December, 1976]

BULLETIN OF THE CHEMICAL SOCIETY OF jAPAN, voLr. 49 (12), 3457—3460 (1976)

3457
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The pH and pNa of aqueous solutions of sodium deoxycholate (SDC) were measured at various temperatures.
The critical micelle concentrations (CMC) were determined by means of the crooked points on the plot of pH or

pNa us. the SDC concentration.

The data obtained were interpreted thermodynamically, and changes in the

enthalpy and entropy of micellization were evaluated, from which it was concluded that the hydrogen bond plays

a very important role in the micelle formation.

Sodium deoxycholate (SDC), a bile salt, shows
unique properties in its physicochemical and biological
aspects, and SDC behaves as a surfactant. Although
the micellar behavior in an aqueous solution of SDC
has been studied in connection with various physico-
chemical properties,~® the peculiarity with respect
to pH and pNa has not been examined sufficiently.

As SDC is a salt of the ‘“weak acid-strong base”
type, the solution is basic due to hydrolysis. Though
fatty acid soaps are also salts of the ‘“‘weak acid-strong
base” type, they are different from SDGC in terms of
the architecture of the hydrophobic part of the mole-
cule, the balance of hydrophilicity and lyophilicity,
and especially the ability to form intermolecular
hydrogen bonding. In this paper the unique behavior
of the hydrogen-ion and sodium-ion activity in an
aqueous solution of SDC will be examined and discus-
sed.

Experimental

Materials. SDC (Merck Co.) was recrystallized sev-
eral times from a mixed solution of methanol and ethanol
and then dried in vacuo at 110 °C. Sodium chloride, of a
guaranteed reagent grade, was recrystallized from thrice-
distilled water and dried in vacuo. The distilled water used
for the preparation of solutions was previously freed from
CO, by passing sufficient GO, free air through a soda lime
column. :

Apparatus and  Procedure. a) pH Measurement: pH
measurements were performed for the determination of the
CMQG, which was given by the break in the SDC concentra-
tion vs. pH curve at each temperature. The measurements
were carried out using a Hitachi-Horiba pH meter, model
F-7. The influence of CO, during the measurements was
avoided by using an air current freed from CO, by means
of a soda lime column. The solution to be measured was
stirred by means of a magnetic stirrer (Acrobat Stirrer,
made by the MS-Kiki Co.) which could be immersed in a
water bath. The hydrolysis equilibrium was checked by
means of the curve on the recorder for each measurement.
The apparatus is shown schematically in Fig. 1.

b) Activity Measurement of the Sodium Ion: The measure-
ments were carried out using a Hitachi-Horiba pNa meter,
model N-5. The apparatus was almost the same as that
of the pH measurements. The calibration curve was made
by correlating the observed value with the literature valuel®
for the activity of sodium ions in an aqueous solution of NaCl.

Results and Discussion

The pH change with the SDC concentration at
various temperatures is shown in Fig. 2, while tte
relations of the sodium-ion activity ss. the SDC con-
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Fig. 1. The apparatus of measurement for the relation
of SDC concentration vs. pH.
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Fig. 2. Hydrolysis curves of SDC solution at various
temperatures.
Key A: 10°C, B: 15°C, G: 20°C, D: 30°C,
E: 40°C.

centration are shown in Fig. 3. Every curve in both
figures shows a break in its trend at the same con-
centration at the same temperature. These significant
points correspond to the CMC values reported in other
papers.1=?  Accordingly, these methods can be used
for the determination of the CMC of SDC. Table
1 lists the values of CMC obtained by both methods
at each temperature.

In the concentration range of single dispersion,
SDC molecules will dissociate almost perfectly, and
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a hydrolysis equilibrium will be established. The
concentrations of the undissociated species, sodium
deoxycholate (NaDC), and the hydrolyzed species,
deoxycholic acid (HDC), will increase with an increase
in the SDC concentration. The associations of NaDC
and HDC are expected to be easier than that of deo-
xycholate ions (DC-) because of the smaller coulombic
repulsion among them. Especially, HDC molecules
are likely to form stable associates by hydrogen bonding.
The micellization will be initiated with the association
of HDC, and then accompanied by the participation
of NaDC and DC-. As soon as the micelles are formed,
a new reaction of hydrolysis will begin abruptly on
the surface of the micelles and a new equilibrium of
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Fig. 3. The plot of SDC concentration vs. logarithm
of sodium ion activity.

(a) 20°C, (b) 25°C,
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(c) 30 °C.

hydrolysis will be established. Figure 2 shows that
the pH increases abruptly from the CMOC with an
increase in the SDC concentration. This means that
the degree of hydrolysis of DC- in micelles is larger
than that in single dispersion.

It can be seen from Fig. 3 that SDC dissociates
perfectly in the dilute range of concentration below
CMC as a 1-1 electrolyte, and that the degree of
dissociation seems to decrease gradually up to the
CMUC as the concentration increases. Above the CMC
the curve shows an abrupt increase in the activity
coefficient. This behavior is different from that of
sodium dodecylsulfate or sodium tetradecylsulfate.lt)
Figures 2 and 3 tell us that the change in the sodium-
ion activity in the vicinity of the CMC with an in-
crease in the SDC concentration is contrary to that
of the hydrogen-ion activity. This can be interpreted
by thermodynamic considerations as follows.

We assume that the composition of the micelles is
DC--aH*-fNat, where « and B are the numbers
of the H+ jon and the Nat ion respectively, per DC-
ion in the micelle.

