1680 J. Phys. Chem. A997,101,1680-1683

Electron States of 1:2 Addition Compounds of TiCl with Diethyl Ether and Diethyl
Sulfide: Hel Photoelectron and Electron Energy Loss Spectroscopy Studiés
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Electron states of 1:2 addition compounds of Ti®Ith diethyl ether and diethyl sulfide in the vapor phase
have been studied by Hel photoelectron (UVPES) and electron energy loss spectroscopies (EELS). The
peaks in the photoelectron spectra of the complexes are assigned by comparison with the orbital energies
from ab initio MO calculations on model compounds Ti€2(CH;),0 and TiCh—2(CH;s),S. Lone pair orbitals

of chlorine are shifted to lower binding energy by 1.6 eV; théype oxygen lone pair is shifted to higher
binding energy by 1.8 eV and thetype lone pair of oxygen by 2.4 eV in the Ti2l2(C,Hs),O complex.

The magnitude of shifts in the Cl and S lone pairs in the F#QC:Hs).S are lower than that in the diethyl

ether complex. Electronic excitation in TiChnd TiCL—2(C,Hs),O are obtained by electron energy loss
spectroscopy. A band at 3.6 eV observed in the case of the-TAC,Hs),O complex molecule is assigned

to the CI(3p) ligand to Fi"(3d) charge transfer. An energy level diagram of the J4QI(C,Hs),O was drawn

from the UVPES and EELS results describing the electronic transitions in the complex molecule.

1. Introduction (fwhm) at 15.6 eV ionization energy of N Electron energy
loss spectra were recorded with a home-built spectrometer. The
spectrometer consists of a hemispherical electron monochro-
mator (140 mm mean diameter), a collision chamber, a
hemispherical electron energy analyzer (145 mm mean diam-
eter), and a channelteron electron multiplier. A 40 eV primary
electron beam is used in this study. The fwhm of the no-loss
peak is about 200 meV. Details of the spectrometer are given
elsewherd®1!

Formation of addition complexes of Tigkith various donors
has been known for a long time. Complexes involving acetyl
chloride and acetophenone are of particular interest in the
context of FriedetCrafts reaction$. Donors such as diethyl
sulfide form relatively strong complexes with a binding energy
on the order of 23 kcal/mdl. For example, NMR studies have
shown the formation of a 1:2 complex of TiGkith dimethyl
ether? An octahedral complex of Tiglwith dimethyl ether . o )
has been proposed. However, there is no report on the electron 1he addition compounds of Tighwith diethyl ether and
states of addition complexes of TiCwith any donors. o_llethyl _sulflde were prepared by mixing them in aglags_vaquum
Ultraviolet photoelectron spectroscopy (UVPES) and electron Ilqe. TiCls and th? _donors were punflgd by vacuum distillation.
energy loss spectroscopy (EELS) can provide information on Different compositions of TiGlwith diethyl ether (EfO) and
the nature of interaction, shifts in the orbitals of donors and diethyl sulfide (E£S) in the ratio of 1:1, 1:2, and 2:1 were
acceptors, and the extent of charge transfer. In this laboratoryPrepared in a glass vacuum line provided with a mercury
we have been investigating doreacceptor (D-A) complexes manometer and collected in separate glass ampules. Vapors of
and weakly bound hydrogen-bonded complexes by UVPES, the addition compounds were admitted to the spectrometer
EELS, and ab initio MO studies® Recently, we have studied through a fine needle valve. In all cases external heating of
UVPES of 1:1 addition compounds of Algand GaG) with the sample by a heating tape was necessary to obtain sufficient
donors such as diethyl ether and diethy! sulfid@he chlorine ~ vapor pressure. The temperature of the ampule was maintained
orbitals of AICk and GaGJ were found to be shifted substan- ~at about 70C throughout the experiment. The gas pressure in
tially to lower binding energies, whereas donor orbitals are the Hel collision chamber was about .5 Torr. The gas inlet
shifted to higher binding energies. Similarly, electron states line of the spectrometer was also heated t6C0 In each case,
of addition complexes of Bfand SQ with various donors have ~ spectra were recorded a number of times to establish the peak
been studied by UVPES and EEBSIn this paper we report ~ Positions. Absence of water vapor in the collision chamber was
the first photoelectron spectroscopic studies of addition com- confirmed by noting the absence of the UV photoelectron
plexes of TiC} with diethyl ether and diethyl sulfide. The spectrum of HCI formed due to the hydrolysis of TiCl
observed ionization energies are compared and assigned with In the EELS experiment the complex was also made with a
ab initio MO calculations of model compounds TjER(CH;s),O 2:1 composition of diethyl ether and TiCand then a slight

