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Surface tension measurements in the study of molecular complexes 
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Abstract. Surface tension measurements can be used to investigate molecular com- 
plex formation in liquid solutions for strong and weak complexes. The association 
constant and epthalpy for triethylamine-iodine, hexamethylbenzene-tetracyanoothylene 
and ethanoModine in cyclohexane are 4-55 • 103, 218 and 0.93M -1 at 25~ 
and 12"5, 7"7 and 5"1 kcal/mol respectively. These values compare well with those 
reported in the literature by other methods. 
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1. Introduction 

Ever sin~e Benesi-Hildebrand (1949) reported the imeraction o f  iodine with aro- 
matics, a variety o f  physical methods, sach as optical spectroscopy, magnetic reso- 
nance s.~ectrosvopy, calorimetry, etc. have been employed to investigate molecular 
complexes. However, it is sarprising that  even though, in principle, the formation 
o f  molecular complexes can be indicated and their composit ion established from 
a study o f  characteristic abrupt  departures f rom ideal behaviour in some physical 
properties, e.g., vapour press,are, s-trface tension, refractive index, dielectric constant, 
etc., many of  these methods are hardly used. The only information available using 
the surface tension measurement method is f rom Nayar  et al (1952) who pointed 
out  that  a correlation may exist between surface tension minima and complex 
formation. Ferroni and Gabrielli (1956) also reported the feasibility of  determi- 
nation o f  the equilibrium constant for iodine-ethanol in carbontetrachloride. It  
was therefore felt worthwhile to study the imeract ion o f  electron donors and 
accepters in solutions by using the surface tension measurement method and com- 
pare the resalts with those obtained by spectro~opic  methods. We have chosen 
(i) the triethylamine-iodlne system where the imeraction between triethylamine 
and iodine is very strong, ( i i ) the  hexamethylbenzene-tetracyanoethylene system 
where the interaction is medium, and (iii) the ethanol-iodine system, a typical case 
o f  weak interaction. 
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2. Materials and methods 

Cyclohexane, tdethylamine, hexamethylbenzene, ethylalcohol and iodine were 
purified by using standard procedures. Tetracyanoethylene (DuPont) was recrystal- 
lised from chlorobenzene and purified by vacuum sublimation. 

The surface tensions of pure components and of  different solutions of  different 
compositions (at constant total molar concentration) at different temperatures 
(25, 30, 35, 40 and 45 ~ C) were measured in cyclohexane by the differential capillary 
rise method using a travelling micro~ope. The temperature of  the solution was 
maintained constant (:L 0" 1 ~ (2) by using a jacketed container through which water 
f rom a thermostat was circulated. The densities of  the solutions at the same 
temperatures were measured by an Ostwald-Sprengel pyknometer. The experi- 
ments were repeated at least twice and the results were reproducible within the 
experimental error of 0.002 mN/m. 

3. Results and discussion 

3.1. Triethylamine iodine 

The surface tensions of triethylamine in cyclohexane and iodine in cyclohexane 
decrease with increase in concentration of the solutes. The surface tension of  the 
solvent is very much changed by the addition of a very small amount of  solute in 
the initial stage. Up to 1" 0 raM, the surface tension is a non-linear function of  con- 
centration, but then becomes a linear function between 1 and 50 raM. The range 
of  concentrations of  triethylamine and iodine is such that when they are mixed, 
they form neutral complexes ; this was confirmed spectroscopically. The non- 
linear plot of the surface tensions of  the "mixed solution" against the concentra- 
tion of triethylamine indicates the presence of  a complex. For the sake of  brevity, 
only one such set of data is given in table 1. A continuous variation plot of  Ao, 
the difference in surface tension between the "mixed solutions" and the calculated 
surface tensions of the two pure solutions, shows the presence of only 1 : 1 complex 
in the experimental range of  concentration of  1 to 10 mM of  amine (figure l) ; 
similar observations were made earlier by Bist and Person (1969) for triethylamine- 
iodine by ~pectroscopy. As there is a linear relationship between Aa and the con- 
centration of the complex, (i.e., similar to the test of Beer's law), we can conclude 
that if the two solutions show the same deviations of  surface tensions, then they 
must have the same concentration of the complex (table 2) and the equilibrium 
constant for the system can be calculated by following the procedure adopted by 
Ferroni and Gabrielli (1956). 

Consider the interaction of  A with D, 

A~D~AD. 

Let CA, C~, Co and C~ be the initial concentrations of  the accepter and donor 
respectively for the two sets of solutions and CAD, C~o be the concentration of  the 
complexes. For the first set, 

K = c d[(c  - cA ) (cA -- (1) 



Triethylamine 
(millimoles) 
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of triethylamine-iodine in cyclo- 

b q 

Observed Calculated 
Iodine surface surface A~r 

(millimoles) tension tension (raN/m) 
(raN/m) (mzN/m) 

