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is the same as assumed above, the resulting pa-
rameters are those given below along with the
results of the electron diffraction study.?

This research Electron diffraction3

<FCF 109° 15’ == 25’ 110°

C-F 1.821 == 0.005 A. 1.321

c-C 1.311 == 0.005 A. 1.311 2= 0.035 A.
<HCH 120° (assumed) 117° &= 7°

c-H 1.10 %= 0.05 A. 1.07 %= 0.02 A.

The CH distance corresponding to our choice of
the HCH angle is 1.10 A. A change in the angle
of 9° changes the CH distance by 0.05 A., but
only changes the other parameters by less than
0.005 A. Thus the microwave data still leave the
geometry of the CH, group somewhat uncertain,
but defines the remaining parameters quite pre-
cisely, since the actual HCH angle can hardly be
expected to differ so greatly from 120°.

The measured FCF angle is nearer to the tetra-
hedral value than to that of 120° expected on the
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usual assumption that the o-bonds are formed with
sp? hybrids. It is interesting to note that near-
tetrahedral values of the corresponding angle are
not unusual in the substituted ethylenes, though
the angle reported for ethylene itself® is 119° 55’.
The particularly small value of the FCF angle is
also in line with that reported! for CH,F,.

Comparison of the C-C distance with that found
for ethylene® indicates that there is appreciable
triple-bond character in the bond, an effect that
may be associated with the closing of the FCF
angle.

Acknowledgment.—The authors would like to
thank Dr. Norbert Muller for many helpful dis-
cussions and the Purdue Research Foundation,
acting under Contract No. AT(11-1)-164 of the
Atomic Energy Commission, who supported this
research.

(8) W. S. Gallaway and E. F. Barker, J. Chem. Phys., 10, 88 (1942).

LAFAYETTE, INDIANA

[CONTRIBUTION FROM SOUTHERN METHODIST UNIVERSITY]

Experimental Investigation of the Distribution of Salicylic Acid between Cyclohexane
and Water
By Joun J. Bangwicz, CHARLES W. REED AND MARK E. LEviTcn
RECEIVED JANUARY 10, 1957

The distribution of salicylic acid between water and cyclohexane was investigated at various temperatures from 24.00 to

55.00° and at concentrations from 10~4 to 10~2 mole per liter in water and cyclohexane. T! 1
In the more dilute concentrations, the dimerization of salicylic acid in cyclohexane was
found to be negligible; and from the data in this region the ionization and distribution constants were obtained.

mined spectrophotometrically.

The concentrations were deter-

In the more

concentrated regions the dimerization became appreciable; and from the data in this region the dimerization constant was
calculated. With these constants known as a function of temperature, the heats, entropies and free energies of dimerization,

distribution and ionization were calculated.

In spite of the numerous references to salicylic
acid in the literature there are very few data on the
dimerization of salicylic acid in non-polar solvents.
By studying the distribution of salicylic acid be-
tween cyclohexane and water not only can the dis-
tribution coefficient be obtained, but also the ioni-
zation constant of the salicylic acid in water and
the dimerization constant in cyclohexane. Fur-
thermore if determinations are made at different
temperatures the various enthalpy, free energy
and entropy changes can be calculated.

Experimental

Materials.—Matheson practical grade cyclohexane was
used. The cyclohexane was purified by passage through a
column of activated silica gel in accordance with the proce-
dure of Graff, O’Conner and Skau.! Salicvlic acid was re-
crystallized from cyclohexane and then sublimed.

Spectrophotometric Measurements.—The concentrations
of salicylic acid in both the cyclohexane and water layers
were determined spectrophotometrically using a Beckman
DU spectrophotometer. For each solvent, solutions of
known concentration were prepared ranging from 10~ to
10~? mole per liter. The standard solutions in each solvent
were saturated with respect to each other. Salicylic acid
has absorption maxima in water at 231 and 296 mu and in
cyclohexane at 240 and 310 mu. Beer’s law was obeyed at
all four peaks.

The following equations were found to relate 4, the ab-

(1) M. M. Graff, R. T. O'Conner, and E. L. Skau, Ind. Eng. Chem,
Anal, Ed., 16, 556 (1944).

sorbance, to Cg, the concentration of salicylic acid in gramns
of acid per gram of solvent

Water 231 mpu Cp =209 X 10 4
Cyclohexane 240 my Cy = 208 X 10— 4
Water 296 my Ce = 396 X 108 4
Cyclohexane 310 mu C, =432 X 10754

All readings were taken in triplicate with an average varia-
tion of 0.002 absorbance units.

Distribution Method.—Preliminary measurements were
made to determine the approximate relation between equilib-
rium concentrations of the aqueous and cyclohexane solu-
tions of salicylic acid. With this information seven dif-
ferent mixtures were made up with concentrations varying
from about 102 to 104 mole per liter., The mixtures were
placed in glass-stoppered Pyrex bottles in a constant tem-
perature bath and allowed to equilibrate for three days with
occasional shaking. At the end of this time samples were
withdrawn from each layer, diluted by weight if necessary
to bring the concentration into the spectrophotometric
range, and the absorbance determined.