and TiCh—2(CHg),S. excess of diethyl ether was condensed. Initially, EELS of
diethyl ether was observed. As the excess ether was removed
2. Experimental and Computational Details through the pumping process, the spectrum of the complex

molecule was observed. The vacuum in the collision chamber
was about 163—107* Torr. Also, the needle valve opens to a
1 mm diameter stainless steel capillary leading to the collision
chamber. This capillary may also act as a nozzle source. Since
the vacuum is sufficiently high (5 1073 to 10~%), almost no
T Communication number 1255 from Solid State and Structural Chemistry collisional dISSOCI.atI(I)n geems to occur, giving EELS of ”?OSt'y
Unit. the complex. This is in contrast to the UVPES experiment
€ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. where the spectrum is of the complex as well as of monomers.
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Ultraviolet photoelectron spectroscopy measurements were
made with a home-built spectrometer consisting of a Hel lamp,
a 3 mm diameter collision chamber, and a channeltron electron
multiplier. The resolution of the spectrometer was 60 meV
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Figure 1. Hel photoelectron spectra of Tigldiethyl ether, and the

complex between them. The features due to the complex are shown by.

arrows.

Ab initio MO calculations were done at the RHF/3-21G level
using the Gaussian ®2system of programs on the model
compounds of TiGlwith (CH3),0 and (CH),S. The geometry
of the molecule is considered to be octahedral (wi,
symmetry) from an earlier experimental report on the T#Cl
ether compleX3 The geometry of the sulfide complex @.
The geometries were fully optimized. Single-point CIS (con-
figurational interaction with single excitation) calculation has
been done on the optimized TiGholecule to obtain excitation
energies.

3. Results and Discussion

UVPES Studies of TiCl, Complexes Hel photoelectron
spectra of TiCJ, diethyl ether, and diethyl sulfide monomers
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Figure 2. Optimized structure of (a) 2(CGHO—TiCl, and (b)
2(CHs),S—TiCl, complexes.

To assign the various bands in the Hel spectrum of JHCI
2(CHs)20 and to understand the nature of the interaction, ab
initio MO calculations were done on the model compound
TiCl4—2(CHs)20. With the available computational facility, the
calculation on the TiGH2(C;Hs),0 system could not be done
even at the 3-21G level. The calculation showed thatcthe
type 3a orbital of (CH;),O is involved in the bonding with
TiCls. Itis expected that ordering of the valence orbitals would
not be significantly different for the complexes of TiGQlith
2(CHg)20 and (GHs)20.

An earlier experimental report on the complexes of Ti@ith
dimethyl ether suggested that it forms a complex with nearly
octahedral geometry with two dimethyl ether units bonded with
Ti.13 In view of this, the geometry of the complex is considered
to be Dy,. Both the monomers and the complexes are fully
optimized at the 3-21G level. The optimized geometry of the
complex is given in Figure 2a. The optimized—® distance

were recorded first. It was essential to heat the gas inlet line is 2.0286 A, which is much less than the sum of the van der
as well as the collision chamber to remove adsorbed water vaporWaals radii of Ti and O. The binding energy of the complex

before admitting TiCj vapor. Despite this precaution, initially, is 70.34 kcal/mol. The structure has been confirmed to be a
the UVPES of HCI was observed and subsequently the UVPEStrue minimum by frequency calculations. The orbital energies

of pure TiClL was obtained. Mixtures of Tiglwith diethyl
ether in various ratios were admitted in the collision chamber.
In the 1:1 mixture of TiIiG—Et0, the spectrum of TiGlwas
observed. In the 2:1 case (excess TjClhe TiCl, spectrum

of TiCl, monomer do agree with the reported vallfesThe
calculated orbital energies of the model compound FCl
2(CHg),0 is given in Table 1. The first two orbitals are due to
the chlorine lone pair followed by the oxygen lone pair. The

was also obtained. In the 1:2 composition with a slight excess chlorine orbitals are shifted to lower binding energies by about
of (C;Hs)20, additional features due to a new species became 2 eV. All the chlorine orbitals are shifted to lower binding
noticeable. After diethyl ether was pumped out for some time energies. Ther type oxygen lone pair is shifted by 1.5 eV to
in the spectrometer, a spectrum containing new peaks along withhigher binding energy and that of tlwetype oxygen lone pair
the features of monomers was observed. orbital is shifted by 2.8 eV.

