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The equilibrium constants for the dissociation of carbon tetrachloride solutions of hydrogen-bonded complexes between 
phenol and acetone, methyl ethyl ketone, diethyl ketone, 4-heptanone and acetophenone have been determined quantitatively 
by means of infrared measurements carried out at 24.6 ± 1 ° . The constants, corrected for phenol association, were deter
mined from the intensity of the OH absorption band of monomeric phenol a t 3610 c m . - 1 for a number of mixtures of phenol 
and ketone. The magnitude of the shift of the OH-O complex band from the phenol OH monomer band was measured in 
each case and comparison of this with dissociation constant for the complex indicates that a steric effect may hinder the 
formation of the phenol-acetophenone complex. Formation of a six-membered ring by intramolecular hydrogen bonding 
in the case of 4-heptanone does not appear to take place to an extent sufficient to influence the phenol-ketone intermolecular 
complex formation. 

Introduction 
Infrared absorption spectroscopy became a quite 

useful tool for studying hydrogen bond formation 
after it was discovered such bonding resulted in a 
shift of the OH fundamental toward the lower fre
quencies.1 A large number of qualitative investi
gations of association between proton-donor and 
proton-acceptor molecules through hydrogen bond
ing have been made using infrared absorption meas
urements, but very few quantitative data on dis
sociation constants have been reported. Most of 
the studies have been directed to evaluating the 
magnitude of shift of the OH or similar absorption 
band due to association. Fox and Martin2 and 
Badger and Bauer3 showed that the strength of the 
hydrogen bond could be estimated by the mag
nitude of the shift. Later, in several papers, 
Gordy and co-workers4 found a direct relationship 
between the magnitude of the shift and the basic 
strengths of the proton-acceptor solvents. Errera 
and Sack,6 Errera, Gaspart and Sack6 and Zezyulin-
skii7 compared the shifts observed for several 
proton-donor compounds in binary mixtures with 
different proton-acceptor solvents, and in tertiary 
mixtures with an inactive solvent. Prigogine8 has 
reported the association constants of the com
plexes between ethyl alcohol and several active 
solvents as determined spectroscopically in ternary 
solutions with carbon tetrachloride as an inert sol
vent. In Prigogine's work two cases were consid
ered, namely, where the concentration of alcohol 
was small enough to ignore the formation of alcohol 
complexes and where the two kinds of complexes 
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419 (1937); (b) J. J. Pox and A. E. Martin, Nature, 139, 507 (1927). 

(3) R. M. Badger and S. H. Bauer, J. Chem. Phys., 5, 839 (1937). 
(4) (a) W. Gordy, ibid., 7, 163, 167 (1939); (b) W. Gordy, ibid., 

9,215,440(1941); (c) W. Gordy and A. H. Nielsen, ibid., 6, 12(1938); 
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were to be found. In the latter case an extension 
of the Mecke and Kempter9 relation was used to 
evaluate the constants. 

A large number of studies of association of phenol 
both with itself and with organic bases have been 
reported. Mecke and Kempter9 have determined 
the association constant of phenol in carbon tetra
chloride for higher associated complexes and a num
ber of investigators, including WuIf,10 Coggeshall,11 

Gordy and Nielsen,4 Ltittke and Mecke,12 have 
made spectrophotometric studies of phenol and a 
number of substituted phenols in a wide variety of 
solvents. Zezyulinskii13 has investigated phenol 
association with several bases in dilute solutions of 
carbon tetrachloride. The intensities and shapes 
of the bands were recorded and the shifts due to 
hydrogen bonding were measured and related to the 
strength of the hydrogen bond. In general the re
sults of the above investigations have been re
ported as to the extent of shift in the OH funda
mental when cornplexing occurs. 

In view of the somewhat limited quantitative 
determinations of dissociation constants of phenol 
and organic bases, using infrared measurements, it 
seemed of interest to investigate this problem. 
The dissociation constants of the hydrogen bonded 
complexes between phenol and five different ke
tones, namely, acetone, methyl ethyl ketone, di
ethyl ketone, 4-heptanone and acetophenone, have 
been determined using dilute solutions of phenol 
and the ketones in carbon tetrachloride as an inert 
solvent. 

