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Introduction 

I n  recent years theories relating to formation of associated 
molecules in liquid systems due to hydrogen bond have been forth- 
coming. An atom of hydrogen is attracted by rather strong forces 
to two atoms instead of only one, so that it may be considered to be 
acting as a bond between them. This is called the hydrogen bond. 

The assunlption that the hydrogen bond was formed by two 
covalent bonds is not correct because the hydrogen atom can form 
onIy one covalent bond. I t  is now recognised that the hydrogen bond 
is ionic in character and is formed between the most electronegative 
atoms. 

By the application of quantum mechanical theory of valence 
Pauling found that a hydrogen atom with only onte stable orbital 
cannot form more than one pure covalent bond and that the attraction 
of two atoms observed in hydrogen bond formation must be due to 
ionic forces. According to Pauling, hydrogen bond is a bond by 
hydrogen between two atoms. Only the most electronegative 
atoms should form hydrogen bonds, and the strength of the bond 
should increase with increase in the electronegativity of the 
two bonded atoms: Thus fluorine, oxygen, nitrogen and chlorine 
possess this ability in the decreasing order. Fluorine is well known 
to form very strong hydrogen bonds, oxygen weaker ones and 
nitrogen still weaker. Chlorine, although it has the same electro- 
negativity as nitrogen, has onIy a small hydrogen bond forming 
character which Pauling attributed to its large size relative to 
nitrogen. 

.The C-H-Bond.-Although the tendency for hydrogen to act 
.as acceptor is in the order in the series H-F > H - 0  > H-N > C-H-, 
the C-H bond plays a very important- part in both dilute and concen- 
trated solutions of strong. dipoles; Here again we have the series 



C-H (halogen compounds) > C-H (unsaturated con~pounds) > C-H 
(aromatic) > C-H (aliphatic). The case of C-H in halog-en com- 
pounds is illustrated by the heats of mixing of chloroform with 
oxygen and nitrogen compouncls studied by Zellhoeffer and co-workers 
(wide ilifra) . 

Although the cases of hydrogen attached to oxygen forming 
a link are well known the case of hydrogen attached to carbon are 
not so well studied and interpreted. I t  is usually assumed that in 
C-H the acceptor properties of hydrogen are q~iite negligible. Even 
in the case of saturated hydrocarbon like methane the solid hydrate 
CH46Hz0 discovered by De Forcrand (Compt. R e d ,  1902, 135, 
959) has been explained by assuming van der Waals forces, which 
seems to be not at all a necessary explanation, if the hydrogen bond 
is given the property of the co-ordinate link. Pauling (Nature of 
the Cizci~~icaI B o i ~ d )  says that no explanation is available for the 
melting point of methane which is 25" above the expected value even 
though its boiling point is normal. I t  has been ascertained by Moore 
( l o z w .  Chern. Soc., 1907, 91, 1373; and 1912, 101, 1635) that in the 
case of saturated compounds like paraffins and alkyl groups there is 
no evidence of co-ordination, but the cases of saturated hydrocarbons 
forming addition compounds with picric acid are well known. The 
obvious explanation is that under the strong electrostatic force of the 
oxygen in water and in picric acid, the hydrogen bond in methane 
and paraffin compounds exhibits acceptor properties. 

The addition compounds of ethylene and aromatic hydro- 
ca~bons have not been assigned to definite structures till now, although 
the possibility of the double links playing a part in the formation of 
these compounds has been indicated. 

The Hydrogen Bond in Benzene 
Kablukoff (2. Phys. Chenz., 1889, 4, 429) found addition 

product of benzene and hydrogen chloride. This observation could 
be used to explain the increase in dipole moment of hydrochloric acid 
in benzene. Also iodine and bromine show an increased polarisation 
in benzene, that is, they seem to exhibit a dipole moment by the 
environment of the benzene molecuIe. 

The effect of solvent in determining dipole moments is of 



qxcial interest. A comparison of the moments of a substatlce in 
different media indicates thc likelihood of benzene entering into some 
kind of combination with certain solutes and affecting their tnornents. 
Thus iodine has a moment 1.0 in benzene and zero in hexane 
[Williams (Pizysik. Z., 1928, 29, 683) ; Muller and Sack (Physiic. Z., 
1930, 31, 816) 1. Aluminium bromide which is non-polar in carbon 
disulphiclc has in benzene a moment no less than 4.89 (K'espital, 2. 
Elcctro. Clzenz., 1931, 37, 559). 

Muller (Tmrts. Faraday Soc., 1934, 30, 872) suggests that 
halogen hydridcs might form a loosely bonnd conlpound and may 
exhibit a larger moment in solution. 

Methylene chloride has a dipolc moment of 1.59 in the gas and 
1.55 and 1.18 in benzene and carbon tetrachloride. Chloroform has 
a di!.ole moment of 1.05 in vapour and in hexane and 1.10 in 
benzeiw. 

I t  is obvious that chloroform forms complexes with benzene 
and the dipole moment determined in benzene refers to the complex. 
In the case of methylene chloride the effect is slightly negative owing 
to the effect of hydrogen atoms. 

The Systcni CsH6-HF.-The system benzene hydrogen fluoride 
has been shown by Simsons (J.A.C.S., 1931, 53, 83) to exhibit a 
large positive deviation from ~<aoult's law at higher concentrations and 
a negative deviation a t  the more dilute solution which latter is a sur- 
prising result, which he explained by the electrical field surrounding 
the highly polar HF molecule. When these ~nolecules are in sufficient 
concentration to exert an influence upon one another they will be 
mutually attracted and so tend to be removed from the solution. 
When the concentration is so low that the distance between the mole- 
cules of HF is great enough to make the mutual attraction small, 
then the electric field around each HI: molecule will attract even the 
slightly polar C6Hs molecule, thus cause the vapour pressure to be low. 

The System Bc&sne~Watc~.-The properties of benzene 
containing traces of water have been thoroughly studied in connection 
qith the classical researches of Eaker on intensive drying. Drying 
of benzene has shown most remarkable effects and has been the 
object of study by a large number of workers. The multiple of the 
molecular weights of wet and dry benzene by the Ramsay and Shield 



method are 1.28 and 3.39 showing that benzene is associated in liquid 
state. The molecular weig-hts by vapour density was 102 and by 
Trouton's constant 136, instead of 78. 

Manley (:\atui.c, 1929, 123. 907) has found that the refractiv- 
ity changed continuously during drying of over a period of six 
months. On plotting against time benzene showed two distinct por- 
tions, one represeii~ting removal of mechanically admixed water and 
other the rate of withdrawal of water in actual combination with ben- 
zene. He also obtained evidence of a hydrate of benzene and stated 
that the drying power of anhydrous benzenc is greater than that of 
phosphorous pentoxide. Although this Lintling requires further evi- 
dence, the fact remains that benzene l-etains traces of moisture very 
tenaciously. This is most likely to be clue to the hydrogen boncl in 
Ixnzene. 

Sprch-oscopic r="videizce.-Benzene should have only one infra- 
red active carbon hydrogen frequency, so the presence of three pealis 
at 3.232. 3.253 and 3.291 P calls for some explanation. Tt has been 
suggested that splitting takes place because of accidental degeneracy 
with high states of other frequencies or combinations of other fre- 
quencies. 

The hydrogens are more highly bout~d to aromatic carbon than 
they are to aliphatic carbon. 

The Raman spectra of benzene consists of the following lines: 
2925, 2943, 3047, 3062, 3164, 3187 cm.-I which are attributable to 
C-H aromatic vibration. Of these the strongest is 3047, which is 
due to aromatic C-H bond. No explanation has been offered regard- 
ing the origin of the other lines based upon the chemistry of the 
benzene molecule. Physical explanations such as combination of the 
lower and higher frequencies are unsatisfactory both on theoretical 
and practical grounds. 

