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Micellar Diffusivities for CTACl + NaCl, with [t-AmOH]=27 (wt.).

1e L.
*
[NaCl] [CTAC1] D D X 1.10
0.01 M 0.0l M  14.3 X 107/ en’/s  15.8 X 1077 cn’/s
0.02 18..5 20.3
0.03 21..5 23.6
0.04 22.6 24.9
0.05 24,2 26.6
0.02 0.01 10.8 1159
0.02 13..0 14.3
0.03 14.4 15.8
0.04 —_—— S
0.05 17.4 191
0.04 0.01 9.5 10.5
0.02 10. 1 1.1
0.03 10.8 119
0.04 11.6 128
0.05 12.4 13.6
0.1 0.01 8.8 9.7
0,02 9.3 10.2
0.03 9.8 10.8
0.04 10,2 112 a
0..05 10.8 11.9
cohol assumed v fully in solvent -- D corrected for Qiscaéigyh6¥

re water at 25°C.
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6. Micellar diffusivity D vs [CTACl] (0.01-0.05M) for [NaCl]=0.01-
’5°C; [t-AmOH]}=2% (wt.), assuming v 100% in solvent.
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The resulting viscosity-corrected diffusivities are plotted in Figure &,
The solid curves represent the best theoretical fits, discussed below, X%

The measured diffusivities for [t-AmOH] = 4% are listed in Table 1y
together with two sets of corrected values. The first set assumes thatéﬁ
half the t-AmOH remains in the solvent, while the other assumes that Vir;?
tually all the alcohol stays outside the micelles. While these trial as ik
sumptions are arbitrary, they nevertheless represent reasonable limitg o
the actual situation. The corresponding plots are shown in Figure 7 (1gqvf
of the t-AmOH in the solvent) and Figure 8 (50% in the solvent). Flnallyf
the measured D values for [t-AmOH] = 67 are listed in Table III, with cop=
rected values assuming that either half, or all, of the t-AmOH remains i,
the solvent. The corresponding plots are shown in Figure 9 (100% of theQ;

t-AmOH in the solvent) and Figure 10 (50%).

Figures 6-10 share a common trait: for a given [t-AmOH] the extrapo<
lated mean micellar diffusivity, D,, differs for each [NaCl], decreasing i
with increasing [NaCl]. The D, values (referred to pure water as solvenﬂ<
together with the correspondlng micellar radii Ry (from Equation 1), are ?
listed in Table IV. As was the case for the CTABr ternary system (with
[t-AmOH] ¥ 2%) addition of t-AmOH shrinks the micelles: i.e. for a given
[NaC1] Ry, decreases with increasing [t-AmOH]. The extent of shrinkage of
CTAC1 micelles due to incorporation of t-AmOH is particularly impressive
for [t-AmOH] = 6% -- for [NaCl] = 0.01M, Ry Y1 X, assuming (i.e. for

Table II. Micellar Diffusivities for CTACl + NaCl, with [t-AmOH]=4% (wt.)

*
[NaC1] [CTAC1] D D X 1.10 DX 1.21

0.01 M 0.005M 13.9 X 10/ cmz/s 15. g™ cm2/s 16.

33X 8 X 10 cm /s
0.01 17:3 19.0 20.8
0.02 20.9 23.0 25.3
0.03 22.8 25.1 276
0.04 24.7 27 .2 29.9
0.05 25,8 28.4 31.2
0.02 0.005 11:3 12.4 13.6
0.01 2.5 13:7% 15.1
0.02 15.6 17.2 18.9
0.03 17.8 19.6 2155
0.04 18.6 20.5 22.5
0.05 19.7 2157 238
0.04 0.01 10.5 1.5 12.6
0.02 11.4 125 13.8
0.03 12..5 13.7 154
0.04 13.7 15:1 16.6
0.05 14.6 16.1 17.7
0 1L 0.01 9.2 1051 LL.L
0..02 9.6 10.6 11.6
0.03 10.2 1152 12.3
0.04 10,7 11.8 12.9
0.05 1140 12:1 13.:3

* alcohol assumed 507% in solvent, T alcohol assumed v 100% in solvent;
D values corrected in each case for viscosity of pure water at 25°C.
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ysre 7. Same as Figure 6, but [t-AmOH]=4%Z (wt), assuming 100% in solvent.

