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ABSTRACT

Hel photoelectron spectra of 1:1 electron donor-acceptor complexes are discussed in the light
of molecular orbital calculations. The complexes discussed include those formed by BH,, BF; and
SO,. Some systematics have been found in the ionization energy shifts of the complexes compared
to the free components and these are related to the strength of the donor-acceptor bond. Hel
spectra of hydrogen bonded complexes are discussed in comparison with results from MO calcu-
lations. Limitations of such studies as well as scope for further investigations are indicated.

INTRODUCTION

Spectroscopy, thermodynamics and related aspects of a large variety of elec-
tron donor-acceptor (EDA) complexes have been investigated in detail over
the past several years [1-4]. The complexes studied span a wide spectrum of
interaction energies anywhere from very weak contact pairs to strong addition
compounds (n-v complexes), the n—-x, 7—0 and n—o complexes with interaction
energies in the 10-30 kJ mol ~! range falling in between. Although most studies
pertain to complexes in solution phase, there have been some studies in the
vapour phase, especially of the electronic absorption spectra. Spectral prop-
erties of these complexes have generally been explained on the basis of Mulli-
ken’s charge-transfer (CT) theory [1] involving ground and excited states
formed by a linear combination of no-bond and dative structures. Hydrogen
bonding also represents a class of EDA interactions [1]. Thus, the complex
between ether and HCI can be treated as an n—o complex, as can the complex
between ether and iodine. Electronic structures of EDA complexes have been
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investigated by a few workers using UV photoelectron spectroscopy (UVPES).
Combined with molecular orbital (MOQO) calculations, orbital ionization ener-
gies (IEs) obtained from UVPES provide a direct means of probing the elec-
tronic structures of these complexes. Although these investigations have not
been as extensive as desirable, the information available to date has been quite
instructive and clearly points out the need for further experimentation as well
as better theoretical calculations on intermolecular interactions.

In this paper we present the UVPES of EDA complexes as interpreted on
the basis of MO calculations, primarily based on the work carried out in our
laboratory. The systems to be discussed include the traditional EDA com-
plexes, mainly the strong addition compounds formed between Lewis acids and
Lewis bases and some hydrogen bonded complexes.

EXPERIMENTAL AND METHODS OF CALCULATION

UV photoelectron spectroscopic measurements involve the free flow of the
species under investigation into the ionization region where it undergoes pho-
toionization on impact with Hel radiation. This method has proved adequate
for the study of strong n-v complexes. Cooled sample inlet tubes, effusive noz-
zles as well as molecular beam techniques are useful for the study of EDA
complexes especially if the interaction is weak or moderate. We employed a
laboratory-built spectrometer, with a conventional sample inlet system. The
main problem faced in these studies relates to the quantitative removal of fea-
tures due to the free donor and acceptor components. A number of methods of
data analysis are being used to isolate the spectrum of the species of interest
from a given spectrum of the mixture, the common method being the spectrum
stripping procedure [5]. We have generally employed the spectrum stripping
procedure in our studies.

Hartree-Fock energies of the complexes were computed in the frame work
of the SCF-LCAO-MO methods using the GAUSSIAN 86 program [6] and
unless otherwise specified, the 3-21G basis set. Monomer geometries were fully
optimized and used as input for the calculations on the complexes.

RESULTS AND DISCUSSION
Donor-acceptor complexes

Historically, complexes of electron donors with halogen acceptors, especially
iodine, were the first to be investigated. While the literature abounds with
information on the thermodynamics and electronic spectroscopy of such com-
plexes [3], there is little information on their electronic structures as studied
by UV photoelectron spectroscopy in the vapour phase. UV photoelectron
spectra of bromine with alkylamines [7] show that the lone pair orbitals of the
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amine donors were stabilized while the ¢ and 7 levels of Br, were destabilized
as expected from the charge-transfer mechanism. Hel spectra of I, complexes
of diethyl ether and diethyl sulphide [8] show that the 7 orbital IEs of I, de-
crease while the n orbital IEs of the donor molecules increase on complexation,
consistent with the CT theory.