On the basis of our postulate of a weak hydrogen bond ir. 
benzene the occurrence of a large number of these C-H frequencies 
both in the Raman and in the infra-red can be easily explained. The  
frequencies 2925 may be attributed to the vibration of the weak CH 
boncl in ben~ene, 2942 to the vibration of a two such pora-bond4 
which we have shown to operate in forming complexes. 

The presence of one weak hydrogen bond in benzene will give 



rise to two adjacent hydrogen atoms in the one and two positions 
with higher energy of bonding, to which the frequencies 3187 and 
3164 seem to be appropriate. 

The postulate of a weak hydrogen bond in benzene thus seems 
to account for the numerous frequencies of the benzene molecule 
observed in the Raman spectra and in the infra-red spectra. I t  is 
interesting to note that in mono-chlorbenzene there are just two of 
the higher frequencies corresponding to the 1 and 2 positions of the 
hydrogen and in the di-chlorbenzene only one such higher frequency. 
From these results it is obvious that the combination of frequencies 
used to explain the large number of lines is fictitious. The following 
resonant structures of benzene would express the idea of one of the 
hydrogenw o i  benzene to iunction as a hydrogen bond. Of these 
structures C makes a small contribution to  the normal state of the 
a~olecule j cf. Pauling). 

In  the case of halogenated hydrocarbons it has been found that 
C-C1 vibration frequency goes on decreasing from methyl chloride 
to methylene chloride, chloroform and carbon tetrachloride. This 
would indicate that the C-C1 bond decreases in strength. These 
results would be in harmony with the capacity of the halogenated 
compounds in forming complexes with benzene increasing in the 
order methyl chloride, methylene chloride, chlorofornl and carbon 
tetrachloride. I t  has already been shown that benzene and carbon 
tetrachloride form a complex which is shown by the freezing point 
data and anomalous polarisation. Chloroform and benzene also show 
the presence of the complex in the freezing point but to a minor 
extent, the complex formed being one chloroform and three benzenes 
corresponding to the three halogen atoms. The freezing points of 
methylene chloride-benzene, methyl chloride-benzene apparently 
have not been studied but the polarisation of methylene chloride 



in benzene shows slight anomaly. The decreasing frequencies of the 
C-C1 vibration in the halogenated hydrocarbons can also be explained 
by their chemical behaviour. Carbon tetrachloride on pyrollysis is 
more easily decomposed than cl~loroform and chloroform more 
easily than methylene chloride. 

The most important evidence for the formation of compounds 
and complexes of benzene with alcohols and halogen compounds is 
to be found in the study of the dielectric polarisation in benzene as 
solvent. The classical.example of the increase in the electric moment 
of ethylene dichloride and ethylene dibromide and the decrease of the 
moment of alcohols in benzene can be explained on the basis of a 
complex formation. In concentrated solution the apparent polarisa- 
tion curves show marked discontinuities at  points of molecular 
compositions. These findings would indicate the dipole moments 
determined in dilute solutions of benzene owing to the effect of mass 
law referred to the moment of the complex and not of the solute. 

Dielectric Polarisation of Binary Mixtures 
Perhaps the most satisfactory evidence .for the hydrogen 

bonding comes from the lam of additivity of binary liquid mixtures 
throughout the range of concentration. Many liquid mixtures do not 
follow the ideal laws of mixtures. This abnormality is found to be 
maxim~lm corresponding to definite proportions of the liquids. Many 
binary mixtures of liquids are shown to form complexes of definite 
proportions, sometimes more than one by freezing point, polarisation, 
heats of mixing, vapour pressure, spectroscopic data, etc. The actual 
cause for the formation of complexes has as yet not been fully 
brought out. 

Smyth (Die lec tk  Comta$zt a d  Molecular Structure) has 
discussed in detail some of the causes for molecular association in 
pure liquids. H e  attributes the formation of associated molecules to 
sharing of electrons or possibly of hydrogen bonds between .their 
strl~cture and also due to van der Waals forces and other stray 
forces. 

Debye (Polar Molecdees) has shown that three types of 
polarisation curves are possible for dilute solutions of polar sub- 
stances in non-polar solvents. He has illustrated them by the curves 



of ethyl alcohol-benzene, ethyl ether-benzene and nitrobenzene-ben- 
zene. Eenzene 1s assumed to be the non-polar substance. 

The various forms of the polarisation curves are given in 
Fig. 1 

In  the first type of curve the polarisation goes on decreasing 
with concentration of the polar component. To this type belong the 
curves ( 5 )  of polarisation of nitro-benzene in benzene and acetone 
in carbon tetrachloride. 

The cause for the decrease of the polarisation of nitrobenzene 
in benzene in concentrated solutions is attributed by Sidgwick 
(Covalent Link in Chemis t~y )  to mutual attraction oT the dipole 
than to any chemical combination or co-ordination. Sidg-wick 
explains rapid change of the association with increase in concentra- 
tion of nitrobenzene as due to the orientation of the dipoles under thr 
influence of their mutual attraction indicating that the molecules are 
farther apart, and he also concluded from a comparison of the 
polarisation of nitrobenzene in different solvents, that the association 
factor is greater in solvents of higher dielectric constant, 



'l'he probable explanation for this curvature of polarisation (I%) 
of nitrobenzene in benzene is the formation of the complex formed 
by thc attachment of the benzene ring to the oxygen in the nitro 
group, the co-ordination increasing the dipole moment. 

The polarisation curbe of acetone is siruilar to that of nitro- 
benzene and the same explanation holtls. 

The second type of curve is represented by the polarisation P2 

ethyi ether in benzene (Curve No. I ) .  The polarisation remains 
constant in the entire range of concentration. This kind of curve 
is the one that is expected for ideal mixtures. 

There are two varicties of curves belonging to the third type oT 
polarisation P, curve. One is represented by the polarisation P2 of 
ethyl alcohol in benzene and the other by ethyl alcohol in I~exane, 
hcptanc and carbontetrachloride and 12-octyl alcohol in heptane. These 
are illustrated by curves 2 and I. 

Smyth (Dielectric Comtant mid Molecdar Structzwe) has 
studied the polarisation P2 of ethyl alcohol in solution in heptane and 
hexane at  different temperatures. The values of P2 of ethyl alcohol 
increase with temperature instead of decreasing as required by theory 
in the absence of inter-molecular action. At room temperature the 
curve gocs throngh a nlinimum for very dilute solutions of alcohol, 
then goes through a maximum at about 0.4 mol alcohol and then 
gradually comes down to the value of alcohol. Sn~yth  explains this 
result as due to associated tnolecules of alcohol. 

Uehye has illustrated the polarisation curve of ethyl alcohol in 
benzene. The curve starts with a value of 72 C.C. for infinite dilution. 
rises to 95 C.C. at  abont 0.3 mol alcohol and then conies down to the 
value of 52 C.C. in pure alcohol. But no explanation for this kind of 
behaviour has been offered by Debye. Sidgwick jCovalen.t Link ;w 
Chemistry) attributes this change of polarisation as due to associated 
moiecules of alcohol in the pure state, in the followiug manner :- 



The association increases with concentration with consequent rise in 
polarisation. Since the formation of more complex molecules by 
co-ordination will not proceed without limit, it will be opposed by the 
thermal agitation of the niolecules and so at  still greater concentra- 
tions of the alcohol, the normal orientation of these highly polar 
polymerised molecules will begin to prevail and will ultimately cause 
a fall of the polarisation curve. 

I n  a liquid system thc probability of chain polymers exiqting 
will be less than that of cross polymers A liquid forming polymer- 
ised lnolecules will lrave ;L vely small proportion of frec molecules. 
The polarisai-ion of alcohol goes on increasing from 1.0 to 0.3 mol 
alcohol due to clissociation of the alcohol molecuilles. But the free 
alcohol molecules formed will begin to form a complex with the 
benzene molecule t l~rough hydrogen bonding causing the polarisation 
value to decrease. 

