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tonation coordinates which include the O-H distance and the
H-O-C angle are relatively constant, which suggests that the
bond between the carbonyl oxygen and the proton may be
classified as a polar covalent bond. Structural changes which
occur upon protonation of the bases R,CO are similar to the
changes which occur upon protonation of the bases RCHO.
From the computed results, a model for the protonation of
carbonyl bases has been proposed.
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Abstract: Ab initio calculations have been carried out on several configurations of the C,H4++Cl, complex, adding the disper-
sion energy to the SCF supermolecule energy. It is found that the most stable configuration is the axial model. Similar calcula-
tions have been performed for the axial geometry of the C;Hg+Br; and CyHge 1> complexes. The three axial complexes exhibit
the same qualitative behavior for each intermolecular energy contribution: the charge transfer and induction energy are impor-
tant but not able to give a really significant minimum depth; it is essential to take account of the dispersion energy, as in the
case of van der Waals molecules. The depths of the minima and the corresponding intermolecular distances are evaluated. The

nature of the binding is discussed.

I. Introduction

The special importance of ethylene-halogen molecules
complexes is largely due to their possible role in the trans ad-
dition of halogen molecules to ethylene. It is most generally
admitted that the first step of this reaction may begin by the
formation of such complexes,!-3

The origin of the stability of these complexes is not clear and
experimental data may support different interpretations.6
Some authors* describe them as three-center covalently linked
Dewar’s 7 complexes.” This idea initiated the first theoretical
work,? based on the use of an extended Hiickel molecular or-
bital approach. Other authors® rather consider them as
charge-transfer complexes, by analogy with the class of com-
plexes described by Mulliken.? The difference between these
two categories of complexes has been underlined by Ban-
thorpe.19 In particular, the possible role of van der Waals forces
is discussed in the case of the second class of complexes.%10

Clearly, theoretical information is necessary to understand
the origin of the binding of these complexes since experimental
data are not able to give a definitive answer. Unfortunately,
difficulties are also encountered in theoretical treatments and
we must be aware that artificial results are easily obtained. For
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instance, some approximations lead to a systematic overesti-
mation of the binding energy with a too short intermolecular
equilibrium distance. This happened with the two SCF cal-
culations!’12 based on the CNDO approximation which
treated some geometrical configurations of the CaHg4++-Cl5 or
C,Hg4--F; systems. For the axial configuration of CoHye--Cl3,
both calculations give a very large SCF minimum depth
(—6.2,11 ~2.3812 kcal/mol) and a very short intermolecular
distance (2.259,!1 2.210 A12) while our ab initio SCF calcu-
lations!3:14 give a stabilization energy of ~0.64 kcal/mol and
an intermolecular distance of 3.704 A. In the latter paper,!4
we also showed that the dispersion energy contribution, not
taken into account in a SCF treatment, is larger than the in-
duction and charge transfer energy. Thus a correct minimum
depth cannot be obtained from SCF calculations and it is ab-
solutely necessary to take the dispersion energy contribution
into account.

Experimental datals show that the ethylene chlorine com-
plex has a C;, symmetry. As discussed by Fredin and Nelan-
der,’5 two models—the axial and the resting configura-
tions—may be of particular interest. These two configurations
are studied in the present work, along with an “X”’ configu-
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ration deduced from the resting model by a 90° rotation of the
Cl; molecular axis about the C,, axis. For the sake of com-
parison with other systems, we also studied a dissymmetrical
configuration which we call a “L” model. In this case, the Cl;
molecular axis is perpendicular to the C;H,4 plane, as in the
axial model, but passes through a carbon atom.

The axial model, which is found to be the most stable con-
figuration in C;H4-Cly, is also studied for the C;H4++Br; and
CyHyeee 15 systems.

I1. Method

Using ab initio wave functions, the dispersion energy is ob-
tained from the perturbation theory and computed according
to the scheme described in a previous paper.1® This contribution
is added to the SCF supermolecule energy.!” Such a procedure
has been previously used!® for other systems and takes ad-
vantage of the equivalence between the perturbation and the
supermolecule treatment.!® This is not a rigorous treatment.
However, the main contributions to the intermolecular energy
are taken into account and the general trends should be cor-
rectly described.

Two expressions of the dispersion energy have been pro-
posed,'® corresponding to two different partitions of the mo-
lecular Hamiltonians. Expressions 1 and 2 of ref 16 are denoted
respectively by E'gisp and Egisp in the present paper. E’qgisp is
often used in the literature and the results obtained with this
expression will be commented on here. However, when the
perturbation series is limited to second order, it seems that the
use of Egisp gives a better agreement with experi-
ment.16,18.20

We denote by AEsckthe difference between the SCF energy
of the interacting system and the SCF energy of the isolated
molecules. It may be convenient to start the SCF supermole-
cule calculation with Schmidt-orthogonalized SCF molecular
vectors. It is commonly admitted that the difference, AE,
between the energy of the first iteration performed with such
vectors and the energy of the isolated molecules corresponds
to the first-order electrostatic and repulsive energy of a per-
turbation treatment. We checked this equivalency!? in the case
of (H3); and Li* + H,. The difference between AEscF and
AE,, or delocalization energy, would correspond to the sec-
ond-order induction and charge transfer energy of the per-
turbation method. We denote this contribution by AEind+cT
and have then AEscr = AE| + AEjd+CT.