Experimental 
The absorption measurements were made using a Perkin-

Elmer model 21 double beam infrared spectrophotometer 
equipped with a 60° rock-salt prism. During operation, 
the settings used were those recommended by the manu
facturer14 for quantitative work. Absorption measurements 
were recorded in the spectral region 5000 to 2860 c m . - 1 (2 

(9) H. Kempter and R. Mecke, Z. fihysik. Chem., B46, 229 (1940). 
(10) (a) O. R. WuIf and E. J. Jones, J. Chem. Phys., 8, 745 (1940); 
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Corp.. Norwalk, Conn., 1952, p. 45. 
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to 3.5 ii). _ Close to 3610 c m . - 1 (2.77 /J.), namely, the region 
of absorption of OH in monomeric phenol, the spectrometer 
was run manually at a very low speed in order to obtain the 
best value of the transmittancy at the point of maximum 
absorption. Two I-cm. cells made of stainless steel, each 
equipped with two circular NaCl plates of 25-mm. diameter 
vvere used. The cells were cylindrical in shape, 1.00 ± 0.01 
cm. long and 2.10 cm. in diameter. 

The double beam feature of the instrument allowed satis
factory compensation of absorption bands due to the carbon 
tetrachloride and the ketones, which occurred in the region 
<jf interest. Preliminary recorded spectra of 0.4 M acetone 
in carbon tetrachloride in the region between 5000 and 2500 
cm."1 (2 to 4 m/i), with carbon tetrachloride in the reference 
beam, and with identical solutions of acetone in both beams, 
showed that the acetone band at 3390 c m . - 1 (2.95 rmi) was 
fully compensated. In actual measurements, a solution of 
carbon tetrachloride, phenol and ketone was placed in the 
sample beam and a solution of an equal concentration of ke
tone in carbon tetrachloride in the reference beam of the in
strument. By this method, a clear picture was obtained 
of the changes in the OH intensity produced by varying the 
ketone concentration while keeping the phenol concentration 
constant. An example of the spectrum obtained is given 
for the phenol-diethyl ketone complex in Fig. 1. For each 
ketone two different concentrations of phenol and generally 
four or five different ratios of ketone to phenol for each 
phenol concentration were used. 

The spectrophotometer recorded the percentage trans
mittancy of phenol directly, since the 0 and 100% trans
mittancy settings were carefully set before each run and re-
checked frequently. A small correction for background 
absorption of the phenol was made to obtain a somewhat 
more accurate value of the transmittancy. The OH absorp
tion band was quite narrow and the low background absorp
tion at the sides of the band was identical with the general 
background absorption in other regions. The background 
absorption varied from 1 to 2 units in percentage trans
mittancy and was corrected for by the equation 

T = A-
8 I ' , - b 

where Ts is the transmittancy of the sample, I \ the trans
mitted intensity of the pure solvent and Iz the transmitted 
intensity of the solution. The background absorption b 
was taken as the difference between the transmitted inten
sity of pure solvent (100%) and that of the solution (about 
98 to 99%) at the short wave length shoulder of the OH 
band. The background absorption was corrected for each 
solution as the correction varied slightly from one solution 
to another. 

The ketones, phenol and solvent used were purified as 
follows. Merck and Co. reagent grade acetone was puri
fied by the method of Shipsey and Werner.16 Immediately 
before it was used, the acetone was distilled in an all-glass 
system three times from phosphorus pentoxide. Timmer-
mans and Gillo16 obtained a sample containing less than 
0.0002% of water by this method. The index of refraction 
of the acetone was re20D 1.3590; Timmermans17 gives a value 
of W20D 1.35911. Eastman Kodak Co.'s white label methyl 
ethyl ketone was purified using the same procedure and cri
teria of purity as for acetone. The record of the physical 
constants of the particular sample of purified product used 
in this investigation has been lost but the values obtained 
indicated, at the time, a state of purity such as to warrant 
use in the investigation. 