The formtion of the complex between the hexane and heptane 
molecule with ethyl alcohol through hydrogen bonding; and between 
carbon tetrachloride and alcohol through C-CI bonding, can be postu- 
lated to account for the shape of the second type of curve observed 
for ethyl nlcoliol. In very dilute solutions of alcohol, all the alcohol 
molecules will go to form the complex with the solvent. Since no 
molecules of alcohol will be left, the polarisation drops. But as the 
concentration of alcohol is increased, the system will consist of the 
solvent, the coniplex and alcohol molecules. Thus from here onwards 
the polarisation goes on increasing and the same argument holds for 
the shape of the curve from this point as that given for the polarisa- 
tion curvc of ethyl alcohol in benzene. 

I n  the dilute region the system will consist of the non-polar 
solvent and the complex. If the complex does not dissociate the 
polarisation P2 curve in that region will remain constant, if the 
complex dissociates  the^? ,the polarisation will increase thus account- 
ing for the 3hape.of the curve observed in the case of ethyl alcohol in 
benzene; the U-shape of the curve in the dilute region is thus 
explained. 



Theoretically the equation o l  the polarisation curve, as can be 
shown easily, is of the third degree, when a complex is lormed in a 
binary system. The shape of the third degree equation curve will be 
similar to that given by the system ethyl alcohol in hexane, heptane 
and carbon tetrachloride. 

In addition to these the authors obtained polarisation curves 
which showed a distinct dip usually at  0.5 mol. This drop in the 
polarisation value is attributed to the presence of a complex formed 
between the solvent and the solute throug-h hydrogen bonding. 

Hiickel and Schneiden (%. Plzy. Clzcnz., B, 1940, 47, 227) 
have measured the polarisation of im-propyl alcohol in benzene, 
hexane, etc., and the curve is similar to that illustrated in the figurc 
for ethyl alcohol in hexane. 

The polarisation Pr value obtained for iso-butyl alcohol both in 
heptane and hexane are very nearly the same, showing that the effect 
of orientation is the same in these two solvents. 

Hiickel and Schneiden (lac.  r i f . )  have studied the dielectric 
polarisation of tert. butyl alcohol in benzene, hexane, etc. They 
explain the decrease in the polarisation as due to steric hindrance. 
The polarisation-concentration curve when there is no steric 
hindrance is explained by assuming the presence of both chain. 
do~~ble  and quadruple molecules. 

A similar phenomenon is observed for iso-amyl alcohol in non- 
polar solvents. Smyth explains the maxima and the minima observed 
in the polarisation curve as due to the presence of two isomers of the 
amyl alcohol used. 

The authors have studied the polarisation of iso-amyl alcohol in 
benzene and carbon tetrachloride and also the selective adsorption of 
this binary system on silica gel and carbon A minima in the polar- 
isation value at about 0.3 mol {so-amyl alcohol in benzene, and in 
carbon tetrachloride at  0.5 mol were attributed to the presencz of 
the complex Am013 2 CGHR and AmOH CC14 respectively. (This 
/ow., 1912, 24A, 23). 

The dielectric constant and polarisation of all forms of octyl 
alcohol has been given by Smyth. The values are found to differ 
for each type depending on the location of both of the hydroxyl group 
and of the branching of the chain. 



According to Thompson (Cl7emistry and I~dustuy,  1938, 52, 
j12) the organic molecular conzplexes in solution are held together 
purcly by physical forces or by definite co-ordinate linkages accorcl- 
ing as the polarisation is less than the sum of the two components 
for the former and ntom in the latter. Also he points out that 1: 1 
complex formation are most usual when both components are mono- 
mo1ec;lar. 

The usual way of calculating thc polarisation of a binary sys- 
tem of a polar liquid in a non-polar one by the Debye equation 

p12 . . f17% + f2mg r - l  
d s +  2 (1) 

where fi and f~ are the mole fractions of the components and 
8 is the dielectric constant. The above formula holds only when the 
molecules are not associated. The authors have shown elsewhere that 
this cquation is inapplicable for both pure liquids and concentrated 
solutions. The New Equation is: 

(fl%++_r2pLj = ,S12 c - 1  (2) 

from which Pzt and Po' the molar electric susceptibility, are calculated , 
in the usual way (cf. 11. 20). 

A graph of the molal suscepiibiliiy calculated by the New 
Equation is shown in  Fig. 2. The polarisation of the systems 
benzene-chloroforn~ and chlorobenzene are nearly linear functions of 
composition and nitrobenzene and alcohols show anomaly at  either 
end of concentration curves which are understandable on the basis of 
formation of complt=xes. The latter will lead to an equation of third 
degrre for polarisation-concentration. 

(1) S j s t e m  Benzene-Carbon Tetrachlor ide  

Gaud ( A m .  der Chenz. u~zd der Phys., 1913, 8 ,  29, 124, 6 )  
found that the freezing point of this system clearly indicated the 
formation of the complex of one molecule of benzene with one of 
carbon tetrachloride. 

The other physical properties like dielectric constant, density, 
polarisation, etc., as studied by Williams and Krchma (Jozw. -41nev. 
Chen?. Soc.. 1927, 49, 2408) indicated no divergency from the usual 
law of mixtures. 



Dolezalek (2. Phy. Ckenz., 1908, 64, 727) accounted for the 
positive deviations observed ior this system in the application of 
Raoult's law by assuming CC14 to be associated, the degree of asso- 
ciation being derived from the law of mass action for the ecluilibrium 
constant I( = 0.207. But it is, however, s h o ~ n  that even large 
values of R arc insufficient to account for deviatioiis , fro111 
Raoult's law. 

Pesec, Tuozzi and Evtlokirriorf (Clziaz. Ifal., 1940, 70, 721) 
have carried out refractometric, density and volume changes in mix- 
ing benzene with carbon tetrachloride. The deviations -from linear- 
ity with respect to volume were found to be negative while the 
refractive index deviations positive. 

The anon~alous dispersion of dielectric constant, the dielectric 
polarisation and the selective adsorption by carbon and silica gel in 
the entire range of concentration of this system have been studied 
by us previously (T&s Jaw. ,  1942, 24A, 27). 

Even though both the components used are known to be 
classical examples of non-polar substances the properties studied 
indicated formation of complexes between the two components. The 

' complexes formed are CCk CcHc and CClr 4CoIHa as concluded in 
the paper (loc. cit.). The formation of these compounds was 
explained by assuming a degeneracy of one of the hydrogen bonds 
in benzene which may form a loose linkage with each of the chlorine 
atom of the carbon tetrachloride. In  the present investigation the 
authors have studied the selective adsorption by activated coconut 
shell charcoal and silica gel and also the electronic polarisation and 
molecular electric susceptibility have been calculated. 

(1) Adsorptiotz.-The activated coconut shell charcoal used for 
the adsorption experiments was taken from a portion .of the char- 
coal prepared for gas masks. 

The silica gel used was prepared by disgesting nickel silicate 
with hydrochloric acid. The nickel silicate was prepared by precipi- 
tating from a solution of nickel nitrate by sodium silicate. The si!ica 
gel thus prepared was powdered to 40 mesh, dried again in an oven 
for  a day and used for the experiments. 



The adsorption measurements were carried out on a Pulfrich 
refractolnetcr as described before (Thts / o w . ,  1912, 24A, 11). The 
selectivity of the two adsorbents werr calculated in the usual way. 

The results of the' various experiments are given in Table I 
and represented in Figs. 3 and 4. 

