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The methods of calculating electrostatic polarization, as well as the charge-transfer
contribution to the infrared intensity of the acceptor bands in complexes has been extended
to sandwich-type complexes: TCNE-benzene and TCNE-paraxylene. Due to the different
selection rules for the electrostatic polarization and for the vibronic charge-transfer effect,
the experiment renders possible a partial separation of the two effects. It has been demons-
trated that the electrostatic polarization is responsible for the change in intensity of the
allowed TCNE bands, and only partly for that of the forbidden bands; the high activity of
the induced transition of the 1554 cm~! mode ‘cannot be justified except by the admission
of the charge-transfer vibronic effect described by the model of Friedrich and Person.

1. Introduction

The physical properties of -the electron donor-acceptor (EDA) complexes, called
(not quite properly) the “charge-transfer” complexes, constitute a very important problem
for theorists as well as experimenters. During several years the major part of the effects,
observed in the ground state of these complexes, e. g. the formation constant, the magnetic
properties, the appearance of the induced dipole moment and its variation during vibration,
manifested by the enhancement of the IR band — has been interpreted in terms of the
Mulliken charge-transfer theory [1, 2].

The point of departure of this theory is the assumption, that the ground state wave
function, py, can be obtained by the mixing in of a small admixture of the dative state
wave function, v, , corresponding to the complete electron transfer from donor to acceptor
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— to the no-bond state wave function, v, that includes all the classical interactions between
a donor and an acceptor, i. e.

Yy = apo+byy. 6))

According to this theory the mixing coefficients, @ and b would be the decisive param-
eters in determining the properties of the ground state of the complex. Unfortunately,
this expectation has been not confirmed by experiment.

Due to this disacordance, the Mulliken theory became since 1965 a subject of intense
criticism [3, 4]. The main objection has concerned the restriction of the number of mixing
states to only two (or three), while the general theory of intermolecular interaction between
two arbitrary molecules should involve the mixing of all the excited states of both molecules.

Such a general theory of intermolecular interactions has been developed between
1965 and 1968, independently by the group of Pullman [5-7], and by Murrell [8, 9].
When the perturbation calculations for the interaction between two molecules 4 and B
are executed up to the second order, with the zero order wave function taken as the
product of ®¢ and &f — then the interaction energy readily separates into three parts:

(i) the diagonal U matrix elements, associated with the state ¢ - &g, giving the first
order correction to the energy, which can be interpreted as the classical electrostatic
interaction,

(i) the second order correction to the energy, associated with the states of single
excitation, &¢ - ®F, and @7, &§ which can be interpreted as the classical induction energy,
and

(i) the second order correction to the energy, associated with double excitation —
@2 - @B states, which is the London dispersion energy.

These threc contributions are sufficient to describe the long range interaction; for the
medinum range the orbital overlapping gives rise to the repulsion and charge-transfer
energy. With the aim of including the overlap in the calculation, Murrell has introduced the
wave function, which allows for the exchange of electrons between the two molecules;
this zero order function is & - @a(i) - P5(j) where o is the antisymmetrizing operator.
In the expansion of the states &* - @7, apart from the locally excited states of the type
@2 - @8 and of - #F, the charge-transfer states of the type &*° - ®®~ and @47 - *
appear.

The double perturbation expansion with U (an interaction energy) and S (an overlap
between 4 and B), as parameters, leads to the new energy formula, containing, besides
the previously enumerated contributions also the additional terms:

(iv) the contribution of the first order in U and second order in S, plus the contribution
of the second order in U and in S, named by the authors “the exchange energy” and
“the exchange-polarization energy”, respectively,

(v) the contribution of second order in U and second order in S, originating from the
ionic states, giving the charge-transfer stabilization energy.

This general formulation of the intermolecular interaction problem in the region of
small overlap (up to 0.3) — suggests that the charge transfer interaction cannot constitute
more, than a small part of the whole interaction energy.
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The appearance of this theory has been followed by numerical calculations, in which
the separate terms are approximated as far, as possible, by the expressions. containing
experimental parameters, such as dipole moment and polarizability. The calculations
performed by Mantionne [10, 11] for several complexes of tetracyanoethylene (TCNE)
with aromatic hydrocarbons and with a series of pentagonal heterocycles has demonstrated
the dominant role of the Van der Waals interactions in the stabilization energy and in the
dipole moment of the complex. The author did not try to compute the charge transfer
contribution, estimating it as insignificant. Nevertheless, Lippert, Hanna and Trotter [12]
have still compared the charge-transfer contribution calculated by the method of Murrell,
Randic and Williams [8] to Van der Waals and repulsion contributions, and concluded
that they are of comparable order.

Recently there were some attempts to treat the problem by the more sophisticated
methods of quantum chemistry, but unfortunately without great success. The calculations
of Chesnut and Wormer [13] using CNDO method suggest that the maximum stabiliza-
tion energy for the TCNE-benzene complex occurs at interplanar distance, 1.75A i. e.
about two times shorter than the experimental one. The calculations by Ohta and Fujikawa
[14], performed using MINDO/2 method suggest that the potential energy curve of the
interactions between TCNE and benzene has no minimum at all. Thus, at present these
theories do not seem to be useful for large systems.

