.437, 1.027, and 0.661, respectively. 

The effect of ffunctions ({;f = 1.550, and hence of va
lence character) was insufficient to justify further investi
gation (the total f population was 0.006). Since TiCl4 is 
somewhat volatile (bp 137 deg, mp -23 deg) , a significant 
amount of covalence must pertain. The 35CI NQR (nuclear 
quadrupole) frequency for TiCl4 is very low,45,46 and this 
has led to suggestions of considerable 1T bonding,46 also 
supported by comparison of the lone-pair CI IPs with re
lated compounds.47 

TABLE V. Orbital energy and orbital nature of TiCI4• 

MO Orbital energy (a.u.)' 

Valence occupied MO 

(1ad 2 -1.13453 
(1t2 )6 -1.117 58 
(2al)2 -0.56970 
(2t2)6 -0.55865 
(1e)4 -0.544 28 
(3t2 )6 -0.52994 
(ltI )6 -0.48081 

Low-lying unoccupied MO 

(2e) 
(4t2 ) 

(3aI) 
(5t2 ) 

(6t2 ) 

(3e) 

'Set I result. 

-0.02170 
-0.01165 

0.02534 
0.03377 
0.05571 
0.05814 

Orbital natureb 

L(s) 
L(s) 
M(s)-L(pa) 
M(da) +L(pa) 
M(d1T) +L(p1T) 
L(P1T) 
L(p1T) 

M(d1T)-L(p1T) 
M(d)-L(pa,p1T) 
L(s*) 
L(p*) 
M(p*)-L(p*) 
L(p*) 

:nonbonding 
:nonbonding 
:weakly antibonding 
:0' bonding 
:1Tbonding 
:nonbonding, lone pair 
:nonbonding, lone pair 

:1T antibonding 
:0', 1T antibonding 
:Rydberg 
:Rydberg 
:antibonding 
:Rydberg 

bM(i), L(j) denote valence i- and j-type orbitals on Ti and Cl atoms, 
respectively, and the asterisk indicates the Rydberg orbitals. Plus and 
minus signs show bonding and antibonding characters, respectively. 
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TABLE VI. Mulliken population analysis for the ground state of TiCI4• 

Basis set s 

Set I without CI anion basis 5.9244 
Set I (with Cl anion basis) 7.1365 
Set II 5.7948 
Set III 6.3782 
ECP 0.6777 

·Population in dr is also included in d-AO. 

IV. EXCITED STATES 

A. The overall position 

Ti 

p d' Total 

12.8314 2.7243 21.4801 
12.9394 2.1569 22.2328 
12.8309 2.8235 21.4492 
12.7210 1.8739 20.9731 
0.5513 1.6684 2.8974 

The excitation energies, oscillator strengths, and sec
ond moments of the singlet excited states are summarized 
in Table VII, both for SAC-CI and MRD-CI calculations, 
while the excitation energies of the low-lying triplet states 
are given in Table VIII for SAC-CI calculations alone. The 
MRD-CI results are generally similar to the SAC-CI re
sults, with a standard deviation of corresponding states in 
a linear regression of 0.349 eV. The discrepancy is smaller 
at the high energy end of the spectrum than the lower end. 
This makes it possible to consider only one of the two sets 
of data in the following discussion; we consider the SAC
CI results from this point, except where indicated. The 
SAC-CI theoretical spectrum and the experimental (gas 
phase) absorption spectrum2 are compared in Fig. 1; di
pole forbidden transitions are indicated by circles. 

We may divide the excitation spectrum into two re
gions; that from 4 e V (30 000 cm -! ) to 8 e V 
(70000 cm-!) (Region I) corresponds to valence excita
tions, while the range from there up to 10.5 eV 
(90000 cm-!) (Region II) involves Rydberg excitations. 
Region I is further characterized by two kinds of excita
tions; (a) charge transfer excitation from L(p) nonbond
ing MOs to M(d)-L(p) antibonding MOs, and (b) the 
transition from M-L bonding MOs to M-L antibonding 
MOs. These two types of excitations (a,b) are analogous to 
those of regions A and B in the study of Ru04 and 
OS04,28(b) where they were well separated, though they are 
not for TiC4. This difference arises from the separation of 
the ionized states of (L)-! and (M+L)-!; this is large for 
Ru04 and OS04' whereas TiCl4 has several ionized states 
in a very narrow energy range (I1.76-13.96 eV).6-9 The 
M-L bond in TiCl4 is not as strong as that in Ru04 and 
OS04' since the TiCI bonds are effectively single, whereas 
the RuO and OsO bonds are partial double bonds. 