11 [CTAC1l]) that nearly 100% of the t-AmOH is in the solvent. For a

en [t-AmOH], Ry, decreases (i.e. D, increases) markedly with decreasing
Z1]. That is, the extent of micellar shrinkage due to addition of

10H is relatively small in high salt, [NaCl] = 0.1M, but very pronounced
lowest salt, 0.0IM. Therefore, as has been observed for many 'mormal"
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ire 8. Same as Figure 6, but [t-AmOH]=47 (wt), assuming 50% in solvent.
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Figure 9. Same as Figure 6, but [t-AmOH]=67% (wt), assuming 1007 in solven
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Figure 10. Same as Figure 6, but [t-AmOH]=67 (wt), assuming 50% in solvent.
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i
11. Micellar Diffusivities for CTACl + NaCl, with [t-AmOH]=67% (wt.). *?;
* ff
[CTACL] D D X 1.15 D% 1.33
- o 2 - 2
0.005 M 8.3 X 10 ¥ cmz/s 21,1 X 10 ; cm /s 24.3 X 10 g cm /s 4
0.01 19.4 22.4 25.8 !
0.02 23 265 30.6 BB
0.03 25.7 29.6 34.2 e
0.04 27.8 32 37 g
0.05 28.7 33 38.2 ;
0.005 14.0 16.1 18.6 :
0.01 14.6 16.8 19:.5 !
0.02 17.1; 19:4 228 {
0.03 191 22 25.4
0.04 20.8 23.9 27 7
. 0.05 218 25.0 28.9
0.01 Llic 7 13.4 15,6
0.02 13:1 15.1 17.4
0.03 139 16.0 18.6
0.04 15:0 173 20
0.05 15.8 18.2 21
0.01 10.0 k1.5 13.3
0.02 10.3 11.8 13.7
0.03 0.7 123 14.2
0.04 11.2 12.9 14.9
0.05 11.5 1352 154:3
hol assumed 50% in solvent, T alcohol assumed v 100% in solvent;
lues corrected in each case for viscosity of pure water at 25°C.
lar systems, such as SDS + NaCc126,27 , addition of salt tends to
' the micelles, which in this case are abnormally small to begin with

> alcohol incorporation. This behavior suggests that NaCl "protects"

icelles from dissolution by the organic solvent, with increased elec-
atic interactions between Cl~ and the quaternary ammonium (CTA) head
s allowing the micelles to retain a radius close to that of CTACl

les in water.

The solid curves in Figures 6-10 represent fits to the data using
r interaction theory.1 ~14 por a given [NaCl] and Dy, the slope of
[CTAC1] is determined by the micellar charge, Q. (Here, we assume
gible attractive interactions, consistent with earlier fitting results
ormal CTAC1 micelles.ll) A more meaningful parameter, however, is
icellar fractional ionization, @, which is related to Q by the mi-
r aggregation number, N: Q = aN. In our previous analyses of the i
sivities of normal micelles, we found that the theoretical fits yield
s for o which, fortunately, are relatively insensitive to the choice b
The reason for this is that the interaction coefficient, K, in the '
ssion D = Do(l + K@4), turns out to be approximately linear in N over
atively large range of N. The micellar_volume fraction ¢ is inversely
rtional to N, according to ¢ = (A/B)HR%([surfactant]/N)(6 X 1020)
ming, of course, a monodisperse distribution of micelles). Hence, to
order there is no N dependence in K¢, and the diffusivity fits are !
ively insensitive to the choice of N.
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Table IV. Summary of D, and Ry for the CTACl Ternary System.

[t-AmOH] % in Solvent [NaC1] D, Ry
=¥ 2
2 % 100 0.01M 11 X 10/ em“/s 22.3 %
0.02 9.9 24.7
0.04 9.7 25.2
0.1 9.2 26.6
4 100 0.01 13.0 18.8
0.02 12.0 20.4
0.04 11.3 21.7
0.1 10.5 93,3
50 0.01 11.6 21.1
0.02 10.7 22.9
0.04 10.1 24.2
0.1 9.6 25.5
6 100 0.01 22.1 11.1
0.02 17.0 14.4
0.04 14.4 17.0
0.1 12.6 19.4
50 0.01 19.1 12.8
0.02 14.7 16.7
0.04 12.4 19.7
0.1 10.9 22.5

Note: for [t-AmOH]=0, D, = 8.5 X 10-7 cmz/s and Ry = 29 R.