The enhancement of the infrared forbidden band in complexes has been interpreted
previously in terms of the charge-transfer model, suggested by Ferguson and Matsen [15]
and developped by Friedrich and Person [16]. In 1967 Hanna and Williams [17] have
proposzd a method of calculating of the electrostatic contribution to the infrared intensity
and frequency shifts of the induced bands. Their results suggest that this electrostatic
contribution explicates the whole observed intensity of the halogen stretching band in
halogen-benzene complexes. Mantionne however has pointed out [17], that these authors
have taken a faulty value for the quadrupole moment of benzene. The value predicted by
Mantionne by the transition moment factor, My, yo for the I, vibration in the TCNE-
-benzene complex is nearly four times lower, than that predicted by Hanna and Williams
—but her final conclusions, concerning the role of the electrostatic contribution are
similar.

On the other hand Szczepaniak and Person had demonstrated, [18], that the contribu-
tion to the intensity and frequency change of the HCI band for the HCl-benzene complex
evaluated using the charge-transfer model is slightly more important, than that using the
electrostatic model.

- 2. The setting up of the problem

The subject of this work is the competition of the charge-transfer and electrostatic
contributions to the infrared intensity of the TCNE stretching bands in TCNE-benzene
and TCNE- para-xylene -complexes. The sandwich-type complexes-(like the complexes
under study) have an advantage over the halogen-aromatic complexes in the difference in
the selection rules governing the electrostatic and charge-transfer contributions. The
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electrostatic model permits in general the enhancement of the planar modes, allowed for
an isolated molecule, as well as of the forbidden, induced transitions. The charge-transfer
model does not allow but the totally symmetric induced transitions, which in a sandwich-
type complex are polarized perpendiculary to the plane of vibration [19, 20]. In this way
the experiment renders possible a partial separation of the two effects.

In ‘the previous paper [21] the author have demonstrated that the experimental
intensity change of the infrared C—H stretching bands of naphthalene due to the forma-
tion of a complex with TCNE, is of the same order, as that, predicted by the calculations
of the electrostatic contribution. Well, in (b7, an) complexes the electron transfer affects
the delocalized m-electrons, and should not influence the infrared activity of the o-bond
vibration. The agreement of the experimental data with the data, calculated using the
electrostatic model — can be treated as the verification of the adequacy of the theory
adopted.

In this paper we have used the same method of calculation for the problem of TCNE
infrared band intensity in complexes. The calculations of the contribution due to the
electrostatic polarization will be based on the Hanna method, with the modifications prop-
osed by Mantionne [17]. For the calculations of the charge-transfer contribution, the
theory of Friedrich and Person [16] will be used, but the potential curves for the bond
examined will be determined in another manner.

3. The estimation of the electrostatic polarization contribution

Two symmetrical configurations of the donor-acceptor pair, considered in this work —
are presented in Fig. 1. For the C=N and C—C bond only configuration I has been taken
into account; for the C=C bond the results obtained for the two configurations have been
compared one to another. The interplanar distance has been assumed to be 3.5 A

The idea of Hanna is the following: The dipole moments of the bonds, as well, as the
quadrupole moments of the 2p orbitals of the carbon atoms of the donor create an electro-
static field on the acceptor molecule. This field induces in turn a dipole moment i on
a separate bond of TCNE,

I-'Zind = “Ea V)]

where « is the polarizability of the bond and E — the electric field strengh.

Since the electric field along the bond is both nonuniform and nonlinear, some kind
of averaging procedure which distributes the polarizability over the bond must be used
[22]. We have chosen the division of the polarizability « into parts ko and k,o, propor-
tional to the atomic polarizabilities, located at each atom. The induced dipole moment will
then be

ﬁind = k1°‘E1 +k2°‘Eﬁ, )]

where E; and E, are the electric field strengths at the atoms forming the bond and k; °
and k, fulfil the relation: k;+k, = 1.
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The direction of the field forms a certain angle with the direction of the bond and there-
fore the field can be decomposed into two components: one parallel, E/l, and the other
perpendicular to the bond, EL.

As the molecule vibrates, there will be two contributions to a change in the induced
moment: a contribution due to the change of polarizability upon vibration, and a contribu-
tion due to the fact, that atoms 1 and 2 experience different fields. Thus, for the parallel
component and for the perpendicular one

ol da da! OE} OE)
T V=K Eld4k,(— B+ kol + =L ph,al =2,
(“)(67') 1<6 ) 2(67‘) 2R+ ar + ku o

ot oot o oEL OB+
W) = b (20 Bt by (22) B ket 8 o ppt 22 3)
or or or or or

0 - ; ;

This procedure gives the set of (a—u—) — the dipole moment derivatives with respect
5

to the length of the bond: C=N, C—C and C=C. Now, these quantities have to be

Fig. 1. Geometrical configurations of the TCNE-benzene and TCNE-paraxylene complexes used for
calculations

transformed into appropriate dipole moment derivatives with respect to the normal co-
ordinates; these are just the values which can be compared to the experimental values;
The calculations fall into three steps:
a. The evaluation of the field strengths on all the atoms forming the C=N, C=C

‘and- C~C bonds.
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b. The evaluation of the dipole moment derivatives with respect to the bond length,
polarized parallelly and perpendicularly to the bond.

c. The transformation to normal coordinates for the infrared active vibrations of
the complex.

a. The evaluation of the field components

As has been mentioned above the field created by the benzene molecule can be due:
to the dipole moment of the C—H bonds and to quadrupole moments of the carbon 2p,
and sp? orbltals