Finally, we compute £’ = E'gisp + AEscrand Eo = Edisp
+ AFEscF.

I11. Detail of the Calculation

We described, in the Introduction, the geometric configu-
rations studied in the present work. For the axial and the “L”
models, the intermolecular distance d is the distance between
the CoHy plane and the nearer halogen atom. In the case of the
resting and “X”’ configurations, 4 is the distance between the
middle of the C~C bond and the middle of the halogen-halogen
bond.

The C-H bond length (1.086 A) and the HCH angle
(117.3°) of C,H4 are taken from experiment.2! The C-C,
CI-Cl, Br-Br, and I-1 bond lengths are optimized in the iso-
lated molecules for different basis sets. They are not varied in
the intermolecular calculations and C;Hy is kept planar.

Basis Sets. Molecular orbitals are linear combinations of
Gaussian functions. Since we have to work with truncated basis
sets of Gaussian functions, the truncation must not strongly
affect the description of the properties studied. The choice of
an appropriate basis set is a delicate problem since the char-
acteristics of a “good” basis set are not the same for the su-
permolecule treatment and for the description of the dispersion
energy. A very large basis set would be able to correctly de-
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scribe these two energy contributions but would be very time
consuming. We have preferred to treat these two contributions
separately, with an appropriate basis set for each of them.

(a) SCF Supermolecule Treatment. C;H4. Two basis sets are
considered. In our first study of this system,!? 9s and 5p un-
contracted functions for C and 4s uncontracted functions for
H, taken from ref 22, are contracted into a *‘double-{” basis
set. This basis will be referred to as basis A in the present paper.
With an optimized C-C bond length of 1.335 A, the SCF en-
ergy of C,Hy4 is 78.0047 hartrees. The experimental bond
length values?! range from 1.332 to 1.339 A.

In ref 14, the previous functions are not contracted and a
polarization function, optimized to obtain the lowest SCF
energy of CyHy, is added on each atom. This basis is referred
to as basis A2, with exponents ap(H) = 1.091 22 and ay4(C)
= 0.847 536. The corresponding SCF energy is —78.054 992
hartrees with an optimized C=C bond length of 1.314 A.

Cla. Three basis sets are considered. In ref 13, 11s and 7p
functions?3 for each Cl atom are contracted into a “double-{”
basis set. This basis is referred to as basis B. With an optimized
CI-Cl bond length of 2.190 A, the SCF energy of Cl, is
g918.8253 hartrees. The experimental bond length?! is 1.988

The second basis set considered was also used in our first
paper.!3 A d function on each atom, with exponent 0.518 142,
is added to basis B. This basis is referred to as basis B;. With
an optimized CI-ClI bond length of 2.029 A, the SCF energy
of Cl, is —918.8664 hartrees.

A third basis is referred to as basis B,. In this case, the 11s
and 7p functions are not contracted and a d function with ex-
ponent 0.532 392 is added on each atom. With an optimized
CI-Cl bond length of 2.011 A, the SCF energy of Cl, is
—918.9077 hartrees.

Br; and I,. In these cases, we treat differently the functions
describing the inner shells and those describing the two higher
energy occupied shells (Qquantum number # and n — 1). The
former group of functions is contracted into a “minimal” set,
the latter into a “double-{"’ set.

For Br;, the uncontracted functions (13s, 9p, and 5d) are
taken from ref 24, The corresponding contracted basis is re-
ferred to as basis C. With an optimized Br-Br bond length of
2.443 A, the SCF energy of Bry is —5136.7443 hartrees. The
experimental bond length is2! 2.284 A. Our optimized bond
length is 7% larger than the experimental one. This relative
error is smaller than in the case of Cl,.

A set of 15s, 11p, and 7d uncontracted functions has been
optimized for the iodine atom, using the SCF atomic program
described in ref 25. We obtain an SCF energy of —6917.6966
hartrees. The corresponding contracted basis set for 1, is re-
ferred to as basis D. With an optimized I-1 bond length of
2.826 A, the SCF energy of I, is 13 804.3136 hartrees. The
experimental bond length being?! 2.666 A, the relative error
on the bond length is 6%.

(b) Dispersion Energy. The main characteristic of the bases
used in this section is the need for diffuse polarization func-
tions. Except for the H atoms, the unpolarized uncontracted
functions are the same as in the previous section but the con-
traction may be different and will be described for each mol-
ecule. Generally, the contraction of the functions describing
the valence shell is of the ““double-{” type. However, because
of size limitations in our system of programs, this was not
possible in the case of 1.

