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I. INTRODUCTION 

The phenomenon of association was known to chemists a t  a very early 
date, but its wide-spread character became most evident in the latter part 
of the nineteenth century through the extensive investigations of molec- 
ular weights in solution. In  1891 Nernst (28) made an important con- 
tribution to the field by successfully accounting for the distribution of 
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benzoic acid between water and benzene, assuming doubled molecules in 
the benzene phase. 

At first it was supposed that organic compounds are polymerized only 
when they contain hydroxyl groups, but this was disproved by Auwers (2), 
who showed that the anilides are polymerized in most cases. Auwers also 
showed that the ortho-substituted phenols are less likely to be polymer- 
ized than the meta and para compounds, and the much later work of Sidg- 
wick (39) showed that other properties also of ortho-substituted com- 
pounds may be strikingly different from those of the meta and para 
compounds. 

Latimer and Rodebush in 1920 (25) proposed a theory which correlated 
and explained many of these facts and which is now generally accepted. 
The proposal of Latimer and Rodebush was that, under suitable conditions, 
a proton can form a bond between two atoms. Such a bond is customarily 
called a hydrogen bond. 

Newer methods of investigation have provided extensive experimental 
material which in general confirms the theory in a remarkable manner. 
The investigation of crystal structures of both inorganic and organic 
compounds has revealed several structures which can be explained from 
the hydrogen bond point of view. One of the most important contribu- 
tions was made by Pauling and Brockway (29), whose electron diffraction 
investigation of formic acid led to the determination of the structure of the 
dimer and thus opened the way to a better understanding of the polymeri- 
zation of the organic acids; similar results have been provided by the crys- 
tal structure studies of oxalic acid and other carboxylic acids. Another 
recent and very important contribution to our knowledge of both the ex- 
istence and properties of hydrogen bonds has been made by Wulf and col- 
laborators (20, 42), who investigated the infra-red absorption spectra of 
many organic compounds in solution and were able to interpret the spec- 
tra in terms of hydrogen-bond formation. 

In  the present paper the older data, relating particularly to molecular 
weights and distribution ratios, are reviewed and correlated with the newer 
theories whenever possible. No attempt is made to include the results of 
crystal structure, electron diffraction, or absorption spectra investigations, 
but the deductions from classical data are compared with these results 
whenever possible and the concepts which have arisen from these investiga- 
tions are freely used. For purposes of continuity in presentation the re- 
sults are not necessarily presented in chronological order. 

11. MOLECULAR WEIGHTS. GENERAL CONSIDERATIONS 

The three most important classical methods of determining molecular 
weights involve the measurement of vapor density, freezing-point lowering, 
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and boiling-point raising. For the sake of clarity a brief discussion of 
the freezing-point equation will be given. This equation depends upon 
the validity of Raoult’s law and upon the assumptions of perfect gases. 
The assumption that  the solid phase is pure solvent is very important; the 
formation of solid solutions completely invalidates this equation. The 
presence of a solid solution would make the freezing-point lowering less 
than expected and might be interpreted as polymerization. The studies 
of freezing-point lowering with which we shall be concerned were not ac- 
companied by an investigation of the solid phase, but it is thought that 
solid solutions do not often occur in these cases. The possibility of devia- 
tions from the laws of perfect solutions due to causes other than polymer- 
ization is dealt with empirically by giving as a standard the molecular 
weight determination of a normal compound for each solvent concerned if 
possible. 

111. T H E  ENERGY O F  T H E  HYDROGEN BOND FROM VAPOR DENSITY AND 
DISTRIBUTION DATA 

The heats of dissociation of polymers held together by hydrogen bonds 
can be obtained in a few cases from data on the change in equilibrium con- 
stant with temperature, determined by measurement of vapor density 
or of distribution ratio. The vapor densities of three organic acids have 
been carefully studied. The vapor densities of formic or acetic acid could 
be consistently interpreted in terms of a dimer in equilibrium with a mono- 
mer, and from the measurements values of the dissociation energy were 
obtained. Two other reactions, the polymerizations of benzoic and sali- 
cylic acids, have been studied in solution by investigating the change with 
both temperature and concentration of the distribution ratio between two 
immiscible solvents. These latter results are highly uncertain, but are 
apparently the only ones available for reactions in solution.* 

The 
electron diffraction investigation of Pauling and Brockway (29) has shown 
that  the dimer has the structure 

One of the most investigated polymers is the dimer of formic acid. 

C-H 
\ NO- - -H-0 

H-C 
\O-H- - -ON 

where the broken lines indicate hydrogen bonds. The geometry of this 
configuration is such that  the hydrogen lies on the straight line joining the 
two oxygens, and the two carboxyl groups lie in the same plane. This 

* A more complete discussion of bond energies is t o  be found in a paper by Huggins 
(J. Org. Chem. 1,407 (1936)). 
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structure involves two hydrogen bonds, as shown. The heat of dissocia- 
tion of formic acid divided by 2 should be approximately the hydrogen 
bond energy. The reaction 

2HCOOH e (HCO0H)Z 

has been the subject of a very careful study by Coolidge (15), who found 
the heat of dissociation of formic acid to be 14,125 cal. per mole, correspond- 
ing to the value 7063 cal. per mole for the energy of the hydrogen bond. 

The vapor density of acetic acid has been studied by Fenton and Garner 
(16), who obtained 14,900 cal. per mole as the heat of dissociation. The 
vapor density of acetic acid has also been studied by MacDougall (26), who 
found 16,400 cal. per mole for the heat of dissociation. The latter result 
is probably more reliable than the former, since the study was made at  
such low pressures that the perfect gas laws are valid. If MacDougall’s 
value is adopted, the bond energy is 8200 cal. per mole, assuming the same 
structure as for formic acid. This value is not in particularly good agree- 
ment with that obtained from formic acid and indicates that the introduc- 
tion of substituents considerably changes the bond energy. Hexoic acid 
was also studied by Fenton and Garner, but no consistent results were 
obtained. 

All the above values are for the gaseous materials, and i t  is desirable to  
have a value for reactions in solution. A study of the distribution of ben- 
zoic acid between two phases was made by Hendrixson (21) long ago. The 
distribution experiments were interpreted by assuming that the benzoic 
acid in the organic phase is partially polymerized into a double molecule 
and in water exists entirely as single molecules. It was possible to  in- 
terpret the data with an equilibrium constant of the reaction 

2CoH6COOH e (CeHbCOOH)2 

and a distribution constant. By performing experiments a t  various tem- 
peratures the heat of dissociation was obtained. With benzene as the or- 
ganic phase the heat of dissociation was found to  be 8710 cal. per mole, 
and with chloroform 8350 cal. per mole. From these data the apparent 
hydrogen bond energies are found to be 4400 and 4200 cal. per mole, 
respectively. These measurements are subject to  a serious uncertainty 
due to  the transfer of water into the organic liquid layer by hydration of 
the acid. 

Salicylic acid was also studied by Hendrixson (21), the solvents being 
again benzene and chloroform. The heats of dissociation obtained were 
5630 cal. per mole and 7680 cal. per mole, respectively. The values will 
not be interpreted in terms of bond energies, because the presence of the 
hydroxyl group in the ortho-position makes such an interpretation uncer- 
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tain. The fact that  these energies are lower than those for benzoic acid 
may be due to the presence of the hydroxyl group or to  the fact that  an 
increase in hydration occurs which invalidates the results. That hydra- 
tion is not a negligible factor is shown by the work of E. Cohen and col- 
laborators (14, 13) and also by Szyszkowski (41), who investigated the 
solubility of benzoic acid in dry benzene and in benzene containing vary- 
ing amounts of water. It was found that the solubility in benzene is 
increased by the presence of water. The solubility of benzoic acid in 
benzene a t  25°C. was found to  be about 3 per cent lower than that in ben- 
zene saturated with water, while the solubility of salicylic acid was about 
30 per cent lower. This suggests that  the distribution experiments on 
benzoic acid are approximately right, while those for salicylic acid are 
likely to be considerably in error. Other data bearing on this subject are 
presented in a following section. 

IV. THE QUALITATIVE INTERPRETATION OF EXPERIMENTS ON THE LOWERING 

O F  THE FREEZING POINT IN TERMS O F  POLYMERIZATION 

The ease of reversal of reactions involving hydrogen bonds precludes 
the study of polymers by actual isolation and subsequent study of their 
properties. The properties of the polymers are obtained by inference from 
the study of complicated mixtures of polymers of all orders. The proper- 
ties of greatest interest in the study of a given compound, or compounds, 
are the arrangements of the atoms in space, or structure, and the rate and 
equilibrium of the reactions which the compound undergoes with other 
compounds. A consideration of molecular weights obtained by the clas- 
sical methods might well provide information concerning the equilibrium 
constants of certain reactions involving the polymers, but can provide 
information concerning the structure of polymers only by inference, if a t  all. 
Nevertheless certain reasonable conclusions concerning structure can be 
drawn by considering molecular weights, provided we keep in mind the 
large accumulation of experimental evidence on internuclear distances 
resulting from studies of x-ray and electron diffraction by various com- 
pounds. This will be illustrated by the qualitative considerations of the 
remainder of this section, and data will be given which indicate the general 
properties to  be expected of compounds which can form hydrogen bonds. 

It is found, in general, that  the molecular weights of organic compounds 
containing the groups -NH2, -OH, -COOH, =NOH, and =NH are 
abnormally high in non-polar solvents such as benzene, carbon tetrachlo- 
ride, and naphthalene, and the apparent molecular weights increase as the 
concentration increases, while molecular weights of the same compounds 
in such solvents as acetic acid are often found to  be normal. These facts 
are illustrated by figures 1 and 2 (8, 31). In  these figures n represents 
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(apparent molecular weight)/(formula weight) and Q the concentration 
in formula weights per kilogram of solvent, unless otherwise indicated. 
Naphthalene and benzene are included for purposes of comparison. The 
freezing-point lowering constant for benzene has been taken to  be 5.10 
in all cases (32). The large abnormalities in non-polar solvents are inter- 
preted as due to  polymerization of the solute, while the normal molecular 
weights in water and acetic acid are interpreted in the usual way, as due 

Q- 
FIG. 1. Polymerization number plotted against concentration for typical poly- 

merized solutes in benzene solution. a, 
formanilide; b, ethyl alcohol; c, acetoxime; d, benzoic acid; e, d-camphor oxime; f ,  
benzhydrol; g, aniline; h, naphthalene. 