Eastman Kodak Co. white label diethyl ketone was puri
fied by distilling five times from phosphorus pentoxide in an 
all-glass system, the last distillation being made immedi
ately before use. The fraction distilling at 102.1-102.2° was 
used. The density at 24.6° was 0.8099 g./ml.; Timmer
mans17 gives 102.00° as the normal boiling point, and a 
density, by interpolation, of 0.8099 g./ml. at 24.6°. Carbon 
and Carbide Co. best grade of 4-heptanone was purified in 
the same way as was diethyl ketone. The normal boiling 
point was 143.5° and the density at 24.6° was 0.8143 g. / 
ml. Timmermans17 gives 143.52 and 143.55° as the normal 
boiling point and a density, by interpolation, of 0.8145 g. / 
ml. at 24.6°. Eastman Kodak Co. white label acetophe-

(15) K. Shipsey and E. A. Werner, / . Chem. Soc, 103, 1255 (1913). 
(16) J. Timmermans and L. GiIIo, Roczniki Chemji, 18, 812 (1938). 
(17) J. Timmermans, "Physieo-Chemical Constants of Pure Or

ganic Compounds," Klsevier Publishing Co , New York. N. Y . 1950. 

none was purified by alternate fractional fusion and fractional 
distillation under vacuum from phosphorus pentoxide. The 
fraction boiling at 87.0-87.3° at 15 mm. was used; Titu-
merraatis" gives 87.2° as the boiling point at 15 nun. 
Baker and Adamson Co. reagent grade phenol was purified 
by alternate fractional fusion and fractional distillation 
under vacuum. The fraction boiling at 85.f>--8(j.0° at 20 
mm. was used; Timmermans17 gives 85.8° as the boiling-
point at 20 mm. Eastman Kodak Co. white label carbon 
tetrachloride was purified and dried using the method re
ported by Harris and Hobbs.18 

Results and Discussion 
The existence of a complex between phenol and 

a ketone can be seen qualitatively in Fig. 1. Al
though the phenol concentration is kept constant, 
the intensity of the OH band at 3610 cm.-1 (2.77 
/j.) decreases as ketone is added to the system. The 
new band which appears at about 3333 cm. - 1 

(3.00 pi) and increases with increasing ketone con
centration is attributed to the OH-O bond of the 
complex. 

The equilibrium constant K for the dissociation 
of the 1-to-l complex into phenol and ketone is 

„ AXB 
K = - c -

where A, B and C are, respectively, the concentra
tions at equilibrium of monomeric phenol, of free 
ketone and of the complex. It is possible to cal
culate K by measuring A by infrared absorption of 
the OH band provided one knows the total con
centrations of phenol and ketone. A complicating 
factor arises from the fact that, even at low con
centration, phenol associates with itself, so that a 
side reaction occurs as 

Ai + B 7 ~ » C 

+ 
An ^ A n + 1 

The equilibrium constant for the dissociation of 
the complex phenol-ketone thus becomes 

TT A1 X B 

where A\ is the concentration of monomolecular 
phenol, the other quantities having the same mean
ing as above. In Fig. 2, the absorbancy of several 
solutions of phenol in carbon tetrachloride ranging 
from 0.0005 mole Titer to about 0.01 mole/liter 
were plotted versus concentration. I t is seen that, 
even at low concentrations, there are deviations 
from the Bouguer-Beer law, caused by the phenol 
association. The extrapolated value of the molar 
absorbancy index e = 95 ± 5 for infinite dilution 
of phenol in carbon tetrachloride, and the measured 
values of the absorbancy allows one to calculate the 
corresponding concentration of monomolecular 
phenol A i on the basis that the ratio of the observed 
absorbancy at 2.77 /J. to the extrapolated value of e 
is equal to Ai. Figure 2 permits the evaluation of 
the several terms of the equilibrium constant as 
follows: (1) Ai is read on the linear curve of the 
graph from the measured absorbancy of the various 
carbon tetrachloride solutions of phenol and ke
tones. (2) If A0 is the total concentration of 
phenol and Ai + nA„ + (n — 1) A„+i the con
centration of phenol not involved in the complex 
with the ketone it follows that for 1-to-l complexes 

MR) J. T. Harris and M. K Hobbs, T H I S IODRNAL, 76. 1419 (1954). 
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Microns. 
Fig. 1.—Phenol OH absorption band in monomeric phenol 

(2.77 p) and the complex phenol-diethyl ketone (2.94 /J) . 
Phenol concentration is 0.005277 mole/liter and ketone 
concentrations in mole/liter are as follows: curve, 0.1317; 
A, 0.05645; H, 0.03761; 0,0.01881. 

of phenol and ketone C = A0 — Ai. + TiAn + 
(Ti-I)An+I. Thus B = B0 - C where B0 is the 
total concentration of ketone. 