TABLE I 
1939 I 1942 

Silica gcl 

-- 



Disczu&n.--The two sets of results for silica gel have been 
measured at  intervals of three years both of which confirm the 
anomalous nature of the adsorption. It  has been shown previously 
that whenever there is the possibility of comhound formation in liquitl 
state, the adsorption curve is characterised by a sharp change in the 
slope. Thus silica gel shows a sharp maxima in the adsorption at 
.66 mol of carbon tetrachloride (2 CCIiCsHs), zero adsorption at 
.5 mol (CC14CeHs). A sharp negative adsorption at 3 3  
(CCla2CeHs), zero adsorption at 2 5  jCCli3CoHs) and at .20 
(CCl4CsHs). 

In the case of Norit the latter two compounds are indicated 
in the curve as having zero adsorption and the 1: 2 compound by 
a maximum, 1 : 1 by zero, and 2 : 1 by a maximum; in the case of 
coconut shell carbon, 3 to 1 is indicated by zero and 2 to 1 by a 
sharp negative maxima and 2 to 1 by a very flat maxima. The 
highly anomalous nature of the adsorption of this binary system 
has been confirmed by the authors by carrying out two sets of results 
at the interval of three years. 

These results are in harmony with the ideas of the authors that 
carbon tetrachloride can form addition compounds with 1, 2, 3 and 
4 of benzene, the various coinplexes being preferentially adsorbed 
leaving the compositions of the mixtures at these points unchanged. 

(2) Polarisation.-The electronic polarisation PEa of carbon 
tetrachloride in benzene at various concentrations, was calculated 
from the refractive angles observed while determining the adsorption. 
The results are given in Table I1 and shown in Fig. 4 on an enlarged 
scale. 

TABLE I1 

i. C,. 1 ' / E I p ~ 2  

0.895 
0.748 
0.564 
0-506 
0.282 
0.110 

The curve starts with a value of 22 C.C. at 0.11 mol carbon 
tetrachloride and rises steeply to a value of about 27 C.C. at 0.28 mol 

26.61 
26.58 
26.54 
26.54 
26-75 
26.11 - 

1.5148 
1.4164 
1.2892 
1.2473 
1.0854 
0.9669 

26.60 
26.58 
26.47 
26.98 
27.09 
22.00 

1,4642 
1.4704 
1.4782 
1.4805 
1.4958 
1.4963 



in which region the formation of hydrogen bond decreases the 
electronic polarisation. After this it remains constant up to 0.5 mol. 
The curve again falls here and comes down to a value of 26.5 c.c. 
after which it remains sensibly constant. 

(3) Electric Satsceptzb~1zCg.-The PL' value5 of bcnzene in 
carton tetrachloride were calculated by making use of the dielectric 
constant and density values determined previously by using the New 
Equation. The results a le  glven in Table 111. 

The molecular suceptibility 01 benzene in carbon tetrachloride 
decreases with concentration pas ing through a slight kink a t  
0.5 mol a t  which point the electronic polarisation measured recently 
on different samples showed marked kink. The rapid la11 from 
0.25 CCb has its counterpart in each of the curves shominq that the 
fall in the susceptibility curve is almost entirely due to change in 
thr electronic polaristion of the complex 4CaHa CCl4. 

The  various compounds of benzene and carbon tetrachloride may 
be represented as : 



(2) System Benzene-Chloroform 

Linebarger (Anrev. Clzrm. Jozw., 1896, 15, 429) has measured 
the densities of the mixtures of benzene and chloroform at different 
concentrations. H e  finds the calculated specific gravities to be less 
than the observed ones. He attributes this behaviour to same specific 
action between the molecules of the liquids mixed. 

Williams and Krchma (Jour. Anzcr. Chem. Soc., 1927, 49, 
1676) have studied the refractive index, dielectric constant and 
molar polarisation in the entire range of concentration. They find 
that the Pz (molar polarisation) curve is not a straight line and 
explain it as belonging to one of the types of curves described by 
Debye (polar molecules). 

The freezing point of the system benzene-chloroform has been 
investigated by Wyatt (Trans. Faraday Sac., 1928, 24, 429). Even 
though the curve does not show any complex formation, the two 
portions of the curves from the pure components to the eutectic point 
are concave towards the concentration axis, and according 'to the 
freezing point curve given in Timmermann's book (Les solutions 
colzcentrees, p. 184) the existence of the complex 3CHCb CsHs is 
dearly indicated. 

Giovanni Bottec~hia (C. A . 1936, 4063) has carried out 
dilatometric measurements of benzene and chloroform at 16' and 140' 
and shows that the maximum increase in volume occurs a t  27 per 
cent. CHCl3 corresponding to a ratio CHCla: CeH6: : 1 : 4. 



Linebarger (Awacv. Clwnz. Jaw., IV,  1936, 2, 331) has mea- 
sured the viscosity of mixtures of benzene and chloroform a t  differ- 
ent concentrations. ?'he difference between the calculated and the 
observed viscosities are so slight, the author attributed the differ- 
ences to experimental errors. 

(1) Po1arisatio~r.-The dielectric constant measurements were 
carried out on an  apparatus described previously (This Jaw. ,  1942, 
24A, 17). 

Piezoelectric quartz crystals whose frequencies were determined 
very accurately were connected between the grid and filament of a 
tuned anode valve circuit using a LPz valve and 40 volts on the 
anode. In  this circuit the plate current will vary very rapidly with 
increase in capacity in the circuit in a certain region. I t  will first 
fall slowly when the oscillations start and then more rapidly until 
it reaches a minimum after which a very small rise in capacity will 
stop the circuit from oscillating and the anode current will jump up. 
This stopping point is used to adjust the setting rather than the point 
for the same current as usually done. Measurements could be carried 
out very rapidly by changing the anode coils to suit different crystals 
from 23 kcs. to 7,100 kcs. As the circuit stops oscillating a t  the 
critical setting the dielectric constant is measured at high frequency 
damped but sinusoidal waves. 

Fo r  some of the crystals the sudden increase on the plate 
current was very sharp, while for some crystals it was found to 
change very slowly which made the reading- unreliable. To  start the 
crystal oscillating, it was found that the condenser had to  be set back 
behind the point where the current rises sharply, and even then a 
switching arrangement had to  be devised to start the crystal oscillat- 
ing. The condenser is set just beyond the critical value sufficient for 
the sudden rise in the plate current, and then the filament would be 
switched off and on when the crystal began to oscillate. I t  was also 
found very essential to clean the crystals with a fine cloth wetted 
with alcohol, as moisture sticking to the sides of the crystals would 
affect the oscilIation properties of the crystal, and on rainy days the 
readings could not be got as sharp as on a dry day. 

2 



111 the present investigation, the oil-bath for the measuring 
condenser- was surrounded by a water-bath which in turn was placed 
in a wooden box to keep the temperature steady. The space between 
the water-bath and the wooden box was packed with saw dust. An 
electric heater and a stirrer were immersed in the water-bath. In the 
oil-bath only a lland stirrer was used. When the temperature of the 
water-bath was just 0.1'-0.Z0 higher than the required temperature 
the heater would be put off, and only the itirrer kept in action. 'This 
was sufficleat to keep the oil-bath steady at  the required temperature. 
If the temperature rose more than what was required in the oil-bath, 
it could be brought down by adding a few pieces of ice to the water- 
bath. This arrangement was found to work very satisfactorily espc- 
eially as measurements were made near room tempcrature 25" C. 
or 30" C. 

The  values of the various physical properties of this system 
are gircn in Table TV and 1-epresentecl in Fig. 5. 

New Law 

The polarisations have been calculated by the usual Debyc 
Clausius Mosckti equation (D.C.M.) (P3) and by the application of 
the New Equation of the authors (Pr') .  