As cistomary, we divide the dipole moment of the C—H bond into ‘appropriate
charges localized on the carbon and hydrogen atoms. There is a considerable discrepancy
about the magmtude and even the sign of these charges. This subject has been widely
treated in the paper by Hanna [23]. The extended Huckel method, the method of del Re
[24] and the SCF method, developed by Lipscomb [25] give values from 0.04 to 0.10,
with the ““+ " sign on hydrogen. The recent CNDOJ/2 calculations, performed by Boucher
and Cremashi [26] give a negative charge ‘of about 0.01 on hydrogen; the opinion of many
theorists i however that the results: obtained by the CNDO and MINDO method have
no absolute significance, but can be treated only as comparative values within a series of
compounds; the method based more directly on the experimental parameters, as that of
Orville-Thomas [27], utilizing the infrared intensity data, and considering the rehybridiza-
tion effect during the C—H bond bending, as well, as the del Re method — inspire more
confidence [28]. This being so we have adopted the values —0.053-and +0.053 for the net
charges on the C and H atoms respectively of the C—H bond in isolated molecules of benzene
and para-xylene according to the calculations of Mantionne based on the extended Del Re
method. Besides, it is necessary to account for the supplementary net charges, originating
from the dipole moment induced on the C—H bonds of the donor, by the acceptor molecule.
For these induced charges on the C and H atoms of the C—H bonds we have adopted the
value 40.010, calculated from data of our previous paper [22] for- naphthalene-TCNE
complex.

Finally, the net charges on C and H are: —0.063 and +0.063, respectively.

The n-charges on the carbon atoms for para-xylene as evaluated by Krygowski [29],
using the Hiickel method are +0.033 on the carbon atom of the methyl group, +0.016
on the neighbouring ring carbon atom and —0.025 on the four remaining carbon atoms.

The role of the quadrupole moment of the charge distribution on the carbon atom
has been first recognized by Hanna [23]. He has considered the quadrupole moment of
the 2pn orbitals, while neglecting the potential due to the quadrupole moment of the sp?
orbitals. Mantionne has claimed [18], that this procedure is not legitimate. Claverie [30]
has pointed out, that, if for the neutral, trigonally hybridized carbon atom all the 2p
atomic orbitals are supposed to. be identical, the quadrupole moment of a 2pr orbital is
exactly cancelled by the combined. quadrupole moment of the three sp? orbitals. The value
of the quadrupole moment of benzene, obtained from the analysis of virial coefficients is
still larger ‘than can be expected if accounting but the quadrupole moment, resulting
from the three quadrupoles formed by the charge distribution H*—C-... C-—H™". To
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justify this experimental fact, Mantionne has adopted different Slater coefficients for the

2pr and 2po orbitals of benzene, namely ¢, = 1.59 and ¢, = 2.01, similary, as Griffith
and Goodman [31] have done for acetylene.

The resultant quadrupole moment parallel to the z-axis dug¢ to the charge distribu-
tion of the three sp? and one 2p, orbitals would then have the value

1 2 1 2
Qi B3 szn_QZPU = —12 [(2_6_") = (2?6) :’ = —0444 au. (4)

(the value used by Hanna was 1.14 ai.)

This value has been used in our calculations for the TCNE-benzene and TCNE-para-
xylene complexes.

Fig. 2. Coordinates used in the calculations of the field strengths on the atoms of TCNE

The electrostatic potential resulting from the quadrupole moments

! of the;a,romatic
ring at a point, localized at C j atom of the C—C group of TCNE molecu

le would be [32]
1
ch = Z _ZRT {Qi(3 0052 (p,-j—l)}, (5)
iJ

t

where R;; is the distance of the C ;atom of TCNE from the i-th carbon atom, Ci, of benzene

(or, para-xylene), and #.; — the angle between R, ; and the z-axis.
‘For the projection of the field strength, -due

to the quadrupole 'moment, plus that,
due to the dipole moments, on the directions: parallel, (|]) and perpendiculat 1) to the
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bond we have obtained

where f;; is the angle between R;; 2
or C=N), ¢;;is an angle between R;;

—q 3
() Ee, = 2{% cos By — 213”

- sin @5 cos? ; ;—1) cos yij}

t

—4q;
(L) E¢; = E {———R‘Z COS @y;—
i .

ad the direction of the bond examined (C—C, C=C
and the z-axis, and y,; — the angle between the direc-

i

2R},

tion of the bond and the projection of R; ; on the xy-plane (Fig. 2).

TCNE-
benzene

TCNE-
p-xylene

e,

2 These are the mean values for two con

The hydrogen atoms and the methyl groups create at t!

30,
% cos @,(5 cos® <p,-j—3)} ,

©®

™

TABLE I
The electric field strengths on the TCNE atoms
| Field strength Ex 10-5 esujcm® oE
= —_ —| o X1
due to due to .