C,Hg4. For the H atoms, we used a basis set described in our
previous studies on (H)3!and CO + H,.26 It is a “double-{”
set with a polarization function (ap(H) = 0.2). For the carbon
atoms, a polarization function is added to the “double-{" set
described in the previous section. The exponent of this function,
a4(C) = 0.17, is taken from our work on CO + H,.26 This basis
for C;H4 is referred to as basis A’. In all calculations, we used
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Table I. C;H,4 + Cl,. First lteration Intermolecular Energy Table II. C,H4 + Cl,. Delocalization Energy (Induction and
(Electrostatic and Repuisive First-Order Energy) (kcal/mol), Charge Transfer Contribution) (kcal/mol), Basis (A, + By)
Basis (A, + B»)
configurations
configurations d, A axial “L” resting '
a H wy " H TS v&L

d.c A axa) L resting X 2646 -186(=9.58)7  —6.35

2.646 13.80 (13.70)% 12.83 2910 —3.58 (—4.55) -2.95

2.910 5.29 (5.40) 4.97 3175 —-1.72(-2.16) —-1.45 -1.17 -0.72

3.175 1.74 (1.91) 1.69 5.75 5.04 3.440 —0.88 -0.76 -0.65 -0.45

3.440 0.34 0.38 2.65 2.38 3.704 —0.48 (—0.54) -0.42 -0.43 -0.32

3.704 =0.16 (—0.25) -0.10 1.25 1.15 3.969 -0.28 -0.25 -0.25

3.969 —0.30 -0.24 0.58 4,233 -0.16 -0.26

4,233 -0.25 0.34 4,763 -0.10

4,763 0.14

a See the definition of d in the text. ¢ The values given in paren-
theses are obtained with basis (A + B).

the C-C bond length of 1.314 A optimized with basis A,. The
SCF energy of C;H, is then —78.020 233 hartrees.

The polarizability components have been computed?’ using
basis A’. Comparison with the experimental values proposed
by Landolt-Bornstein?8:2% or Buckingham et al.30 shows that
basis A’ is adequate to describe the polarizability. However,
since there are no f functions in basis A’, the higher order terms
of the multipole expansion may be not so well described, in-
volving an error in the determination of the dispersion ener-
gy.
Cl,. Two basis sets have been considered in this case. One
of these bases has been described in another paper3! and will
be referred to as basis B’ in the present work. In this basis the
contraction of the functions describing the valence shell is of
the “double-{” type, that of the functions describing the inner
shells of the “minimal” type. The exponent of the d polarization
function has been optimized3! to obtain the largest dispersion
energy in (Cly),. With a4(Cl) = 0.22 and a C1-Cl bond length
of 2.029 A (optimized with basis B;), the SCF energy of Cl,
is 918.780 66 hartrees. The determination of the polarizability
components?’ confirms the adequacy of basis B’.

In order to estimate the reliability of the basis which will be
used for I, an equivalent basis set has also been considered for
Cl,. It will be referred to as basis B’;. In this case, the con-
traction of the functions is of the “minimal” type for any shell.
The polarization function is the same as in basis B’. With a
CI-Cl bond length of 2.029 A, the SCF energy of Cl, is
917.698 88 hartrees.

Br; and L. In both cases, the valence shells involve s and p
atomic orbitals. Though there are d functions, they describe
inner shells. Thus, in the calculation of the dispersion energy,
we expect Bry and I, to have the same behavior as Cl,. In
particular, they should have the same need for diffuse d
functions. The exponent of such diffuse d functions has been
chosen to obtain the largest average molecular dipole polar-
izability.2” There are no experimental data to check the ade-
quacy of our basis sets.

In the case of Bry, the contraction of the functions describing
the valence shells is of the “double-{” type, that of the functions
describing the inner shells of the “minimal” type. With ag(Br)
= (.15 and a Br-Br bond length of 2.443 K (obtained with
basis C), the SCF energy of Br; is —5135.4336 hartrees. The
corresponding basis set is referred to as basis C’.

In the case of I, the contraction of the function is of the
“minimal” type for any shell. With ag(I) = 0.14 and a I-1 bond
length of 2.826 A (obtained with basis D) the SCF energy of
I, is —13 800.5322 hartrees. The corresponding basis set is
referred to as basis D’;.

Let us underline that bases A’~D’y are adequate to describe
the dispersion energy but would not be suitable for the super-
molecule treatment: they are not “well-balanced” basis sets
because of the use of one diffuse polarization function only.

2 The values given in parentheses are obtained with basis (A +
B).

Also we may notice that they give less good SCF molecular
energies than equivalent bases with a larger polarization
function exponent.

IV. Results

C;H4 + Cl;. We shall comment on the different energy
contributions separately.