Then, the equilibrium of micelle formation is express-
ed as follows:

DC- + «H+ + fNa*+ = DC--aH*-pNa+ 1)
The chemical potentials of the components in the
solution are, respectively:

Upc- = Mde- + RT In ape- (2)
Ug+ = ug+ + RT In ag+ (3)
HNa+r = ﬂl‘}n* + RTIn aNa* (4)

The chemical potential of the micelle-forming species
(DC--aH*-fNa*) in the micelle can be expressed
by the following equation, if the micelle is regarded
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TasLe 1. Tue CMC VALUES DETERMINED By pH
AND pNa MEASUREMENTS
CMC (mol/1) x 103
Temperature
(°G) by pH by pNa
measurement measurement
10 2.95
15 3.35 3.24
20 3.55 3.47
25 4.01 4.05
30 4.80 4.57
35 5.35 5.19
40 6.10

as a pseudo phase:
llm:ﬂz‘:- (TaP) (5)

From Eqs. 2—5 we obtain the free energy change
of micelle formation per mole of the micelle-forming

species, AGn:

AGy, = pm — tpc- — optue — Plinas
= AG. — RTInape — aRT In ay+ — BRT In ay,-

(6)

where
AGS = pb — pdo- — aps+ — Pus,+ = const (T, P).

As AG,, is equal to zero at equilibrium, Egs. 7—9
hold:

In apg- = const(T, P) — alnag+ — flIn ay,+ (7)

Especially, at the CMGC
In CMC = const(T, P) — alnag+ — fln ay,- (8)
and

S g+ SpH (9
This equation tells us that log ana+ increases with the
pH and «, and varies inversely with the 8. The rise
in log ans+ with the concentration above the CMC
just corresponds to the rise in pH, and the decreasing
tendency of the increase in ans+ at higher concentra-
tions may be ascribed to the negative sign of the log
apc- term.
Since AG,,
P apc-, ans+ and au-,

for the perfect differential of AG,:

log ay,+ = const (T, P) —

can be regarded as a function of T,
the following equation holds

d(AGy) = — AS.dT + AVndP + (—aéﬁ‘L)i In apg-
a ln apc-

9AG., 0AG,,
+ <—a o )d Inay+ + (—a Py )d Inay,+ (10)

The differential coefficients of the third, fourth, and
fifth terms in Eq. 10 are obtained from Eq. 6 as —RT,
—aRT, and —pBRT respectively. Hence, Eq. 11 is
derived from Eq. 10;
d(AGy) = —ASLdT + AV dP — RT dIn ape-
— aRTdlnag+ — BPRT d In ay,+ (11)

For the reversible micelle formation at a constant
pressure, we obtain the following relation:
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¥ _ AHm o alnaDc—
AS, =-27m = RT(——————aT )P
alnaH+ /0 In ayg+
—ocRT( )P BRI~ > (12)

Here, Eq. 12 may be rewritten as follows, assuming
the temperature dependency of the activity coefficient
of the SDC micelle is negligible:

dlog CMC ) _ [ dpH >
oT P oT

%)

According to the results shown in Figs. 2 and 3, the
plot of the pH value at the CMC vs. T affords a linear
relation with a slope of —5.0x10-3. The plot of the
pNa value at the CMC vs. T similarly affords a linear
relation with a slope of —1.0x10-2. From Table
1, (9log CMC/dT)p is roughly given as +1.0x10-2
at 20 ‘C. The « and f are not obtained from our
experiment, but the data of Vochten and Joos!® can
be used to determine them approximately. Using
Corrin’s equation, they estimated A(their notation is
K) as 2.0 and 2.5 under the conditions of constant pH
values of 7 and 9 respectively at 20 °C. Here, it
should be noted that the value of § obtained using
Corrin’s equation does not account for the contribution
of H* to the micelle formation, and that g is related
only to Na*. Their data show that the CMC depends
strikingly on the pH. The estimation of the « value
is possible from the thermodynamic treatment of their
data concerning the dependence on pH. Equation
8 is rewritten as follows:

log CMC = const (T, P) + « pH + f pNa (14)

From Fig. 7 in their paper, « or Alog CMC/ApH at a
constant sodium-ion concentration is calculated to
be about 0.8, independent of the value of the sodium-
AH,
AT, are evaluated as —6 kcal and —20 e.u. respectively
from Eq. 13. On the other hand, the change in the
partial molal volume of SDC on micellization, AV,
has been obtained as —11 ml/mol at 30 °C from den-

sitometry.1¥) AH, AS, and AV for the gelation of
SDC solution all have negative signs which are charac-
teristic of hydrogen-bond formation.'® It is, then,
reasonable to consider from these data that the micelle
formation of SDC is mainly caused by hydrogen bonding,
such as that between a hydroxyl group of one molecule
and a carboxyl group of the other. This is in contrast
to the micelle formation of other surfactants, e.g.,
sodium dodecylsulfate and sodium tetradecylsulfate,
which is mainly caused by hydrophobic interaction.
It should be noted that «+8 is nearly equal to unity,
which means that micelles of SDC are electrically
neutral. As an SDC molecule has two hydroxyl
groups, SDC micelles may exist stably in the solution
due to their hydrophilicity, which arises from the
hydrogen-bond formation between water molecules
and the remaining hydroxyl groups that have not
been used for the micelle formation and so are able
to contribute to the further association of the micelles.

AS, = —2.303 RT{(

ion concentration. Using these values, and
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This interpretation supports the helical structure

model proposed by Rich and Blow.%?

We would like to acknowledge the valuable discus-
sions and suggestions by Prof. Dr. Ryohei Matuura,
Kyushu University, and Prof. Dr. Iwao Satake, Kago-
shima University. We are indebted to Miss Noriko
Seike, Miss Mariko Ikeda, and Miss Kazuko Matsuo,
Fukuoka University, for their technical assistance.
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