Q in moles per kilogram of solution. 

to  the reaction of the solute with solvent. The reaction of solute and sol- 
vent will not change the molal concentration of the solute, and hence will 
not affect a molecular weight determination by the freezing-point lowering 
method except in very concentrated solutions. This interpretation is a 
reasonable one from the hydrogen bond point of view because all the 
groups listed above could form hydrogen bonds with water or acetic acid. 
It is expected that such hydrogen bonds will be formed, owing to the 
large concentration of solvent, although polymerization need not disappear 
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completely in these solvents, and, in fact, does not always disappear, as we 
shall see later. 

The polymerization discussed in the preceding paragraph depends upoil 
the presence ol a hydrogen atom attached to  the proper sort of group. 
This is shown by the normal behavior of compounds containing the groups 

0 0 
-CH ,=N-0-R, --NO2, -CN , R’-Q-R, in which hydrogen 

‘0-R \H 

T 1.2 

n 
1 .o o-o--o 

1.0 a -  0.0 

FIG. 2. The polymerization numbers of organic compounds in acetic acid solution. 
Reading from top to  bottom: ethyl alcohol, 

The ordinate for the lowest curve is 
Q in moles per kilogram of solution. 
benzhydrol, benzene, benzoic acid, acetoxime. 
repeated for each of the upper curves. 

has been replaced by another group, as illustrated by the data presented in 
figure 3 (8, 31). Although the apparent molecular weights of the com- 
pounds increase as the concentration increases, this increase is of the same 
order of magnitude as that found for naphthalene, and is therefore attrib- 
uted to  other causes than polymerization. The fact that the alcohols 
and phenol have normal molecular weights in water indicates that poly- 
mers of solute which are held together by molecules of water do not occur 
in these cases. Further, it seems that a large dipole moment is not suffici- 
ent to cause marked polymerization, since even such a strongly polar com- 
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pound as nitrobenzene does not show an abnormal molecular weight in 
benzene solution. 

The data given in figures 1, 2, and 3 are not always from the most recent 
invest'igations, but instead are representative of the most extensive data in 
the literature. 

One other fact concerning figure 1 should be noted, namely, that for 
acids and oximes the value of n appears to be approaching an upper limit, 

1.0 
Q -  

0.0 

FIG. 3. Polymerization numbers of organic compounds which do not contain 
hydrogen attached to  oxygen. The solvent is benzene. Q in moles per kilogram of 
solution. Reading from top to  bottom: acetone, nitrobenzene, phenetole, ethyl 
benzoate, benzaldoxime ethyl ether, benzaldehyde. The ordinate for the lower 
curve is repeated for each of the upper curves. 

while for alcohols, anilides, acid amides, and phenols the value of n in- 
creases indefinitely and almost linearly as the concentration increases. 
This indicates that polymers of low order are predominant in solutions of 
acids and oximes, while higher polymers occur in solutions of alcohols, 
anilides, etc. Of the two oximes shown, one appears to be approaching an 
upper limit of n = 2, while the second appears to  be approaching an upper 
limit of n = 3 or more. Both the dimer and trimer of these oximes would 
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probably be rings held together by hydrogen bonds of the N- - -H-0 
type. That the trimers would occur in one case and not in the other might 
be due to  a change in the =K-0-H bond angles in the two cases. These 
conclusions are borne out, for alcohols and acids, by distribution experi- 
ments which will be discussed shortly. The structures of the acid dimers 
are probably the same as that  of formic acid. Neither molecular weight 
nor distribution data, except in very dilute solution, can be entirely ac- 
counted for by a dimer, so there may well be higher polymers in the solu- 
tion. 

The molecular weights of ethyl mercaptan, amyl mercaptan, and thio- 
phenol have been investigated in benzene solution and found to be normal, 
indicating that  the group -S-H does not form hydrogen bonds to any 
appreciable extent. A related conclusion, that -OH does not form hy- 
drogen bonds to  sulfur, is drawn from the fact that benzoic acid is found to  
be as largely polymerized in carbon disulfide solution as in benzene. A few 
hydrazones have been studied in naphthalene solution and found not t o  be 
appreciably polymerized (6). 

V. EVIDENCE FROM MOLECULAR WEIGHT DETERMINATIONS FOR CHELATION 

I N  AROMATIC COMPOUNDS 

The investigations of the physical properties of the nitrophenols give 
evidence of another type of hydrogen-bond formation for which we shall 
use the name ~he la t ion .~  Of their physical properties which have been 
investigated we shall consider in this section only the molecular weights. 

A consideration of figure 4 (6) shows that the molecular weights of the 
m- and p-nitrophenols are abnormally high in naphthalene solution, while 
that of o-nitrophenol is normal. This difference in behavior of the ortho 
compounds is attributed to  the formation of an internal hydrogen bond of 
the type shown in figure 5.  The formation of an internal hydrogen bond 
would be expected to  reduce the polymerization of o-nitrophenol, since the 
energy of this substance in the monomolecular form would be lowered by 
hydrogen-bond formation relative to  non-chelated molecules, such as for 
m- and p-nitrophenol, whereas the ortho polymers would be about the 
same as the meta and para polymers, and hence the equilibrium between 
single molecules and polymers would lie farther towards single molecules 
for o-nitrophenol than for m- and p-nitrophenol. These experimental 
data indicate that  a hydrogen atom already used to form a chelate ring 
cannot, a t  the same time, form a hydrogen bond to  a neighboring mole- 
cule. The foregoing explanation was apparently first given by Sidgwick 

The term “chelation” is used by the English chemists to designate hydrogen 
In  this paper the term is used, for purposes of convenience, to  bonds of all types. 

designate only internal hydrogen-bond formation. 
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(36) and has been amply confirmed by the work of Wulf and collaborators 
from their study of absorption spectra. 

The discussion of the nitrophenols shows that a study of molecular 
weights provides a means of detecting chelation in aromatic compounds. 
If the molecular weights of the meta and para compounds are abnormally 

I 

FIG. 4. Polymerization numbers of the nitrophenols in naphthalene solution. 
From top t o  bottom: p - ,  m-, and o-nitrophenol. 

FIG. 5 .  Diagram of o-nitrophenol. The circles are oxygen atoms and the black dot 
is a hydrogen atom. The dimensions of the nitro group are those given by Brockway, 
Beach, and Pauling (ll), while the other dimensions were obtained from a table of 
radii (30). The broken line represents a hydrogen bond. 

high and increase with increasing concentration, while the molecular weight 
of the ortho compound is normal, it can be concluded immediately that the 
meta and para compounds form polymers through hydrogen-bond forma- 
tion, and that  the ortho compound is chelated. Figures 6a, 6b, and 6c 
(6) show the experimental data for the hydroxybenzaldehydes, the methyl 
esters of the hydroxybenzoic acids, and the azo compounds of phenol, re- 
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spectively, in naphthalene solution. From these figures it appears that  
the ortho compounds are all chelated and hence that  the azo, aldehyde, 
and carboxylic ester groups are capable of forming hydrogen bonds with 
the hydroxyl hydrogen. These results are in agreement with those of Wulf 
and collaborators. It should be noted that the structures of the azo, 
aldehyde, and ester groups are such that a six-membered ring can be 
formed, similar to  that  for o-nitrophenol shown in figure 5.  

FIG. 6. (a) Polymerization numbers for the hydroxybenzaldehydes in naphtha- 
lene solution. Top to bottom: para, meta, ortho. (b) Polymerization numbers of 
methyl esters of the hydroxybenzoic acids in naphthalene solution. Top to  bottom: 
para, meta, ortho. (c) Polymerization numbers of the azophenols in naphthalene 

HO 
solution. Top to  bottom: O N = X a O H ,  c T > K = S c > .  The 

abscissae for a and b are the same. 
Hac 

All the preceding examples have been substituted phenols, but the phe- 
Compounds of nomenon of chelation is not confined to  these compounds. 

the type 

~ N H C O C H ~  
X 

are apparently chelated when the group X is a nitro or aldehyde group, 
but the chelation is weak when X is a methoxyl group. These facts are 
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Solvent , . . . . .  . .  . . .  H20 
Temperature. . . . . 60" 

illustrated by the data presented in figure 7 (2) for compounds in naphtha- 
lene solution. The chelation is assumed to  occur between the hydrogen 
of the amine group and the group X. The chelate rings contain six mem- 
bers in all cases shown, except the methoxy compound, which wilP be dis- 
cussed later. 

H 2 0  CzHrOH C4HgOH CHsCOCH8 Ether COHO COHO 
20" 60' 60 ' 23' 17' 60" 20°C. 

FIG. 7. Polymerization numbers of acetanilide and ortho-substituted 

ortho/para.. . . . . . . 0.200~0.388 1.63 0.855 
meta/para.. . . . . . . 0.73911.84 1.03 0.560 

cetanilide 

1.46 2.67 127.5 193.4 
1.17 1.03 1.04 2.76 

Top to  bottom: CsHsNHCOCHs, o-C~H~(OCHJ)NHCOCHJ, o-C&(CHO)COCH,, 
o-C~H~(NO~)XHCOCHJ.  

TABLE 1 
Relative solubilities of o-, m-, and p-nitrophenols 

VI. THE GENERAL PHYSICAL PROPERTIES O F  CHELATED COMPOUNDS 

Several properties of chelated compounds are strikingly different from 
the properties of the non-chelated isomers in a way which can be inter- 
preted from the hydrogen bond point of view. 

