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Interaction energy between a molecule of acetic acid monomer and hexafluoroethane, tetra-
chloromethane, and carbon disulphide molecules was determined as a sum of dispersion, re-
pulsion, coulomb, and polarization energy. Potential curves exhibit minima of energy over 
the range of separations 2-3 —3-2 A for various mutual spacial orientations of the molecules. 
The shape of the potential curve with the minimum found for these model systems supports 
the concept of formation of very weak collision complexes in solutions of polar solutes in non-
polar solvents. The stabilization energy of the collision complexes is very small and its occurrence 
is to a considerable extent governed by the entropy effects. Thus, the collision complexes exhibit 
a significantly statistical character. 

The previous paper described our experimental study of the dimerization of acetic 
acid in the gaseous phase and in the solutions of non-polar solvents1. From the dif-
ference of the stabilization enthalpies of dimerization in the gaseous phase and in the 
solutions we estimated the value of the stabilization enthalpy of formation of the 
so called "collision complexes"2,3 of the molecules of the acetic acid monomer and 
molecules of non-polar solvents. In this communication we have calculated the values 
of this stabilization enthalpy by means of semiempirical methods. Moreover, we 
studied the role of energetic and entropic factors in the formation of the collision 
complexes in solutions. 

EXPERIMENTAL 

The compounds used in this study were dry substances of analytical purity. The methods of their 
preparation, purification, and the data on their quality were summarized in our previous com-
munication4 . This paper described also the preparation of solutions, techniques of spectra 
measurement, and the procedure used to mathematically separate overlapping bands. 

* Part VII in the series Studies of Solute-Solvent Interactions; Part VI: This Journal 39, 
3215 (1974). 
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CALCULATIONS 

In view of the complexity of the interacting molecules, the simplest method of the interaction 
energy calculation was used — the empirical Buckingham potential in the Eliel parametr izat ion 5 . 
This was because at the present t ime it is not possible to use some of the more advanced procedures 

for systems of such complexity. To the dispersion and repulsion energy determined in this way, 
the contr ibut ion of the coulomb and polarization energy was then added. As the input data, the 
charge densities as determined by the C N D O / 2 me thod 6 , the van der Waals a tomic radi i 5 , 
and the bond polarizabil i t ies7 '8 were used. Fur ther informat ion on the method used in these 
calculation of interaction energy can be found in ref.9 . The interaction energy of the molecular 
pairs was determined for configurations I—IX. 
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R E S U L T S 

The interaction of pairs of molecules which were assumed1 to form collision com-
plexes was subjected to a theoretical investigation. As the polar molecule, the mono-
mer of acetic acid was used; the interaction partners were then tetrachloromethane, 
carbon disulphide, and hexafluoroethane molecules. Hexafiuoroethane served in the 
calculations as a substitution for molecules of perfluorocycloalkanes which — even 
though used in the experiments — would considerably complicate the calculations 
because of their complexity. Table I summarizes the values of the calculated inter-
action energy for all the studied pairs and for various orientations, the particular 
contributions of dispersion, repulsion, coulomb, and polarization energies, and the 
intermolecular separation at which the energy minimum on the potential energy 
curve occurred (Fig. l). 

The usually shallow minima werfe found to occur at fairly large intermolecular 
separations. If this separation was expressed as rH F, i.e. the separation between the 
hydrogen of the hydroxyl of the acetic acid monomer and the nearest atom X of the 
second molecule, the minima lay between 2-3 and 3-2 A. If the separation was ex-
pressed as usual for two molecules bound by the hydrogen bond, i.e. as the separation 
of the two heavy atoms bound by the hydrogen atom, the minima fell between 3-4 
and 4-3 A. In any case, the separation between the molecules at the peak of interaction 

TABLE I 

Calculated Interact ion Energies" E a n d its Cont r ibut ions , Dispers ion Ed, Repuls ion Er, Electro-
static Et, Polar iza t ion Ep, fo r Vapours of Molecules of Acetic Acid M o n o m e r - S o l v e n t 