‘ point charges |quadrupole mom. total esu/cm
En(|]) ‘ 0.140 0.135 0.275 —0.12
Ec, (It 0.182 0.165 0.347 +0.01
Ec, (1) 0.037 0.082 0.119 +0.18
En(L) 0.031 0.038 0.069 —0.10
Ec, L) ‘ 0.184 0.180 0.364 +0.12
Ec,(L)? 0.334 0.332 0.666 —-0.04
En(lD) 0.171 0.133 0.304 —-0.05
Ec, 110 0.160 0.176 0.336 —0.01
Ec;(1D 0.014 0.128 0.142 +0.15
Ex(L) 0.051 0.025 0.076 -0.10
Ec, (1) 0.147 0.190 0.337 +0.11
Ecz(J.)z 0.326 0.335 0.661 —0.04

is a carbon atom forming the C=N bond, C.

of “strength

i

In Table I the electric field strengths obtained in this way are

() Ec, =

L Ec, =

C=N, C=C and C—C bonds.

figurations examined.

s cos B
R} H

i

i
—5- COS @y
2 i
Rj;

i

— the carbon atom forming the bond C=C.

he C; atom of TCNE the fields

®

®

given for all the atoms of the
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b. The evaluation of the dipole moment derivatives with respect to the
bond length coordinates :

With the aim of evaluating the dipole moment derivatives w1th respect to the bond

Badll
length coordinates knowledge of the following parameters is needed: o!l, at, v and
s
Gkl
at The values of the bond polarizability has been taken from the monogtaphy of Hirsch-
r
felder, Curtis and Bird [32]. For the polarlzabﬂlty derivatives parallel to the bond, the
values, estimated using the & function model by Lippincott and " Nagarajan [33] has
been utilized. The perpendicular component of the polarizability derivatives can be evaluated
from the degree of depolarization, g, of an appropriate Raman line. For lmearly polarized
incident light the degree of the depolarization 0, is expressed by

i
12

3y

e - 10
Op 45a72+4y12 (10)

N e (60:” g 60&)_ e . ' (60(” oot
where 3o’ = | ——]is the trace, and y = {— —
00 20 00 00

of the tensor of the polarizability derivatives with respect to the normal coordlnates
L L
We have assumed approx1mately that the ratio @c__ ﬂ is equal to the ratlo -@‘-— ai”
or; oy ©00; 00,
for the appropriate @;; the last ratio can be evaluated from the experiment_alf 4.vailue of g,
using formula (10). ‘
The degree of depolarization of the Raman line 2220 cm—! of TCNE in the ‘berizene

and para-xylene solutions, as well, as of the line 1554 cm~! in the benzene solutions has

) the amsotropy

TABLE II
Parameters used in the calculation of the dipole moment derivatives due to the electrostatlc polarlzatron
Bond C=C Cc-C I C=N
all x 1025 cm? ‘ 28.6 | 18.8 ‘ 31.0
ol x 1025 cm? 10.6 | 0.2 : ‘ 14.0
el \
—-x 106 cm? 6:7 ‘ 4.4 6.9
¥
in benzene ’ | 0.078.+0.008 ‘ 010 0.065£0,007
e p-xylene ‘ = 0.10 0.060+0.008
2L\ [ oell\ fin benzene 0.36 | 031 0.39
or ) or in p-xylene | — — 0.40
( oL ) {in benzene o ‘ .y | ‘ 13 270

or J |in p-xylene A ] SR | 275
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been measured with the aid of the Goderg PHO Spectrophotometer, using the 6471 A
krypton laser line as the exciting line'. For the C—C stretching line of TCNE the value
of p given by Svierdlov, Kovner and Krainov [34] for the analogical line of tetracyanoethy-
lene has been used. All the parameters are given in Table IL

TABLE III
Dipole moment derivatives with respect to the internal coordinates -
oo oF. oF [
(k1E1+EAEy) —— (kx L ks 2 )“ il DAY
or or or or
TCNE-benzene ] ‘ g
| C=N | 0.218 —0.014 0.204
I} c—C 0.102 —0.016 0.086
1 C=N 0.064 0.009 0.073
1L c-C 0.069 0.000 0.069
1L C-C 0.160. —0.016 0.144
TCNE-p-xylene |
I} C=N \ 0.222 0.005 0217
|} c—C ‘ 0.105 —0.013 0.092
1 C=N 0.062 +0.003 0.065
1L C-C 0.159 —0.004 0.155
1 Cc-C l 0.067 0.000 0.067

The dipole moment derivatives with respect to the bond length coordinates has been
calculated from formula (3) with the parameters: k; = k, = % for C—C and C=C bonds,
and ky = 2, ko = % for the C=N bond. The results are presented in Table III; the con-
tribution due to the change of the polarizability and that, due to the field change upon
vibration, are separately given. :

c. The evaluation of the dipole moment derivatives with respect to the
normal coordinates

The set of the four C=N bonds, as well as the set of the four C—C bonds gives rise
to four vibrations of the symmetry species dy,, b3, by, and by,. For the transitions associated
with the polarizability change along the bond direction, the transformation from the
dipole moment derivatives with respect to the internal coordinates, into these with respect
to the symmetry coordinates — will be the same in complex, as in the isolated TCNE
molecule, namely:

ou a'ull

by, 6_5'1; = -2 —ar—cos 120°, where r{iC =N

1 These measurements have been performed during the author’s stay in the Laboratory of Molecular
and Crystal Spectroscopy of the Paris University V, directed by prof. J. P. Mathieu.
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I
OB _ 2% os120°,  where rlC—C,
AP or ‘
. aull
by, asi = 2air sin 120°,  where r|IC= N
2 =22 Gn120°,  where r|C—C. (1)
0S5 or

All the b3, and ay, transitions, (the C=C stretching vibration included), associated
with the parallel dipole moment derivitives remain infrared inactive.