However, when the micelles shrink due to significant incorporation
of alcohol, our ability to estimate & accurately using this fitting pro-
cedure suffers from the ambiguity in N. No longer is the volume fraction
of surfactant/alcohol "droplets" given by the expression on the previous.
page, with N simply equal to the number of surfactant monomers in the drop:
let. Similarly, Q and a can no longer be used interchangeably in the
theory because of the uncertainty in N. Nevertheless, we can demonstrate;
approximately the influence of t-AmOH on & by reporting representative ;
values of a obtained from the fits shown in Figures 7 and 8, for [ t-AmOH]=2
47. In obtaining these fits, we made the naive assumption that N simply
scales with the micellar surface area, given by AﬂRﬁ (using N=100 and g -
Ry=29 for normal CTACl micelles''). Needless to say, the assumed values3®
for N will be increasingly too large the greater the extent of alcohol in
corporation; the average area per surfactant head group will undoubtedly
grow as the micelle soaks up alcohol and shrinks.

Hence, for [t-AmOH]=4%, assuming that nearly all the alcohol remains
in the solvent (Figure 7), we adopted values for N equal to 43, 50, 57 and
65 for [NaCl] = 0.01, 0.02, 0.04 and 0.1M, respectively. The resulting
values of o obtained from the fits shown in Figure 7 are 0.28, 0.32, 0.30
and 0.34, respectively. While each of these values exceeds the fraction
found for normal CTACl micelles, 0.27, the argument that addition of t—Am0
causes 0 to increase is hardly convincing. However, it is useful to
realize that the fitting procedure in reality determines the micellar
charge, Q, which for the above four values of [NaCl] becomes 12, 16, 17
and 22, respectively. Hence, to obtain more realistic values of a from
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fits we should divide these Q values by reduced values of N, reflec-
gncorporation of alcohol into the micelles. The result, of course,
’increase in each of the above values of a.

(nterestingly, similar quantitative "under estimates'" of a are ob-

i assuming that only half of the 4% added t-AmOH remains in the sol-
(Figure 8). Here, the starting N values are 54, 63, 71 and 78 for

] = 0.01, 0.02, 0.04 and 0.1M, respectively. The resulting a values
27, 0.32, 0.31 and 0.32, with Q values of 15, 20, 22 and 25, re-
jvely. Again, however, the actual N values will be substantially

er than those assumed above, resulting in correspondingly higher

s of a. Similar trends are observed for the other [t-AmOH].

our tentative finding that o increases due to incorporation of t-AmOH
AC1 micelles in the presence of NaCl are supported by a number of
rochemical estimations of the increase of a by addition of moderately
phobic alcohols to solutions of CTABr and CTACl. 1-3 n-Butyl and

1 alcohol have very similar effects upon & for 0.IM CTABr. We are

re of electrochemical determinations of the effect of t-AmOH upon a
4aCl, but 3.7 wt% n-butyl alcohol increases o by approximately 0.25,
and 0.1 units for [CTACl1l] = 0.0l, 0.07 and 0.2M, respectively, in the
ce of added salt, and t-AmOH should behave similarly. Clearly, a moxe
ate determination of the effects of alcohols on a using the dynamic

. scattering technique and theoretical fitting procedure outlined

n requires that we better establish the partitioning of the alcohol
sen the solvent and micellar phases as well as the micellar aggregation

2T .
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ANIONIC SURFACTANTS WITH DIVALENT GEGENIONS OF DIFFUSE OR SEPARATE ELECTRIC

CHARGE : SOLUBILITY AND MICELLE FORMATION

R. Matuura, Y. Moroi, and N. Ikeda

Department of Chemistry, Faculty of Science, Kyushu
University 33,
6-10-1 Hakozaki, Higashi-ku, Fukuoka 812 Japan

PR

In order to clarify the relationships among solubility,
micelle formation, and Krafft point, anionic surfactants with
three types of divalent gegenions were prepared and their
micelle formation and solubility examined. The first gegen-
ion type was characterised by localized charge(divalent metal
jon), the second by diffuse charge(l,1'-dimethyl-[4,4']
bipyridinium ion or methylviologen ion), and the last by
separate charge(1l,1'-alkanediyl-bis—pyridinium ion). The
effects of the unlocalized gegenions were compared with those
of the localized gegenions, and the following conclusions
could be drawn from the experimental results: (i) the crystal-
line state with gegenion of diffuse or separate charge is less
stable energetically and has higher solubility, and (ii) the
difference in cmc value among the three types of surfactants
is relatively small when the charge separation is small, but a
large charge separation gives rise to marked decrease in cmc
value suggesting that the alkylchain of separate gegenion folds
and penetrates the inner hydrophobic part of the micelle.