Solvent Or ienta t ion rb E d E e E A Hc 

/ 2-3 - 0 - 6 4 0-28 - 0 - 2 1 - 0 - 0 1 - 0 - 5 8 
C 2 F 6 II 2-7 - 1 - 2 2 0-38 0-30 - 0 - 0 2 - 0 - 5 7 — 0-2d 

III 3-2 - 1 0 3 0-25 0-29 - 0 0 1 - 0 - 5 0 

CC14 iv 2-8 - 0 - 7 7 0-31 — 0-04 - 0 - 0 1 - 0 - 5 0 
V 2-8 - 2 - 9 2 1-32 0-18 - 0 - 0 8 — 1-50 - 1 - 9 

VI 2-9 - 0 - 6 5 0-25 - 0 0 6 - 0 - 0 1 - 0 - 4 8 
c s 2 VII 2-8 — 0-98 0-40 0 0 4 - 0 - 0 2 - 0 - 5 5 - 2 - 7 

VIII 2-7 - 1 - 4 3 0-64 0-28 - 0 - 1 8 - 0 - 6 9 
IX 2-5 - 1 - 9 2 0-92 - 0 - 2 3 - 0 - 2 1 — 1-44 

" k c a l m o l - 1 ; h separa t ion r H . , x in A at the potent ia l energy min imum; c exper imental ly de-
termined stabil izat ion enthalpies f r o m ref . 1 ; d value determined fo r the collision complex acetic 
acid monomer -pe r f luoromethy ldeca l ine . 
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is well beyond the range of chemical forces so that the delocalization contributions 
of the hydrogen bond do not have to be considered. This is why in our method 
of the interaction energy calculation the charge-transfer (delocalization) term was not 
explicitely considered10. 

The magnitude of the stabilization enthalpy depends on the mutual orientation 
of the interacting molecules. An exception represents hexafluoroethane: three dif-
ferent orientations of the acetic acid monomer molecule and the hexafluoroethane 
molecule, I—III, give very similar values between —0-5 and — 0-6 kcal mo l - 1 . 
In the system with tetrachloromethane, two orientations were considered (IV and 
V); in one of them, the hydrogen atom of the monomer hydroxyl was directed against 
the chlorine atom, in the other one against the carbon atom of the tetrachloromethane 
molecule. The values of the stabilization enthalpy of these two orientations are very 
different, the latter one is three times larger. Differences of a similar magnitude were 
found for the pair acetic acid monomer-carbon disulphide, too. Four different 
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Dependence of Calculated Total Interaction 
Energy 1 (full points/of) the Molecule of Ace-
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FIG. 2 
Dependence of Concentration of t-Butyl Alco-
hol-1,2-Difluorotetrachloroethane Collision 
Complex on Molar • and Volume o Com-
position of the Solvent Mixture (1,2-difluoro-
tetrachloroethane-CS2) 
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orientations were investigated here (VI — IX) with the conclusion that the most 
stable was that one in which the O—H bond of the monomer was perpendicular 
to the linear molecule of carbon disulphide and directed towards the carbon atom. 

DISCUSSION 

There is a fair agreement between the experimental values of the stabilization ent-
halpy1 of formation of the collision complex of the acetic acid monomer with tetra-
chloromethane, carbon disulphide, and perfluoromethyldecaline (Table I) and the 
values calculated for the most stable orientations of the molecular pairs. The largest 
deviations were found in the interactions with carbon disulphide; however, the con-
siderable bigger experimental value is evidently due to the fact that carbon disulphide 
is not an entirely inert solvent (as it follows from its other properties, too11). 