Discussio~t.-Williams and Krchma (Jour. Anzer. Chew. Soc., 
1927, 49, 1676) found that the polarisation (D.C.M.) goes on 
increasing in the dilute solutiops of chloroform from 47.5 C.C. a t  1 mol 
benzene to  48.8 C.C. a t  0.1 mol chloroform, afterwards the curve 
shows a gradual depression in value to 45 C.C. in  1 mol chloroform, 
whereas the authors get a complicated type of curve in different con- 
centrations of chloroform. The curve starts with a much lower 
polarisation than that found by Williams and Krchma, then goes on 
increasing till 0.21 mol chloroform, when the polarisation value 
suddenly drops. Again the curve begins to zscend sharply at  0.25 
mol chloroform. From here onwards the curve takes a C L I ~  

shaped form with a convexity towards the concentration axis. 
Again from 0.5 mol. chloroform the curve becomes convex towards 
the axis. This shape of the curve was confirmed by determining the 



polarisation of number of mixtures of benzene and chloroforn~ at 
small differences of concentrations of mixtures. The polarisation 
curve of Williams and Krchma has very few points. And from a 
coinparison of their curve with the authors' it is noticeable that 
Williams and Krchnla have no values for polarisation in the region 
where the authors get the peculiar curvatures. And also if a curve 
is drawn through the points from the authors', values corresponding 
to compositions determined by Williams and Krchma both the curves 
of the authors and Williams and Krchma are found to be parallel. 

T o  allow for the influence of polarisation due to electronic 
polarisation, the latter was calculated from the refractive indices of 
the mixtures studied and the molecular electronic polarisation calcu- 
lated from the formula 

was subtracted from the molecular polarisation P3 thus giving PO. 
This is represented in Fig. 5. Even though the scale of the curve 
is exaggerated the general outline of the curve is very similar to 
that of the molar polarisation curve. 'l'he sudden change of the 
slopes at  0.25, 0 . 3  and 0.5 mol. chloroform is very much marked. 
These points correspond to the composition of the complexes CHCh 
~ C G H G ,  CHl:l, 2C8Ha and CHCIaCoHo. As already pointed out the 
presence of the first complex has been borne out by freezing point 
determinations. 

The difference in value o i  the electric moment of chloroform 
obtained in the gaseous state and in benzene can be explained on the 
basis of a co-ordinate linkage between chloroform and benzene. In  
dilute solutions the mon~eut measured is that of the complex which 
has a higher moment than the free molecule owing to the decrease 
of the influence of one C-Cl bond on the other. 

Polarisation was also calculated by applying the New Equation 

( = 4 N k .  The molar susceptibility P,' of chloroform 

was calculated from the formula Pin = flF"' + fiPa'. The Pd was 
calculated from the formula, 



The values of PA' are represented in Fig. 5. The curve rises with 
concentration in the dilute region and remains constant in the Con- 
centrated region. The Pa' has been also calculated from the values 
given in Landolt Biirnstein and the results are in agreement except 
at lower concentrations. 

Adsorption.'-The adsorption measurements were carried out in 
the manner described previously, the same sample of silica gel and 
activated coconut shell charcoal were used as absorbents. The 
results of the adsorption measurements for various mixtures studied 
nre given in Table V and represented in Fig: 5. 

Silica ge! 
C,-  C 

Carbon 
Co- C 

-0.02 
0.17 
0.27 

-0.04 
0.72 
0.06 

-0.04 
0.02 
0.41 

-0.18 
-0.22 

The adsorption curves take very complicated forms and they 
are twisted about the axis for silica gel, the curve goes through a 
negative direction up to 0.15 mol chloroform after which for a 
short concentration range of chloroform the adsorption increases, 
then the value becomes almost flat and suddenly drops in value a t  
about 0.4 moI chloroform. The adsorption after this reaches a maxi- 
mum a t  about 0.5 mol comes down and goes up and then decreases 
in value with concentration of chloroform. 

The abrupt change in the slope of the curve corresponds to 
definite compositions of complexes that might be present in the 
systems. That  is the change a t  0.25, 0.33 and 0.5 mol chloroform 
might be due to CHC13 3CeH6, CHCb CaHe and CHClaCoHo. 



For coconut shell charcoal the curve lies below the concen- 
tration axis till about 0.22 rnol and then suddenly rises to a 
positive maximum at 0.25 rnol chloroform, corresponding to 
CHC13 3CsHs. The curve from this point again comes down passing. 
through zero adsorption at  about 0.3 mol chloroform corresponding 
to CHCls 2GHs. Again the adsorption value rises, goes through 
a maximum, comes down once more to zero value a t  0.4 mol chloro- 
form and then again to a maximum at 0.5 mol corresponding to 
CHCls CGHR. 

On the basis of CH+Cl bonding the structure of the possible 
complexes can be represented in the following way: 

(3) System Benzene-Methylene Chloride 

(1) Pola,risatiovz.--The dielectric constant measurements were 
carried out in the manner described before. The density, dielectric 
constant, polarisation Pz, electronic polarisation Pzl and molar 
susceptibility P?' are given in Table VI. P% and (P2 - PE,) -- 
Po and Pz' are represented in Fig. 6. 



D.C.M. New Law 

The PE, curve for metl~ylene chloride rises with concentration 
up to 0.4 mol methylene chloride, then goes through a minimum a t  
0.5 mol after which the value remains almost constant. The Po 
values decrease with concentration but go through a slight kink a t  
0.5 mol. Even thc molar susceptibility P2' curve denotes appreciable 
change of slope a t  0.6 and 0.66 mole rnethylene chloride plottcd on 
1150th the scale. \Vhereas the D.C.M. iqnation shows a fall with 
concentration the i~iscr~tibil i ty shows a rise. The former is 
difficult to explain as methylene chloride is not an  associated liquid 
and formation of compounds or complexes should decrease the 
polarisation which is g-iven only by the susceptibility equation. All 
the curves show the kinks a t  molar compositions. The dipole moment 
calculated from the polarisation in concentrated solutions will be 
discussed later. 

(2)  ddsovpfion.-The adsorption measurements (Table VTT, 
Fig. 6 )  both for  silica gel and activated coconut shell charcoal gave 
similar r e s~~ l t s .  I n  both the cases the selective adsorption goes on 
increasing with concentration up to 0.3 mol methylene chloride, then 
comes down to zero at  0.13 mol for silica gel and a minimum for 
charcoal. The curves again rise to a maximum at 0.5 mol and 
drop in value and again rise to a maximum a t  0.66 mol methylene 
chloride. These compositions correspond to the complexes 1 : 2, 1 : 1 



TABLE V I I  
-- 

Silica gel Carbon 1 Carbon 2 
J~CH,CI% 

I I 1 
and 2: 1 respectively. The various compounds may be given the 
following structures :- 

(4) System Benzene ter t .  Butyl Chloride 
(1) Polarisation.-The dielectric constant measurements w-ere 

determined as described previously. The calculation of the molecular 
electronic polarisations by the D.C.M. equation and molar suscepti- 
bility by the New Equation are given in Tables VIII and IX and 
represented in Fig. 7. 

TABLE V I I I  

0.13 
0.26 
0.43 
0.50 
0.55 
0.61 806 

945 

The P E ~  values for tert. butyl chloride decreases rapidly with 
concentration in the dilute region going through a minimum 



at about 0.33 ma1 fert. bury1 chloride. The value rises slightly and 
comes dovin again at about 0.5 mol and afterwards remailis appre- 
ciably constant. The Po ~a lues  go through a maximum a t  0.3 tnol 

tcrt. butyl chloride and then again pass through a slight maximum 
at 0.5 in01 after which the value goes on decreasing with concentra- 
tion. 

TABLE IX 

h I I  1 h 1 2  1 P., 
- 



The P?' values rise steeply in the dilute region and then the 
values remain almost constant in the concentrated region. The value 
of the dipole moment calculated for this steady value of P2' is 2.10. 