In outline, as one can see in Table VII, the lower end 
of Region I has charge transfer character and the higher 
end has M-L bonding to antibonding transition character; 
the intermediate region (3T! to. 6T!) has "mixed charac
ter." In this sense, we cannot divide Region I and need to 
treat the two types of excitations together as a valence 
region. Region II is characterized mainly as the excitation 
from L(p) nonbonding MO on CI to L(s*,p*) Rydberg 
MO on el, i.e., Rydberg excitation within ligands. 

Mulliken population 

Cl 

Charge s p d Total Charge 

+0.5199 5.9464 11.1836 17.1300 -0.1300 
-0.2328 5.8856 11.0562 16.9418 +0.0582 
+0.5508 5.9486 11.1891 17.1377 -0.1377 
+1.0269 5.9441 11.2931 0.0196 17.2568 -0.2568 
+1.1026 1.9801 5.2956 7.2757 -0.2757 

B. Assignment of the Region I spectrum 

Region I of the absorption spectrum in Fig. 1 shows 
four prominent bands at 4.43,5.38,7.07, and 7.39 eV.2 The 
observed bands have no vibrational structure, which indi
cates that there are considerable dynamic and static Jahn
Teller effects. In Td symmetry, only the optical transitions 
to T 2 states are dipole allowed. In this region, a number of 
dipole forbidden states of T 1> E, A 1> and A2 symmetry were 
found as shown in Table VII. Since these states are located 
close to dipole allowed transitions, they are able to gain 
intensity through vibronic coupling. 

An unresolved absorption band is observed at 4.0 eV 
on the shoulder of the first band.2 This shoulder was inter
preted as an electronic dipole forbidden transition and as
signed to the lt1 ..... 3a! transition by CNDO calculations.2 

In our calculations, the dipole forbidden transition to the 
IT! state (It! ..... 2e) is calculated at 4.19 eV; another pos
sible assignment for this weak shoulder is a transition to a 
triplet state. We found several low-lying triplet states in the 
low energy region, with ten triplet states calculated below 
5.50 eV (Table VIII); thus there are two candidates for 
this shoulder, the 1 3T2(It! ..... 2e) and 1 3T! (It! ..... 2e) states 
which are calculated to lie at 4.12 and 4.19 eV, respec
tively. In conclusion, we cannot specify the origin of this 
weak shoulder; either, it is a IT! state which borrows its 
intensity from the transition to the 1 T2 state, or it is a 
spin-forbidden triplet state, that is 1 3T2 and 1 3T!. Further 
spectroscopic measurements in this region. are warranted. 

The first main band has its maximum at 4.43 eV; this 
is attributed to the IT2 state (It! ..... 2e), calculated at 4.42 
eV, and is a transition from chlorine lone-pair MO to the 
Ti(d1T)-CI(p1T) antibonding MO, i.e., a charge transfer 
transition from the ligand to the metal. The second ob
served band has its maximum at 5.38 eV. Three dipole 
allowed transitions are calculated in this energy region; 
they are the 2T2 state (It! ..... 4t2) at 5.22 eV, the 3T2 state 
(3t2 ..... 2e) at 5.53 eV, and the 4T2 state (2t2 ..... 4t2) at 5.74 
e V. These three states are assigned to the second band. The 
2T2 and 3T2 states are charge transfer excitation in type, 
while the 4T2 state is the transition from the Ti-CI bonding 
to the Ti-CI antibonding MOs. Consequently, this band 
has "mixed character" as described above. The intensities 
of the first two transitions are stronger than that of the 
third one as seen from Fig. 1. 