The minima on the potential energy curves occur in the region of reasonable 
intermolecular separations. The occurrence of the minima as well as the calculated 
equilibrium separations provide a considerable support for the reliability of the con-
cept of the collision complex formation in these systems. However, small values of the 
interaction energy raise the question in which way the formation of so weak collision 
complexes can be accomplished. First, let us regard the formation of the collision 
complexes as an equilibrium process (collision equilibria were described in the pre-
vious communication1). 

The processes taking place in a system composed of two non-polar solvents, N, 
and N2, and a very small amount of a polar solute ROH (whose concentration is 
kept so low that the interaction ROH.. ROH does not play a role) can be described 
as an equilibrium reaction by the equation 

ROH.-Ni + N2 ROH. .N 2 + N l 5 

where ROH.-Ni and ROH. .N 2 are collision complexes of the ROH molecule 
with the solvent molecules N j and N2, respectively. The equilibrium constant K 
is — according to the law of mass action — expressed as 

K = [ROH. . N 2 ] [ N l ] / [ R O H . . N J [ N J , (J) 

where the quantities in parentheses represent the molar concentrations. The equi-
librium constant is simply related to the thermodynamic quantities of complex 
formation 

— 7?Tln K — AG = AH — TAS . (2) 

Here, AG, AH, AS are the free enthalpy, enthalpy, and entropy changes, respectively; 
R is the gas constant, and Tthe absolute temperature. 
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Let us consider now the following three cases: the value of K equals unity, the 
value of K is smaller and larger than unity. For K = 1, AG is zero ar.d AH — TAS. 
In this case AH is of a purely entropic origin and the distribution of the two collision 
complexes is linearly dependent on the molar fractions of the solvents. If K is larger 
than unity, AG is negative; if K is smaller than unity, AG is positive. In both cases 
the abundance of one of the collision complexes is higher than the abundance of the 
corresponding solvent in the mixture. 

We studied experimentally the systems composed of two non-polar solvents, 1SI1 

(1,2-difluorotetrachloroethane), N 2 (carbon disulphide), and a solute (t-butyl alcohol 
or phenol). The distribution of the t-butyl alcohol collision complexes is shown in Fig. 
2. A similar distribution dependence was found for the collision complexes of phenol, 
too. If the abundance of the collision complexes is plotted against the volume frac-
tion of the solvents in the mixture, an approximately linear dependence results. 
In the correlation with the mole fraction a positive deviation from linearity (concave 
curvature) of the plot is apparent which indicates that in the mixture under study 
K < 1 and AG is positive. This in fact means that the molar abundance of the col-
lision complex of the solute with 1,2-difluorotetrachloromethane is larger for any com-
position of the mixture than the corresponding abundance of 1,2-difluorotetrachloro-
ethane in the mixture of the solvents. This finding seemingly disagrees with the ratio 
of the values of the stabilization enthalpies for the collision complex formation, 
as its value is larger for the carbon disulphide complex.* However, one has to realize 
that the sense of the distribution curve curvature is determined by the sign of AG 
and this is determined in a system with a low interaction energy by the sign of the 
entropic term. 

The influence of the entropy effects is projected into the statistical nature of the 
collision interactions. This factor causes the collision complex distribution in a binary 
solvent mixture to depend linearly on its volume rather than on its molar composi-
tion. This is because the collision probability depends not only on the number, 
but also on the volume (i.e. collision cross-section) of the colliding molecules. The 
statistical character of the distributions will be restricted by decreasing temperature; 
bellow a certain temperature the interaction energy might assume the role of the 
determining factor and the distribution could be treated as a stoechiometric distribu-
tion. 