Addition compounds or the strong n—v complexes between Lewis acids and
Lewis bases have been studied in somewhat greater detail in recent years by
employing Hel PE spectroscopy. Hel spectra of addition compounds of BH,
with NH;, amines, CO and PF; were investigated by Lloyd and Lynaugh [9],
who assigned the various bands on the basis of CNDQ as well as some ab initio
calculations. Generally, the lone pair orbitals of the amines were found to be
stabilized due to the increased positive charge on the nitrogen atom; by ~3 eV
in amine~borane compounds. Shifts are much smaller in BH;-PHj,, possibly
due to back donation. In all these compounds agreement between the calcu-
lated and observed ionization energies are good. This is not, however, true of
BH;-CO where back donation is likely to be much more significant probably
requiring a consideration of correlation effects.

We have examined the Hel spectrum of the 1:1 addition compound of BH,
and H,S [10]. The prominent features in the spectrum are at 9.7, 11.9, 12.8,
14.1 and 16.6 eV. According to the MO calculations (STO-3G basis set), the
highest occupied molecular orbital (HOMO) is the sulphur lone pair with an
eigenvalue of 10.1 eV. Since the sulphur lone pair donates electrons, the orbital
must stabilize on complexation. It is therefore likely that the first band in the
spectrum of the complex at 9.7 eV is due to ng_y orbital ionization. The band
at 11.9 eV is assigned to the ng orbital, the corresponding lone pair IE in free
H,S being 10.4 eV. The band at 12.8 eV is assigned to the B---S dative bond.
The next two bands are assigned to mg_y orbitals. These assignments of the
orbital IEs of BH; H,S provide a more rational electronic structure of the
complex compared to the earlier ones made strictly in conformity with the
calculated level scheme [10].

We could obtain the Hel spectrum of the 1:1 addition compound BH;-H,0
[10] by the interaction of Bo,Hg with traces of H,O in the collision chamber.
The spectrum showed features at 9.7, 10.6,11.8, 13.2 and 14.4 eV. The first two
features appear at much lower IEs than those of water (12.6 eV) and B,Hg
(11.9 eV) and can only be due to the complex (note that there can be no new
gaseous product in the reaction of B,Hg with H;O). Based on 3-21G calcula-
tions we have assigned the first two features due to the ng_j; orbitals and the
11.8 eV band to the og_¢ orbital. Figure 1 compares the orbital energy diagrams
of the complexes of BH; with H,O, CO and H,S, in order to highlight the
similarities and differences.

We have studied the Hel spectra of n-v type adducts of BF; with H,0,
CH;0H, (C,H;),0 and CH;CN; in addition, we have also examined the spec-
tra of complexes of BF; with NO and H,S [11-13]. Figure 2 shows the Hel
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Fig. 1. Correlation diagram of the experimental vertical ionization energies of complexes of BH;
with H,0, CO and H,S. Note that the dissociation energies of the complexes decrease in the same
order.

/'\\ B Fa‘ H2 0

(R I 1 ] 1
\ 78 76 4 12 10
\ 1E (ev)

\
BF3 CH30H

CHOH
1 1 1 L\ | ]

1
18 3 14 12 10 8 6
Fig. 2. Hel spectra of BF;, CH;0H and BF,-CH;OH. In the inset the Hel spectrum of BF;-H,0
is shown.
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spectra of the adducts of BF; with CH;OH and H,O along with the spectra of
free BF; and CH,OH. The spectra of the addition compounds show features
distinctly different from those of the free donor and acceptor molecules. Thus,
the spectrum of BF;-CH;OH shows no band in the region where BF; has its
characteristic features. Furthermore, there are new features not present in the
spectra of the free donor molecules including some at ionization energies lower
than those of the donors. The dissociation energy of the BF;-H,0 complex
obtained from MO calculations (3-21G basis) is 144 kJ mol~!. Table 1 lists
the various vertical IEs along with assignments based on the orbital ordering
obtained from the MO calculations on BF;-H,O. The spectrum of
BF,- (C,H;),0 is similar to that of BF;-CH;OH giving rise to the lowest IE
features due to nyp orbital ionizations. The spectrum of BF3-CH;CN shows
bands at 10.9, 11.6, 13.4, 14.3 and 15.3 eV of which the first four arise from ng
orbital ionizations. The feature at 15.3 eV is partially attributable to ogy or-
bital ionization. This dative bond ionization energy is comparable to that of
the BF;: (C.H; )0 adduct (15.9 eV).