(a) The Supermolecule Treatment: AEgcy = AE; +
AEjg+ct. Table I gives the intermolecular energies obtained
at the first iteration of the calculation, starting from
Schmidt-orthogonalized SCF molecular vectors. The results
obtained with the large basis (A, + B;) show that the resting
and the “X” configurations are repulsive, while the axial and
the “L” models are slightly attractive with a somewhat larger
stabilization energy in the case of the axial geometry. In this
last case, the results obtained with the ““double-{" basis (A +
B) are not very different of those given by the large basis (A>
+ B,).

Table II gives the delocalization energy, mainly due to the
induction and charge transfer contribution. Comparison of
Tables I and II shows that the delocalization energy is very
important for the axial and the “L’" models, less essential for
the resting and the “X” configurations. As expected, the
smaller “double ¢ basis (A + B) overestimates this contri-
bution: such bases generally give a nonnegligible superposition
error. Atd = 2.910 A, the delocalization energy obtained with
basis (A, + Bj) is about 79% of the value obtained with basis
(A + B). Weshall use this result in our discussion of bromine
and iodine complexes.

It is very difficult to completely eliminate the superposition
error and even to estimate it. The counterpoise method, where
the dimer basis set is used instead of the monomer basis set to
compute the SCF energy of the individual molecules, is prob-
ably the most known procedure proposed for such an estimate.
The quantitative accuracy of this procedure is questionable for
the following reason: in the dimer, the functions of the second
molecule are mainly used to describe the second molecule and
only partly able to improve the description of the first molecule
while, in the counterpoise method, the functions of the second
molecule, not required to describe this second molecule, are
totally available to improve the description of the first mole-
cule. This can lead to an overestimation of the superposition
error. Recently,3! we reported our estimate of the superposition
error in the case of the (Cly); dimer, using bases B and B, with
the counterpoise method. In the region of the minimum, the
error had been estimated for different geometrical configu-
rations. The largest value was 0.34 kcal/mol, compared to the
total energy of 1.68 kcal/mol. As explained above, this value
of 0.34 kcal/mol is probably an upper limit and the exact value
may be much smaller. Anyway, this value is not very large
compared to the total energy and it is clear that when the sta-
bility of a system is largely due to the dispersion energy, as is
the case in (Cl;)2 and in the present complexes, the superpo-
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Table II1. C;H4 + Cl,. SCF Intermolecular Energy (kcal/mol),
Basis (A, + Bj)

configurations

d, A axial “L” resting “X”
2.646 5.94 (4.12)° 6.48

2910 1.71 (0.89) 2.01

3.175 0.02 (—0.24) 0.24 4.58 4.32
3.440 —0.55 -0.38 1.99 1.92
3.704 —0.64 (—0.59) =0.52 0.82 0.83
3.969 —0.58 —0.49 0.33
4.233 =0.41 0.08

4.763 0.04

a The values given in parentheses are obtained with basis (A +
B).

sition error is of relatively less importance than if the SCF
intermolecular energy is predominant (this could not be true
with smaller or unbalanced basis sets). Thus, in the present
paper, our discussion of the superposition error is only quali-
tative and empirical, and we have not used the counterpoise
method to estimate it.

Table 111 shows that, at the SCF level, the most stable
configuration is the axial model, with a minimum depth of
~0.64 kcal/mol at d = 3.704 A. This value is nearly equal to
that previously obtained!? with basis (A + B;). The “L” con-
figuration is also attractive while the resting and the “X”
models are repulsive. The induction and charge transfer con-
tribution may increase the depth of the minimum when it ex-
ists, but does not modify the general behavior of the potential
curves. The use of the “double-{"" basis (A + B) gives an in-
termolecular SCF energy of —0.59 kcal/mol at 4 = 3.704 A
in the case of the axial model. The superposition error is not
very important at this distance but becomes relatively larger
in the repulsive part of the curve, when the first-order term and
the delocalization energy are of opposite sign.

(b) Dispersion Energy. The SCF minimum depth, when it
exists, is very small. To obtain the correct order of magnitude,
it is essential to take account of the dispersion energy. Table
TV gives the values of Egjsp obtained with basis (A’ + B’). The
axial and the “L” models have a similar behavior, the disper-
sion energies being slightly more attractive in the axial ge-
ometry; the resting and the “X” configurations are also close
together. The values of E'gisp are not given here and may be
easily deduced from those of Eqisp, the ratio Egisp/ E’disp being
about 1.35 for any intermolecular distance and any configu-
ration,

In order to estimate the inaccuracy involved in the deter-

Table IV. CoH4 + Cls. Dispersion Energy (kcal/mol), Basis (A’ + B’)
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mination of the dispersion energies of C;Hy + I3, basis (A" +
B/") has been used to compute the dispersion energy of C2H4
+ Cl; in the axial configuration at d = 2.910 A, The value of
Egisp 1 then 5.32 kecal/mol. Basis (A" + By’) gives about 99.3%
of the value obtained with basis (A’ + B’). We may expect a
similar result in the case of Co;H4 + 1. Itis also interesting to
note that, if d functions are absolutely necessary on C and Cl,
the use of p functions on H is of much less importance: only 3%
of the dispersion energy is lost when such p functions are sup-
pressed in basis (A’ + By’). This result may be useful in the
study of larger systems.