The concentrations ranges investigated involved 
solutions of phenol from approximately 0.004 to 
0.013 mole per liter with ketone concentrations 
varying from approximately 0.04 to 0.55 mole per 
liter at 24.6 ± 1 ° . Table I gives a summary of the 
average values of the dissociation constants of the 
complexes calculated as above along with the stand
ard deviation for the mean value <rm and of a single 
observation a. The number of individual solutions 
used in deriving the constants is recorded under the 
column headed by n. 

In some cases, the complex band was so broad 
and intense that there was a possibility of its over-

400 

< 200 -

CONCENTRATION M O L E / LITER 

Fig. 2.—Absorbancy at 2.77 p of phenol in carbon tetra
chloride at 24.6 ± 1.0°. Circles represent plot of absorb
ancy against total phenol concentration. Triangles repre
sent calculated monomeric phenol concentration, plotted 
against measured absorbancy. 

lapping the phenol band and increasing its ap
parent absorption. This effect would be largest in 
the solutions of greatest phenol and ketone concen
trations, and would tend to give a large value for K. 
The results showed no tendency for K to have 
higher values for increasing concentrations of 
phenol and ketones. Thus it appears that error 
caused by overlap was not serious. The value of 
<j for the five constants varied from 5 to 10% and 
o-m was within 2 to 3%. This precision is about 
what would be expected for this method of deter
mining K, as a small error in the transmittancy for 
the OH band would be reflected as a fairly large 
error in K. 

TABLE I 

DISSOCIATION CONSTANTS FOR HYDROGEN BONDED COM

PLEXES BETWEEN PHENOL AND KETONES AT 24.6° 
Complex 

Phenol-acetone 
Phenol-methyl ethyl ketone 
Phenol-diethyl ketone 
Phenol-4-heptanone 
Phenol-acetophenone 

K 

0.118 
.125 
.136 
.139 
.146 

a 

0.011 
.007 
.011 
.007 
.008 

(T m 

0.004 
.003 
.004 
.003 
.003 

n 

10 
8 
8 
7 
7 

Fox and Martin2 and Badger and Bauer3 state 
that the magnitude of the shift of the OH band to 
lower frequency should depend upon the strength 
of the hydrogen bond: the stronger the bonding, 
the greater the shift. Therefore, if there are no 
important entropy differences for the complex for
mation, the greatest shift should have occurred for 
the phenol-acetone complex which has the smallest 
dissociation constant, and the smallest shift for the 
phenol-acetophenone complex, the other three 
cases being intermediate. Table II gives, for the 
different complexes, the values of the dissociation 
constants K, the magnitude of the shift in cm. - 1 

and the approximate value of the energy obtained 
from a graph given by Badger and Bauer.3 
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TABLE II 

RELATION- BETWEEN STRENGTH OF HYDROGEN BOND AND 

MAGNITUDE OF THE SHIFT 
Energy in 
kcal./mole 

Complex 

Phenol-acetone 
Phenol-methyl ethyl ketone 
Phenol-dietbyl ketone 
Phenol-4-heptanone 
Phenol-acetophenone 

K 

0.118 
. 125 
.136 
.139 
.146 

± 10 cm."' 

266 
230 
209 
197 
243 

mate) 

7-0 
f i .O 
0 . 4 

5.2 
6-5 

Although there is very little difference between 
the magnitudes of the shifts, the phenol-acetophe
none complex does not follow the apparent trend in 
shifts. Since the equilibrium constant depends 
upon the entropy as well as the energy, and the 
shift of the OH frequency is presumed to depend 
only on the energy of the O H - O bond, the large 
dissociation constant of the phenol-acetophenone 
complex may be associated with some type of steric 
hindrance, possibly between the two large benzene 
rings. The fact tha t the OH-O bond for the phe
nol-acetophenone complex is broader than tha t of 
the other complexes further indicates tha t there 
may be a steric factor hindering the formation of a 
definitely oriented complex structure. 