The Hel spectrum of the 1:1 adduct of BF; and NO [13] shows the first
feature at 11.4 eV is due to the valence orbital of NO (compared to 10 eV in
free NO). The calculated dissociation energy of the complex (3-21G basis) is
16 kJ mol—!, a value much lower to that of the addition compounds of BF; with
(C,H;),0 and CH;CN. The fluorine orbitals in BF;-NO are shifted by 2.5 eV
compared to free BF3, unlike in BF;-H,0 and such complexes where the shifts
are much larger. Table 2 lists the calculated orbital energies with the observed
ionization energies of the BF;-NO complex. We have also studied the Hel spec-
tra of BF;-H,S and BF;-CS, where the interaction energies are close to ther-
mal energy. In BF;-H,S, the first two features at 11.6 and 13.4 eV are associ-
ated with the sulphur orbitals (ng and 7gy respectively); the ng orbital IE of
the complex is higher than the free H,S value. The ggg IE is observed at 16.1
eV. MO calculations show that the complex is stable, though much weaker

TABLE 1

Occupied orbital energies and assignments of a few addition compounds of BFy

BF;-H,0 BF,-CH,;0H BF;- (C,H;),0
I, (eV) I, (eV)
I, (eV) Scaled (0.9¢) STO-3G Assignment
energy
10.7 9.9-10.1 ng 10.7 9.9
114 10.3-10.8 ng 11.3 10.6
13.4 13.0 neo 12.7 12.6
14.0-16.0 13.7 Tor, 13.4 14.0
14.1 Oco 159

16.5 Tar, 16.5
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TABLE 2

Occupied orbital energies and assignments of BF;-NO

L, (eV) Scaled (0.9¢) energy MO character
(3-21G)
114 11.4 ONO
134 15.6 ng
14.2 15.9 o
15.3 16.1-16.4 ng
16.8 16.3 No
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Fig. 3. Correlation diagram of experimental vertical ionization energies of a few complexes of BF,
with the free components.

than BF;-H,0. MO calculations however show that the dissociation energy of
BF;-CS, is very low (2 kJ mol~"). Accordingly, the Hel spectrum of the com-
plex shows only slight shifts in the ionization energies compared to those of
the component molecules.

Figure 3 compares the orbital energy diagrams of a few complexes of BF; in
order to highlight certain systematics. The most important feature that emerges
from the study is that the magnitude of the shift in the fluorine orbital ioni-
zation energy of BF; in the 1:1 complex depends on the strength of the donor-
acceptor interaction {Table 3). Thus, the shifts are large in the addition com-
pounds of BF; with H,0, CH;0H, (C,H;),0 and CH,CN, and rather small in
the weak complexes BF;-NO and BF;-H,S. It is close to zero in the contact
pair BF;- CS.. This observation clearly indicates that the shift in the ny orbital
IE is determined by the magnitude of the electron donation by the donor which
in turn also determines the dissociation energy of the complex (Table 3).

Addition compounds of SO, have been a subject of investigation for the past



345

TABLE 3

Some important features of BF; complexes

Electron Ezxperimental shift in Calculated (3-21G)

donor the fluorine orbital dissociation energy
ionization energy ~AE (kJ mol—1)
Al (ng) (eV)

H,0 5.2 144

CH,CN 4.3 82

NO 2.5 16

H.S 1.7 22

CS, 04 2

TABLE 4

Occupied orbital energies and assignments of (CH;3);N-SO,

I, (eV) Calculated (3-21G) MOs
—e (eV) Character

9.8 10.06 ns(no)
103 11.36 "o
10.8 11.58 ny
11.5 11.89 Mso
13.0-13.5 14.36-14.75 TlCcH2s OCN s TCHo
15.0 15.70-15.79 T30y 030, ONS

several years. The Hel spectrum of (CH;),0-SO, complex was reported by
Carnovale et al. [14] who assigned the various bands based on STO-3G, 3-21G
and other calculations. These workers found that the effect of complexation is
to increase the ionization energies of the ether moiety by ~0.4 eV and to de-
crease the SO, IEs by ~0.9 eV. We have investigated [15] the Hel spectra of
a few complexes of SO, with several electron donors as well as of complexes
where SO, acts as an electron donor via the oxygen as in SO,-BF; and SO,-HCI.