It has been emphasized by Sidgmick that vapor pressures and solubilities 
of chelated compounds differ largely from those of the non-chelated 
isomers. For example, the vapor pressures a t  100OC. of o-, m-, and p -  
nitrophenol are, respectively, 2.92 mm., 0.196 mm., and 0.083 mm. (37). 
To interpret these facts we consider the energy change attending a transfer 
of material from the liquid to  the vapor phase. In  liquid m- and p -  
nitrophenol hydrogen bonds exist between neighboring molecules, while in 
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liquid o-nitrophenol chelate bonds exist and hence the energies of all three 
isomers are approximately the same. In  the vapor phase chelation will 
persist in o-nitrophenol, but the polymers of the m- and p-nitrophenols 
will tend to be dissociated, and therefore the energy absorbed upon vapori- 
zation of the meta and para compounds will be larger than for the ortho 
compound, thus leading to lower vapor pressures. In  table 1 are shown 
the ratios of the solubilities of o- and p-nitrophenol, and of m- and p-nitro- 
phenol in various solvents (38). Whereas the solubilities of the m- and 
p-nitrophenols are about the same in all solvents and the solubilities of the 
ortho, meta, and para compounds are roughly the same in the oxygenated 
solvents, the ortho compound is enormously more soluble in benzene 
than are the meta and para compounds. To find the reason for this 
behavior we consider the energy change occurring upon solution. The 
energies of the o-, m-, and p-nitrophenols as solids should be about the same, 

FIG. 8. Polymerization numbers of the nitrobenzylacetamides in naphthalene 
Top to bottom: ~ - C ~ H ~ ( K O ~ ) C H D N H C O C H ~ ,  o-CeH4(NOz)CH~NHCOCH~. solution. 

for the reason given above for liquids, and in an oxygenated solvent they 
should be about the same, since the meta and para compounds form 
bonds with the solvent while the ortho compound either remains chelated 
or forms bonds with the solvent. The energy changes are therefore about 
the same for all compounds in this case, and hence the solubilities should 
be about equal in oxygenated solvents. In  benzene solution, however, the 
ortho compound remains chelated, while the meta and para compounds 
are dissociated; hence the energy absorbed by the meta and para com- 
pounds is larger and their solubility should be smaller. 

Sidgwick and his coworkers (39) ha\-e investigated the phase rule dia- 
grams of systems containing an organic component and water. It was 
found that when the organic component was chelated the critical solution 
temperature was much higher than for non-chelated isomers. The inter- 
pretation of this fact is apparently more complex than the interpretation 
of vapor pressure or solubility data. 
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VII. EXAMPLES OF MOLECULAR WEIGHT STUDIES VHICH ILLUSTRATE THE 

STEREOCHEMICAL PROPERTIES O F  HYDROGEN BONDS 

The examples of section V have indicated some of the types of com- 
pounds in which six-membered chelate rings are found to occur. In  this 
section examples showing the effect of varying the number of members in 
the chelate ring will be examined, together with others intended to illus- 
trate the effect of varying bond angles and distances. 

A consideration of figure 8 ( 2 )  shows that the compound 

is not chelated to any large extent, while we have already seen that the 
compound 

is strongly chelated. This difference in behavior is attributed to the fact 
that in the first case a seven-membered ring would have to be formed. 
We have already seen that the compound 

O N H C O C H ,  
OCH3 

is weakly chelated in naphthalene solution. 
five-membered ring can be formed. 

In  this compound only a 
The compound 

OCH3 
CHO-OH 

has been studied in naphthalene solution, and i t  was shown that although 
it is less polymerized than p-hydroxybenzaldehyde there is nevertheless 
some polymerization and hence the chelation is not complete. The results 
of molecular weight studies (4) on the two compounds 

CHSO 
D O H  and D O H  

OCHS 

show that the ortho compound is chelated. These results indicate that 
the six-membered ring is somewhat more stable than the five-membered 
ring, and a seven-membered ring is much less stable than a five-membered 
one. The conclusions are expected to  be dependent upon the bond angles 
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and internuclear distances in the ring. The general conclusions concern- 
ing the stability of the various rings are the same as those reached by Wulf 
and collaborators (20, 42) from their studies of absorption spectra. These 
investigators studied many more examples than are given here, and their 
conclusions are correspondingly more certain. 

Figure 9 shows molecular weight data for 0- and m-cyanophenol (6) and 
phenol in naphthalene solution. It is evident that  the ortho compound is 
not chelated to  any appreciable extent. It would be wrong, however, t o  
conclude that  the cyanide group is incapable of forming hydrogen bonds 
with the hydroxyl group, because from figure 12 we see that the intro- 
duction of the cyanide group into phenol enormously increases the poly- 
merization. The reason for this apparently anomalous behavior is that  
the cyanide group is directed straight out from the benzene ring, and 

@O 

0 

1 
n 

1.5 1.5 

1 
n 

Q -  0.0 

FIG. 9. Polymerization numbers of the cyanophenols in  naphthalene solution. 
The lower curve is phenol. Upper curve8: 0 ,  o-cyanophenol; 0 ,  p-cyanophenol. 

hence the distance between oxygen and nitrogen becomes too great for a 
strong hydrogen bond to  be formed. 

In  view of the preceding results i t  would seem reasonable t o  suppose that 
a dicarboxylic acid would tend to  chelate, provided the hydrocarbon chain 
became long enough to permit the carboxyl groups to get close to  one an- 
other. Measurements on the molecular weights of dicarboxylic acids in 
phenol by Robertson (34) have indicated that  this is actually the case. 
The results of these experiments were not recorded directly by the investi- 
gator, who instead gave a number A ,  which is essentially the percentage 
change in polymerization number n for a lowering of 3.5"C. In  table 2 
are shown values of A for ethylmalonic, methylsuccinic, and sebacic acids; 
benzene is included for comparison purposes. Both ethylmalonic and 
methylsuccinic acids are polymerized, but sebacic acid is polymerized only 
slightly if at all. It can be shown by constructing a model that  the hy- 
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Ethylmalonic acid.. .............................................. 
Methylsuccinic acid. ............................................. 
Sebacic ac id . .  ................................................... 
Benzene ......................................................... 

drocarbon chain is long enough to  permit chelation in sebacic acid, with 
eight carbon atoms in the chain between the carboxyl groups, but not in 
methylsuccinic or ethylmalonic acid. 

From molecular weight measurements it is known that the polymeriza- 
tion numbers of benzoic, o-nitrobenzoic, and m-nitrobenzoic acids are ap- 
proximately the same a t  a concentration of 0.5 molal in naphthalene solu- 
tion (6), which indicates that there is no marked amount of chelation in 
o-nitrobenzoic acid. Since a seven-membered ring would have to  be 
formed, i t  is not surprising that no marked chelation occurs. No molecu- 
lar weight data exist for o-methoxybenzoic acid, but distribution experi- 
ments have been performed on this compound in both toluene and chloro- 
form solutions (40). The attempt to determine the equilibrium constant 
for chloroform solution was unsuccessful, but in toluene solution the com- 
pound was found to  be much less polymerized than benzoic acid. This 
indicates that  the ortho compound is chelated, but the possibility of hy- 
dration renders the interpretation uncertain until more experimental data 

31 
47 
16 
12 

TABLE 2 
Association factors of dicarboxylic acids in phenol solution 

COMPOUND I A 

are available. It is to be noted that a six-membered ring could be formed 
in this case. 

The relative vapor pressures of 0-, m-, and p-hydroxybenzoic acids are 
1320.0, 5.0, and 1, respectively, a t  100°C. (35), indicating that the ortho 
compound is chelated (see section VI). On the other hand the relative 
vapor pressures of the 0-, m-, and p-nitrobenzoic acids are 20.9, 7.3, and 1, 
respectively, a t  lOO"C., indicating that  the ortho compound is only weakly 
chelated if a t  all. These results confirm the relative stabilities of six- and 
seven-membered rings. Unfortunately it is not possible to  say from these 
data whether the hydrogen involved in the chelate ring of o-hydroxyben- 
zoic acid comes from the hydroxyl group or from the carboxyl group. 

. 

VIII. THE EFFECT OF CHANGE OF SOLVENT UPON THE MOLECULAR WEIGHTS 
O F  DISSOLVED COMPOUNDS 

The effect of change of solvent upon the molecular weights of dissolved 
materials was actively investigated in the early part of the twentieth 
century in connection with the hypothesis of Nernst that  polymerization 
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is least in solvents of high dielectric constant. The general result of these 
investigations was to  confirm this rule, and the results appear to  be so well 
known that  they will be omitted here unless they are intimately connected 
with the properties of the hydrogen bond.4 

The earliest and perhaps the most complete systematic investigation of 
the effect of solvent change was that  of Auwers ( 5 ) .  The solvents used 
were of the type CH3(IS>X, where the X group was varied. The 
solutes used were substituted phenols and benzoic acids. The general 
result of this investigation was summarized by Auwers with the statement 
that the order of the groups in producing polymerization was -CH3, 
-C1, -Br, -1, -NOz, -COZR, -CN, -CHO, --NH2, -C02H, -OH. 
The groups furthest to  the left were most effective in producing poly- 
merization when in the solvent and least effective when in the solute. 
The experiments were rough, and in a few cases solid solutions seemed to 
be formed, but the order given has in general been confirmed by subse- 
quent investigations. The position of the amino group in this series is a 
little surprising in view of the small polymerization of aniline in benzene 
solution (see figure 1). The result indicates that  the amino group forms 
much stronger hydrogen bonds with other groups than with itself. This 
property of the amino group also makes itself felt in connection with 
other properties than polymerization (36). 