Special attention is paid to the possible approximation of
the dispersion energy by semiempirical expressions. One of the
most known among such expressions is probably the London
formula,2932 £ = —=3JsJgapaB/2(Ia + 1) R®, which corre-
sponds to the contribution of the leading term of the multipole
expansion. I4 and Iy are the first ionization potentials of
molecules A and B; as and apg the mean polarizabilities. We
give in Table 1V the values obtained with this expression,
using?8-3033 [(C3H,) = 10.5 eV, I(Cly) = 11.48 eV, a(C2H,)
=426 A%, a(Cl,) = 4.61 A3, Since the London formula is an
average formula, the molecules being treated as spheres, the
intermolecular distance R is the distance between the “center”
of both molecules. Thus, referring to our definitions of d, we
must choose R = d for the resting and the “X” configurations,
and R = d + d(Cl-Cl)/2 for the axial and the “L” model.
Table IV gives two series of values, corresponding to these two
definitions of R, for the same distance d. Our ab initio results
must be compared to the first series of values in the case of the
axial and the “L” models, and to the second series in that of
the resting and the *“X” configurations. The apparent agree-
ment between the ab initio results for the axial model and the
second series of values obtained with the London formula oc-
curs by chance and has no significance. In fact, the London
formula has been proposed for large intermolecular distances
and is not justified when the intermolecular distances are
hardly larger than the intramolecular bond lengths. This ex-
plains the large differences between the two series of values
obtained with the London formula at intermediate intermo-
lecular distances, while at d = 42.334 A (80 bohrs) the values
differ by only 13%. At this distance, ab initio calculations have
also been performed in the case of the axial model. The ab initio
result is larger than the London formula values by a factor of
almost 2. Though some inaccuracies are involved in the ab
initio calculations, we expect from our studies on other sys-
tems!6:18:20,26.31 3 nd on static polarizabilities?? that the error
should not exceed 20-25%. Thus it appears that some care
must be taken in the use of the London formula.

configurations London
d,A axial “rr resting “X formula®
2.646 —8.39 -7.81 —1.55;-10.86
(=9.41)e (—8.55)
2910 -5.36 —4.99 -1.02; —6.13
(—5.52) (—5.03)
3.175 —-343 -3.20 —5.44 —0.69; —3.64
(—3.38) (—3.12) (—5.25)
3.440 =2.21 -2.07 -3.50 -3.13 —0.48; =2.25
(=2.15) (—2.00) (=3.37) (=3.17)
3.704 -1.44 -1.36 —=2.27 -2.06 —0.34;-1.44
(—1.42) (—1.32) (—2.23) (=2.13)
3.969 -1.38 —0.24; -0.95
(—1.46)
42.334 -1.06 X 10-¢ —0.56 X 10~6; —0.64 X 10~
(=113 X 1076) (=1.13 X 10-%) (—=1.29 X 10-9) (—1.29 X 10-9)

a The values given in parentheses are obtained from the semiempirical determination described in the text. ® Because of the different definitions
of d according to the various configurations, the axial and the “L” model ab initio results must be compared to the first series of values (R =
d + d(CI1-Cl)/2), the resting and the “X” configuration ones to the second series (R = d).
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Table V. C;H,4 + Cl,. Total Intermolecular Energy (kcal/mol),
E\o1 = AEgcr + Edisp~ Bases (A, + By) and (A’ + B")

configurations

d, A axial i resting X
2.646 =246 (—4.27)4 -1.33

2910 =3.65(—4.47) -2.98

3.175 —=3.40(-3.67) -2.96 -0.86

3.440 =-2.76 —2.45 -1.50 -1.21
3,704 =2.09 (—2.00) —1.88 —1.45 —t.23
3.969 -1.04

a For the values given in parentheses the SCF calculations have been
performed using basis (A + B).

In our recent study of the (Cl,), system,3! our ab initio
calculations have been compared to the values obtained from
a Lennard-Jones type atom-atom potential (=% ;,4/R;;%, i
referring to the atoms of molecule 1, j to those of molecule 2).
The agreement was quite acceptable and we have tried a sim-
ilar approximation in the present work. Since the two polar-
izability components perpendicular to the C-C bond are nearly
equal,2’-?° we have considered C,H4 as a linear diatomic
molecule. The best agreement with our ab initio calculations
is obtained when the bond length of this “diatomic” molecule
is the C-C bond length and 4 = Y4(31slgasas/(Ia + IB)).
It is easy to understand the origin of the factor Y4 in A4 since at
large distances 1/R =~ Y4 (1/R13+ 1/R1a+ 1/Ra3 + 1/R24),
indices 1 and 2 referring to the first molecule, indices 3 and 4
to the second one. Comparing the term in parentheses with the
London formula, we see that they differ by a factor of 2: we
already commented on this in the previous section. The opti-
mum bond length of the “diatomic” model molecule is not
really surprising since we previously saw the relative unim-
portance of the polarization functions on H in the calculation
of the dispersion energy, and we also noted the same phe-
nomenon in our determination of the static polarizability.??
The polarizability of the CH bonds is very probably due, in
most part, to the carbon atom which is more polarizable than
the hydrogen atom. Table IV gives the values obtained with
this approximation (values in parentheses). Considering the
simplicity of this approximation, the agreement with our ab
initio results is quite satisfying for the four configurations.