Because the simple carboxamides, such as iso-
butyramide and benzamide, and the corresponding 
carboxylic acids undergo complete ionization in sul
furic acid3"6 it is impossible to determine their rela
tive basicities in this solvent. However, it has 
been reported7 8 t ha t glycine in sulfuric acid ex
hibits an 7-factor of 2.2 and it may be inferred from 
this observation tha t the protonation of the car-

+ 
boxyl group of the glycine cation NH 3CH 2CO 2H is 
limited to about 2 0 % of the theoretical amount by 
the positively charged a-ammonium group present 
in this molecule. I t therefore appeared desirable 
to compare the cryoscopic behavior of sulfuric acid 
solutions of glycine and those of glycinamide in or
der to arrive a t an estimate of the relative basicities 
of the carboxyl and carboxamide groups present in 
these particular molecules. 

(1) Rohm and Haas Co., Inc., Philadelphia, Pa. 
(2) To whom inquiries regarding this article should be sent. 
(3) R. .T. Gillespie and J. A. Leisten, Quart. Revs., 8, 40 (1954). 
(4) A. Hantzsch, Z. fihysik. Chem., 61, 257 (1907). 
(5) G. Oddo and A. Casalino, Gazz. chim. UaL, 47, [2] 200 (1917). 
(6) G. Oddo and E. Scandola, ibid., 39, [1] 569 (1909). 
(7) T. L. O'Brien and C. Niemann, T H I S JOURNAL, 73, 4264 (1951). 
(8) G. Williams and M. L. Hardy, J. Chem. SoC, 2560 (1953). 

According to the theory of the six-membered 
ketone ring discussed by Newman,1 9 it was ex
pected tha t the 4-heptanone might show intramo
lecular hydrogen bonding to form the six-membered 
ring structure 

II 
/ \ 

II,C O 

I !I 
CII2 C - C 3 H 7 

\ / 
CH2 

If there were a strong tendency to form this 
intramolecular bond, one would expect this reaction 
to compete with the formation of the phenol-
4-heptanone complex by intermolecular hydrogen 
bonding and in this case the dissociation constant 
of the intermolecular complex should be larger 
than tha t for the phenol-diethyl ketone complex. 
From the results it appears tha t this intramolecular 
bond is not sufficiently strong to compete with the 
phenol, since there is only a small and possibly in
significant increase in K in going from diethyl ke
tone to 4-heptanone, the values of K being 0.1.36 
and 0.139, respectively. 

(19) M. S. Newman, T H I S JOURNAL, 72, 47S3 (1950). 

DURHAM, NORTH CAROLINA 

In order to bring our observations into proper 
perspective with those made earlier6 the cryoscopic 
behavior of benzamide in sulfuric acid was rein
vestigated and an i-factor of 2.0 was obtained. 
This finding is consistent with the earlier conclu
sion6 t ha t benzarmde is completely ionized as a 
mono-acid base in sulfuric acid. The cryoscopic 
properties of sulfuric acid solutions of glycinamide 
sulfate were then determined and an i-iactor of 2.7 
was obtained. Thus, in contrast to the protonation 

+ 
of the glycine cation NH 3CH 2CO 2H which proceeds 
only to an extent of about 2 0 % in sulfuric acid it is 
seen tha t the protonation of the glycinamide cation 

NH 3 CH 2 CONH 2 proceeds to extent of about 70% 
in the same solvent and tha t the carboxamide 
group is more basic than the carboxyl group. 

The cryoscopic behavior of benzoylglycinamide 
in sulfuric acid was then examined and in contrast 
to benzoylglycine9 '10 the former compound was 
found to undergo normal rather than complex ion
ization in sulfuric acid. The observed i-l actor of 

(9) J. L. O'Brien and C. Niemann, THIS JOURNAL, 72, 5348 (1950). 
(10) J. L. O'Brien and C. Niemann, ibid., 79, in press (1957). 
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It has been shown that the carboxamide group present in glycinamide cation is more basic than the carboxyl group present 

in glycine cation, that benzoylglycinamide undergoes normal rather than complex ionization in sulfuric acid, that trichloro-
acetamide, benzenesulfonamide and phthalimide are. completely ionized and o-benzoicsulfimide is only partially ionized in 
this solvent, that DL-phenylalanine undergoes rapid nuclear sulfonation under the experimental conditions encountered in 
cryoscopic studies and that in sulfuric acid benzhydrazide is converted into a mixture of benzoic acid and dibenzhydrazide 
at temperatures below 25° and into 2,5-diphenyl-l,3,4-oxadiazole at 100°. 