Photoelectron spectra of Tigl(CHs),0, and the complex Assuming that the magnitude of the shifts in dimethyl ether
are given in Figure 1. The Hel photoelectron spectrum of sliCl  should be similiar to diethyl ether in the complex, assignment
shows peaks at 11.75, 12.78, 13.31, and 13.86 eV duge to t of the Hel spectra of the TiGt+2(CHs),0 adduct is done based
(nc), t2(nc), t2X(nc)), and a(oTi—c)) orbital ionizations, respec-  on the orbital ordering from the above calculation. Accordingly,
tively.1# The first ionization energy of diethyl ether at 9.61 eV ionization energies of the Tig+2(CHs),0 complex and their
is due to ar type oxygen lone pair. The next peak at 11.1 eV assignments are given in Table 2. The first two bands observed
is due to as type lone pair on oxygen, and the features between in this experiment are assigned to the chlorine lone pair. Both
11.8 and 14.3 eV are due tocc, 7ich, 7cHs, and oco these orbitals are shifted by about 1.8 eV. The band at 11.40
ionizations!® The spectrum of the complex is different from eV is assigned to the type lone pair of oxygen, which is shifted
that of TiClk and (GHs)20. Additional peaks marked by arrows by 1.8 eV. The peak at 11.7 is due to the shiftedanbital of
at 10.0, 11.0, 11.4, 11.7, 12.07, and 13.5 eV are observed. TiCl,. The feature at 12.7 is due to thej_c orbital. These
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TABLE 1: Vertical lonization Energies, Calculated (3-21G)
Orbital Energies, and Assignments for the Model
Compounds

—e (eV)
molecule I (eV) 3-21G assignment
TiCly 11.75 13.27 t(nc)
12.78 14.60 3t(nc)
13.31 14.99 le @)
13.86 15.63 2807i-c1)
(CH5),0 10.14 10.7 B ()
11.94 11.3 B(0)
13.4 14.9 TTCH,
14.2 15.3 JTCH3
16.0-16.5 16.717.4 Oco
TiC|4—(CH3)go 10.9 bg (n(;|)
12.0 By (nci)
12.2 By (No)
12.8 g (Ncy)
13.8 2k (UTi—cD
14.2 kg (o)
(CHs).S 8.7 8.8 8()
11.3 9.7 R(0)
12.6 13.9 ocs
14.1 15.9 TTCH,
TiCl,—(CH3),S 11.3 By (Nci)
11.4 b (ny)
11.7 a(ncy)
12.2 k(nc)
12.3 ki (ori-cl)
12.8 n

TABLE 2: Vertical lonization Energies and Assignments for
the Complexes of TiCl, with Et,O and Et,S

molecule I (eV) assignments
TiCls 11.75 t(nc)
12.78 3t (Ncy)
13.31 le (B)
13.86 2a(ori-c)
(Csz)zo 9.61 d (.7'[)
11.08 1 (0)
11.92-14.74 0CCy TTCHyy TICHg, OCO
TiCl4—(CzHs)20 10.00 12
11.0 e
11.4 n ()
11.7 e
12.07 OTi—Cl
135 n (o)
(Csz)zS 8.5 n (.7'[)
10.70 (o)
11.48 Oc-s
12.54 JTCH3
TiCI4—(C2H5)ZS 9.85 2] (JT)
10.30 [0
11.20 1T
12.40 [0
131 n(o)
13.6 OTi-Cl
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Figure 3. Hel photoelectron spectra of Tigldiethyl sulfide, and the

complex 2(GHs),S—TiCl,. The features due to the complex are shown
by arrows.