The band centered at about 7.4 eV has a low energy 
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TABLE VII. Excitation energies, oscillator strengths, and second moments of singlet excited states for TiC4 

SAC-CI Expt. MRD-CI 

Excitation Oscillator Second Excitation Oscillator 
State Main configurations' energy strength moment BBTb IRc energy strength 

Ground state 0.0 433 0.0 

Region I 

ITI 0.89( Itl -2e) 4.19 forbidden 433 (4.00) 4.97 0.0 
ITz 0.85(1tl-2e) 4.42 5.60XlO-z 433 4.43 4.41 5.08 5.lOX lO- z 

IE 0.85(1tl-4tz) 4.99 forbidden 433 6.24 0.0 
2TI 0.67(1tl -4tz),O.23(3t2 -2e) 4.98 forbidden 434 6.02 0.0 
lA2 0.78(1tl - 4t2),O.14(1e-2e) 5.05 forbidden 433 5.47 0.0 
2T2 0.83( Itl-4t2) 5.22 3.72XlO-2 433 5.38 5.31 6.69 4.lOXlO-2 

3TI 0.48 (2t2 - 2e),O.26(3tz _ 2e), 5.44 forbidden 434 6.32 0.0 
0.13(1tl -4t2) 

3T2 0.80(3t2-2e) 5.53 5.97XlO-z 433 5.38 5.31 6.93 4.20XlO-z 

4TI OAO(3tz - 2e),O.37(2t2 - 2e) 5.61 forbidden 434 5.94 0.0 
2E 0.70( le-2e),O.09(3t2 - 4t2) 5.70 forbidden 43; 6.89 0.0 
4T2 0.83(2t2-2e) 5.74 7.63XlO-3 433 5.38 5.31 6.95 7.40 X 10-3 

2A2 0.77(1e-2e),O.14(1tl - 4t2) 5.83 forbidden 433 6.61 0.0 
lAI 0.63( le-->2e),O.28(2t2 - 4t2) 5.92 forbidden 433 7.14 0.0 
5TI 0.77(3t2 - 4t2) , 0.1O( Ie - 4t2) 6.26 forbidden 434 7.07 0.0 
3E 0.81 (2al - 2e),O.06(2t2 - 4t2) 6.27 forbidden 434 7.22 0.0 
4E 0.77(3t2 --> 4t2),O.12(1e-2e) 6.40 forbidden 433 6.94 0.0 
2AI 0.79(3t2-->4t2) 6.45 forbidden 433 7.99 0.0 
5T2 0.61 (3t2 - 4t2),O.14(2t2 -4t2), 6.52 6.14XlO-4 433 7.76 3.40XlO-3 

O.l1(1e - 4t2) 
6TI 0.77(1e --> 4(2), 0.11(3t2 - 4t2) 6.60 forbidden 434 7.54 0.0 
6T2 0.55(1e - 4(2), 0.22(3t2 - 4t2), 6.61 1.73 X 10-2 433 7.85 4.00 X 10-4 

0.10(2t2 -4t2) 
7TI 0.83 (2t2 - 4(2),0.05 (2t2 - 2e) 6.84 forbidden 433 7.99 0.0 
5E 0.81 (2t2 - 4t2) ,0.09 (2a1 - 2e) 7.00 forbidden 434 8.07 0.0 
7T2 0.38(2t2 -4(2),O.34(2al - 4t2), 7.20 4.86XlO-2 433 7.07 6.85 8.18 1.70 X 10- 1 

0.14(1e - 4t2) 
3AI 8.52 0.0 
8T2 0.52(2al-4t2),O.15(2t2-4t2)' 7.72 0.982 433 7.39 7.33 8.79 0.591 

0.09 ( Ie --> 4t2) 

Region II 

8TI 0.65(1tl - 3al),O.19(1tl-4al) 8.81 forbidden 448 (8.18, (8.39, 8.67 0.0 
8.68) 8.89) 

6E 0.70(1tl - 5t2), 0.08(1e - 3al), 9.75 forbidden 456 9.71 0.0 
0.05 (Itl - 7t2) 