On the other hand the transitions associated with the component of the polarizability
derivative perpendicular to the bond are different from zero just for the totally symmetric
vibrafions, and the new transformation relations hold

) op*
a, R —'u_, where r1LC = C
oS, or
7 out
et ) £ » where rLC—C
aS, or
d out
é =2 :—r , where r1C =N, (12)

The dipole moment derivatives with respect to the symmetry coordinates will in turn
be transformed into these with respect to the normal coordinates through the L-matrix,
according to the formula [35, 36].

) 0
_li = Lij i .
0Q; aS;
i
where » is the number of the vibrations belonging to the same symmetry species. In general
the summation is extended over all the coordinates of the same symmetry species. In
practice, however, contributions from some vibrations are insignificant. We feel that in

our case the bending modes do not contribute to the induced absorption and therefore
only the contribution from the stretching modes have been considered.

(13)

TABLE 1V
Symmetrized L-Matrix for TCNE
Qo Q11 Q4 QO1s 0O Q. Os
Byy By A4 1g
2230 952 2253 1152 2234 1569 557
Sio 0.2478 | 0.2261 Si4 0.2941 | 0.3486 St —0.0627 | —0.3966 | -0.0046
S11 | —0.3898 | 0.0486 S1s | —0.3841 | 0.0848 S> 0.2578 0.1874 | 0.1249
Ss | —0.3870 0.0645 | 0.0228
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TABLE V
Electrostatic contribution to the IR intensity
TCNE-benzene TCNE-para-xylene
Symmetry Mode Polarization a
Freq. (_Ei,u_) Freq. a—'u
©\ 9@ 20
= 1
Qig V1 L 2220 0.026 2220 0.025
asyg V2 1 1554 0.022 1554 0.025
QAig V3 1 557 0.021 557 0.025
b Y10 Il 2216 0.058 217 0.062
bau V11 1l 950 0.029 950 0.031
bay V14 1] 2251 0.092 2250 0.097
bay Vis il 1150 0.070 1150 0.087
a g ,
B are in (D/A (amu=1/2).
00

We have utilized the L matrix supplied kindly by professor J. P. Devlin, from Okla-
homa State University; the elements L;; relating to the modes of interest are given in
Table TV, and the final results in Table V.

4. The. evaluation of the charge-transfer contribution

The vibronic charge-transfer effect is included in the framework of a general theory
of the electron delocalization contribution to the infrared intensity [37, 38]. The idea of
this theory is, that motion during a particular vibration may cause an extensive reorientation
of electrons, as the electronic wavefunctions change with changing nuclear configurations.
According to the formalism developed by Friedrich and Person [16], this change is associ-
ated, in charge-transfer complexes with the change of mixing coefficients during a particular
vibration. The difference between the dipole moment derivative, T%g— , and the intrinsic

J

-

. . 0 -

dipole moment derivative (that for an isolated molecule), —a—ﬂl-;—v—‘, named “‘delocalization
J

moment”’, or “delocalization charge” — is obtained in the form

op iy b\ -~ - .
PN (XY~ 2b [ = ) [y —pol = My, 14
<3‘R1> (6R,) (aRJ> Ly ol ‘ S

where 1i; and Ho are dipole moments of the no-bond and dative structure, respectively;
b is depending on R; through B, — the resonance integral and through 4 — the energy
difference.in the dative and no-bond states. The last quantity is expressed by

4 = I~ E3+(G1—Go)s NS
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where Ij) and Ej are the vertical ionization potential and the. vertical electron affinity,
respectively, and G;—G, — the change in the electrostatic energy, that occurs when
acceptor and donor molecules are brought together in the complex.

It is generally assumed, that the resonance integral f,, (including the overlap integral),
does not change during a symmetrical planar vibration. In the case of an acceptor molecule
b is therefore dependent on R; mainly through the vertical electron affinity. The final
relation will be

OE 1
= 2a%p? ) Iy S )
M a <6Rj> Y, [us — #o] (16)

The values 4 and p; — o needed in our calculations have been taken from the paper by
Chan and Liao [39].

i, E4 .
How to estimate the quantities —aR—A , @ and b constitntes, however, a separate
J
problem.
~ 1)

; OE '
According to Friedrich and Person [16] the quantity 6RA is equal to the slope of

J

the tangent line to the acceptor potential curve for the dative state in the equilibrium point
for the no-bond state. In the case of the diatomic acceptor molecule (that a halogen mole-
cule is), there is one potential curve for each of the dative and the no-bond state. In the
case of a polyatomic molecule (as TCNE molecule) — separate potential curves for differ-
ent bonds are needed.

Next, in the case of a diatomic acceptor molecule the orbital into which an electron
is transferred in the dative state, is associated with only one bond. In the case of a TCNE
molecule the charge of the electron transferred in the first vacant orbital is distributed over
all the existing 9 bonds. Therefore, to obtain the proper values of the quantities a® and 52
we have to find the rates at which electron charge is concentrated on separate TCNE
bonds.