This procedure was repeated daily until constant concen-
tration values were obtained. Almost always equilibrium
was obtained within a three-day period. Using the known
dilution factor, the concentrations of salicylic acid in the
water and cyclohexane layers were calculated. The con-
centrations were converted to moles per liter, assuming the
solutions to be so dilute that the solvent and solution densi-
ties could be considered identical.

This procedure was repeated for all the solutions at seven
different temperatures, 24.00, 29.50, 32.00, 36.00, 40.05,
47.13 and 55.00°. The temperature was controlled to
within 0.01° by a Sargent Thermonitor unit.
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Results

Representative data obtained for the 24.00°
run are shown in Table I. Calculations of the

TABLE 1
Dara OBTAINED CORRELATING CONCENTRATION OF SALI-
cYLic Acip 1N WATER AND IN CYCLOHEXANE FOR TEM-
PERATURE OF 24.00°

Mixture Mgiar conen, (molesc/l‘) Cu/Ce m
I 0.000650 0.0000261 35.3 183
11 .00135 .0000443 30.4 147
111 .00197 .0000758 26.0 115
IV .00328 .000218 15.0 67.7
A% .00648 .000753 8.61 36.5
VI 00777 .00106 7.33 30.7
VII .00857 .00129 6.63 27.8
VIII L0152 .00601 3.80 15.9

various equilibrium constants from these data were
considerably simplified when it was found that at
the most dilute concentrations the dimerization of
salicylic acid in cyclohexane was negligibly small.

The three equilibria involved are, first the ioni-
zation of salicylic acid in water, second the di-
merization of salicylic acid in cyclohexane, and
last the distribution of the undimerized and un-
dissociated salicylic acid between the water and
the cyclohexane layers. If Cy is the spectrophoto-
metric value obtained for the total concentration
in moles per liter of the salicylic acid in water and
a represents the moles per liter of the acid which
have ionized, then the ionization constant, K;,
may be written as

K= -0 (1)

In the cyclohexamne layer, if C. represents the total
concentration of acid and b the concentration of
single molecules which have associated in moles per
liter then the dimerization constant, Kgim, is
_ b

(Co— 0)?

The distribution constant, K4, which involves un-
dissociated and undimerized salicylic acid then
becomes

Kaim = (2)

s ez
Ky = G —b (3)

When the concentration of acid in cyclohexane is so

35 |
30 »/;BC ol
/

Fig. 1.—Graphical data from which ionization, distribution,
dimerization constants can be calculated.
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low that b may be assumed to be negligibly small
compared to Ce then (3) becomes

Co — a
(g = 2 (
Ad Cu \4)
Under these conditions equations 1, 2 and 4 may
be combined to give

Co \/KTA"Z
c = RENTE

Hence, if dimerization can be neglected in the re-
gions of extreme dilution a plot of Cw/Cc v5. V'1/Ce
should be linear witha slope of v/K;Kqandan inter-
cept of Ka.

In Fig. 1 the curves obtained at the various tem-
peratures are shown. Values of K4 and K; were
calculated from the linear portion of each plot;
and then with these values, from the data in the
curved region, the Kgim’ s were calculated. These
are shown in Table II.

TaBLE II

EquiLiBrIuM CONSTANTS INVOLVED IN THE DISTRIBUTION
OF SaLIicYLIC Acip BETWEEN CYCLOHEXANE AND WATER

Ionization Distribution Dimerization
constant coefficient constant
Temp,, °C. Ki X 103 Ka Kaim
24.00 1.78 10.4 1393
29.50 2.32 7.25 619
32.00 2.68 6.42 446
36.00 3.18 5.05 243
40.05 3.91 3.98 143
47.13 5.18 2.80 61.0
55.00 6.88 1.83 23.7

The plots of log K vs. 1/T for each of the equilib-
rium constants gave good straight lines. The
average deviation of the points from a straight line
in each case was less than five parts per thousand.
From the slopes of these lines, the corresponding
values of AH® were calculated in accordance with
the van’t Hoff equation. These are listed in
Table ITI. Values of AF° and AS® were also cal-
culated and are included in Table I1I,

Discussion

Most of the previous determinations of the ioni-
zation constant of salicylic acid in water have been
made at 25°.%%4%6 All of the values noted by
different investigators lie close to 1.0 X 1073 at
this temperature, while in this investigation 1.9
X 10~% was observed. The reason for this differ-
ence is not known. It does not seem likely that
the small amount of cyclohexane dissolved in the
water would be enough to give rise to appreciable
error. Also, since the value of K; was obtained in
the extremely dilute solution region, any discrep-
ancy cannot be attributed to the deviation of the
activity coefficients from unity. The heat of ioni-
zation is also much greater than that reported by
Bradley and Lewis. There are several excellent
review articles concerned with the hydrogen bond
and dimerization in which thermodynamic con-

(2) E. Grunwald and B. J. Berkowitz, Tuis JoUrNaL, 73, 4939
(1951).

(3) H. O. Jenkins, Nature, 16, 561 (1943),

(4) F, Bradley and W. C. M. Lewis, J. Phys. Chem. 29, 782 (19235).