9T2 0.62(1tl - 5t2),O.17(3t2 - 3al) 9.79 2.86X 10-1 453 9.35 9.29 9.84 0.276 
9TI 0.68( ltl -5t2},O.18( Itl -->6t2) 9.92 forbidden 456 10.04 0.0 
3A2 0.71 ( Itl _ 5t2),O.14(1tl- 6t2) 9.95 forbidden 455 9.89 0.0 
lOT2 0.25(1tl -3e),O.24(1tl - 6t2), 10.43 2.39XlO-2 455 10.04 9.99 10.23 7.lOXlO-2 

0.23(3t2 - 3al),O.08( Itl - 5t2) 

'Configurations and square values of the coefficients are listed for those whose square values are larger than 0.04 (SAC-CI results). 
bReference 2. 
cReference 4. 

shoulder at 7.07 eV; the latter is assigned to the 7T2 state 
calculated at 7.20 eV. This state consists of a linear com
bination of three main configurations; they are 2t2 -> 4t2' 
2al -> 4t2, and Ie -> 4t2; thus configuration interaction is 
very important for the precise description of this state. 
Two other dipole allowed transitions are calculated in the 
6.5-6.7 eV region, namely, the 5T2 state which has a small 
oscillator strength, and the 6T2 state which has a more 
considerable one. These are attributed to the tail in the 
lower energy region of the peak at 7.07 eV. Since these 
transitions are from the Ti-CI bonding MO to the anti-

bonding MO, the geometries of the excited states would be 
very much relaxed. 

The strong maximum band at 7.39 eV is attributed to 
the 8T2 state, which also has the same excitation nature as 
both the 7T2 and 6T2 states. The experimental spectrum 
shows a very large molecular extinction coefficient for this 
band; this is in agreement with the SAC-CI and MRD-CI 
calculations, where we calculate a very intense band (F 
0.982). A broad nature of the peak may be attributed to 
the geometrical relaxation on the excited state. 

Robin assigned these two peaks (7.07, 7.39 eV) to 
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TABLE VIII. SAC-CI excitation energies for the low-lying triplet states 
of TiC4. 

Excitation 
State Main configurations' energy Expt.b 

1 3Tz 0.85( Itl->2e) 4.12 (4.00) 
1 3T I 0.88( Itl ->2e) 4.19 4.43 
2 3Tz 0.64(1tl -> 4tz),O.23(3tz -> 2e) 4.95 
1 3E 0.80(1tl -> 4tz),O.1O(1e->2e) 4.95 
2 3T I 0.60(1tl ->4tz),0.28(3tz ->2e) 4.96 
1 3A I O.72(1e-> 2e), 0.05 (3tz -> 4tz) 5.12 
1 3Az 0.76(1tz -> 4tz),O.16(1e->2e) 5.12 
3 3Tz 0.57(3tz -> 2e), 0.22( Itl -> 4t2), 0.07( Ie -> 4t2) 5.32 
3 3TI 0.72(2tz -> 2e),0.05(3tz -> 2e),0.04( It I -> 4tz) 5.36 5.38 
4 3Tz 0.82(2tz->2e) 5.48 

'Configurations and square values of the coefficients are listed for those 
whose square values are larger than 0.04 (SAC-CI results). 

bReference 2. 

Jahn-Teller distortion originating from the same electronic 
transition; he suggested the assignment 2t2 -> 4t2 (7T2). 
However, he overlooked a possibiIlty of a large oscillator 
strength of the 2a1 -> 4t2 transition (8 T 2 state). Actually, 
this transition has the largest oscillator strength as shown 
in Table VII. Therefore, we assign these two peaks to the 
different electronic transitions; transitions to 7T2 and 8T2 
states. 