Now, if the potential curve for a definite bond of TCNE ™ is given by a Morse potential,
the derivative evaluated in r, is

ED
(66_7:4)-—.- = ZDa(TCNE_) : ﬁa ' {1 —exp [_ﬂa(re_ra)]} * CXp [—ﬁa(re—ra)]' (17)
Here D,(TCNET) is the dissociation energy of TCNE™, B, is the Morse constant for
TCNE", r, is the equilibrium bond distance and r, is the anion equilibrium bond distance.
The evaluation of the set of parameters D,, f, and r, for the bond C=C and C=N
has been based on the data obtained by Hinkel and Devlin [40] for the radical anion salts
of TCNE, namely r, has been obtained from r, and the force constant k and k, for the
appropriate bond in TCNE and TCNE™ respectively, using the realation- [41]

k=A-e® where A and B are constants. (18)
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B, is calculated from [42]
s

B, =12177x 107w,
D,

) (19
where 4 is the reduced mass, , — the frequency in the anion and D, is expressed in
cm-t. D, is obtained from the correlation between the dissociation energy and bond length
in diatomic molecules. The potential curves for the C=C bond are shown in Fig. 4.

TABLE VI
Parameters used for the estimation of the delocalization moment

a. Parameters of the potential energy curves

C=C C=N
Dissociation energy in TCNE™ 31200 cm?! | 74.300 cm‘l.
Symm. stretching freq. in TCNE 1569 cm! 2235 cmt
Symm. stretching freq. in TCNE™ 1392 cm* 2200 cm™t
Change in bond length 0.098 A 0.011 A

- .. 0E} :
Electron affinity derivative 2.91 eV A | 0.48 eV At
i
b. Parameters associated with the complexes
TCNE-benzene l TCNE-p-xylene

Dipole mom. in dative state 16.8 D. 16.3 D.
Energy difference, 4, 291 eV 2.50eV
Weigth of the [C=C 0.0217 0.029
dative structure |C=N 0.0023 | 0.003

The total value of the approximate weight of the dative structure, b is assumed equal,
to 0.031 for the TCNE-benzene and 0.041 for the TCNE-paraxylene complex, according
to Chan and Liao [39]

TABLE VII

Charge-transfer contribution to the IR intensity

Delocalization moment
Complex - —
TCNE-benzene i TCNE-p-xylene
My() for C=N bond (D A-Y) 0.013 0.018
M) for C=C bond (D AY) 0.722 0.095
My(Q) for 2220 cort (D A-! amu-1/?) 0.090 1.138

MyQ) for 1554 cm* (D A~! amu~'/?) | 0.286 | 0.432
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The very critical point is the division of the charge between the C=C and C=N bonds.
The simplest way would seem to divide it proportionally to the bond orders, evaluated
using MO ceofficients. Unfortunately, as Hinkel and Devlin have pointed out, [40], the
available molecular orbitals for TCNE. fail in estimating the proper force constants for
the anion. Therefore we have decided to base our division on the experimental data:
the rate at which charge is transferred is assumed proportional to the change in the bond
length, evaluated from the experimental force constants. Moreover it has been assumed,
that, when an electron is transferred to the first vacant orbital of TCNE, the charge is
distributed between the C=C and C=N bonds, but does not affect the C—C bonds.

All the parameters used in the calculations are collected in Table VI .The values of
the delocalization moment (M), represented with respect to the internal coordinates,
as well as those, evaluated with respect to normal coordinates (M) — are given in
Table VII.

5. Experimental data

The infrared absorption spectra of TCNE solutions in benzene, para-xylene and
ethyl acetate in the region of the C=N stretching vibrations have been obtained with the
help of the Hilger H 800 spectrophotometer. The concentrations ranged from 0.015 to 0.023

|
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[/
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1500 1520 1540 1560 1580 cm-

Fig. 3. The induced band in the 1500 e region. The low frequency wing has been corrected on the basis
of the assumption, that the band is symmetrical

mmol/cm®. The two observed bands near 2215 and 2250 cm~! have been separated graphi-
cally. The investigation of the forbidden C=C band is very difficult, because in this region
there occur strong solvent bands. We have succeeded except for the case of the benzene
solution. Two methods have been used:

1) the method of compensation by the absorption of the solvent placed in the reference
beam; the band contour obtained in this way with the Perkin-Elmer 577 type spectro-
photometer is shown in Fig. 3,
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2) the method of graphical substraction of the solvent absorption from the absorption
of the solution; this time the UR20 spectrophotbmeter has been used.

The theoretical considerations concern a -donor-acceptor pair. In the ‘experiment
however we deal with donor-acceptor pair surrounded with the donor molecules. With
the aim of eliminating the effect of the internal field created by this surrounding, we have
utilized the Hirota equation [43]

B 3282 +n?)

8 _ R
B, (n*+2)-(2e+1)*’

(20)

where B, is the intensity in the gaseous phase and B,; — the intensity in solution. The
Hirota equation has this advantage over the other ones, that it accounts for the polarity

I3

| i

3EY
Fig, 4. The potential curves for the C=C bond of TCNE and TCNE~. The value of ( x ; ) is equal to
the slope of the tangent line
of the solvent (important for the case of ethyl acetate). We have assumed that the intensity

of the donor-acceptor pair is approximately given by the intensity evaluated for the
gaseous phase. The values of the dipole moment derivatives with repect to the normal

coordinates are approximately equal to 1.1936 \/ % 1019 D/A amu~ '3, where B is the
=1, .

band intensity in cm/m mole, and N, is the Avogadro number.
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TABLE VIII