The investigations of Neldrum and Turner (27) on the acid amides and 
anilides in the solvents benzene, chloroform, alcohol, acetone, ether, and 
water have shown that  although polymerization proceeds about as expected 
in the first five solvents, the amides and anilides are much more widely 
polymerized in water than might be expected, and in fact those compounds 
which are least polymerized in benzene tend to  be most polymerized in 
water. Of the solvents listed only alcohol and water have hydrogen atoms 
which can form hydrogen bonds, alcohol having one and water two. From 
the order of Auwers and the interpretation given to  it, i t  seems reasonable 
to suppose that in case a solvent can donate two hydrogen atoms, one to  
each of two molecules of a solute, a polymer may be formed which is held 
together by a molecule of solvent. Water is the only such solvent among 
those listed and is a t  the same time that solvent in which most anomalies 
occur. For one compound, methylacetanilide, which contains no hydro- 
gen which can form hydrogen bonds and hence for which no polymeriza- 
tion is expected, it is actually found that in benzene, chloroform, alcohol, 
acetone, and ether the molecular weight is normal, while in water the 
molecular weight is about three times the formula weight. This com- 

4 For an account of these results see Turner, Molecular Association, Longmans, 
Green and Co. (1915). 
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pound is appreciably volatile a t  the boiling point of water, but this fact was 
known to Meldrum and Turner and precautions were taken to reduce the 
error to  a minimum, although the molecular weight was not actually cor- 
rected for the volatility of the solute. The opinion of the investigators 
was that the high molecular weight cannot be entirely accounted for by 
the volatility of the compound. If this result is correct it is difficult to  
see how this high molecular weight can be explained other than by assum- 
ing that two molecules of solute are held together by one of water. The 
experiments of Peddle and Turner (31) on the molecular weights of salicy- 
lic and benzoic acids in water solution deserve mention, because they 
provide an inconsistency which has not yet been explained. At the boil- 
ing point of water these acids have molecular weights approximately twice 
the formula weight, even after corrections have been applied for the vo- 
latility of the two acids. These experiments cannot as yet be said to 
contradict flatly the experiments on the distribution of benzoic and salicy- 
lic acids between benzene and water, because they were performed at  a 
different temperature, but they come dangerously close to  contradicting 
the distribution experiments. From molecular weight measurements in 
benzene such as those shown in figure 1 it is known that benzoic acid is 
probably not more than doubled in benzene a t  the freezing point,andhence 
the distribution experiments cannot be explained by assuming a doubled 
molecule in water and a quadrupled one in benzene. This contradictory 
evidence led Peddle and Turner to conclude that the polymerization of 
compounds in water solution was not a real effect but was due to  some sim- 
plification in the structure of water caused by the addition of solute. This 
hypothesis seems unlikely, especially in view of the fact that Raoult’s 
law has been verified for such a compound as mannite in water solution (17). 
The whole problem is now a t  a point a t  which more experimental investi- 
gation is called for. 

The behavior of benzoic acid in a few of the more common solvents is 
shown by the data given in table 3 (9, 12). The number recorded is the 
mean polymerization number at  a concentration of 0.5 mole per kilogram 
of solvent. The measurements were on the raising of the boiling point, 
except for that  in nitrobenzene which was an experiment on the lowering 
of the freezing point. Benzoic acid is polymerized in all the non-polar 
solvents given and is not appreciably polymerized in any of the oxygen- 
ated solvents except nitrobenzene. Nitrobenzene behaves in the same 
fashion with other polymerizable compounds. 

Experiments in pure solvents provide us with two extreme pieces of 
information at  temperatures which are often widely different, one on the 
behavior in a pure non-polar solvent and the other on the behavior in a 
pure hydrogen-bond-forming solvent. It is desirable to  have a complete 
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view of the isothermal changes in polymerization which occur when one 
goes continuously from one of these extreme cases to the other. Such a 
picture is obtained from a consideration of the experiments of Barger (7)  
on the molecular weights of compounds in mixed solvents. By means of 
an ingenious method Barger was able to measure the molecular weights of 
solutes in solvents which were mixtures of two components, of which one 
component was a non-polar material, such as benzene, and the other com- 
ponent a hydrogen-bond-forming material, such as an alcohol. A series 
of measurements upon a polymerizable solute was then made in a series 
of solvent mixtures of varying composition. A set of data typical of the 
results obtained, with a few exceptions, is shown graphically in figure 10. 
The concentration of solute is indicated in the legend and was kept con- 
stant in all measurements of a given series. As ordinate is plotted the 

TABLE 3 
Polymerization numbers of benzoic acid (0.6 molal)  in various solvents, wi th  naphthalene 

f o r  comparison 

SOLVENT 

Ethyl ether..  . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . .  

Chloroform.. . 

Carbon disulfide. . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FOR BENZOIC ACIl 

0.99 
1 .oo 
1.04 
1.06 
1.09 
1.82 
1.96 
2.14 
1.16 
1.69 

FOR NAPHTHALENE 

1 .oo 
1.17 
0.98 

1.04 
1 .oo 
1.10 
1.03 
1.09 

mean polymerization number of solute and as abscissa the percentage 
composition of the solvent. The striking feature of the figure is that the 
introduction of a small amount of hydrogen-bond-forming solvent ma- 
terially decreases the polymerization number. This can be interpreted 
most easily by assuming that  the solvent combines with the solute and 
breaks up the polymer; this interpretation was given by Barger in 1905. 

Figure 10 thus indicates that pyridine forms strong hydrogen bonds 
with formanilide. This is in complete agreement with the investigations 
of Innes (23), who showed that organic acids and related compounds 
have normal molecular weights in pyridine. Presumably these data can 
be analyzed by applying the law of mass action, but the solutions are so 
concentrated and the equilibria are so complex that this does not seem 
worth while. 



278 EDWIN N. LASSETTRE 

The curve found by Barger for guaiacol in mixtures of methyl alcohol 
and chloroform shows a pronounced maximum at  about 15 per cent alco- 
hol. Guaiacol has already been shown to be a definitely chelated com- 
pound and its chelated character is borne out in this experiment, since in 
pure chloroform the polymerization number is small. Guaiacol was the 
only chelated compound investigated and the only one for which a maxi- 
mum was observed, so it seems probable that the two are connected. An 
interpretation in terms of hydrogen bonds leads to the conclusion that the 
addition of methyl alcohol tends to break the chelate bond, but the ex- 
perimental data are so incomplete that this conclusion is not justified at  
present. More investigation of this point would be desirable. 

0 
PER CENT PYRIDINE 

3 

FIG. 10. Polymerization number of formanilide dissolved in mixtures of pyridine 
The concentration of formanilide was 0.5 mole per liter of solution and toluene. 

throughout. The percentage composition of solvent is plotted as abscissa. 

IX. EXPERIMENTS UPON THE DISTRIBUTION OF HYDROGEN-BOND-FORMING 
COMPOUNDS BETWEEN TWO IMMISCIBLE SOLVENTS 

In  the distribution experiments which are considered here one phase is 
always water and the other an organic liquid. Interpretation of these 
experiments is always made by assuming that the molecules are single in 
the water phase, and polymerized, if a t  all, only in the organic phase. One 
of the most serious difficulties which attend the inuerpretation of distribu- 
tion experiments is the possibility of hydration. Quantitative investiga- 
tion of this factor has been made in recent years and a description of some 
of these results will be given first. 

By studying the solubilities of certain organic acids in solutions of both 
dry benzene and benzene saturated with water Szyszkowski (41) has been 
able to  correct the dissociation constants, obtained from distribution ex- 
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Benzoic .................... 
Salicylic. . . . . . . . . . . . . . . . . . . .  
o-Nitrobenzoic . . . . . . . . . . . . . .  
m-Nitrobenzoic. . . . . . . . . . . . .  

periments, for hydration. The increase in solubility of the acid gave 
directly the concentration of hydrated molecules. Since water is com- 
paratively insoluble in benzene the solution will be dilute with respect to 
water, so it was assumed that  the hydrate of most importance a t  these low 
concentrations is that  containing one molecule of water. With these 
assumptions it is possible to  compute the equilibrium constant for the 
dissociation of non-hydrated double molecules by a straightforward ap- 
plication of the law of mass action. In  the course of these experiments 
Szyszkowski found that  in order to account for the distribution ratio of o- 
and m-nitrobenzoic acids between water and benzene it is necessary to 
assume, in addition to  a dimer, quadruple molecules in the benzene phase. 
The results are shown in table 4. The concentrations are in moles per 
kilogram. The letters shown in the table have the following meanings: 
K' is the equilibrium constant, uncorrected, of the reaction A2 e 2A, A is 
the percentage change in solubility of the acid upon saturating benzene 
with water, K2 is the equilibrium constant of the reaction A4 2A2, and 

2.63 x 10-3 3 .1  4.74 x 10-4 
3.30 X 10-3 31.2 8.45 X 

1.75 X 10-2 4.60 X 10-2 60 8.38 X IO-3 
0.70 1.15 X 26.7 2.49 X 

TABLE 4 
Dissociation constants of aromatic acids from distribution ratios at 86'C. 

lmoles per kilogram1 moles per kilogram1 per cent I moles per kilogram 

K is the corrected value of K'. The values of K differ considerably from 
those of K'. If we look a t  K' we conclude that  m-nitrobenzoic acid is 
much less polymerized than salicylic acid, while if we look at  K we arrive 
a t  the opposite, and correct, conclusion. This experiment indicates the 
need for caution in comparing the results of distribution experiments. An 
examination of the table shows that  both salicylic and o-nitrobenzoic acids 
are less polymerized than benzoic acid, while m-nitrobenzoic acid is more 
polymerized, indicating that  o-nitrobenzoic acid is weakly chelated. 