The previous theoretical studies on the excitation spec
trum of TiCl4 either relied upon one-electron energy dif
ferences2,14,15 or were small scale CI calculations, in which 
only 192 singly excited configurations were considered;21 
the latter also concentrated upon the T2 states with the 
exception of the lowest TI state. These early CI calcula
tions inevitably gave considerable errors in excitation en
ergy relative to experiment (often 2-3 eV), but the general 
order of upper and lower states follows the present work. 
The SCF-Xa transition state calculations of TosseUl2(a) 
show a number of similarities to the present work, but 
comparison is not immediately obvious, since the overall 
state symmetries were not given. The Ie to 2e and 4t2 states 
are calculated low by about 2 e V in that study and he 
assigned the shoulder of the third band to the transition 
le->2e. However, this excitation is dipole forbidden. An
other SCF-Xa calculation also gave slightly different as
signments. 18 The difference between our results and these 
SCF-Xa results seems to exist in the ordering of the 2al 
and 2t2 orbitals. 

The shake-up states observed in the x-ray photoelec
tron spectrum agree for the 4.0 eV excitation accompany
ing the 2p ionization as 1 T 2, Itl to 2e. 13 The higher exci
tations computed by Veal et alY at 5.0 and 10.4 eV do not 
correspond closely to the present results for the same pro
cesses; the present results suggest that 2al to 4t2 excitation 
is more likely at 7.4 eV; with further excitations L to L* 
above 9 eV, as discussed below. 

C. Region II spectral assignments 

We see from Table VII that the electronic component 
of the second moments of the states in Region I lie in the 
range 433-434 a.u., essentially the same as the ground state 

value of 433 a.u. This is another reason why the excited 
states in Region I are assigned as valence states. On the 

. other hand, most of the states in Region II have larger 
second moments of about 455 a.u. suggesting a Rydberg set 
of transitions. 

The dipole forbidden transition to the 8TI state is cal
culated at 8.81 eV and its second moment is estimated 448 
a.u. This transition may correspond to the weak absorption 
band at 8.68 eV in the experimental spectrum. We were 
unable to compute a singlet excited T2 state which is as
signable to the weak absorption at 8.18 eV. This weak 
absorption may also be due to a triplet state. 

The strong two peaks observed at 9.35 and 10.04 eV 
are assigned to the 9T2 and the lOT2 states calculated at 
9.79 and 10.43 eV, respectively. Previous workers have 
offered alternative assignments; thus Tossell assigned these 
bands to the transition from CI(3p) to the Ti(4s,4p)
CI(3p) antibonding MO by SCF-Xa-SW calculations,12(a) 
while Robin suggested the assignment to the Rydberg ex
citation within the CI atoms (3p->4p) from the similarity 
of the term values to that transition in the CCl4 and related 
molecules.5 Thus he concluded that the first peak at 9.35 
eV originates from the 1tl MO and the second peak at 
10.04 eV is from the 3t2 MO. 

Our result supports Robin's assignment. 5 The first 
peak is calculated at 9.79 eV and its main configuration is 
1tl -> 5t2: the transition from the Cllone-pair 3p orbital to 
the Rydberg 4p orbital of Cl. We see a small admixture of 
the 3t2 -> 3al transition which is a 3p->4s Rydberg transi
tion within chlorine. The lOT2 state is also a pure Rydberg 
excitation within the CI ligands and is described by the 
linear combination of the excitations 1tl -> 3e, 1tl -> 6t2, and 
3t2 ..... 3al. A difference from the 9T2 state is a mixing of the 
outer p orbital of the Ti atom in the 6t2 orbital. Thus the 
orbital basis must contain Rydberg-type and anion bases 
for description of these states quantitatively. 

In conclusion, the SAC-CI and MRD-CI calculations 
give essentially consistent assignments of the spectrum, 
supporting the validity of the present assignments. The 
average discrepancy between theoretical and experimental 
values for the excitation spectrum is 0.22 e V for the SAC
CI case. 

v. IONIZED STATES AND ASSIGNMENT OF THE 
PHOTOELECTRON SPECTRUM 

Ionization potentials and intensities for TiCl4 calcu
lated by the SAC-CI method are compared with experi
mental values and the results of the Green's function ap
proach in Table IX. Theoretical and experimental 
ionization spectra for the outer valence region are shown in 
Fig. 2. For the inner valence region, only the theoretical 
spectrum is shown, since no experimental data have been 
reported. Theoretical intensities are calculated with the use 
of the monopole approximation.49 