Experimental results

Solvent v Bexp ‘ _a"f.) A a_‘u
0Q Jexp o0
cm! darks | D/A (amu~1/?)
p-xylene 2250 2047 +98 ‘ 0.602+0.028 0.098 +0.046
p-Xylene 2217 1296+ 60 0.479+0.022 0.130+0.055
benzene 2251 1872+£29 0.576 £0.016 0.076 4+ 0.034
benzene 2216 1337437 0.487+0.014 0.13840.056
ethyl 256 1577+ 56 0.504+0.018 —
acetate 2221 970493 0.349 4-0.033 \ —
benzene 1554 [ 406+ 39 0.268+0.025 |  0.268+0.025

The experimental intensity (Q,,), and the dipole moment derivatives, evaluated

0
for the donor-acceptor pairs, (—/i) are given in Table VIIL
exp

The experimental values, (—Pi) is the sum of the intrinsic moment derivative,
exp

characteristic of an isolated molecule and a supplementary moment derivative, due to
the complex formation. Since the intensity values of the gaseous TCNE are not available,
we have assumed that they are not higher than the intensity in the ethyl acetate solution:
the difference between the band intensity in the benzene or para-xylene solution, and that
in ethyl acetate solution (the last column of Table VIII) is then considered as the lower
limit of the intensity change due to the EDA complex formation.

6. Discussion of the results

The comparison of Table V and VII shows, that for the TCNE-benzene complex the
values of the dipole moment derivative for the forbidden vibration 1554 cm™?, predicted by
the charge transfer model is 12 times larger than the values predicted by the electrostatic
model. This ratio is still higher for the TCNE para-xylene, complex. In the case of the
forbidden vibration 2220 cm! this ratio is nearly 2 for TCNE-benzene and nearly 3 for
the TCNE-paraxylene complex.

It must be remembered however, that the values of the dipole moment derivatives,
given in Table V have been calculated using the net charges +0.063 and ~0.063 on the H
and C atoms, respectively. The values, obtained with these parameters can be treated
as the upper limit. As the lower limit — the charges evaluated by Boucher and Cremashi
(—0.01 on the H atom, and +0.01 on the C atom) can be adopted. Since the dipole moment
induced on the CH bond by the TCNE molecule is equal and opposite in sign, the resulting
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bond dipole moment would be zero; the only electrostatic contribution to the dipole
moment derivatives is then originated by the quadrupole moment, and contributes about
one half of the upper limit value. In this case the predominance of the dipole moment
derivative values, predicted by the charge transfer model, over those, predicted by the
electrostatic model is even more drastic.

Inspection of the last column of Table VIII shows that in the ‘case of the transition,
associated with the vibration 1554 cm!, the experimental value correlates very well with
that, obtained using the charge-transfer model. The problem is more complicated in the
case of the transition, associated with the symmetrical stretching vibration 2220 cm—!.
The experiment does not give explicite evidence of this band, because of an allowed band
occurs at 2216 cm—*, Table V shows, however, that the electrostatic model predicts a higher
increase in dipole moment derivative for the band at 2250 cm™!, than for the band at
2216(7) em™; the experimental evidence is to the contrary. The experimental values in
the last column of Table VIII for the 2216 (or 2217) cm~! vibration, (giving the lower
values of the increase in the dipole moment derivative), are sufficiently high to justify the
existance of the weak induced perpendicular band in this region. These conclusions are
even more valid for the lower limit values of the electrostatic contribution.

It is not out of place to emphasise, that the weights @ and b used in the calculations
of the delocalization moment given in Table VII have been obtained upon the assumption,
that all the formation energy of the complexes under study are due to the charge transfer
interaction. Such an assumption is inadmissible in our case. Nevertheless the assumption
of half of this ¢? and b* values would still give a sufficient conformity with the experiment

"The admissive modifications of the ofhcr parameters used, cannot refute the main
conclusions of our study, which are:

1) Both models, the electrostatic and charge-transfer, are indispensable for the inter-
pretation of the intensity change the infrared bands in our complexes.

2) In the case of the induced band at 1554 et the role of charge-transfer is predo-
minant.

3) The activity of the forbidden band at 1554 cm™, associated mainly with the C=C
valence vibration, is several times higher, than the activity of the band at 2220 cmi,
associated mainly with the C= N valence vibration. This predominance is similar to that
experimentally demonstrated for the case of the TCNE-HMB complex in a former paper
by this author about the study of single crystal in polarized light (see Fig. 1'in paper [44].
As is evident from Table V this feature cannot be explained by the electrostatic polarization
model. - ;
4) The increase in intensity of the allowed C=N bands is due to the electrostatic
polarization by the donor molecule.

There remains the question of the change in intensity of the bands associated mainly
with the C—C stretching vibration. Devlin et al., [45] have observed that the band at
1150.cm~! loses activity in complexes. Our calculations however predict the increase in
intensity. These facts can be explained by the opposite sign of the dipole moment deriv-
atives in an isolated molecule, which means, that the carbon atom of the C=N bond
becames more positive, as the bond is-stretched.
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It may be noticed, that the valites of the dipole moment derivatives obtained with
the aid of the electrostatic model are nearly the same for the solution in benzene and in
para-xylene, On the contrary, the delocalization moment depends strongly upon the donor
strength In this way the experiment on a seties of complexes would allow one to determme
the nature of the effect observed.

Investigations on this topic are in progress.

The author is indebted to Professor H. Poulet and Professor S. Odiot from the Paris
University V and to dr P. Claverie from the Institut de Biologie Physico-Chimique in
Paris for valuable, fruitful discussions. Special gratitude is due to Professor J. P. Devlin
for allowing the use of his L-matrix for the TCNE molecule and to dr M. Krygowski for
having evaluated the net charges for the para-xylene. The author is most thankful to
Professr J. P. Mathieu for the use of the Coderg spectrophotometer.