Szyszkowski also investigated the question of whether these acids could 
form compounds with one another. This was done by measuring the solu- 
bility of mixtures of the two compounds. It was observed that  the solu- 
bility of the mixture is greater than the sum of the solubilities of the 
separate acids. The excess is attributed to compound formation between 
the two acids and upon assuming that  the combination is one to  one the 
equilibrium constant, K12, of the reaction AB The 
constants Klz for various pairs are shown in table 5.  The constants are 

A + B is obtained. 
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Salicylic + o-nitrobenzoic acids.. ................................ 
m-Nitrobenzoic + salicylic acids , .  ............................... 
m-Nitrobenzoic + o-nitrobenzoic acids. .......................... 

of the same order of magnitude as the dissociation constants of the dimers 
of the pure constituents, but otherwise seem to bear no particular relation 
to them. 

This work illustrates the importance of investigating the question of 
hydration and indicates that distribution experiments which do not take 
this effect into account may give misleading results. In  the present stage 
of experimental development distribution experiments are chiefly useful 
for detecting polymerization and for finding the relations between the 
equilibrium constants of successive polymers. 

The general results of distribution experiments show that the organic 
acids can be considered as polymerized largely into doubled molecules, while 

TABLE 5 
Dissociation constants of mixed compounds of aromatic acids 

MIXTURE I Ka 

6.30 X lo-' 
2.19 X IO-* 
8.94 X lo-' 

ao 0. I a2 a3 
C -  

FIG. 11. Distribution of phenol between pentachloroethane and water 

phenol polymerizes into high-order polymers. This fact is illustrated by 
figure 11, which shows the distribution ratio as a function of the concen- 
tration for phenol between water and pentachloroethane. If only a dimer 
were present the curve would be a straight line. In connection with the 
polymerization of phenol a recent investigation by Philbrick (33) of the 
distribution between water and several organic solvents shows a dimer 
of phenol to be present, except possibly in carbon tetrachloride solution. 
The investigations were made in very dilute solution, and it is shown that 
the distribution ratio is a linear function of the concentration in the water 
phase at  low concentrations. This is just the behavior expected when a 
dimer is predominant. The equilibrium constants of the reaction 2A 
$ A2 for various solvents are shown in table 6. The order of solvents in 
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CsHaCHa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
caH&l.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CsHs.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CaHsNO* ......................................................... 

producing abnormalities is in agreement with that  of Auwers. Philbrick 
also reported a sharp point of inflection in the distribution ratio curve a t  
low concentrations, which has not previously been observed and which 
has not yet been completely accounted for. More extended investigation 
of this phenomenon is called for. The distribution ratio between carbon 
tetrachloride and water does not vary sufficiently to permit the calcula- 
tion of an equilibrium constant. 

The most extensive investigation of the distribution of organic acids 
between two solvents is that of Smith and White (40), who used the 
solvents toluene, chloroform, and benzene. The experiments were not 
corrected for hydration, and the equilibrium constants vary quite specific- 
ally with both solvents and substituents. This is illustrated by the fact 
that  in toluene solution the dissociation constants of the dimers of o- and 
p-toluidic acids are 22.3 X respectively, while in and 1.74 x 

TABLE 6 
The equilibrium constants for the dimer of phenol in various solvents 

SOLVBNT I K 

moles per lifer 

0.843 
0.648 
0.575 
0.196 

X. THEORY OF THE CALCULATION OF EQUILIBRIUM CONSTANTS FROM 
DATA ON THE LOWERING OF THE FREEZING POINT AND FROM 

DISTRIBUTION DATA 

In  the preceding sections data have been presented which indicate that  
the properties of solutions of organic acids can be satisfactorily accounted 
for by assuming equilibria between single and double molecules. There 
remains the problem of applying the law of mass action to  solutions which 
contain higher polymers. 

It is assumed that the solutions under discussion contain polymers con- 
structed from some fundamental molecular unit designated by A, the 
polymer of order I being designated by AI. The essential variables are as 
follows : 

Q = concentration in formula weights of A per kilogram of solvent, 
N = concentration in total moles of solute per kilogram of solvent, 
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n = m6fes UP solute per formula weight of A (evidently n = Q / N ) ,  
(AJ = concentration of polymer Al in moles per kilogram of solvent, 

K = (Al)/(A)I = equilibrium constant of the reaction ZA S AI. 
The following three hypotheses are made: (i) Abnormalities (e.g., in 

freezing points) are due to the presence of polymers. (ii) The reactions 
involved are so rapid that equilibrium is completely established at  the time 
of measurement. (iii) The polymers obey the law of mass action with 
all activity coefficients unity. These three hypotheses suffice for the 
proof of the following two mathematical theorems. 

There exists one and only one set of constants K,  which 
leads to  a relation between n, Q, and N of the form 

and 

Theorem A. 

n = 1 + f(Q, N )  (1) 

where f(Q, I?) is a given continuous function with continuous derivatives of 
all orders, f(0, 0) = 0, and f ( Q ,  N )  > 0. 

Theorem B. If f(Q, N )  of equation 1 has the form 

f(Q, N )  = a Q + PN (2) 

where a and p are any constants independent of n, Q, and N ,  the equilib- 
rium constants are given by 

and in addition 
a +B 

N = (A)(1 + B N ) F  

In  order that KI  be positive we must have a + @ > 0, and a > 0. 

(4) 

The inverse of theorem A, namely, that t o  each set of constants there corresponds 
only one function f(Q, N ) ,  is not true without further restrictions. This arises be- 
cause N and Q are not independent. If we substitute the reIation Q = nN in equation 
1, we obtain n = 1 + j ( n N ,  N ) ,  and this equation can be solved for n, having, in 
general, several roots from which we must select that root which satisfies the con- 
dition that n = 1 when N = 0. This will determine the root uniquely, and the result- 
ing equation will have the form n = 1 + 4(N), +(O) = 0. With the problem in this 
form only one function + ( N )  will correspond t o  a given set of constants Ri and vice 
versa. The same is true when we eliminate N from the equation instead of Q .  These 
facts may be illustrated by using the special function equation 2 .  Making the sub- 
stitution N = Q / n  and solving for n we obtain 

n = (1 + aQ f d(1 + a&)2 + 48&)/2 
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1 -  2 
3 
4 
5 

n reduces to  unity when Q = 0 only provided we take the positive sign for the radical, 
hence 

-- 

n = (1 + CY& + d(1 + + 4PQ] /2  
This matter is of some importance in actual applications of the theorems. It is to  be 
noted that, subject to  the restrictions outlined above, equation 1 determines one and 
only one curve in the n,Q plane, and hence, for example, any curve in figure 1 deter- 
mines a unique set of KJ’s and vice versa. 

The proofs of these theorems will be omitted, since they are given in 
detail in an article to  be published elsewhere (24). 

In  applying these results to  actual data the constants a and p of equa- 
tion 2 are to  be determined by making use of measured values of n, &, and 
N ;  specific methods of evaluating the constants are given in a subsequent 
section. Since equation 3 provides for an infinite number of constants, 
a discussion of the number of significant constants must be given, and this 
matter will be taken up in section X I  in connection with a specific set of 
experimental data. Theorem A serves mainly to indicate the danger of an 

2 
5 

14 
42 

TABLE 7 
Dependence of RJ on ratio of CY to p when CY + P = 8 

2 
6 

21.3 
83.3 

a -  
@ =  

0 
2 

2 
4 
8 

16 

3 
-1 

2 
7 

30 
143 

4 
-2 

2 
8 

40 
224 

6 
-3 

2 
9 

51.3 
329.3 -- 

unrestrained discussion of experimental data from this point of view. 
Positive deviations from the laws of perfect solutions may well, and indeed 
do, arise from causes other than polymerization, and in these cases a 
treatment in terms of the above ideas would serve only to  disguise the 
nature of the phenomena involved. It is necessary then to  confine the 
treatment to  cases for which the deviations are so large that  they can be 
attributed only to polymerization. 

If we let 1 = 2 in equation 3 we obtain CY + j3 = Kz, which is the equilib- 
rium constant of the reaction 2A $ Az. This establishes the physical 
significance of the sum of a and p. To study the physical significance of 
the ratio of CY and /3 we make the following calculation. We keep a + p 
(that is, Kz) constant but vary the ratio of a to  0; the equilibrium constants 
KL, with 1 > 2, are then found to  increase steadily as a increases and p 
decreases, the increase being larger for larger 1. This is illustrated for the 
case a + 0 = 2 by table 7. It is seen that  as /3 becomes more negative the 
higher equilibrium constants begin to predominate more and more strongly. 
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This is also reflected by the fact that if, using the relation n = Q / N ,  we 
plot n as a function of Q from equations 1 and 2 the curve is convex more 
and more sharply upward as the value of /3 becomes more negative. 

It is interesting to  examine the free energy change attending the ad- 
dition of a single molecule to  a polymer of order 1, that is, the free energy 
change of the reaction Ai + A A z + ~ .  The equilibrium constant of 
this reaction is 

In  the limiting case a = 0 we obtain from equation 3 

This is just the relation expected when both the partial molal entropy and 
the partial molal heat content of a polymer are linear functions of the 
number of molecules in the polymer. This result is therefore a very rea- 
sonable one, particularly in view of the fact that the entropies and heat 
contents of the liquid normal paraffin hydrocarbons have been found by 
experiment to  be nearly linear functions of the number of carbon atoms 
and, in fact, the thermodynamic constants of many organic compounds 
are known to be additive. 

In  the limiting case /3 = 0 we obtain 

1 + 1 K ;  = 

This is seen to  vary with I, in contrast to  equation 5 ,  but the factor 

varies only slowly, going from unity a t  1 = 1 to  2.718 . . . at  1 

= 00. The behavior of KI is therefore not greatly different in the two cases 
a = 0 and j3 = 0. In  both cases equation 3 gives results which are in- 
tuitively attractive. It should be noted, however, that the appearance 
of the curve for n plotted against Q is so greatly different in the two cases 
that we can easily distinguish between them. 