O" 5 9.5 23" 366 23" 266 O" 100 
1-0 9"0 23-376 23"260 0-1/6 

1"5 8- 5 23- 395 23- 255 0" 140 

2"0 8-0 23"401 23-250 0-151 

2" 5 7.5 23-423 23"246 0" 177 

3"0 7-0 23"430 23-234 0"!96 
3"5 6-5 23"435 23"231 0-204 

4" 0 6" 0 23" 448 23" 221 0- 227 

4" 5 5- 5 23- 452 23" 222 0" 230 

5" 0 5-0 23- 458 23" 220 0- 238 

5"5 4"5 23"443 23"217 0"226 

6.0 4-0 23-365 23-212 0-153 

6" 5 3" 5 23" 328 23- 206 O" !22 

7" 0 3" 0 23" 277 23" 205 O" 072 

7.5 2" 5 23" 253 23-188 O" 065 

8.0 2"0 23"239 23-185 0"054 

8" 5 1" 5 23" 229 23" 177 O' 052 
9.0 1" 0 23" 209 23" 173 O" 036 

9.5 0-5 23"191 23"148 0"043 

F l g r r e  I .  

I I 
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CO X 10 .3 M 

Plot of A .  vs. donor concentration of triethylamine at 25~ 
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Surface tension in molecular complexes 

Table 1. Surface tensions of mixed solutions 
hexane at 25 ~ C. 
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and for the second set, 

K = G ~ / [ ( c ; ,  - G o ) ( G  - c~)] .  (2) 

Therefore 

c , , , , l [ ( C o  - c , , , , )  ( c , ,  - c,,o)]  = c ; , , , l [ ( C l ,  - c ; , , , )  ( c ; ,  - G, , ) ] .  (3) 

If Aa~ = Aa 2, then C,4o = C~o. 

From the above equations, we get a K value of 

( G  C5 - C,,Co) [(G + ~ )  - (C. + Co)] 
[(G, + c~co)  - G (ca + co)] [ (~ ,  + r  - G, (c~ + co)] ) 

(4) 

The K values thus obtained for different sets of data at 25 ~ (2 are given in table 2, 
along with the enthalpies and it is clear that the equilibrium constants and enthal- 
pies thus obtained are comparable to the values obtained by spectroscopic method 
by Rue et a/ (1972). 

3.2. Hexamethylbenzene-tetracyanoethylene 

The surface tensions of hexamethylbensene and tetraeyanoethylene in cyelohexane 
de:tease with the increase in concemration of solutes and there is a linear relation 
between the surface tension and the concentrations of solutes in the experimental 
range ([ • 10 -8 --20 • 10-SM) of  concentrations. Higher concentrations of 
hexarnethylbenzene and tetracyanoethylene are used as the interaction between 
these two is not that strong. The deviation from the ideal behaviour of  the pure 
com?onents is due to the interaction of the two species (donor and accepter) and 
the deviation is proportional to the concentration of  the complex. The plot of 
Aa against the concentration of hexamethylbenzene shows only one maximum at 
half the donor concentration indicating that hexamethylbenzene forms only 1 : t 
complex with tetracyanoethylene in the experimental range of  concentrations. 
The termole~ular complexes, may be formed only when the concentration of either 
of the components is very high. 

The value of K thus obtained for different sets of data are reported in table 2 
along with the literature data. It is clear that the values of K and -- A H  ~ 
obtained by surface tension measurements are comparable to those obtained by 
Singh and B'aat (1978) by refractometry under similar conditions, but are quite 
low compared to the data reported by Foster and Kulevsky (1973). One of the 
possible reasons for this variation may be due to the different sets of  experimental 
conditions. Tse and Tamres (1977) have also reported that the K value depends 
on the experimental conditions such as whether A~, D, D~, A or A ~ D and also 
on the nature of solvent. 

3.3. Ethanol-iodine 

The surface tensions of  ethanol in cyclohexanr and iodine in cyclohexane decrease 
with in,tease in "on :entration of the solutes and there is a good linear relation. 
ship between the surface tension and concentration in the range 1 x 1 0  - s  - -  

3 0  x 10 -3 M. Higher concentrations of ethanol and iodine (total cone. 30 x 10 -s M) 
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are used as the interaction between ethanol and iodine is very weak. The small 
deviation f rom ideal behaviour o f  the pure components  is due to the interaction 
o f  the two species (donor and a~ep to r )  and the deviation is proport ional  to the 
eon".entration of  the complex. The plot of  A a  versus the concentrat ion o f  ethanol 
shows only one maximum at half  the donor  concentrat ion indicating tha t  ethanol 
forms only 1 : 1 complex with iodine in the experimental range of  concentrations.  

The K values calculated by the procedure described above are given in table 2. 
The average value of  K is0 .931 mole -x at 25~ and the e n t h a l p y , - - A H  ~ is 
5-1 kcal/mol. This value is comparable to  the most recent reliable K value 
(0.95 + 0.06) reported by Tse and Tamres (1977). The higher value of  K reported 
by the earlier workers may be due to the interaction of  ethanol with the solvent, 
namely CC14 itself. 

It therefore appears, that  the method of  surface tension measurements cart be 
used not only to dete: t  the formation of  molecular complexes but  also to determine 
the equilibrium constants and the thermodynamic properties o f  the complexes, 
even in the case o f  weak molecular complexes. However it may be interesting to 
examine closely related systems and then rationalise in terms of  various effects. 
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