As noted in the introduction, differing assignments for 
the outer valence region7 have been proposed, although 
there is common agreement over the identity of the first 
peaks;22 if we use the notation of Egdell et al} the first two 
bands A and B are assigned to (1 tl) -1 and (3t2) - 1, respec-
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TABLE IX. Ionization potentials of TiCI4• 

Expt. SAC-CI 

State LSW' BPTb Koopmans IP (~C) Intensitl 2ph-TDAc 

Outer valence ionizationf 

A 12Tl (lttl-1 11.80 11.69 13.09 11.38( -0.42) 0.88 11.70 
B 12T2 (3t2)-1 12.79 12.67 14.44 12.69( -0.10) 0.88 12.98 
C 12E (le)-1 13.29 13.17 14.83 13.25( -0.04) 0.87 13.44 
D 22T2 (2t2)-1 13.54 13.46 15.21 13.52( -0.02) 0.86 13.69 
E 12Al (20

1
)-1 13.98 13.91 15.49 13.61(-0.37) 0.87 13.91 

Inner valence ionizationg 

2E 

2Al 

2T2 

2T2 

2Al 

2E 

"Reference 10. 
bReference 9. 

0.007(2)i 
0.025(6) 
0.013(2) 
0.117(2), 0.033(4) 
0.009(2) 
0.024(4), 0.009(2) 
0.018(6) 
0.283(2) 
0.005(2) 
0.184(2) 
0.026(2) 
0.021(2) 
0.029(2) 
0.043(2) 
0.064(2) 

0.101(1), 0.012(3) 
0.048(3) 
0.104(1) 
0.341(1 ) 
0.010(1) 
0.038(1) 
0.037(1) 
0.026(1) 
0.141(1) 
0.008(1) 

0.009(5) 
0.018(5) 
0.021(5) 
0.011 (5) 

"Deviation from experimental value. 

18.14h 

18.2oh 
18.24h 

30.43 25.19 
25.35 
25.78 
25.96 
26.52 

- 26.63 
26.87 
27.25 
27.29 
27.52 
27.77 
27.87 
28.27 
29.00 
29.08 

30.90 26.20 
26.86 
27.37 
27.78 
27.83 
28.30 
28.61 
29.08 
29.15 
29.34 

25.37 
25.93 
26.22 
26.79 

dOnly the states whose intensity is larger than 0.005 are tl1bulated. 
"Reference 22. 
fFigure 2 (b). 
gpigure 2(c). 

0.010 
0.029 
0.017 
0.150 
0.018 
0.035 
0.018 
0.284 
0.005 
0.184 
0.026 
0.022 
0.030 
0.044 
0.064 

0.113 
0.049 
0.104 
0.342 
0.010 
0.039 
0.038 
0.027 
0.142 
0.008 

0.009 
0.018 
0.020 
0.011 

hMany satellite peaks with very small monopole intensities «0.001) are calculated in the energy region 
18-25 eV. We give only the first three peaks in the table. 

iContribution of one-electron process. (1): (1al)-I, (2): (1t2)-I, (3): (2al)-I, (4): (2t2)-1, (5): 
(le)-I, (6): (3t2)-I. 

tively. Bancroft et al. measured He I and He II photoelec
tron spectra9 and proposed the ordering ( Ie) -1 

< (2a1) -1 < (2t2 ) -1 for the bands C, D, and E from the 
proportion of d character in each orbital. A recent MS Xa 
study also gave the same ordering. 50 On the other hand, 
analysis by synchrotron radiation 10 and theoretical inves
tigation by the Green's function method22 gives the order 
(le)-1 < (2t2 )-1 < (2a1)-1. The present results support 