The application of theorem B to data on freezing-point lowering is 
relatively simple, since both n and Q are directly determined. The appli- 
cation of this theorem to the calculation of equilibrium constants from 
distribution ratios is, however, much more laborious. A simple theorem 
can be proved which facilitates somewhat the numerical calculation of a! 
and j3. It is assumed as usual that the material distributed is polymerized 
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in the organic layer but not in the water layer. 
are useful: 

The following variables 

& =  

C =  

k =  
D =  
N =  

x =  

concentration in organic layer in formula weights of A per unit 

concentration in the water layer, 
concentration of single molecules in the organic layer, 
C / x  = distribution constant, 
Q/C = distribution ratio, and 
concentration in organic layer in moles per unit of solution. 

volume or mass as the case may be, 

Theorem C. The molal concentration of solute in the organic layer is 
given by 

r c  
N = lo D dC (7) 

The proof of this theorem can be made by methods entirely analogous to  
those used for theorems A and B. To obtain N it is necessary to plot D 
as a function of C and integrate graphically. Having determined N ,  
theorem B can be applied as soon as a and 0 are determined. 

In  the limiting case when a = 0, the calculation of 0 from distribution 
experiments is especially simple. In  this case by making use of equations 
1, 2, and 4, and of the fact that  C = kx, we easily obtain 

In this equation k and p are constants and hence a plot of d m  against C 
will give a straight line when the equation is applicable. From the slope 
and intercept of the line both 0 and k are obtainable. 

XI.  THE RELATIONS BETWEEN THE EQUILIBRIUM CONSTANTS OF SUCCESSIVE 

POLYMERS 

The possibility of obtaining a general relation between the equilibrium 
constants of successive polymers directly from the experimental data, 
as discussed in the foregoing section, is a particularly interesting one. To 
obtain a reliable relation, very accurate data must be available. A defi- 
nite conclusion is warranted in only a very few cases, which will be discussed 
in the following pages of this section, and the general applicability of equa- 
tion 2 to  distribution and freezing-point data will be examined. 

In  figure 12 data are shown for p-nitrophenol in naphthalene solution 
(2, 5, 1). At low concentrations the data are inconsistent, but it seems 
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that  to a good approximation n is a linear function of Q and hence the 
relation 3 with /3 = 0 is valid, giving for the equilibrium constants 

The question of the error involved in this relation is one to which no defi- 
nite answer can be given; it can only be asserted that relation 3 with /3 = 
0 must exist in order to  account in terms of polymerization for a linear 
relation between n and Q. We can, however, obtain a rough upper limit 
to  the number of polymers to which equation 3 can be applied (24). This 
number is obtained by considering how many equilibrium constants can 
be omitted without introducing an error larger than the experimental error 
in n. The highest measured value of Q is 2.89, and n deviates from the 

a -  

FIG. 12. Polymerization number of p-nitrophenol in naphthalene solution. Q in  
grams per hundred grams of solvent. 

straight line by 0.06 unit. If we adopt 0.06 as experimental error it turns 
out that  nine equilibrium constants are needed to account for the results 
to  within the experimental error. It is to  be emphasized that this does not 
mean that  the first nine equilibrium constants are given by equation 3, but 
it does imply that we are not justified in applying equation 3 beyond 1 
= 9. 

Figure 13 shows data for p-nitrophenol in p-dibromobenzene (3), and 
here again the relation appears to be accurately linear. The line does not 
approach n = 1.00, but approaches n = 1.03. This fact is attributed here 
to  a small error in the molal freezing-point lowering constant and is there- 
fore ignored. 

Brown and Bury (12) have determined the molecular weights of benzyl 
and isoamyl alcohols in nitrobenzene, using a technique which had pre- 
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viously been subjected to a very careful investigation. By performing 
the experiments both in the presence of a salt hydrate and in the presence 
of water the water content of the nitrobenzene could be controlled accu- 

Q -  

FIG. 13. Polymerization number of p-nitrophenol in p-dibromobenzene solution 

0 10 
a -  

FIG. 14. Polymerization number of benzyl alcohol in  nitrobenzene solution. 
Q is in Upper curve, dry nitrobenzene; lower curve, fully saturated nitrobenzene. 

grams per hundred grams of solvent. 

rately. Their results for benzyl alcohol in dry nitrobenzene and in fully 
saturated nitrobenzene are shown in figure 14. The lines are straight, 
although they miss  the origin by about 1 per cent, which is attributed to 
an error in the freezing-point constant. The curves for isoamyl alcohol 
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in nitrobenzene show a distinct curvature, so the general form of equation 2 
must be used. If the substitution N = Q/n be made in equation 2 it 
can be readily verified that 

n(n - 1) 
Q 

= / 3 + a n  

hence by plotting n(n - l ) /Q against n a straight line will be obtained 
when the equation is applicable. When n is close to unity the term (n 
- 1) may be largely in error, so the low concentration points are expected 
to  exhibit considerable irregularities, and, in fact, this method of plotting 

n - ,  
FIQ. 15. n(n - l)/Q plotted against n for isoamyl alcohol in nitrobenzene. Q is 

in grams per hundred grams of solvent. Top to  bottom: fully saturated nitroben- 
zene, partially saturated nitrobenzene, dry nitrobenzene. 

will in general considerably magnify any irregularities in the data. In  
figure 15 the data for isoamyl alcohol in dry, partially wet, and completely 
saturated nitrobenzene are shown. The points are somewhat irregular, 
but on the whole the relation seems to  be a linear one, and we conclude 
accordingly that  equation 2 represents the data satisfactorily. 

Experiments upon the distribution of phenol between water and organic 
solvents also indicate that equation 2 is applicable. In  table 8 are shown 
the calculated and observed values of the distribution ratios of phenol 
between water and pentachloroethane. It will be observed that the agree- 
ment is within 1 per cent (see also figure 11). Figure 16 shows dm 
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Q 
moles per  liter 

0.0495 
0.110 
0.226 
0.432 
0.708 
1.170 

against C for phenol in toluene, and the line is approximately straight. 
Data for phenol between water and m-xylene have been examined and 
equation 2 is found to  be roughly applicable, although the number of ex- 
perimental points is too small to permit an accurate graphical integration. 
Data are available for phenol between benzene and water; however, the 

Dobsd. Dodcd. 

1.18 
1.27 
1.51 
1.94 
2.63 2.66 
3.51 3.60 

TABLE 8 
Distribution ratio of phenol between water and pentachloroethane 

k = 1.085; a = 0.83; B = 0 

ao a5 
c -  

FIG. 16. Distribution of phenol between water and toluene. C is in moles per 
liter of solution. 

highest concentration of phenol in benzene is 6 moles per liter of solution, 
and a t  such a concentration considerable deviations from the law of mass 
action are expected, so /3 was arbitrarily placed equal to  zero in order t o  
facilitate the calculation. The relation obtained in this way fits the 
data only to within about 5 per cent, but despite this fact the equilibrium 
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Benzyl alcohol.. . . . . .  C E H ~ N O ~  (fully saturated) 0.45 
Benzyl alcohol.. . . . . .  CsHsNO~ (dry) 0.55 
Isoamyl alcohol. . . . .  CeH&O2 (fully saturated) 1.29 

Isoamyl alcohol.. .... CaHsNOi (dry) 1.28 
p-Nitrophenol. . . . . . .  Xaphthalene 0.67 
p-Nitrophenol.. . . . . .  p-Dibromobenzene 3.18 

Isoamyl alcohol ...... CE&~\'O2 (partially saturated) 1.11 

constants are in surprisingly good agreement with those of Philbrick (see 
table 6). 

The constants a and /3 from both the molecular weight and distribution 
data are collected in table 9.6 In  these cases, with the possible exception 
of phenol in benzene, it has been definitely shown that the equilibrium 
constants are given by equation 3, although the accuracy becomes less as 
2 becomes larger. In  toluene solution the constants do not agree with 
those of Philbrick, as is expected, since he reports a discontinuity in the 
distribution ratio curve at  low concentrations in this solvent. 

Equation 2 has been found to  be capable of accounting for a large part 
of the existing data on anilides, amides, and substituted phenols in the 

0.45 
0.55 

-0.51 0.78 
-0.30 0.81 
-0.71 0.57 

0.67 
3.18 

TABLE 9 

Equil ibrium constants from distribution and molecular weight data 

Phenol. . . . . . . . . . . . . .  Pentachloroethane 
Phenol. . . . . . . . . . . . . .  Benzene 
Phenol. . . . . . . . . . . . . .  Toluene 
Phenol. . . . . . . . . . . . . .  m-Xylene 

0.83 

0.13 

+0.58 
+0.67 
+0.16 

0.83 
0.58 
0.67 
0.29 

cases for which the data are regular and approach the origin properly. 
This is illustrated by figures 17 and 18, which show data for formanilide 
in several solvents and p-hydroxybenzaldehyde in naphthalene solution. 
The data are from freezing-point measurements in all cases (6, 3). The 
lines are straight to  within the limits of experimental error, and it is con- 
cluded that equation 2 fits the data satisfactorily. 

Since equation 2 seems to  be sufficiently adjustable, it has been used to 
calculate the equilibrium constants from the experimental data in all cases 
except for the aliphatic alcohols, which will be discussed later. 

All distribution data  are from International Critical Tables, except that for 
pentachloroethane. 
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XII. CALCULATION OF EQUILIBRIUM CONSTANTS FROM MOLECULAR WEIGHT 

DATA FOR THE SUBSTITUTED PHENOLS, AND THE RELATIVE STRENGTHS 

OF HYDROGEN BONDS 

In  the discussion which follows, an attempt ha4 been made to  avoid 
the inclusion of data which are more than usually irregular or for which the 
number of experimental points is unusually small. Since the results of 
these calculations are of interest chiefly for comparative purposes, the 
applications are confined to a few well-known solvents in which a variety 
of compounds have been investigated. 