Also we observed that surfactants with more water of crystal-
lization are easier to dissolve with a smaller enthalpy change
of dissolution. Krafft point is also discussed together with
solubility and cmc, and the micelle temperature range (MTR) or
Krafft range is proposed instead of the Krafft point.

INTRODUCTION

As is well known, surfactant molecules aggregate above a certain
concentration leading to an abrupt change in solution properties. 2 The
Properties of aggregates or micelles of ionic surfactants are strongly
influenced by the kind of surfactant ion and gegenion. Gegenions of
conventional anionic surfactants so far investigated have been alkali or
alkaline earth metal ion, their electrical charge being localized within a
very small volume. The electrical potential of such ions seems to be
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energetically stabilized by Coulombic interaction. This leads to Smallen
aqueous solubility of the surfactants, resulting in higher Krafft point. 34
On the other hand, anionic surfactants with nonmetallic cationic gegeniongifl
of unlocalized, diffuse or separate charge are expected to have physico- § 
chemical properties much different from those of conventional surfactantg 8§
.
The present study concerns itself with the crystalline state, solu- :
bility, and micelle formation of surfactants with three types of divalent
gegenions: the first with localized charge(divalent metal ions), the
second with diffuse charge (1,1'-dimethyl-[4,4']bipyridinium ion or
methylviologen ion) and the last with separate charge(1l,1'-alkanediyl-
bispyridinium ion). The effects of the charge unlocalized gegenions are
compared with those of localized charge. The Krafft point or Krafft
range is also discussed together with solubility and cmc because they

are all closely related.
RELATIONSHIP AMONG SOLUBILITY, CMC, AND KRAFFT POINT
The solubility, cmc, and Krafft point of an ionic surfactant are

often discussed independently, in spite of the fact that they are closely
related. Therefore, consideration of experimental results from the

Pt
a
|
1
1
1
|
1
1
1
1
> o | P
L5 l
= |
;3' |
S 1
e | |
o 1
= 1
1
|
1
1
P, ! 4 SN P
Po AC
ATk
—
TEMPERATURE

Figure 1. Changes in solubility and cmc with temperature; (a) solubility
curve; (b) cmc curve; AC narrow concentration range of cmc; ATk Krafft
temperature range. .

290



viCWPOint of only one of the above three could lead to a wrong conclusion.
The relation between the solubility and cmc of an ionic surfactant with
change in temperature is shown schematically in Figure 1. The Krafft

oint is defined as the temperature at which the solubility curve inter-
sects the cmc curve. The important point of the figure is that there

exist innumerable temperatures above the Krafft point, temperature T for
example’ at constant pressure on the solubility curve for which two phases
(surfactant solid phase and micellar solution phase) are inzequilibrium.
This fact rules out the phase separation model of micelles. According to
the phase rule, a system composed of two components(water and surfactant)
and three phases(solid surfactant, surfactant solution and a micellar

hase) has one degree of freedom. If the pressure is fixed, the tempera-
ture becomes invariant. In the case where the micellar aggregation nubmer
is jnfinite the phase separation would take place and the solubility would
approach the path Po——>P —P' with increasing temperature contrary to the
observed behavior in Figure 1. The cmc has been defined as the surfactant
concentration corresponding to the maximum change in gradient in an ideal
ppoperty-concentration relationship”. This definition has been accepted and
adopted in most cases. According to it, the cmc depends upon the property
of the selution examined and, therefore, should be defined as the narrow
concentration range,l which incorporates the various maxima. Thus, it
becomes impossible to define the Krafft point as a single point at the
intersection between solubility and cmc changes with temperature. In this
sense, it seems correct that the Krafft point is not a single point but a
diffuse region which might be called the Krafft range. It is concluded
from the above discussion that micelles must be regarded as a chemical
species and that the mass action model must be used for micellization.