REFERENCES

[1] R. 8. Mulliken, J. Am. Soc. 74, 811 (1952),

[2] @) G. Briegleb, Elektronen Donator-Akceptor Komplexe, Springer Verlag, Berlin 1961; (b) R. S.
Mulliken, W. B. Person, J. Wiley, New York 1969.

[31 M. J. S. Dewar, C. C. Thompson, Tetrahedon Suppl. 7, 97 (1966).

[4] J. P. Malrieu, P. Claverie, J. Chim. Phys. 65, 735 (1968).

[5] B. Pullman, P. Claverie, J. Caillet, Proc. Natl. Acad. Sci. USA, 55, 904 (1966).

[6] P. Claverie in Molecular Associations in Biology, Academic Press, New York 1968, p. 114,

[7] P. Claverie, R. Rein, Int. J. Quantum Chem. 3, 537 (1969).

[8] J. N. Murrell, M. Randic, D. R. Williams, Proc. Roy. Soc. A284, 566 (1965).

[91 J. N. Murrel, G. J. Shaw, J. Chem. Phys. 46, 1768 (1968).

[10] M. J. Mantionne in Molecular Associations in Biology, Academic Press, New York 1968, p. 411.

[11] M. J. Mantionne, Theor. Chim. Acta 15, 141 (1969).

[12] J. L. Lippert, M. W. Hanna, P. J. Trotter, J. Am. Chem. Soc. 91, 4035 (1969).

[13] D.-B. Chesnut, P. E. S. Wormer, Theor. Chim. Acta 20, 250 (1971).

[14] T. Ohta, T. Fujikawa, H. Kuroda, Bull. Chem. Soc. Japan 47, 2115 (1974).

[15] E. E. Ferguson, F. A. Matsen, J. Chem. Phys. 28, 105 (1958); J. Am. Chem. Soc. 82, 3268 (1960).

(16] H. B. Friedrich, W. B. Person, J. Chem. Phys. 44, 2161 (1966).

[17] M. W. Hanna, D. E. Williams, J. Am. Chem. Soc. 90, 5358 (1968).

[18] M. J. Mantionne, Int. J. Quantum Chem. 3, 185 (1969).

[19] K. Szczepaniak, W. B. Person, in press.

[20] J. P. Devlin, J. Phys. Chem. 71, 465 (1967).

[21] B. Moszynska, A. Tramer, J. Chem. Phys. 46, 820 (1967). %

[22] B. Moszyniska-Mierzecka, Bull. Acad. Polon. Sci. Ser. Sei. Math. Astron. Phys. 22, 727 (1974).

[23] M. W. Hanna, J. Amer. Chem. Soc. 90, 285 (1968).

[24] G. Del Re, J. Chem. Soc. 4031 (1958). }

[25] M. D. Newton, F. P. Boer, W. N. Lipscomb, J. Amer. Chem. Soc. 88, 2353 (1966).

[26] D. Boucher, P. Cremachi, Theor. Chim. Acta 35, 69 (1974).

[27] G. Jalsovsky, W. J. Orville-Thomas, Trans. Faraday Soc. 67, 1894 (1971).

[28] P. Claverie, S. Odiot, private communication.

[29] M. Krygowski, unpublished data.

[30] P. Claverie, Theses, Paris 1969.

[31] M. G. Griffith, L. Goodman, J. Chem. Phys. 47, 4494 (1967).

[32] J. O. Hirschfelder, C. E. Curtis, R. B. Bird, Molecular Theory of Gases and Liquids, John Wiley
and Sons, Inc. New York, N. Y. 1954 and references therein.



374

[33] E. R. Lippincott, G. Nagarajan, Bull. Soc. Chim. Belge, T4, 551 (1965).

{34] L. M. Svierdlov, M. A, Kovner, E. P. Krainov, Kolebatelnye spectry mnogoatomnykh molekul,
Moskwa 1970, table 75.

{35] E. B. Wilson, J. C. Decius, P. C. Cross, Molecular Vibrations, 1955.

[36] J. Overend in Infrared Spectroscopy and Molecular Structure. Ed. M. Davies, London, Elsevier
Publishing Company, London 1963, p. 345.

{371 W. D. Jones, W. T. Simpson, J. Chem. Phys. 32, 1747 (1960).

1381 A. D. Liehr, Z. Naturforsch. 13a, 311 (1958).

[39] R. K. Chan, S. C. Liao, Canad. J. Chem. 48, 299 (1970).

[40] J. J. Hinkel, J. P. Devlin, J. Chem. Phys. 38, 4750 (1973).

[41] T. Shimanouchi, M. Tsuboi, T. Miyazawa, J. Chem. Phys. 35, 1597 (1961).

[42] G. Herzberg, Molecular Spectra and Molecular Structure, I Diatomic Molecules, Prentice-Hall,
New York 1939. .

[43] E. Hirota, Bull. Chem. Soc. Jap. 27, 295 (1954).

[44] B. Moszyfiska, Acta Phys. Pol. 33, 959 (1968).

{45] J. C. Moore, D. Smith, Y. Youhne, J. P. Devlin, J. Phys, Chem. 13, 325 (1971).