(2) Adsorptior~.-The adsorption of this systen~ was also 
carried as before using the same adsorbents. The selective adsorp 
tioil values calculated for the entire range of concentration of tert. 
butyl chloride in benzene is given in Table X and represented in 
Fig. 7. 

Carhon Silica gel 

For silica gel the values go through very high values com- 
pared with charcoal with a maxima at 0.5 and 0.6 mol tert. butyl 
chloride and from 0.6 mol the curve comes down. For charcoal the 
curve is of a complicated nature passing through a positive maxima 
at 0.33 and negitive maxima at 0.5 and 0.66 and again positive at 
0.85 mol tert. butyl chloride. 

The two possible compounds may be represented by the follow- 
ing structures :- 

CHs CHs 
- CHs 

1 a,--A+cr+J-.- cH,-c+cr+H 
I \-/' 

CH3 
I 

C Ha CHI 

(5)  System Benzene-iso-Amy1 Bnomide 
(1) Polarisation.-The dielectric constant measurements mere 

carried out in the apparatus described previously. The dielectric 
constants, polarisation and densities of the different mixtures studied 
are given in Table XI. 
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TABLE XI 
Dielectric Polarisatiot~ of iso-Awyl Bromide in Beizzene 

The polarisation P2 was calculated by the D.C.M. equation. 
Using PE~ values from Table XII, Po was calculated and the results 
are shown in Fig. 8. Po rises with dilution showing marked change 
of slope a t  0.66 mol bromide (1 : 2 compound). The rapid drop at 
low concentration is shown both by Po and PE? curves. The latter 
(plotted on a large scale) brings out kinks at 0.5 mol and 0.66 mol, 
and emphasizes the decrease in electronic polarisation in dilute solu- 
tions contrary to usual assumptions. 

Electronic Polarisattow of iso-Awyl Bromide 

Pz' values remain fairly constant (604 LC.) up to 0.5 mol 
concentration and then decrease. These results will be discussed 
later. 



( 2 )  Adsorptiout.--The adsorption of this system on silica gel 
and activated carbon mas carried out in the way described previously. 
The results are given in Table XI11 and represented in Fig. 8. 

TABLE XI11 
Adsorptiolz 

Sillca gel Carbon 
Cu- c, C,,- C1 

The adsorption curve for silica gel is of a very complicated 
shape starting with a positive value at 0.02 rnol iso-amyl bromide. 
The curve passes through zero adsorption at  0.1 rnol to a negative 
maximum value at  0.25 rnol after which the curve again rises to a 
positive value at  0.4 rnol bromide. Again the curve goes to a nega- 
tive maximum value at 0.5 mol, going to a positive maximum once 
more at 0.6 rnol and after this the curve smoothly joins the concen- 
tration curve at 1 rnol <so-amyl bromide. 

For activated carbon the curve starts with a positive value at 
0.02 rnol and the rest of the curve lies on the negative side. At 
0.66 mol iso-amyl bromide the curve goes to a sharp negative 
maxima. 

The two possible campounds may be represented as follows :- 

(6) System Benzene-Chlorbenzene 
(1) Polarisation.-L. Klemm, W. Klemm and Schiemann (2. 

Phy. Chem., 1933, 165, 379) have determined the freezing points in 
the entire range of concentrations of benzene with mono halogenated 
derivatives of benzene. 



The freezing point curve for the system fluorbenzene-benzene 
indicates the existence of a complex by a slight dent in the curve. For 
chlorbenzene-benzene the curve is concave towards the concentrations 
axis with an eutectic. The curves for brom- and iodobenzene with 
benzene are normal. I t  may be said that the affinity of the halogen 
bond with the C-H bond in benzene, decreases in the order fluorine, 
chlorine, bromine ancl iodine as  expected. 

Williams and Krchtna (Jozw. A~wv. Chevl. Soc., 1927, 49, 
1676) have determined the refractive index and polarisation of this 
system. They get a smooth curve, but have no points in the region 
where the authors get discontinuities in the curve. The curve obtain- 
ed by Williams ancl Krchrna comes under one of the types of curves 
explained by Debye. 

Singth, Morgan and Boyce ( J o w .  Aater. Ckcnz. Soc., 1928. 50: 
1536) have measured the polarisation of chlorbenzenes in benzene, 
and have shown that the departure from linearity of both the di- 
electric constant and density curves depends upon the character not 
only of the polar substance but also of the non-polar. The decrease 
in the polarisation with concentration is explained as due to the mole- 
cules of chlorbenzenes tending to orient themselves in such a way 
that neighbouring doublets oppose on~e another, thereby decreasing 
the polarisation. The effect is greater, greater the concentration. 

Smyth and Morgan (Jozw. Amev. Chew. Soc., 1928, 50, 15473 
have measured the dielectric constants of solutions of ethyl 
bromide, chloroforn~ and chlorbenzene in hexane over the entire 
rang? of concentration. As expected, they found that the mole- 
cules affect one another more strongly in concentrated solutions, 
at  lr~wer temperatures and when their moments are high. 
Thus the Plz curve for cldoroform which has the smallest moment 
of the three polar substances studied, is nearly a straight line 
in the dilute region and the curve for 60" shows only a small departure 
from linearity, but this departure increases as the temperature is 
lowered. Chlorbenzene which has a larger moment shows a notice- 
able change throughout all the curves, but the slope of the curvature 
increases with decreasing temperature and increasing concentrations. 
The curve for ethyl bromide, which has the largest moment of the 
three, passes through a maximum. 



E~pe~i~rte~ucta1.-The dielectric constant measurements of this 
system ivere carried out in the manner described previously ( J O I W .  

I I Z ~ .  111rst. Sci., 1942, p. 16). The results (except the dispersions) 
are given in Table XIV and represented in Fig. 9. 

TABLE XIV 
DieZect~ic Polwisatio?l of the System Chlorbe?zzene-Be~zene 

D.C.M. 1 New Law 



The curve for the molar polarisation of chlorobenzene drops at 
two steps-one at 0.33 and another at about 0.5 mol chlorobenzene. 
These two points correspond to the composition of the complexes 
CsHsCl 2CaHo and C ~ H j c l  CsHo respectively, the former is character- 
ised by a sharp drop in Pg value. The general tendency of the de- 
crease in PE% is also in common with the results for other systems. 
The results of refractive dispersion are given later. The polarisabil- 
ity calculated by the New Equation is fairly constant although the 
anomalies at 0.3 and 0.5 mol persist. The results will be discussed 
in a later paper. 

(2) Adsorption.-The adsorption measurements were con- 
ducted as described previously, using silica gel and activated coconut 
shell charcoal as adsorbeuts. The results are given in Table XV and 
represented in Fig. 9. 

-- 

fa i Carbon Silica gel 
co- Cl 

For silica gel, the selective adsorption curve lies above the 
concentration axis with a number of maxima and minima the curve 
having a zig-zag form. The curve goes through maxima at 0.33 rnol, 
0.44 and again at 0.66 in01 chlorbenzene, and passes through minima 
at 0.37 and 0.5 rnol chlorbenzene. The maximum and minimum 
points correspond to CoHsC1 2CsHe and CsHsCI CoHe. 