(c) Total Intermolecular Energies. The total intermolecular
energies are finally computed as the sum Eyo = AEscE + Edigp.
Table V gives the values obtained from Table I1I (basis (A;
+ B,)) and Table IV (basis (A" + B’)). The four configurations
exhibit a minimum, the largest depth occurring in the axial
model. This configuration was already favored at the first it-
eration of the SCF supermolecule calculation. As seen for other
systems of nonpolar molecules,!8.3! the electrostatic energy,
due to the quadrupolar moments of the molecules, is not able,
or hardly able, to compensate the first-order repulsive energy
but may determine the relative stabilities of the configurations.
A parabolic interpolation of the values computed around the
minima gives a minimum depth of —3.73, —3.18, —1.56, and
—1.25 kcal/mol at d = 3.00, 3.04, 3.55, and 3.60 A for the
axial, “L”, resting, and “X” models, respectively. No experi-
mental data are available concerning the minimum well depths
and the corresponding intermolecular distances. By analogy
with some studies on the benzene-chlorine complex in solution,
Nelander!! estimates that the distance of C;H4++Cl, should
not be smaller than 3.0 A and that the energy of formation
should be about ~2 to ~3 kcal/mol. This last estimation is
based on so many assumptions (estimation of the energy in
solution, estimation of the van der Waals energy, assumption
that in solution the van der Waals forces are compensated by
the interaction with the solvent) that the value obtained must
be considered only as an indication.
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Tables I, 11, and IV allow us to evaluate the relative im-
portance of the different energy contributions. Considering the
most stable configuration in the region of the minimum, for
instance at d = 2.910 A, we find respectively +5.29 kcal/mol
for the first-order contribution, —3.58 kcal/mol for the in-
duction and charge transfer component, and —5.36 kcal/mol
for the dispersion energy. Clearly, though the induction and
charge-transfer contribution is important, it is not able to
compensate the repulsive first-order energy. The largest sta-
bilization element is the dispersion energy, as in the case of van
der Waals molecules. The role of the dispersion energy is the
same at larger distances and is still more striking in the case
of the resting and the “X” models which are strictly repulsive
at the SCF level.

As mentioned above, the ratio Eisp/ E gisp is about 1.3, E'gigp
being often considered, we have also used it instead of Egigp.
It is easy to check that E”4jsp is always larger than the charge
transfer and induction contribution. Our previous conclusions
are then also valid when E”gjsp is used. The interpolated mini-
mum depths are now —2.52, —2.14, —0.88, and —0.73 kcal/
mol at'd = 3.15, 3.22, 3.65, and 3.83 A for the axial, “L",
resting, and “X” models, respectively. Compared to the results
obtained with the use of Egjsp, the relative stabilities of the
configurations are not changed but the minimum depths are
now smaller for slightly larger intermolecular distances.

We already commented on the error involved in the SCF
supermolecule treatment when the “double {* basis (A + B)
is used. Table V gives the total energy results obtained with this
basis in the case of the axial model. As expected from Tables
IT and I11, the intermolecular energies are too attractive in the
region of the minimum. The interpolated minimum depth is
—4.51 keal/mol at d = 2.83 A. The use of the “double ¢ basis
set overestimates the minimum depth by about 21% and de-
creases the intermolecular distance by 0.17 A. We shall refer
to this result to estimate the error involved in the calculations
on C2H4 + BI‘z and C2H4 + 12.

C2Hy4 + Bry. The axial model of this complex has been
studied, using bases (A + C) and (A’ + C’) in the SCF su-
permolecule treatment and in the determination of the dis-
persion energy, respectively. The results obtained are presented
in Table VI.

Comparison with the values given in Table 1 for C;H4 + Cl,
shows that the first iteration intermolecular energies (AE )
are of the same nature for both complexes: they are only more
repulsive with bromine than with chlorine at intermediate
distances, the curve becoming attractive for a slightly larger
intermolecular distance.

Comparison with Table II (basis (A + B)) shows that the
induction and charge transfer contribution is larger with
bromine than with chlorine by a factor of 1.4-1.6. The inter-
polated SCF minimum depth of C;H4 + Br; is —0.87 keal /mol
atd = 3.57 A, Itis larger than that of C;H, + Cl; (Table I1I,
basis (A + B)) by a factor of 1.47.