In earlier studies of BA complexes of diethyl ether with
halogens, the interaction was observed betweenothgpe
oxygen lone pair witho” of halogens with aC,, symmetry.
However, in the case of of diethyl sulfide with halogens, it was
thes type lone pair orbital that is bonded @6 of the halogens,
the complexes havinGs symmetry*® Accordingly, in this case,
the minimum energy geometry of Tit2(CHg),S was found

to have &Cy, symmetry. The structure is optimized and is given
in Figure 2b. The optimized FS distance is 2.611 A. The
binding energy of the complex is computed to be 26.24 kcal/
mol, which agrees with the heat of formatidriThe interaction
energy is less than that of the dimethyl ether complex. In Table
1, calculated orbital energies of (G}#S and TiC}—2(CHs),S

are given. Although the sulfur lone pairs in the complex are
shifted to higher binding energies, chlorine lone pairs as well
as theo(ri—ci) bond energy are shifted to lower binding energies.
The calculation shows that the highest occupied orbital in the
complex is due to § and the second orbital is due to S. The
difference in energy however is only about 0.1 eV. It is also
clear from this calculation that thetype sulfur lone pair is the
bonding orbital with TiC}.

In Table 2 the observed ionization energies and the assign-
ments for the complex TiG+2(CHs),S are given. The first
new band due to the complex is assigned to teeamd the
second band todgnbecause the first band is broad and all peaks
due to r; are expected to be narrower as seen in FHRELO.

two peaks are shifted to lower binding energy by 1.6 and 1.8 Accordingly, thes type sulfur lone pair orbital is shifted by

eV, respectively. Thus, all four bands of TiGire shifted to
lower binding energy. The 13.5 eV peak is assigned tosthe
type lone pair of oxygen, which is shifted to higher binding
energy by 2.4 eV. A higher shift af type lone pair of oxygen
is reasonable, since this is the bonding orbital. This is in
agreement with the calculated orbital energies of the 4FiCl
2(CHg)20 complex.

He | photoelectron spectra of Tigldiethyl sulfide, and the

1.3 eV to higher binding energy and that ofj oy about 1.4

eV to lower binding energy. The othegirbands as assigned

in Table 2 are shifted to lower binding energies by-1146

eV. The i) bands are expected to be shifted by a lower value
in 2ELS—TIiCl, compared to 2BO—TiCl,. The assignment
given here agrees with this expectation. Furthermore, the shift
in the sulfur lone pair orbital by 1.3 eV is lower than the oxygen
lone pair shift of 1.8 eV in ethefTiCl,, which agrees well with

complex are presented in Figure 3. The spectrum of the the lower energy of interaction of 2/5—TiCl,.

complex TiChk—2(C,Hs),S is different from that of the donor

Interactions of (CH),0, (CHa):S, (GHs)20, (CHs).S, and

and acceptor with additional features marked by arrows. The such ligands with TiGlIshould be viewed as Lewis baskewis

calculations are done on the model compound fHQ(CH;),S.
The geometry is optimized at the 3-21G level. Tbhg form

of this complex is not found to be the minimum energy structure.

acid interactions. TiGlis a tetrahedral molecule and forms an
octahedral-like molecular complex with the addition of two
ligands. The T" ion is classified as a hard acid, and the
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occupied shifted chlorine lone pair orbital to théB8d). The
peaks at 6.7 and 7.7 eV are assigned to the transitions from the
2(CaH5)20-TiCl, shifted 1 and 3t chlorine orbitals to the 4p Rydberg states,
which are also shifted due to the complex formation. The peak
at 10.5 eV is assigned to the,3t> 4p transition. Thus, when

the tetrahedral TiGlmolecule goes over to octahedral Tj€l
2Et0, the molecule should become more ioHicThis can be
seen from the decrease in the ionization energies of Cl orbitals
as well as destabilized Rydberg states. The charge-transfer band
in TiCl, at 4.6 eV is shifted to 3.6 eV because of the change in
the electronic structure of the molecule.

Counts/sec

Conclusions

Occupied electron states of TCI2ELO and TiCh—2ELS

2 8 4 T have been obtained from UV photoelectron spectroscopy. MO
Loss Energy(eV) calculations on the model compounds of TER(CHs),0
Figure 4. Electron energy loss spectra of TiGind TiCL—2EtO. showed that the type pair is the bonding orbital with molecule
o havingD,, symmetry. In the TiCH2(CH;),S, ther type lone
(Cl(sm o —-———5p pair of S is involved in bonding witfCy, symmetry. From
electron energy loss spectroscopy and UVPES of ;RELO
“p a complete energy level diagram was drawn where the 3.6 eV
- —10.5 band observed is assigned to the charge-transfer band from ClI
_ 5|S1“P . o7 | —77 to the Ti(3d) orbital.
z - Ti(3d)
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