The 1:1 complex between (CH;);N and SO, shows characteristic features
at9.8,10.3,10.8 and 11.5 V. Table 4 lists the assignments of the UVPES bands
of (CH;);N-SO,. Our calculations give a dissociation energy, AE, of 62 kJ
mol~! and the increase in the Mulliken population of SO,, Aq(SO,), of 0.15
which is comparable to that reported by Sakaki et al. [16]. The Hel spectrum
of (C;H;)3sN+SO, is very similar to that of (CH;);N+SO,. Hel spectra of these
two amine-SO, complexes reveal that the ionization energies of the donor and
the acceptor are shifted considerably due to complexation. In the case of
(CH;)3N-SO,, the ny orbital of the amine is stabilized by 2.4 eV while the
ng(ng) orbital of SO, is destabilized by 2.7 eV. In the case of (C,H;),;N-SO,,
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the shifts are slightly larger; the shifts of ny and ng(ng) are 2.5 and 3.0 eV
respectively, indicating a slightly higher strength of the donor-acceptor
interaction.

Studies on the Hel spectra of (C.H;),0-S0, and (C,H;).S:SO, complexes
also reveal the relation between the strength of the donor-acceptor interaction
and the shift in the lone pair IE of the donor. Thus, in the ether complex
no{ether) orbital IEis 11.4 eV compared to 9.6 eV of free ether. In the sulphide
complex the ng orbital IE is 9.7 eV, 1.1 eV higher than that of free sulphide.
The calculated S---O and S--+S distances are 2.40 and 3.32 A respectively.

Mha enilnhida namnlay hag snneidarahly lawar dicanriatinn anarovthan tha athar
4 11IC SUWipiiiIUc CULLIPICA 1145 LULISIUCIAULy 1IUWCEL UISSULIALIULL TIICLEY Lildll ULLIT CUliCL

complex.

Figure 4 shows the experimental orbital energy level scheme for the
SO,-donor complexes. In general, the shift in the IE of the lone pair orbital of
the donor molecule, Al,, in these complexes varies monotonically with the
magnitude of the donor-acceptor interaction; the increase in the Mulliken
population of SO,, Aq(S0,), and the dipole moment (u) also vary in the same
direction. This is true whether SO, acts as an electron donor or as an acceptor.
The main conclusions from our investigations of SO, complexes are summa-
rized in Table 5.
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Fig. 4. Correlation diagram of the experimental vertical ionization energies of the complexes of
SO, with the free components.
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TABLE 5

Some important features of SO, complexes

~AE® Aq(S0,)* AL (eV) #* (D)
(kJ mol )
Donor
(CH;);H 62 +0.15 2.4 6.4
(C;H;).0 26 +0.08 1.8 6.0
(C,H;).S 3 +0.03 1.1 5.5
Acceptor
BF, 82 -0.16 3.7 7.6
HCl 31 —0.06 0.1 6.3

23.21G calculations. "Experimental values.

Hydrogen bonded dimers

Although vibrational spectra, thermodynamics and other aspects of hydro-
gen bonded dimers have been investigated extensively, studies of the vapour
phase UV photoelectron spectra of these systems have been limited. We shall
examine some of the important results of these studies related to their elec-
tronic structures. The Hel photoelectron spectrum of water dimer [17] shows
the first two vertical IEs at 12.1 and 13.2 eV, with a threshold IE of 11.1 eV
suggesting that the ground-state dimer cation geometry differs considerably
from that of the neutral dimer. Ab initio configuration interaction (CI) cal-
culations [18] show that the dimer cation may be represented as an
H,0*---OH" complex. The neutral dimer, with a shallow potential minimum
shows a wide Franck—Condon region. The large difference in the geometries of
the neutral dimer and its cation as well as the wide Franck-Condon region of
the initial dimer seem to be responsible for the large difference between the
threshold and vertical IEs. Furthermore, the observed threshold IE is still 0.5
eV higher than the adiabatic value which cannot be observed due to the small
Franck-Condon factor. The Hel spectrum of NH; dimer [19] shows a single
IE at 10.1 eV due to the near equivalent nitrogen lone pair orbitals of NH;
subunits. This implies that the dimer is symmetric, a conclusion also supported
by detailed CI calculations [20].