As with chlorine, the charge transfer and induction energy,
though important, hardly compensates the repulsive energy,
and we must add the dispersion energy to correctly describe
the stability of the system. Comparison with Table IV shows
that the ratio Eqisp (C2H4 + Brz)/Ed;sp (C3;H4 + Cly) is about
1.2-1.3. The interpolated minimum depth of C;H4 + Brs,
obtained from the values of E\q, is —5.46 kcal/mol at d = 2.95
A. This minimum depth is larger than that of C;H4 + Cl; by
a factor of 1.2 (comparing to the equivalent basis (A + B) re-
sult) for a slightly larger intermolecular distance.

The ratio Eqisp/ E’gisp is about 1.35, as with chlorine. The
interpolated minimum depth obtained when E'gispis used in-
stead of Egispis —3.94 keal/mol at d = 3.03 A. The use of E'gs,
instead of Egisp again gives a smaller minimum depth and a
slightly larger intermolecular distance.

As discussed in the case of C;Hs + Cls, the use of the
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Table VI. C;H4 + Br,. Intermolecular Energy (kcal/mol) 4
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d A AE, AEind+cT AEscr Edisp E\o

2.646 19.77 -13.75 6.03 -=10.16 —-4.14
2910 8.03 —-6.78 1.26 —-6.69 —-5.44
3,175 2.95 -3.26 -0.38 —-4.40 -4.77
3,440 0.88 -1.69 -0.82

3.704 0.06 -0.88 -0.82

3.969 —0.19 -0.50 -0.69

4.233 -0.25 -0.31 -0.56

a Basis (A + C) is used in the SCF supermolecule treatment; basis (A’ + C’) is used to compute the dispersion energy.

Table VII. C,H, + 1,. Intermolecular Energy (kcal/mol)“

d A AE, AEjna+cT AEscr Egisp_ Eio
2.646 34.59 —-22.28 12.30
2.910 15.13 —-11.24 3189 -8.19 -4.29
3,175 6.15 -5.90 0.25 =5.56 -5.31
3.440 2.20 -3.14 -0.94 =375 -4.70
3,704 0.50 -1.69 -1.19
4233 -0.19 -0.50 -0.69

a Basis (A + D) is used is the SCF supermolecule treatment; basis (A’ + Dy’) is used to compute the dispersion energy.

“double ¢ basis (A + C) overestimates the delocalization
energy, mainly due to the superposition error. Thus £, should
be corrected. We saw, in the case of CoH,4 + Cls, that the de-
localization energy obtained with the large basis (A, + B5) is,
in the region of the minimum, about 79% of the value obtained
with basis (A + B). If we arbitrarily correct the delocalization
energy of C;Hy4 + Br; in a similar way at d = 2.646,2.910, and
3.175 A, the new values of E., become —1.25, —4.02, and
—4.08 kcal/mol, leading to an interpolated minimum depth
of —4.39 kcal/mol at d = 3.05 A. This value of the energy is
larger, by a factor of about 1.2, than the minimum depth of
C,H4 + Cl; obtained with basis (A, + B5). The intermolecular
distance is slightly larger than the corresponding one in C,Hy4
+ Cl,. The same conclusions were previously obtained when
we compared the uncorrected results given by the use of bases
(A+ C)and (A + B).

C2Hy4 + 1. In this case, we used basis (A + Dy’) in the su-
permolecule treatment and basis (A’ + D)) in the determina-
tion of the dispersion energy. The results obtained for the axial
configuration are given in Table VII.

Tables I, VI, and VII show that AE; exhibits the same
general behavior for all three complexes: the energy becomes
slightly attractive at large intermolecular distances, owing to
the electrostatic interaction between the quadrupoles of the
molecules. At intermediate intermolecular distances, AE;
becomes more and more repulsive when changing chlorine into
bromine and bromine into iodine. Similarly, AEi,g+cT (Tables
II, VI, and VII) becomes more and more attractive from
chlorine to iodine, this trend being independent of any neces-
sary correction of this term.

AFEscr (Tables I11, VI, and VII) exhibits the same general
behavior for the three complexes, with a small SCF minimum.
In the case of C;H4 + I, the interpolated SCF minimum depth
is =1.21 kcal/mol at d = 3.76 A. The minimum depth in-
creases from chlorine to iodine and, at intermediate distances,
the slope of the repulsive part of the curve becomes larger and
larger.