We now make a few remarks about how to shift Krafft point to lower
temperatures, because it really is of practical importance for ionic
surfactants. It is essentially correct to define the Krafft point or
Krafft range as the temperature at which the solubility vs temperature
curve intersects the cmc vs temperature curve. This definition can be

process b

process a

SOLUBILITY

TEMPERATURE

Figure 2. Schematic diagram to decrease the Krafft point: process a
increase of monomer solubility; process b decrease of cmc value.
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stated in another way: the Krafft range is the temperature at whig
solubility of surfactants in monomer state becomes high enough fo
monomers to start aggregating or micellizing notably. It can be é"ﬁ
understood from the above definition that there are two ways to dea
the Krafft range one is to increase the monomer solubility (procei®
Figure 2) and the other is to decrease the cmc value of surfactantgf
(process b in the figure).? Process a based on solubility increasd
closely related to the crystalline state of the surfactant. The 1&
energetically stable the solid surfactant is, the higher its solubifi
becomes. A decrease in stability could be brought about by dispersi
the electrical charge of the gegenion, a volume increase of the ge &
an increase of water of crystallization, the introduction of a bran;
chain into the hydrophobic surfactant chain, and so on. On the otﬁ
hand, process b due to cmc decrease can be expected from a decreas
dissociation of the gegenion from micelle, an increase in hydropho!
of the gegenion and surfactant ion, and so on. Taking into account
above considerations, we started the present project mainly to stug
effects of the diffusion and separation of electrical charge and th
hydrophobicity of the gegenion on the relation among solubility,

’ cme 8,
Krafft point of anionic surfactants.

EXPERIMENTAL

Materials. Copper(II) dodecyl sulfate(Cu(C12H25504)2 or Cu(Ds)2
sulfonate(Cu(C12H25503)2 or Cu(DSO)z) were prepared from respective g8
salts and purified by the standard procedure.5 l,l‘—dimethyl~[4,4'];§'
bipyridinium(II)(methylviologen) dodecyl sulfate(MV(C),Hy5504), or MV(DSE
and sulfonate(MV(012H25SO3)2 or MV(DSO)Z) were synthesized as follo
Sodium dodecyl sulfate and sulfonate were converted to corresponding
silver salts by double decomposition with AgNO3 in aqueous suspension
silver ions were then exchanged with methylviologen ions by introducing;
excess methylviologen dichloride, and the precipitated AgCl was removedi
by centrifugation. MV(DS), and MV(DSO), thus prepared were purifiéqﬁ:
recrystallization twice from the aqueous solution with excess Mv2+ anc
twice from water. 1,1'-ethanediyl-bis-pyridinium(II) dodecyl sulfate;
(CyBP(Cy,Hy5504) 5 or C,BP(DS);) and sulfonate(CyBP(Cy,Hp5505), or &
C;BP(DSO),) were synthesized by the same method for the correspon
viologen compounds. 1,1'-hexanediyl-bis-pyridinium(II) dodecyl sulfat#
(CgBP(C1,H,5503) 5 or CgBP(DSO),) and 1,1'-decanediyl-bis—pyridiniumg [4;
dodecyl sulfonate(C;nBP(C;5Hp5503); or C1oBP(DSO),)whose Krafft pointsiad
less than 0°C, are not obtainable directly from the corresponding
solutions by cooling. They were obtained by evaporation of water fi
their aqueous solutions under vacuum and purified by three recrys
tions from acetone. 1,1'-alkanediyl-bis-pyridinium bromides used fors
present synthesis were gifts from Prof. Kuwamura of Gunma Universit§
purities of these surfactants were checked by elemental analyses;'qg
and theoretical values were in satisfactory agreement. From the elemé
analysis three of them were found to have water of crystallization ; :
Cu(DS)2-4H20, Cu(DS0),+2H,0, and MV(DSO),-2H,0. MV(DS), has no waﬁ%“ 4
crystallization at 35°C. ~1,1'-alkanediyl-bis—pyridinium compounds W
very hygroscopic, but the absorbed water could be removed easily at:
temperature under reduced pressure. The structural formulae of the%
tants used are shown in Figure 3. =

Solubility measurement, A suspension of recrystallized surfac
solids obtained by cooling the aqueous solutions below the Krafft PO}?
was used in sttu for the solubility measurement except CGBP(DSO)Z and
CloBP(DSO)Z. The apparatus and the method employed were the same a8:%
described in the previous papers.8:9slo Mechanical agitation was main®®
for more than one hour to permit the system to reach a complete eQHi;%?**