For activated coconut shell charcoal the curve lies on both 
sides of the concentration axis. In lower concentrations of chlor- 
benzene the curve passes through negative values and from 0.28 ml 
the curve rises and goes to the positive side till 0.33 mol chlor- 
benzene is reached. Again the curve comes down to a negative value 



a t  0.38 mol CsESXI goes to a positive maximum with a sharp slope 
a t  0.5 mu1 chlorbenzene after this the curve comes down sharply 1,-, 

0.51 mol chlorbenzene. 
The presence of the conipounds CcHiCl 2CdIe, and CaH;C\ 

CaHe which are tnarliedly shown to exist both by polarisation and 
adsorption curves, can be explained in the following way: The 
hydrogen opposite to the chlorine atom will have an induced charge 
opposite in sign to that of the chlorine atom. One of the benzene 
will form a link with the chlorine and another with the hydrogen 
opposite to the chlorine, thus making possible the existence of thc 
complex CsHsC1 2Cel-Ic. 

( 7 )  System Benzene-Ethylene dichloride 

Stearn and Smyth (Jowr. Amcr.  Chcnz. Soc., 1934, 56, 1667j, 
Mnller (Play. Z., 1933, 34, 689), Snlyth, Dornte and Wilson ( l o w .  
A w w .  Clwn. Soc., 1931, 53, 4242) have fount1 an abnormally hig-h 
value for the dipole moment of ethylene chloride in bcnzene as 
compared with its 1-alues in other solvents. Formation of conqdex 
between the solvent and solute has been suggested as the cause. 

Hugo Huettig- Jr .  and C. Smyth ( / o w .  AIUCY. Clzcin. Soc., 
1935, 57, 1523) have determined the freezing point of this system 
but found no evidence of any compound formation. I t  may be men- 
tioned that while freezing point investigations (Jozrr. .4nzeu. Cken~.  
Soc., 1935: 57, 1324) give no evidence of the presence of a complex 
in the system, they do not necessitate the abandonment of the idea 
of the possible loose cot~~plex between the two components, which 
seems to offer an explanation for the high dipole moment observed 
in benzene and of thc relative intensities of certain lines in its Raman 
spectrum in benzcne solution. 

Kubo (BzdZ. Iwt. Phys. Clzemn.. Research, Tokyo,  1934, 13, 
1221) has explained the eIectric polarisation values on the assumption 



of 1: 1 compound of benzene and ethylene dichloride. In the present 
paper the dielectric dispersion of ethylene dichloride in benzene have 
been measured over the entire range of concentration from which the 
nlolar polarisation of ethylene dichloride is calculated both by the 
U.C..L.I. equation and New Law. The adsorption of the system on 
silica gel and activated coconut shell cl~arcoal has been also deter- 
mind with a view to give additional evidence lor the existence of 
complexes betwccr~ the solvent and the solute. 

(,I) Pnlarisntio~r.-The die1ect1-ic constant measnrmxnis were 
carried out as described previously. The physical properties are 
given in Table XVI aud represented in Fig 10. The dispersion 
- ,cs.~lts , ., will he given in a separate paper. 

The molar polarisation Po which is obtained after the suhl-rac- 
tion of PE, the electronic molar polarisation froin P2 of ethylene 
chloride in  benzene, decreases linearly with concentratipn up to about 
0.66 m,d ethylene dichloride theil the value comes down more 
rapidly in coilcentrated solution. 

The electronic polarisation remains sensihly constant between 
0.4 to 1.0 m d  and drops rapidly in lower concentrations. 7'hc n~olar 
susceptibility P2' calculated frorn. the New Formula increases with 
roncentration up to 0.7 mol ethylene dichloride anti then decreases. 

J 



The authors believe that the polarisation of ethylene dichloride should 
decrease in dilute solutions if complexes with benzene are formed 
owing to law of mass action. The latter also shows itself in concen- 
trated region as expected. 

Adsorptio~t.-The selective adsorption measurements of this 
system in the entire range of concentration on silica gel and activated 
coconut shell charcoal was carried out on a Pulfrich Refractometer 
as already described. The results are given in Table XVII and 
represented in Fig. 10. 

TABLE XVII 
Ad.sorptio+z 

Silm gel Carbon 1 Carbon 2 
C ~ &  / f T 2 ~ b ~ ~ ,  1 Co- C 1 Co- C Co- C 

A zig-zag curve is obtained for coconut shell charcoal passing 
through a positive maximum at 0.15 mol ethylene chloride then 
through negative maxima at 0.33 and zero at 0.5, and again through 
negative maxima at 0.6 and minima at 0.66 and maxima at 0.85 nlol 
ethylene dichloride. 

For silica gel also the curve goes through a positive maxinia 
at 0.25 mol and through zero at 0.5 mol and again positive maxima 
at 0.66. 

The complexes prominently shown to exist by the curve are 
CoHs-QHaClt and 2CoHo-CzHaCl?. These complexes might be form- 
ed through the C-H + C1 bonding since benzene is shown to possess 
a weak hydrogen bond. The formation of 1 : 1 compound will explain 
the rise in the moment of the valae of C-CI bond. Since there arc 
two chlorine atoms in ethylene dichloride capable of bonding with 
two hydrogen atoms the most probable complex formed between ben- 
zene and ethylene dichloride will be CzHnC12 2CoHo. The structures 
of the possible complexes are : 



(8) Sys t em Benzene-Ethylene dibromide 

Ethylene dibromide and ethylene ciichloride are found to have 
comparable properties. Just as the moment of ethylene dichloride 
was found to give considerably high value in benzene when com- 
pared to those in other solvents likc hexane, heptane, etc., ethylene 
dibromide was also found to behave in a sinlilar manner (Smyth and 
Kamerling, .Tour. Awzer. Chew. Soc., 1931, 53, 2988). 

Dahms (Wied. Am. ,  1895, 54, 486) has carried out the freez- 
ing point determinations of this system over the entire range of con- 
ccntration. As in the case of ethylene dichloride-benzene here also 
the freezing point diagram indicates no compomd formation in the 
system. Rut both the freezing point curves for ethylene dichloride- 
benzenc and ethylene dibromide-benzene are nlot ideal, i.e., the line 
joining the freezing points of the pure components to the eutectic 
point is not a straight line but is convex. Perhaps this is due to the 
presence of loose complexes present in the system which may not 
appreciably altcr thc freezing points. 

The molar polarisation and selective adsorption measurements 
of this system have been carried out to give additional evidence for 
the presence of complexes in the system. 

( 1 )  Polarisation.-The dielectric constant measurements of 
this system were carried out in the manner dcscribed previously. The 
dielectric dispersion values will be given later. The polarisation 
calculated from steady values of dielectric constants are given in 
'I'able XVIII (a  and b ) .  The molar polarisation for ethylene 
dibromide is represented in Fig. 11.  

4 



TABLE XVIII 
Polarisation : System Ethylene Dibromidc-Benzene 

, 

-- 
D.C.M. 

New Results 

48.99 26.8 
51.04 26.6 
51.55 26.8 
54.73 26.5 
56.42 26.4 
60.12 25.9 
69.30 25.8 
82-43 16.1 

New Law 

The D.C.M. polarisation curve starts with a value of 83 C.C. 

in infinite dilute solution of ethylene dibromide and comes down to 
the value of 70 C.C. at about 0.1 rnol ethylene dibromide. The 
curve takes a convex shape towards the concentration axis with 
a slight dent at about 0.5 rnol CzHaBrz. The electronic polarisation 
curve PE~= goes through a maximum point at  0.5 rnol CzHtBrz. 

The Po curve represented in Fig. 11 shows rapid fall in polari- 
sation with concentration and dents in the values,at 0.5 and 0.66 mol. 
The electronic polarisation PE, of ethylene dibrornide goes through 
a maximum at 0.5 mol. 

The molar susceptibility P3' (calculated by the application of 
the New Equation) curve is a straight line parallel to the concentra- 

, ~ 

tion axis from 0.25 rnol for6ards. The curve' takes a cup-shaped 
form in th'e region 0.1 to 0.25 mol. And from 0.1 the Pz'  value 
increases steeply with ' dilute concentration of ethylene dibromide, 
owing to the failure of 'the New Equation 'in this region where 
D.C.M. equation probably holds good and to tlie formation of complex 

, , ... 
between the solvent and the solute. 