1.0) I I 

1.0 2.0 30 
n -  

FIG. 17. n(n - 1)/Q against n for formanilide in  various solvents. Top t o  bottom: 
p-xylene, p-dichlorobenzene, p-dibromobenzene, benzene. 

1.0 2.0 3.0 
n -  

FIG. 18. n(n - l ) / Q  against n for p-hydroxybenzaldehyde in naphthalene solution 

The material presented in section VI made evident the fact that intro- 
duction of a nitro group into the meta- or para-position of phenol consider- 
ably increases the polymerization number of the compound. This fact 
has a simple interpretation in terms of isomerism, which will be tested in 
this section. A para-substituted phenol of the type XC6H40H can poly- 
merize in tu-o ways t o  form a dimer, either as XCBH40H- - -HOCeHaX or 
as XCsH40H- - -XC6H40H, if the group X is capable of forming hydro- 
gen bonds with the hydroxyl group. Let the equilibrium constants be 
Kil) and Ki2’,  respectively. By means of a simple application of the 
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law of mass action i t  is found that the equilibrium constant obtained from 
the data is K 2  = K;’) + K$*’, If a reasonable estimate of the constant 
Kil)  can be made, Ki2’ can be calculated. We notice that the first 
isomer is held together by a bond between the two hydroxyl groups, and 
hence it seems reasonable to  evaluate the constant Kil’ by considering a 
compound containing a group X which does not form hydrogen bonds. 

TABLE 10 
Equilibrium constants for phenol, o-cresol, and para-substituted phenols in  

naphthalene solution 

COYPOUND 

O O H  

C H ~  0 OH 

d ; H  

CHtOOC 0 OH 
CN c_> OH 
CHO 0 OH 

0 N=N 0 OH 

O*N 0 OH 

CH&O 0 OH 

C,H&O 0 OH 

a 

[motu, p a  ku. 
Of dOIPmf)-l 

0.30* 

0.20 

0.20’ 

1.33 

1 .OO 

0.82 

0.94 

0.67 

1.06 

0.86 

B 

[molea per kg. 
of solucnt)-l 

0.18 

0.00 

0.63 

2.45 

-0.59 

0.00 

-0.46 

1.66 

K : S a + B  

0.38 

1.33 

1.63 

3.27 

0.35 

0.67 

0.60 

2.61 (1) 

0.95 

1.25 

2.89 

-0.03 

0.29 

0 . n  

2.13 

* ,3 was arbitrarily put equal to zero in these cases. 

As such a compound p-cresol may be selected. The same considerations 
hold, of course, for meta-substituted phenols as well. Kj2’ is clearly 
the equilibrium constant of a reaction which involves the formation of a 
bond of the type -X---H-0- and hence is a convenient measure of the 
bond strength, The equilibrium constants for a number of para-substi- 
tuted phenols calculated from freezing-point lowering measurements (6,3) 



HYDROGEN BOND AND ASSOCIATION 293 

I are shown in table 10. Equation 2 was used to  fit the data in all cases, 
and the values of Kz are probably not reliable to  more than A0.05 unit. 
If the hypothesis that the constant K z  for p-cresol is equal to  Ki’) is 
satisfied, then Ki2’ should never be negative. Actually, i t  does become 
negative in one case, for p-hydroxyazophenol, but the negative value is 
smaller than the experimental error and so is not significant. From a con- 
sideration of the constants Kz for phenol and o-cresol it seems likely that 
the estimate of Ki” from the data for p-cresol gives too high a value. The 
strengths of the bonds between hydroxyl groups and other groups are in 
the order 

yo yo , -N , -4 -e , -e 1 

\H \ C a s  \O \CHs 

No , -C=N, -C 
No No 

The relative positions of the groups 

/ / O  
and -C 

No 
-C 

\CJ& \CH3 

are surprising, and indicate that other effects than isomerism contribute 
to  the increase in polymerization number. Otherwise the order is in agree- 
ment with that  of Auwers. 

Table 11 shows a set of constants calculated from freezing-point lowering 
measurements (6) for para-substituted phenols which have a bromine in 
the position ortho to  the hydroxyl group, while table 12 shows constants 
for a series of compounds (6) of the type 

From table 12 we see that the constants decrease steadily in the order H, 
CH3, Br, OCH,, to  such a low value as to  indicate that the last compound 
is definitely chelated. This decrease in Kz upon introducing a substitu- 
ent may be due to  changes in bond energy and entropy, or it may be due to  
conversion of a constant fraction a of molecules into such a form that they 
can not form hydrogen bonds to their neighbors. The equilibrium con- 
stants cannot decide the relative importance of these factors, of course, 
but it is of interest to  make a calculation based on the last hypothesis 
and on the assumption that the introduction of brordine has no other 



294 EDWIN N. LASSETTRE 

Br 
CHs02C c> OH 

TABLE 11 

Ortho-brominated substituted phenols in naphthalene solution* 

0.13(?) 1 0.06 

c”; OH 1 0.07 

* The molecular weight data for these compounds consist of only a few points 
covering a small range of concentrations, and hence higher constants than K1 cannot 
be significant. The values of (Y and f l  are accordingly omitted. The method of least 
squares was used to  fit the data. 

TABLE 12 

Equilibrium constants for  the ortho-substituted p-hydroxybenzaldehydes in 
naphthalene solution 

effect. 
the values of a shown in table 13. 
should be equal, and we see that they are closely similar. 

Using the equilibrium constants of tables 10 and 11 we obtain 
If the hypothesis is valid these numbers 

Owing to sys- 
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TABLE 13 
Values of a f o r  ortho-brominated compounds in naphhhalene 

OBTAINED FROM l a 

0 0 
II Br II 

H-C 0 OH and H-C 0 0 .  

0 0 
I I  Br It 

C H a d  cI> OH and C H a 0 6  c> OH 

=OH and C H J O O H  
Br 

0.52 

0.50 

0.69 

0.56 

TABLE 14 
Equil ibrium constants f o r  meta-substituted phenols and catechol in naphthalene solution 

COMPOUND 

CHsO 

0 0 .  

CHaOOC 

0 0 .  
OHC 

0 0 .  

OH 

8 O H  

(mole  per kilogram 
of solvat)-1 

0.44 

1.12 

0.67 

0.41 

I .04 

0.63 

B 

(moles per kilogram 
of solvent) 

0.71 

0.59 

0.92 

0.09 

0.44 

1.83 

1.26 

1.33 

1.04 

0.72 

tematic deviations from the law of perfect solutions the constants in table 
11 are no doubt too large, and hence the values of a in table 13 are too 
small. It should be pointed out that  the numbers in table 13 seem much 
too small to account for even a weak chelate bond. 
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of solnent)-1 

In  table 14 constants are shown for some meta-substituted phenols (6). 
In  this case the order of the groups is changed, indicating again that effects 
other than isomerism are important in these polymerizations. 

Table 15 shows equilibrium constants for the o-, m-, and p-cyanophenols 
in three solvents. The constants are calculated from freezing-point lower- 

of solaent)-1 

TABLE 15 
Equilibrium constants for  the cyanophenols in  various solvents 

COMPOUND8 a I 5 I K 2 = a + 5  I 
(a) Cyanophenols in p-dibromobenzene 

d O H  

NC 

=OH 

NC OH 

2.1 

1.7 

1.9 

-0.6 

0.9 

3.2 

(b) Cyanophenols in p-dichlorobenzene 

1.5 

2.6 

5.1 

NC 

0 OH 

5.0 

3.3 

-1.0 

2.5 

4 .0  

5.8 

NC =OH I 4.4 ~ 9.4 1 13.8(?) 

(c) Cyanophenols in naphthalene 

NC a OH 

1.3 

1 .o 

0.2 

0.6 

1.5 

1.6 

ing experiments (6, 3, 5). The compounds are all more polymerized in 
p-dichlorobenzene than in p-dibromobenzene. This difference can be 
attributed to  the difference in the melting points of the two solvents, and, 
in fact, the magnitude of the difference is just that predicted by the van’t 
Hoff equation by assuming a reasonable value of A H .  The small values of 
the constants in naphthalene solution can not be attributed to  a tempera- 
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0.14 

0.77 

0.96 

0.23 

1.13 

ture effect, and hence must be due to some specific interaction of the solute 
and solvent. Since addition compounds of naphthalene with various 
aromatic compounds are known, the effect may be due to  an actual com- 
bination of solute and solvent. The steady decrease in the dimer constant 
from the ortho to  the para compound indicates a steric effect which be- 
comes less important as the cyanide radical is moved away from the hy- 
droxyl group. 

Considering the quality of the available data, the interpretations in 
this section seem moderately satisfactory. The indications are, however, 
that the interpretation of such data as these awaits further advances in 
experimental investigations of the structure of polymers. 