Carboxylic acid dimers have been a subject of active investigation both by
theory and experiment. Hel spectra of formic acid recorded at fairly high pres-
sures [21, 22] show characteristic features of the dimer. The spectrum shows
considerable interaction of the monomer based states of o symmetry, but little
interaction of the 7 states. The o splitting arises mainly from through space
interaction. In Table 6, we compare the first few important IEs of the formic
acid dimer with the orbital energies obtained from HAM/3 and ab initio 4-31G
calculations [21]. The HAM/3 method involves a diffuse removal of half an
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TABLE 6

Comparison of experimental vertical ionization energies with the ab initio (3-21G) and HAM/3
eigenvalues for formic acid dimer [24)

I, (eV) HAM/3® 3-21G (0.92¢) Character
11.3 11.50 11.92 ng

12.0 11.98 12.56 ng

12.6 12.68 12.44 -0

12.7 12.70 12.69 Moo

139 13.97 14.29 Oc-0

15.0 14.65 15.46 Oc-0

15.5 15.86 16.16 fic-0

15.6 15.89 16.36 fc-o

“For 0.66 e diffusely removed.

electron giving rise to lower IEs than the monomer. The values listed in Table
6, obtained by increasing the diffusely increased charge to 0.66 e for the dimer,
show fair agreement with the observed values. The 4-31G values are scaled by
an empirical factor of 0.92. The calculations are generally satisfactory, but do
not take into account correlation effects which could separate the n and =
states further apart than the theoretical predictions. Hel spectra of the dimers
of acetic an trifluoroacetic acids and the mixed dimer between the two have
also been studied using a high pressure nozzle inlet system [23]. The spectra
are consistent with the SPINDO calculations. In the case of acetic and trifluo-
roacetic acid dimers the calculations show considerable resonance interaction
between the in-plane monomer orbitals. SPINDO calculations on the mixed
dimer overestimate the IE shifts following dimerization.

Hel spectra of the complexes of HF with (CH;),0 and (CHj;),S [24] show
that the hydrogen bond stabilizes the non-bonding electrons of the donor atom
by 1.0 and 0.8 eV respectively. It appears that the electrostatic effects play a
major role in determining the strength of the complex. The observed IEs are
in fair agreement with the results from the STO-3G, 4-31G and other calcu-
lations. The charge-transfer accompanying complexation and electronic relax-
ation following the ionization seem to cause the lowering IEs of the 7 orbitals
(by 1.6 €V in the case of ether and 1.2 eV in the case of sulphide). Neglect of
electronic relaxation effects is found to have no influence on the spectral as-
signments of these systems based on Koopmans approximation.

The Hel spectrum of the (CH3),0-HCI complex [25] has also been studied.
The IEs of ng of the donor increases by 0.6 eV while that of HCI decreases by
1.0 eV on hydrogen bonding. The gy, IEs are increased by 0.4 eV and of 6¢q
by 0.7 eV. MO calculations indicate that the shifts arise from an inductive
transfer of electron density of about 0.05 e from the ether to HCI. The stabili-
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zation of the ng orbital of the ether results from a through-space inductive
effect associated with the hydrogen bond.

We studied the Hel PE spectrum of (C,H;),0-HCI complex. Figure 5 shows
the Hel spectra of HCl, (C.H;),0, and a mixture of the two (the inset shows
the spectrum of the 1:1 heterodimer obtained after stripping). The experi-
mentally observed IEs are listed in Table 7 along with the orbital assignments
based on MO calculations. The eigenvalues of the complex are sensitive to the
O---H bond length, just as in the case of the (CH;),0-HCI complex {25]. We
have found the eigenvalues of BF;-SO, complex [15] to be similarly sensitive
to the length of the donor-acceptor bond. At the optimized geometry of
(CH,),0-HCIl, the HOMO is one of the nearly degenerate n¢, orbitals. An
examination of the Hel spectrum shows, on the other hand, that the first band
is associated with ng ionization. While at shorter O---H distances (1.50-1.60

T T B B |
18 16 14 12 10 8
[E(eV)

(€,Hs),0
(C,Hg),0+HCl
LHCI
| | 1 | | 1
18 1 % 12 10 8

1E(eV)

Fig. 5. Hel spectra of (C,H;),0, HCl and a mixture of (C,H;),0 and HCI. The spectrum of the
pure heterodimer obtained after stripping is shown in the inset.
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TABLE 7

Occupied orbital energies and assignments of diethyl ether- HCI complex

I, (eV) Calculated (3-21G) MOs

—e (eV) Character
9.8 11.47 no
12.0 12.00,12.01 oy
13.5 13.04-14.27 No,icH;
14.3 14.54-15.29 OccylcHs
15.6 15.89 OHC)