The statistical nature of the collision complex formation results from the experi-
ments with sterically hindered solutes, too. These compounds form collision com-
plexes with the same abundance, regardless of the extent of the steric hindrance 
of the interacting group (hydroxy], in this case) in the solvent mixture (here: 1,1,2-tri-
fluorotrichloroethane-carbon disulphide in the ratio 6 : 4). This statement holds 

* The experimentally determined ratios of the values for the acetic acid monomer are trans-
ferred here to phenol and t-butyl alcohol. 
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for the collision complex distribution of phenol, 2-methyl phenol, 2,6-dimethyl 
phenol, 2,6-diisopropyl phenol, and 2,6-di-t-butyl-4-methyl phenol within the limits 
of the experimental error in the determination of collision complex concentrations 
(±5%) . On the other hand, the same solutes in the mixture tetrachloromethane +3% 
acetonitrile (Fig. 3) or in the solution of n-heptadecyl bromide exhibit a strong 
dependence of the abundance of various forms on the sterical hindrance of the 
phenolic hydroxyl. In these cases, however, specific interactions of the hydroxyl 
group play a significant role and in the solutions there occur also donor-acceptor 
complexes besides the collision complexes of phenol. As the stability of the donor-ac-
ceptor complexes decreases strongly with the increasing steric hindrance, the steric 
hindrance causes extensive changes in the distribution of the solution entities. 

The occurrence of the collision complexes is also supported by the following ex-
periment. The bands of a collision complex of a certain type, e.g., formed by the 
acetic acid monomer and tetrachloromethane, exhibit a slightly different wave-num-
ber values depending on the environment in which they were measured. The wave-
-numbers of these bands are described by the Kirkwood-Magat-Bauer (KMB) 
equation adjusted for non-polar solvents12 to the form 

v = v0 - C(n2 - \)l{n2 + 1), w 

» 
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Bands v (0—H) of Complexes Phenol ( ), 
2-Methyl Phenol ( ), 2,6-Dimethy] 
Phenol ( ), and 2,6-diisopropylphenol 
(_._._._) in the Solvent Mixture 97% CC14 + 

Dependence of Wave-Number of Separated 
Bands r ( 0 — H ) of Collision Complexes Ace-
tic Acid Monomer with CC14 O and with 
C n F 2 0 • in the Mixture of these Solvents, 
with CC14 in the Mixture CC1 4 —CS 2 O and 
with (CFC1 2 ) 2 « and with CS 2 © in the 
Mixture of these Solvents on the Refractive 
Index of these Solvent Mixtures 
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TABLE I I 

Wave-Numbers of v(0— H) Band of the Collision Complex Acetic Acid Monomer-Tetrachloro-
methane and Their Correlation with the Refractive Index of the Mixtures" 

Component „ . 
Mixture ^ 6 nc v(0—H)d Av(0—H)e 

C n F 2 ( / + CC14 

CC14
9 + CS2 

80 20 1 3096 
60 40 1 3338 
40 60 1 •3581 
20 80 1 3823 

0 100 1 4066 

100 0 1 4582 
80 20 1 4913 
60 40 1 •5244 
40 60 1 •5576 
20 80 1 5906 

3 545-8 +0-02 
3 545-2 +1-01 
3 542-5 - 0 - 1 4 
3 540-7 - 0 - 4 7 
3 539-0 - 0 - 7 4 

3 536-2 - 0 - 6 9 
3 535-7 +0-54 
3 534-0 +0-47 
3 532-1 +0-13 
3 530-4 - 0 - 0 9 

a Wave-numbers of doublet components after the mathematical separation, c m - 1 ; b component 
ratio in volume percent; c experimental refractive index of mixtures at 78-5°C or 25°C; d wave-
-number of the band maximum of the complex in c m - 1 ; e difference between experimental and 
calculated wave-numbers from equation v = 3572-9 — 167-8(«2 — l)/(2n2 + 1) in c m - 1 ; 
* C I I F 2 0

 — perfluoromethyldecaline, measurements at 78-5° C; 9 measurements at 25°C. 

where v is the wave-number* of the band of the O — H bond stretching vibration 
in the collision complex, v0 and C constants characterizing the solute molecule, 
and n the refractive index of the solvent mixture. The wave-numbers of the bands 
of the collision complex under investigation fit equation (3) (Table II, Fig. 4); the 
wave-numbers of the bands of a different complex formed by the acetic acid monomer 
and, e.g., perfluoromethyldecaline or carbon disulphide lie on different straight 
lines. Thus, it is evident that the constants v0 and C belong to a certain collision com-
plex, i.e. to an entity formed f rom the original solute in the solution. If it were not 
the case, all the values of wave-numbers should fit one expression and the constants 
v0 and C would hold for the free molecule of the acetic acid monomer. 