TABLE 16 
Equil ibrium constants of anilides, acid amides, and azophenols in naphthalene 

NO2 0 N=N 0 OH 

0 N=N 0 OH 

O N = N ~ O H  

C1 

OCzHs 

CzHso 0 N=N CT) OH 

C 0 MP 0 U N D 

0 NHa 

a NHCHO 

c> NHCOCHa 

c> NHCOOCHa 

CHaO 0 NHCOOCHS 

OCHs 

NO2 
(z> N=N 0 OH 

solution 

COMPOUND 

- 
a 

0.66 

0.28 

0.90 

0.32 

1.44 

XIII.  EQUILIBRIUM CONSTANTS FOR COMPOUNDS OTHER THAN SUBSTITUTED 
PHENOLS 

A. Azophenols, anilides, and acid amides 
The existing data on the azophenols, anilides, and acid amides are both 

less extensive and less accurate than on the substituted phenols, so a treat- 
ment analogous to  that of section XI11 can not be carried out for these 
compounds. Furthermore, the data offer nothing essentially new, so 
only a few examples will be considered in order to show the order of magni- 
tude of the equilibrium constants. In  table 16 are shown the equilibrium 
constants calculated from freezing-point experiments (2, 6) for a few of 
these compounds in naphthalene solution. The data were fitted reason- 
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COWOUND 

CiHsCONH2. .................................................... 
n-CsHrCONH2. .................................................. 
n-CIHoCONHs.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ably well by a straight line, so 0 was arbitrarily placed equal to  zero. The 
only surprising feature is the great difference between the methoxy com- 
pounds of p-hydroxyazobenzene, and no reason is known for this behavior. 
Table 17 shows data for three normal acid amides in benzene solution. 
The constants were calculated from boiling-point raising experiments (27). 
The data for these three compounds are fitted best by assuming that 
a = 0, and the amides are the only compounds which are fitted at all well 

Data for formanilide exist a t  both the freezing point and boiling point 
in benzene solution (5, 27), so it should be possible to  calculate AH for the 
dimer formation. The equilibrium constant a t  the freezing point is Kz 
= 2.4, and at  the boiling point Kz = 0.8, hence AH = -2900 cal. per 
mole. A structure of the dimer of formanilide can be written which 
involves two -N-H- - -0- bonds, but this structure seems somewhat 
unlikely in view of the small value for AH. At the boiling point only 
three experimental points were available, so the value is highly uncertain. 

witha: = 0. 

B 

(mole8 per litat 
of solsent)-' 

3.9 
3.6 
2.7 

B. The aliphatic alcohols 
The data for the aliphatic alcohols, which seemed at  first to  be the most 

easily interpreted, have proved to  be rather confusing. As has been 
pointed out before, the curve for ethyl alcohol in benzene shown in figure 1 
exhibits a tendency toward a point of inflection. This tendency is appar- 
ently a real one, since the molecular weight of ethyl alcohol in dilute 
solutions of benzene has been shown by the work of Peterson and Rode- 
bush (32) to  be constant and normal a t  low concentrations. The relation 
between the equilibrium constants is therefore more complicated than any 
that has yet been investigated. These data are even more remarkable, 
in view of the fact that the molecular weight of methyl alcohol is found by 
Peterson and Rodebush to  increase rapidly even at  very low concentration. 
These two examples illustrate the vital need for low concentration data in 
all cases. Because of the difference in behavior of methyl and ethyl 
alcohols even in very dilute solution, the data for these compounds have 
not been treated quantitatively. Data for a few higher alcohols have been 
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n-Propyl alcohol . . . . . . . . . . . . . . . . . . . . . . . . . . .  
n-Bu ty l  alcohol .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
n-Hep ty l  alcohol.  . . . . . . . . . . . . . . . . . . . . . . . . . .  
n-Octyl  alcohol.  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

analyzed under the specific hypothesis that the curve approaches the origin 
with a slope which is different from zero. Under this hypothesis it is found 
that the data for several higher alcohols can be represented by a function 
of the form n = 1 + a + E N P ,  where a and R are constants and P is an inte- 
ger; these constants must be determined from experimental data. Appli- 
cation of the methods of section X shows that the equilibrium constants 
are 

1.56 - 12 
1.63 -6 
1.80 - 10 
1.61 - 12 

but 
R (')'-' -b - 
P when 1 = P + 1 Kl = - Z! 

T A B L E  18 
Equi l ibr ium constants of normal aliphatic alcohols in benzene solution 

(moles per  kilo- 
gram ofsolvent)-l 

C O W O W I D  P 

5.1 
4.0 
4 .O 
4.1 

The first P equilibrium constants are unaffected by the term RNP. In  
table 18 (10) are shown values of a, R, and P for four alcohols. These 
values must be considered tentative until the molecular weights a t  low 
concentration have been investigated. In  the cases shown the values of R 
are negative and hence the larger constants tend to  fall off past the point, 
I = 4. 

The experimental data on aliphatic alcohols indicate that primary 
alcohols are most polymerized, secondary alcohols next, and tertiary 
alcohols least polymerized (10) (see also figure 1). 

The significance of this result is not clear a t  present. 

XIV. THE HYDROGEN BOND AND SURFACE ENERGY 

It is a well-known fact that the total surface energies of the aliphatic 
hydrocarbons are closely similar t o  the surface energies of the alkyl amines 
and other alkyl compounds. This has been interpreted by Langmuir, 
Harkins, and other workers in this field to  mean that the hydrocarbon 
group is directed outward at  the liquid surface, while the polar group is 
directed inward (18). In  the case of an associated liquid, such as an alco- 
hol, it is of interest to  inquire into the matter of whether the surface mole- 
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OA. 

363 
413 
463 
483 
503 

cules form hydrogen bonds with the molecules on the interior. A simple 
calculation shows that the energies involved in a transfer of material from 
the surface to  the vapor are of just the order of magnitude of the hydrogen 
bond energy. 

When a liquid composed of spherically symmetrical molecules or atoms 
evaporates, the ratio of the total surface energy per mole to the latent 
heat of vaporization is approximately one-half. When a substance having a 
polar and a non-polar end evaporates, this ratio is less than one-half, be- 
cause the surface energy is that required to  move only the non-polar end 
to the surface, while in evaporation the whole molecule is moved out of the 
surface. In  case the liquid is an associated one, this ratio may be much 
less than one-half (19). This may be interpreted as being due to  the fact 

cal. per mole 

4820 
3870 
2690 
2000 

935 

TABLE 19 
Energy used in breaking hydrogen bonds upon vaporization f r o m  liquid surface 

E I TEMPERATURE 

Methyl alcohol 

333 
383 
433 
473 

5330 
4940 
3670 
2590 

that in moving the molecule to  the surface no hydrogen bonds need be 
broken, but in evaporation hydrogen bonds are broken. If it were possible 
to estimate the ratio of total surface energy to  heat of vaporization for a 
material which was polar, could not form hydrogen bonds, but otherwise 
resembled an alcohol (in dipole moment, etc.), then any difference between 
this ratio and that for an alcohol could be attributed to  breaking hydrogen 
bonds upon evaporation. As a standard material ethyl ether may be 
selected. The excess of energy required to  move alcohol molecules from 
the surface to the vapor phase over that required to  move ether molecules 
was computed from the data of Harkins and Roberts (19). The values 
are given in table 19. These values are of the same order of magnitude as 
the energy of the hydrogen bond. Some of the decrease in energy as the 
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temperature rises can be attributed to  the fact that hydrogen bonds are 
broken by the thermal agitation. This is evidence for the viewpoint that 
hydrogen bonds are broken as the material leaves the surface, and suggests 
that  some of the facts of surface orientation might be interpreted in terms 
of hydrogen bonds. 

XV. SUMMARY 

1. From both distribution ratio and molecular weight data evidence is 
obtained that the organic acids polymerize in non-polar solvents, largely 
into double molecules, and the oximes polymerize largely into low-order 
polymers. 

2. From molecular weight data it is concluded that  alcohols, acid amides, 
anilides, and substituted phenols polymerize into high-order polymers, and 
from distribution data it is known that dimers are present in non-polar 
solvents. 

3. Molecular weight data show that -SH groups do not form hydrogen 
bonds to  any appreciable extent and that hydroxyl groups do not form 
strong hydrogen bonds to  sulfur atoms. 

4. Molecular weight measurements indicate that a hydrogen which 
is used in forming a chelate ring cannot at the same time form a hydrogen 
bond to a neighboring molecule. 

5. The abnormal vapor pressures and solubilities of ortho-substituted 
aromatic compounds can be explained by the concept of chelation. 

6. From a consideration of molecular weights, distribution ratios, and 
vapor pressures i t  is concluded that a six-membered chelate ring is more 
stable than a five-membered ring, while chelation is almost inappreciable 
in a seven-membered ring. Chelation is sensitive to  changes in bond 
angles and internuclear distances, as shown by the examples of the cyano- 
phenols and sebacic acid. 

7. From a consideration of molecular weights it is concluded that  com- 
bination of solute and solvent occurs when hydrogen bonds can be formed 
between solute and solvent, and that  the polymerization of solute is 
thereby rapidly reduced. 

8. An amino type group can form strong hydrogen bonds with groups 
of a different type, but only weak ones with other amino groups. 

9. Molecular weight data show that polymers which are held together 
by molecules of solvent are comparatively rare, but evidence is put forward 
that such combination can occur when a nitrogen atom is involved. The 
conclusion is not yet definite, because the data are in serious conflict in 
some cases. 

10. Application of a theory of computing equilibrium constants to  mo- 
lecular weight data shows that in general the polymerization curves of the 
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acid amides, anilides, substituted phenols, and some alcohols lead directly 
to the conclusion that a succession of polymers is present, the order of the 
highest polymer being uncertain. Only in two or three cases is there 
evidence that any polymer, of the set of successive polymers, is missing. 

11. The experimental data for p-nitrophenol in naphthalene and in p -  
dibromobenzene solution show that the successive equilibrium constants 
are given by 

Molecular weight data on benzyl alcohol and isoamyl alcohol show that the 
successive equilibrium constants are given by equation 3. The successive 
equilibrium constants for phenol in pentachloroethane are shown to be 
given by equation 3, /3 = 0. 

12. The hypothesis that the increase in polymerization attending the 
entrance of a substituent into the benzene ring can be explained by an 
increase in the number of isomers is examined and found to  be only moder- 
a t  ely satisfactory . 

13. It is shown by a consideration of surface energies and heats of 
vaporization that the excess of energy required to  remove an alcohol 
molecule from the surface of liquid alcohol over that required to remove an 
ether molecule corresponds to  breaking somewhat less than one hydrogen 
bond per molecule removed. 

In  conclusion I wish to  thank Professor Linus Pauling for suggesting this 
review and to  express my appreciation for his advice and encouragement 
during the course of the work. I am also indebted to  Professor Roscoe 
G. Dickinson for the many helpful discussions that we have had, and to  
Marjorie Lassettre for aid in the calculations and preparation of the 
manuscript. 
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