A) 7ic, is the HOMO, at longer O- - -H distances (1.85-1.95 A) n becomes the
uppermost occupied orbital. Since a shorter O- - -H distance would not be con-
sistent with the experimental spectrum, we used a distance of 1.90 A for the
final calculation keeping all other values the same as the optimized geometry.
This O- - -H distance is also close to the experimental value found in hydrogen
bonded complexes of HCI. Assignments based on such a calculation show that
the 7, and gy ionization energies are lowered by 0.8 and 0.6 eV on hydrogen
bond formation; the ng ionization is increased by 0.2 eV. The Hel spectrum of
the SO,-HCI complex [15] referred to earlier (see Table 5) shows features at
12.3,12.6,13.0,13.4 and 14.5 eV assigned to ng, ng(ng), no, no and oy, orbital
ionizations, respectively.

CONCLUDING REMARKS

There is little doubt that Hel PE spectroscopy of 1:1 EDA complexes has
provided considerable insight into their electronic structures when interpreted
in the light of MO calculations. Hitherto, studies have been essentially re-
stricted to n-v type addition compounds. There is considerable scope for in-
vestigating the vapour phase UVPES of 7—¢ and n-¢ complexes of halogens
formed with 7 and lone pair donor molecules as well as 7—-z complexes such as
TCNE-aromatics and trinitrobenzene-aromatics. We hope to undertake these
studies soon. There is a need for studies employing better resolution in order
to resolve the ionizations from closely lying orbitals.

UVPE spectra of the complexes discussed in this paper have all been inter-
preted on the basis of MO calculations. The agreement obtained between ex-
perimental IEs and the eigenvalues from theory depends on the type of calcu-
lation. In general, the agreement obtained from ab initio calculations is quite
satisfactory. How good a particular basis set is, however, depends on the nature
of the complex under investigation. The validity of assignments based on or-
bital IEs from MO calculations are sometimes questionable, since the Koop-
mans approximation breaks down in certain instances. In the case of weak
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interactions, the orbitals show negligible mixing on adduct formation [26 ] and
the effects of complexation on the IEs are dominated by electrostatic effects.
In such cases electronic relaxation effects are negligible and the PE spectral
assignments based on the Koopmans approximation are truly valid.

The Morokuma decomposition scheme of partitioning the interaction en-
ergy [27] can also be applied to separate the electrostatic, exchange, polari-
zation and charge-transfer components of the ionization energy shifts associ-
ated with complexation. Calculations on (CHj),0-HF, (CH;),S-HF and
(CH;),0-HCIl complexes [28] have shown that for the (CH;),0 and (CHj;),S
moieties, the electrostatic effect of the approaching HF or HC] molecule is the
dominant factor in determining the shift. In the case of 7y and 7, ionizations,
electrostatic relaxation and charge-transfer effects seem to play an important
role. It is noteworthy that in weak to medium hydrogen bonds, the electrostatic
term dominates the interaction energy, charge transfer becoming important
only in strong hydrogen bonded complexes [29].

In weakly interacting systems, the adiabatic IEs may not correspond to the
minimum of the potential energy surface. Thus, in the 12A” state of the H,O
dimer [17], there is a large difference between the experimentally observed
adiabatic IE and that obtained from theory. The potential minimum is not
observed in the experiment probably because of the poor Franck-Condon fac-
tor. There is considerable scope for studies of weak interactions as in van der
Waals complexes by combined use of UVPES and theoretical calculations. To
date, there are hardly any reports on this most interesting topic. Dehmer and
Dehmer [30, 31] have reported the photoelectron spectra of Ar,, Kr, and Xe,
and determined the dissociation energies of the bound excited states of these
dimer cations. The observed dissociation energies were significantly higher
than those predicted from theory. The dimer of N, has been studied by Car-
novale et al. [32] by Hel spectroscopy. The first vertical IE of the dimer is 0.4
eV lower than the monomer, the spectral features of higher clusters being sim-
ilar to those of the dimer. It would be most worthwhile to study other van der
Waals complexes such as Ar-HCl and Ar-CO, by UVPES.

ACKNOWLEDGEMENT

The authors thank the Department of Science and Technology, Government
of India, for the support of this research.