(2) Adsorfitio%.-Adsorption measurements of this system on 
activated coconut shell charcoal and silica gel were carried out in the 
same manner as described in the previous parts. The results are 
given in Table XIX and represented in Fig. 11. 

The selectivk adsorption curves for both silica gel and activated 
carbon are of twisted shape. For silica gel, the curve passing through 
almost a constant value up to 0.1 mol reaches a maximum value at 
0.23 mol. The val* suddenly drops from; here to 0.33 mol after 
which the curve takes a 'S'-shaped form passing through zero adsorp- 
tion of 0.66 mol ethylene dibromide. 



TABLE XIX 

Systew~ Benzene Ethylem Dibromide 

New Results I Preliminary Results 

Sample I Sample 2 
~C,W.B~.  C.- CI 1 C,- CI f ~ 2 & ~ r 2  

Sample I Sample 2 
C " C ,  C . - c ,  

(a)  Acrimied Coeonul Shell Charconl I 
I -0.45 0.61 

0.35 0.34 1 0.51 0.22 

I (b )  Silica Gel 

The curve for activated carbon, rises steadily in dilute solutions 
CzHiBr? up to about 0.23 mol, then comes down. A change of 
slope is obscrved at  about 0.5 mol and 0.66 mol, the cul-ve being 
similar to that of silica gel. 

The possible structures of the comyot~nds arc given below :-- 



(9 )  System Benzene-iso-Butyl Atcohol 
The measurements of dielectric constant of the system benzene 

;so-butyl alcohol have been carried out by Lange (2. Phys., 1925, 33, 
169) and by Mahanti ( J o w .  Ind. Chem. Soc., 1929, 6, 713). Lange 
finds that the polarisation varies linearly with concentration in dilute 
solutions. No measurements have been carried out between 0.35 and 
1.00 alcohol in which region the authors find the polarisation value 
decreasing with concentration. Lange obtains a value of 58 C.C. (Pz) 
for pure alcohol, showing that the Pz values in concentrated solutions 
would decrease. 

The molecular polarisation Pz was calculated by the authors 
from the dielectric polarisation PIX from Mahanti's values for iso- 
butyl alcohol. The values in the very dilute region rise first, then 
deep and then rise ag-ain in the region studied from 0.0 mol to 
0.3 mol alcohol. The polarisation curve of the authors lie between 
the curves obtained by Lange and by Mahanti. The discrepancy in the 
values by the different authors might be due to the molecular palari- 
sation PI assigned to benzene. The deviation from the linear law 
of molecular polarisation has been explained by Mahanti as due to 
associated molecules. 

(1) Polarisetion.--The dielectric constants of various mix- 
tures of (so-butyl alcohol in benzene was carried in a way similar to 
that explained in a previous part at 25" C. The refractive index of 
mixtures was measured and PE calculated is given in the Table XX, 
the polarisation values are given in Table XXI and the molecular 
polarisation P? represented graphically in Fig. 12. 
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The polarisation P2 curve rises linearly with coficentration upto 
about 0.4 mol alcohol, after which the curve comes down. The 
electronic polarisation PE, calculated from the refractive index of 
mixtures remains sensibly constant but shows marked deviation, at 
about 0.3 mol alcohol. 

TABLE XXI 

1 1 D.C.M. 

The same results when calci 

New Law 

ted by the New Equa In give 
a different type of curve. The polarisation remains constant in con- 
centrated region and drops linearly with dilution in the region where 
D.C.M. procedure gives a maxima. The  anomalous nature of the 
alcohols will be discussed in a later paper. 

(2) Adsorptio%.-The selective adsorption measurements of 
this system by silica gel and activated ,coconut shell charcoal were 
carried out in the manner described previo'usly. The values of the 
apparent selective ad'sorption are given in Table XXII. 

TABLE XXII 

Silica gel Carbon 
co- Cl co- c, , 



The selective adsorption for silica gel is negative and zero at 
0.33 mol and at 0.5 mol respecting. The curve rises to a maximum 
at about 0.75 mol alcohol. 

For carbon the curve starts with positive values which sharply 
rise at  about 0.34 mol. dropping sharply to negative value at  
0.5 mol. The broad maxima in the region of 0.75 mol is noteworthy. 

The adsorption by both silica gel and carbon taken along -ndh 
the results of polarisation show the possibility of formation of com- 
pounds of benzene and iso-butyl alcohol in the ratio 2 :  1, 1: 1 and 
1: 2 or 3 either in the binary liquid system or on the surface of the 
adsorbent, or both. 

Summary 

According to Pauling (The Nature of the Chemical B o ~ d ,  
p. 267), only the most electronegative atoms form hydrogen bonds. 
The strength of the bond increases with the increase in the electro- 
negativity of the two bonded atoms. 

The electronegativity of phenyl group should make one of the 
hydrogen bonds positive, which should thus be capable of forming 
a bond with oxygen and halogens. In the present paper the authors 
hare presented data to show the formation of complexes or definite 
compounds of benzene, with alcohols and halogenated compounds, 
giving a strong indication that one or two of the&ydrogens in benzene 
is or are of bridge-forming character. 

The most important evidence for the formation of compounds 
and complexes of benzene with alcohols and halogen compouncls 
is t o  be found in the study of the dielectric polarisation and the 
electronic polarisation in benzene as solvent. The classical example 
of the increase in the electric moment of ethylene dichloride and 
ethylene dibrpmide and the decrease of the moment of akohols in 
benzene can be explained on the basis of a complex formation. I n  
concentrated solution the apparent polarisation curves show marked 
discontinuities at  points of molecular compositions. These findings 
would indicate that the dipole moments determined in dilute solutions 
of benzene owing to the effect of mass law, referred to the moment of 
the complex and not of the solute. 



The molecular polarisation P2 and the electronic polarisation 
PE3 of the polar component, selective adsorption by silica gel and 
activated coconut shell charcoal, in the entire range of concentra- 
tion have been studied with a view to throw light on the problem. 
The systems investigated are:-(1) Benzene-Carbon tetrachloride, 
(2) Benzene-Chloroforn~, (3) Benzene-Methylene clichloride, 
(4) Benzene-Ethylene dichloride, ( 5 )  Benzene-Ethylene dibromide, 
(6) Benzene-Chlorbenzene, (7) Benzene-ted. Butyl chloride, (8) 
Benzene-iso-Amy1 bromide, and (9)  Benzene-lso-Butyl alcohol. 

It has been found that highly anomalous apparent polarisation 
P2 in concentrated solutions g-oes hand in hand with the still more 
marked anomalous selective adsorption a t  compositions corresponding 
to the possible molecular complexes. 

The indirect confirmation of the complexes of molecular compo- 
sition comes from the study of the adsorption from the binary mix- 
tures in the region where complexes are formed. The apparent 
selective adsorption curve shows very marked change in the slope of 
the curve. Most of the curves are of IS'-type and are highly anoma- 
lous. I t  would appear that the surface of the adsorbent by its 
property of exhibiting oriented adsorption forms hig"n1y favourahle 
seat for forming n~olecular complexes. 

The apparent selective adsorption curves indicate all the possible 
ways by which the C-H and the halogen bonds can unite. 

The authors explain these results by postulating a C-H-aro- 
matic-C-halog-en or oxygen bonding. The fact that the infra-red 
spectra in benzene shows a frequency in the region of 2900 cm.--' 
corresponding to C-H bond, the normal frequency of which is abrut 
3050 crn.-l indicated by its Raman and infra-red spectra, indicates a 
weak hydrogen bond in benzene. 

General Chemistrj~ Section, 
Indian Imtitute of Scie~ce, 

Bafigalore (I~zdia) . 
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