the latter assignment. Overlapping bands (C+D) corre
spond to [(1e) -1 + (2t2 ) -1], which are calculated at 13.25 
and 13.52 eV; band E is attributed to (2a1) -1. These five 
states are located in the low energy region and away from 
shake up states. Therefore, monopole intensities for these 
states are relatively large. The average discrepancies be
tween theory and experimental values for the outer valence 
ionization is 0.19 eV. 
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Next we examine the fine structures in the bands A and 
B. There exist weak shoulders in these bands and the split
ting between the main peak and the shoulder is observed as 
0.145 eV for band A and 0.196 eV for band B. Bancroft et 
al. estimated9 the vibrational broadening only for the al 
mode and gave the vibrational progressions for each band. 
We estimated the spin-orbit effect for the (1t1)-1 state in 
the way reported previouslySl and obtained the splitting 
as 0.058 eV, which is only one third of the observed split
ting. The vibrational frequenciess2 of the nomal modes 
were also not enough to explain the experimental splitting 
(VI =0.0482, v2=0.0141, v3=0.0617, and v4=0.0169 eV). 
Therefore, we attribute these shoulders to the combination 
of the spin-orbit interaction, vibronic coupling, and Jahn
Teller effect, as Bancroft et al. considered.9 

Lastly, we investigate the inner valence region; a large 
number of shake-up states were calculated with onset at 
18.3 eV. They are largely separated from the Koopmans'
type ionization (one-electron) processes. Furthermore, the 
satellite peaks in the low energy region are calculated to 
have very weak intensities (less than 0.00 1). Therefore, we 
show in Fig. 2(c) the calculated satellite peaks in the re
gion greater than 25 eV. Ionizations from 1al and 1t2 show 
a breakdown of the Koopmans' picture. Shake-up states 
with symmetry 2T2 and 2Al mix with these one-electron 
processes in the range 25.0-30.0 eV. They have consider
able intensity through final state correlation. These fea
tures were also obtained by the Green's function ap
proach.22 It was reported that the halogen 3s subshells 
have a low cross section under uv excitation,8 so there is no 
experimental information for this energy region. 

VI. CONCLUSION 

We have applied the SAC-CI and the MRD-CI meth
ods to the calculation of the excited and ionized states of 
TiCI4• We have successfully reproduced the whole energy 
region of the experimental spectra. We give several new 
assignments and a detailed picture for the excitation spec
trum of TiCI4• The spectrum is divided into two regions; 
Region I, 4-8 eV and Region II 8-10.5 eV. Region I in
volves valence excitations and Region II Rydberg excita
tions within Clligands. Since the occupied valence MOs lie 
in a narrow energy range, the excitation nature in Region 
I is very complex for this molecule, and there are consid
erable configuration mixings in the states. In Region I, the 
lower excitations are from the CI lone-pair MO to the 
(metal d-ligand p) antibonding MO and thus they are 
electron transfer excitations from ligand to metal. The 
higher excitations in Region I are from M-L bonding MO 
to M-L antibonding MO, so that large geometrical relax
ation is expected after the transitions. The excitations in 
the medium energy range (around 6.5 eV) are therefore 
mixtures of both types of excitations. In addition to the 
dipole-allowed transitions, a large number of dipole
forbidden states were calculated. It was also found that 
many triplet states exist in the low energy region. These 
states may be responsible for weak features in the vuv spec
trum. The strong peaks observed at 9.35 and 10.04 eV of 
Region II are assigned to Rydberg-type excitations, 3p ..... 4p 

within the Cl ligands in accordance with the earlier Rob
in's assignment. For the peak at 9.35 eV, a small admixture 
of the Cl 3p ...... 4s Rydberg transition is found and for the 
peak at 10.04 eV, a mixing of the titanium outer 4p orbital 
is calculated. 

For the ionized spectrum, our present calculations 
confirm the assignments of Egdell and Orchard8 from ex
perimental observations, and the theoretical study of von 
Niessen.22 The ordering of the ionized states in the outer 
valence region is calculated as (It I) -1 < (3t2) -1 < (Ie)-l 
< (2t2)-1 < (2al)-1. Many shake-up states were calcu
lated in the inner valence region. Though these two
electron processes start from 18.3 eV, the observable states 
whose intensities are larger than 0.005 only appear above 
25.0 eV. Further experimental study of this region is re
quired. 
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