(5) J. Shorter and F. J. Stubbs, J. Chem. Soc., 1180 (1949).
(6) B. Jonesand J. C. Speakman, ¢bid., 19 (1944).



June 5, 1957

DISTRIBUTION OF SALICYLIC AciD BETWEEN CYCLOHEXANE AND WATER 2695

THERMODYNAMIC VALUES OBTAINED IN SALICYLIC ACID-CYCLOHEXANE-WATER SYSTEM

TasLE 111

Heat of ionization, 8150 cal./mole; heat of distribution, —10500 cal./mole; heat of dimerization, —24500 cal./mole,
Entropy Change (cal./mole degree)

p———————-Free energy change (cal./mole)————eeu
Dimerization

Temp., °C, Ionization Distribution Ionization Distribution Dimerization
24.00 3738 —1383 —4268 14.9 —30.7 —68.1
29.50 3652 —1190 —4170 14.9 —30.7 —67.2
32.00 3595 —1128 —3705 14.9 —30.7 —68.1
36.00 3528 —996 —3370 15.0 —30.7 —68.3
40.05 3452 —859 —3082 15.0 —30.7 —68.4
47.13 3330 —655 —2611 15.1 —30.7 —68.3
55.00 3250 —395 —2068 14.9 —30.8 —68.4

stants are calculated and experimental methods dis-
One objection to the

cussed.’?®

distribution

to —28 in atmospheres.

This variation in the en-
tropy change then gives a measure of the increase

method is the possibility that the small amount of
water present in the organic layer will form a hy-
drate with the acid being studied, increasing the
solubility of the acid appreciably over that in the
anhydrous organic solvent (see Lassettre?’). Con-
sequently, the solubility of salicylic acid in both
anhydrous and water-saturated cyclohexane was
investigated, but no significant difference found.
Another objection is that the solvent in which the
dimerization is taking place will influence the di-
merization to some extent, and therefore the values
obtained from solution studies will not necessarily
agree with those from vapor studies. Indeed, the
fact that the acid dissolves in the solvent indicates
that some interaction between the two must take
place and that the acid molecules will be partially
solvated. Moelwyn-Hughes, Davies and their
colleagues®!! have found that the magnitude of
this effect is a function of the dielectric constant of
the solvent, with the values of the heat and entropy
of dimerization obtained by distribution methods
approaching the vapor method values as the di-
electric constant of the solvent decreases. In this
respect cyclohexane should give better values than
benzene or carbon tetrachloride.

Allen and Caldin have compiled values for the
entropy and enthalpy changes involved in the di-
merization of many different acids. For aliphatic
acids, vapor phase measurements give values of
AS® of about —36 e.u., and for AH® about —14
kcal./mole. They found that the value of AS°
was in good agreement with the value based on the
change in translational and rotational degrees of
freedom in dimerization. In solution, as expected,
the values are higher, AH° being about —8 kcal./
mole and AS® ranging from —15 to —22 e.u. with
concentrations expressed in moles/l. units or —21

(7) E. N, Lassettre, Chem. Reyps., 20, 259 (1937).

(8) G. Allenand E, F. Caldin, Quart. Rev., 7, 265 (1953).

(9) M. Davies, Ann. Reports, 48, 5 (1946).

(10) M. Davies, P. Jones, D. Patnaik and E, A, Moelwyn-Hughes,
J. Chem, Soc., 1249 (1951).

(11) E. A. Moelwyn-Hughes, “Kinetics of Reaction in Solution,”
2nd Edition, Oxford Univ, Press, 1947, p. 91,

in order of the momnomers due to partial solva-
tion.

Relatively little work has been domne on aromatic
acid. Many years ago Hendrixson!? measured the
AH?® for both benzoic acid and salicylic acid by the
investigation of the distribution of these acids be-
tween water and benzene, and water and chloro-
form. The values of AH® obtained for benzoic
acid were —8.35 kcal./mole for the chloroform and
—8&.71 keal./mole for the benzene systems. These
values are in good agreement with those deter-
mined later by other investigators using different
methods.%14

The values of AH® for salicylic acid obtained by
Hendrixson were —5.63 kcal./mole for benzene
and —7.68 kcal./mole for chloroform.

The values obtained for AS® and AH°® in this
investigation of salicylic acid not only are consider-
ably different from those obtained by Hendrixson,
but they are also much different from the general
values obtained for other acids. In the general re-
action 2 monomer — dimer, the total entropy
change can be considered to be made up of two
parts.’® The first is the change due to the trans-
lational and rotational degrees of freedom, and the
second is the change due to the vibrational de-
grees. The first term must be negative since three
translational and three rotational degrees of free-
dom are lost on association. The vibrational con-
tribution, on the other hand, is positive since new
vibrational degrees result from the association proc-
ess. The value of the total entropy change on
association for salicylic acid is about equal to the
translational and vibrational contribution ex-
pected. The vibrational term, then, must be quite
small indicating that the dimer bonds are very
strong. This is consistent with the high value of
the heat of dimerization observed.
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