REFERENCES

1 R.S. Mulliken and W.B. Person, Molecular Complexes, Wiley Interscience, New York, 1969.
2 R. Foster, Organic Charge-Transfer Complexes, Academic Press, New York, 1969.
3 C.N.R.Rao, S.N. Bhat and P.C. Dwivedi, Appl. Spectrosc. Rev., 5 (1971) 1.



352

(5]

E.N. Gur’yanova, L.P. Gol'dshtein and I.P. Romm, Donor-Acceptor Bond, John Wiley, New
York, 1975.
T.H. Gan, J.B. Peel and G.D. Willet, J. Chem. Soc., Faraday Trans. 2, 73 (1977) 1459.

‘M. Frisch, J.S. Binkley, H.B. Schlegel, K. Raghavachari, C.F. Melius, R.L. Martin, J.J.P.

Stewart, F.W. Bobrowicz, C.M. Rohlfing, L.R. Kahn, D.J. Defrees, R. Seeger, R.A. White-
side, D.J. Fox, E.M. Fleuder and J.A. Pople, GAUSSIAN 86, Carnegie-Mellon Quantum
Chemistry Publishing Unit, Pittsburgh, PA, 1984.

U. Utsunomiya, T. Koboyashi and S. Nagakura, Chem. Phys. Lett., 39 (1976) 245.

C.S. Sreekanth, M.S. Hegde and C.N.R. Rao, Spectrochim. Acta, Part A, 43 (1987) 473.
D.R. Lloyd and N. Lynaugh, J. Chem. Soc., Faraday Trans. 2, 68 (1972) 947.

T. Pradeep, C.S. Sreekanth, M.S. Hegde and C.N.R. Rao, J. Mol. Struct., 194 (1989) 163.
M.C. Durrant, M.S. Hegde, C.N.R. Rao, J. Chem. Phys., 85 (1986) 6356.

T. Pradeep, C.S. Sreekanth, M.S. Hegde and C.N.R. Rao, Chem. Phys. Lett., 151 (1988)
499.

T. Pradeep, C.S. Sreekanth and C.N.R. Rao, J. Chem. Phys., 90 (1989) 4704.

F. Carnovale, J.B. Peel and R.G. Rothwell, J. Chem. Phys., 85 (1986) 4304.

T. Pradeep, C.S. Sreekanth, M.S. Hegde and C.N.R. Rao, J. Am. Chem. Soc., in press.

S. Sakaki, H. Sato, Y. Imami, K. Morokuma and K. Ohkubo, Inorg. Chem., 24 (1985) 4538.
S. Tomoda, Y. Achiba and K. Kimura, Chem. Phys. Lett., 87 (1982) 197.

S. Tomoda and K. Kimura, Chem. Phys., 82 (1983) 215.

F. Carnovale, J.B. Peel and R.G. Rothwell, J. Chem. Phys., 85 (1986) 6261.

Z. Latajka and S. Scheiner, J. Chem. Phys., 81 (1984) 407.

F. Carnovale, M.K. Livett and J.B. Peel, . Chem. Phys., 71 (1979) 255.

K. Kimura, S. Katsumata, Y. Achiba, T. Yamazaki and S. Iwata, Handbook of Hel Photo-
electron Spectra of Fundamental Organic Molecules, Halsted Press, New York, 1981.

F. Carnovale, T.H. Gan and J.B. Peel, J. Electron Spectrosc. Relat. Phenom., 20 (1980) 53.
F. Carnovale, M.K. Livett and J.B. Peel, J. Am. Chem. Soc., 104 (1982) 5334.

F. Carnovale, M.K. Livett and J.B. Peel, J. Am. Chem. Soc., 102 (1980) 569.

J.B. Peel, Int. J. Quantum Chem., 23 (1983) 653.

K. Morokuma, J. Chem. Phys., 55 (1971) 1236.

J.B. Peel, Aust. J. Phys., 35 (1982) 651.

C.N.R. Rao, B.S. Sudhindra, H. Ratajczak and W.J. Orville-Thomas, in W.J. Orville-Thomas
an H. Ratajczak (Eds.), Molecular Interactions, Vol. 1, John Wiley, New York, 1980, p. 67.
P.M. Dehmer and J.L. Dehmer, J. Chem. Phys., 68 (1978) 3462.

P.M. Dehmer and J.L. Dehmer, J. Chem. Phys., 69 (1978) 125.

F. Carnovale, J.B. Peel and R.G. Rothwell, J. Chem. Phys., 88 (1988) 642.