=
T
3
:
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po'decy15“1fates ( Abbreviation )
Cu(DS)2

2+ -
cu (C12H250503 )5

N -
HBC'N£:>—<:;N cHy (€;,H,:080,7), MV (DS) ,

=\ + = =
<\ ,:N_CHZ-CHZ-—N\ ) 18q,8,2080, ), c,BP(DS),
podecylsulfonates ( Abbreviation )
2+ =
cu?® (cy,H,55057), cu(pso)
2L H, S0, ) MV (DSO)
H3C‘NC/>“<\://\N'CH3 a0y 15 2
C,BP (DSO)

=\ + + = =

Cntci,=Cy "N ) (C15H,55037),
+ + = -

@—(cuz)s—u\ P A0y 0,50, €.

=\ +* : @ =
Ot ey 147N P (€ 5H,55057), €, 4BP (DSO)

Structural formulae and abbreviations of synthesized

BP (DSO) 2

Figure 3.
surfactants.

Methylviologen ion and

:_temperature was controlled within ¥ 0.02°C.
l’g,:'gj:hanediyl-bis-pyridinium ion have maximum absorption bands at 255 and

5nm, ‘respectively. The bands were used for the determination of surfac-
E\t concentration, where the concentrations for absorption measurements
}-brought below the cmc. Solubilities of cupric surfactants were

d by the conductometric method.

The critical micelle concentration(cmc) was

Ome determination,
ation at an

Al
Q}__Qmined by the usual conductivity method as the concentr
Qﬂuection of two lines obtained by plotting the specific conductance

galnst concentration.

ESULTS AND DISCUSSION

Plots of specific conductance against concentration at 25°C are shown
-n.Pigure 4 for the four surfactants whose Krafft points are less than
i?- It should be noted that the cmc of MV(DS), is less than half the
s 8 of others. From the slope of the conductance plot above cmc, it

8¢en that the degree of Mv2* dissociation is less from MV(DS), than
mad:l,(r')SO)z micelle, which might leadzfo smaller cmc value of MV(DS),.
Ma tion, two gegenions, diffuse(Mv¢t) and separate(CzBPz“’), act
5 arly as regards micellization of dodecylsulfonate in view of their
vA0se cmc values, although they are,slightly lower than the cmc of Cu(DSO),

8egenion of localized charge, cw?t. This suggests that the charge
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Figure 4. Specific conductance vs concentration at 25°C: (a) MV DSO)2 H2"
(b) C,BP(DSO),; (c) Cu(DS),.4H,0; (d) MV(DS),.

effects on micellization of localized, diffuse, and separate

similar when the diffusion and separation of gegenion charge are relatlvely.“
small. This will be discussed more extensively later.

The solubility and cmc changes with temperature of dodecylsulfates
are plotted in Figure 5. From the figure we see that

C;BP(DS), < MV(DS), < Cu(DS),.4H,0 for solubility
and MV(DS)2 < Cu(DS)2-4H,0 < C,BP(DS), for the Krafft point,

=3
]
T
o

W
T

CONCENTRATION / mmol Ka

0 1 1 1 1 1
0 10 20 30 40 50 €0

TEMPERATURE / °C

Figure 5. Solubility(o) and cmc (e) changes with temperature for

dodecylsulfates: (a) Cu(DS)Z-AHZO; (b) MV(DS)z; (e) C2BP(DS)2
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cmc's also show the same order as the solubilities. The cmc changes
e temperature—dependent as compared with monovalent metal ion

leff The differences between the cmc's of CZBP(DS) and MV(DS)2 is
LS. and their cmc's are less than half the cmc of Cu%DS)Z. The former
11, true, but the latter is not, for dodecylsulfonate micelles.
w:gébicity of CzBP2+ and Mv2* might be reflected more effectively in
C . lsulfate micelles than in dodecylsulfonate micelles. As for the
w{lity measurement the system is divariant from the phase rule,” and
J:emperature can absolutely specify the system at atmospheric presssure
only pelow the Krafft point but also above it. The Krafft points
srmined from the temperature at which the two temperature-dependent
;es intersect are given in Table I. As is clear from Figure 5, the low
fft point of Cu(DS)2-4H 0 is due to its relatively high solubility in
te of its high cmc value. The high solubility comes evidently from
r molecules of water of crystallization. On the other hand, the Krafft
at of CZBP(DS)Z is relatively high, a high temperature being required

jts solubility to reach the cmc value.