As in the previous systems, the SCF minimum depth of
C,Hy4 + I is very small and we must take the dispersion energy
into account to correctly describe the intermolecular interac-
tions. Tables VI and VII show that the ratio Egisp (C;Hs +
I5)/ Edisp (C2H4 + Bry) is about 1.2-1.3. A similar ratio was
previously obtained when we compared bromine and chlorine
and we saw that the use of basis (A’ + B;’) instead of basis (A’
+ B’) involves only a very small change. The interpolated

minimum depth of C;H, + 1, obtained from the values of E
(Table VII), is —5.32 kcal/mol at d = 3.23 A. The use of a
basis of type (A’ + D) instead of basis (A’ + Dy’) in the cal-
culation of the dispersion energy would probably give about
—5.40 kcal/mol. We may note that, while the intermolecular
minimum distance increases from chlorine to iodine (and more
from bromine to iodine than from chlorine to bromine), the
minimum depth (obtained with equivalent bases) increases
from chlorine to bromine but not from bromine to iodine.

The ratio Egisp/ E'disp is about 1.37, close to the value ob-
tained with chlorine and bromine. The use of E'4jsp instead of
E gisp gives a smaller minimum depth (—3.99 kcal/mol) for a
slightly larger intermolecular distance (3.28 A). This trend was
also observed with chlorine and bromine.

In the case of C;H4 + Bry, we corrected the induction and
charge transfer term by analogy with the change involved in
the C,H4 + Cl; results when a larger basis set is used. In a
similar way, we can correct the determination of AEjpg+cT
given in Table VII, taking 79% of the value in the region of the
minimum. The new values of £, become —1.93, —4.07, and
—4.04 kcal/mol at d = 2.910, 3.175, and 3.440 A, leading to
an interpolated minimum depth of —4.33 kcal/mol at = 3.30
A. Comparing to the modified determinations obtained with
bromine, both minimum depths are nearly equal, the inter-
molecular minimum distance being somewhat larger with io-
dine than with bromine. These two minimum depths are larger
than the minimum depth of C;Hy4 + Cl; obtained with bases
(A; + B3) and (A’ + B’) and the intermolecular minimum
distances vary as previously described with unmodified de-
terminations. It then appears that the correction of AEjnd+cT
modify the minimum depth but not the relative behavior of the
three complexes.

V. The Nature of the Intermolecular Binding

We commented in the Introduction and in our previous
studies!3'4 on the need for theoretical work in order to explain
the origin of the stability of such complexes. In our early
study!? on C;H4 + Cl, we discussed the possibility of a
three-center covalent bond and concluded to its inadequacy
at the position of the SCF minimum: both chlorine atoms
contribute only very little to the = ethylene bond and, from the
sign of the coefficients, there is no possibility of binding be-
tween each carbon atom and the first chlorine atom. The sit-
uation is exactly the same with bromine and iodine: the con-
tribution of both atoms to the x ethylene orbital is now larger
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but with no possibility to form a three-center covalent bond.
At the position of the total energy minimum, the = ethylene
orbital is more perturbed by the presence of the halogen mol-
ecule but there is no qualitative change. Thus, we definitively
exclude the possibility of a three-center covalent bond and we
shall analyze the binding in terms of intermolecular interac-
tions.

We saw, from Tables I, V1, and VII, that the first iteration
intermolecular energy gives a very small minimum owing to
the electrostatic interaction between the quadrupoles of the
two molecules of the complex. Tables I1, VI, and VII show the
importance of the induction and charge transfer energy.
However, this contribution, though not negligible,gives only
a small part of the total minimum depth. This is compatible
with experimental data which conclude the existence of a
“charge transfer complex” '3 since we studied only the fun-
damental state while experimental work also considers the
excited states of these complexes. Keeping in mind that the
induction and charge transfer component is overestimated in
Tables VI and VII, it is clear from Tables I1, IV, VI, and VII
that the dispersion energy is larger than the induction and
charge transfer contribution in the region of the total energy
minimum and becomes of the same order of magnitude in the
repulsive part of the curve. Such an importance of the disper-
sion energy is also encountered in van der Waals complexes.

VI. Conclusions

We can summarize the main points discussed in this
paper.

(1) Our calculations on the Co;H4++Cly complex show that,
among the different configurations studied, the most stable one
is the axial geometry.

(2) In this axial configuration, the three complexes
C,H4Cly, CoHyeoBry, and C;Hye 15 exhibit strictly the same
general characteristics for each intermolecular energy com-
ponent. The features are only more pronounced from Cl; to
I,.

(3) The nature of the binding must be described in terms of
intermolecular interaction contributions and not as a three-
center covalent bond. The charge transfer energy, though not
negligible, is not able to ensure a really significant stabilization
energy in the fundamental state. It is necessary to take account
of the dispersion energy, as in van der Waals molecules.

(4) No experimental data are available concerning the
minimum depths and the corresponding intermolecular dis-
tances of these complexes. From our calculations on the axial
configuration, chlorine gives the smallest stabilization energy
(—3.73 kcal/mol) and the smallest intermolecular distance
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(3.00 A); bromine and iodine give about the same stabilization
energy (around —4.40 kcal/mol when Ej,q+cT is corrected)
but for different intermolecular distances (3.05 and 3.30 A,
respectively).
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