The calculated value v0 of the collision complex of the acetic acid monomer with 
tetrachloromethane, 3572-9 ± 1-3 c m - 1 , has the meaning of the wave-number 
of a hypothetical collision complex whose molecule is subjected to no external 
influence. The calculated value is by 9-7 c m - 1 smaller than the value v (0—H) of the 

* The bands of the collision complexes in the investigated systems lie very close to each other 
and had to be mathematically separated before being used. 
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isolated acetic acid monomer molecule in the gaseous phase. The lower wave-number 
of the collision complex band is in agreement with the sense and with the extent 
of the interaction of its components. 

The KMB equation, based on the validity of Onsager's theory of the reaction 
field (see discussion in ref.2 '3), can be used in the investigation of non-specific inter-
actions in solutions. Therefore, in the treated case it describes well the non-specific 
influence of the solvent mixture on the collision complex molecule. Specific effects 
of the collision complex formation show themselves explicitely in the values of the 
constants v0 and C. 

An incorrect use of the KMB equation (3) can be demonstrated on the example 
of the correlation between the wave-number of the v(0—H) of the acetic acid mono-
mer in the solutions of pure solvents and the refractive indexes of these solvents. 
This correlation (Table III) should describe simultaneously — against the concept 
of Onsager's theory of the reaction field — both the non-specific and the specific 
interactions of the collision complex formation. The erroneous interpretation of the 
Onsager's model manifested itself by the increase of the calculated value of v0 

by 52-2 ± 6-8 c m - 1 in comparison with the v(0—H) value of the gaseous monomer. 
At the same time, the over-all quality of the correlation became considerably worse. 

As both the experiments and the semiempirical calculations show, the formation 
of collision complexes of polar solutes in solutions of non-polar solvents has to be 

TABLE I I I 

Wave-Numbers of v(0—H) Bands of the Collision Complexes Acetic Acid Monomer-Non-Polar 
Solvents and their Correlation with the Refractive Index of the Solvents 

Temperature0 . . 
Solvent o n v(0—H) nc Av(0—H)d 

Perfluoromethylcyclohexane 60 3 572-8 1-2540 + 0-4 
Perfluoromethyldecaline 95 3 572-0 1-2730 + 3-3 
Perfluorobenzene 40 3 557-8 1-3606 + 4-7 
1,1,2-Trifluorotrichloroethane 45 3 556-0 1-3375 - 1 - 0 
1,1,1 -Trifluorotrichloroethane 45 3 551-1 1-3382 - 5 - 8 
1,2-Difluorotetrachloroethane 60 3 549-6 1-3851 + 0-6 
1,1 -Difluorotetrachloroethane 60 3 548-7 1-3851 - 0 - 3 
Tetrachloromethane 50 3 537-4 1-4343 - 4 - 1 
Carbon disulphide 45 3 521-4 1-6057 + 2-4 

— — 3 582-6 1-0000 — 

a Temperature during spectra measurement; b experimental wave-numbers in c m - 1 ; 0 refractive 
index of the solvent used, at the temperature of measurement; d difference between experimental 
and calculated wave-numbers from equation v = 3 634-8 - 451-5(w2 - l)/(2/z2 + 1) in cm . 
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taken into consideration. The decisive role in the balance of their formation plays 
the entropic component and this is why the collision complexes exhibit a significantly 
statistical character. However, one has to have in mind that by a change in the condi-
tions (temperature, pressure) the energetic component might prevail in which case 
the formation of collision complexes could acquire a stoichiometric character. 
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