AThe solubility changes of the dodecyl sulfonates with temperature are
yn in Figure 6 together with their cmc changes. The following order is

erved:

Cu(DSO)2-2H20 < CZBP(DSO)z < MV(DSO)Z-ZHZO for solubility
MV(DS0),+2H,0 < C,BP(DSO), < Cu(DSO),-2H,0 for the Krafft point.

striking difference in solubility between sulfonates and sulfates is

t the Ccu2t sulfonate is the least soluble among the three, whereas the
er two sulfonates are much more soluble than corresponding sulfates.
ecially for MV(DSO)2-2H20 two moles of water of crystallization could

be removed under vacuum over P,0., which indicates not only a strong
eraction of MV(DSO), with water but also that the two moles of water

in a crystalline state.. As for the cmc it is notable that the differ-
es are rather small for three sulfonates compared with those of the
responding sulfates. This suggests a similar charge effect on micelli-
;ion for the three kinds of gegenions: localized, diffuse, and separate
:enions. In other words, these gegenions are free to move about the
;ellar charged surface just carrying the same divalent charge, and their

=1

CONCENTRATION / mmol Kg

1 1 1 5 1
0 10 20 30 L0 50 €0
TEMPERATURE / °C

igure 6. Solubility(o) and cmc(e) changes with temperature for
odecylsulfonates: (a) MV(DSO),+2H,0; (b) C2BP(DSO)2; (c) Cu(DSO)Z-szo.
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differences cannot influence micellization. This is consistent wity 4yt
higher dissociation of M4t from alkylsulfonate micelles and a higher;éu
value. However, the extent of separation of divalent charge must havefl
effect of micellization and solubility. 1In Figure 7 are shown the cme
and solubilities of 1,1'-alkanediyl-bis-pyridinium with different chap
separation, C,BP(DSO),, CgBP(DSO),, and ClOBP(DSO)z. Two remarkable
findings are (i) Krafft points of the latter two are below 0°C, and (ii)
there is almost no difference between the cmc's of the former two. Fpgp
these facts the following inferences can be drawn: (i) the charge Separa,
tion up to six CH, groups does not make any difference in 5Tc, (ii) an 2
extreme decrease in cmc due to gegenion changing from CgBP to C105p2+&
is brought about by increasing hydrophobicity of the latter ion, (iij)
decrease in Krafft point for CgBP(DSO), and CygBP(DSO),; is due to theip
increased solubility which results from enhanced instability of crystals
line state caused by an indroduction of bulky gegenions. In particulap‘
the fact that the cmc's of C2BP(DSO)2 and CGBP(DSO)z are almost the samg
irrespective of the differences in gegenions by four CH2 groups is quit
contrary to our expectation. This fact also indicates the free motion of
the gegenions about micellar surface. In addition, it can eaiily be
imagined from inference (ii) that the alkylchain of the C143BP“" ion can
fold and penetrate the hydrocarbon core of the micelle, leading to its
smaller cmc value. These inferences are based upon rather meager experi-%
mental evidence. Therefore, more systematic measurements of the cmc and %‘
solubility as the alkylchains of both gegen and surfactant ions are

changed in a stepwise manner are required before definite conclusion can
be reached.

Finally, we may make a few remarks about what can be derived from
solubility changes with temperature. 1In order to calculate the enthalpy ::
change of dissolution, values of ln(solubility) are plotted against
reciprocal of the absolute temperature(Figure 8). From the slope of the
plots below the Krafft point the enthale change(Aho) of dissolution can
be evaluated from the following equation 3,

AR® = -3Rld lnS/d(l/T)]p

where R is the gas constant, S is the solubility, T is the absolute

=1

—————
4 ——~————— CZBI’(DSO)2

e CéBP(DSO) 2

R —
> CIOBP (DSO) 2

CONCENTRATION / mmol Kg

0 10 20 30 40 50 €0
TEMPERATURE / °C

Figure 7. Solubility(o) and cmc(e,®,A) changes with temperature for
CnBP(DSO)z.
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