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The density and X-ray Bragg spacing were determined for a large number of sam-
ples in the ternary (and quaternary) lamellar liquid crystalline phase of water/so-
dium n-octanoate/n-decanol (/n-octane) at 298 K. The features observed are dis-
cussed in terms of changes in the hydrocarbon bilayer of the lamellae, the area
available for the carboxylate and the hydroxyl groups and the partial molar vol-
umes of the components. The water-rich part was characterized by a one-dimen-
sional swelling of the aqueous layer leaving the amphiphilic layer to a large extent
unaffected. The one-dimensional swelling is made possible by the high charge
density at the interface and a partial dissociation of counterions. Since the surf-
actant had a tendency to partly dissolve into the aqueous layer, the réle of the
water-insoluble decanol was to maintain a sufficient lateral cohesion of the am-
phiphile bilayer. The properties of the water-poor part were dominated by the
primary hydration of the polar groups. However, it is suggested that the inter-
action between the amphiphilic chains contributed significantly to the local phase
structure. The addition of 4 % by wt. octane caused the part of the lamellar phase
salient-rich in both water and decanol to separate. The main effect of octane
when solubilized in the hydrocarbon bilayer was to produce a significant disturb-
ance in the packing efficiency of the amphiphile chains.

In dealing with model systems of amphiphiles (li-
pids, surfactants, cosurfactants) it is essential to
have a knowledge of the phase equilibria and
phase structures occurring at different composi-
tion ranges of the system. Detailed phase dia-
grams have been determined for several amphi-
phile systems and it has been shown that the
number of different phases may be quite large.'”
The three-component system chosen for this
study, sodium n-octanoate/n-decanol/water, is
widely accepted as a reference system for the
surfactant-cosurfactant interaction giving rise to
the different phases indicated in Fig. 1.

In the present study, which is the third part of
investigations of the volumetric properties of the
liquid crystalline phases in a number of model
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systems,** we focused our interest on the be-
haviour of the lamellar phase denoted D in
Fig. 1. These investigations may be considered as
a complement to the very thorough structural
analysis made by Fontell et al. of the liquid crys-
talline phases present in this system at 293 K.
Previously, we have reported a similar volum-
etric analysis of the lamellar phase of the system
sodium n-octanoate/n-pentanol/water.”® The de-
tailed molecular arrangement of the p phase is
essentially of a sandwich type (inset, Fig. 1) con-
sisting of successive aqueous sheets and amphi-
phile bilayers. It was therefore of interest to try
to separately influence the properties of the
layers. In this study, we first diluted the aqueous
layer with water. Secondly, we changed the
charge density of the polar interface by adding
water-insoluble cosurfactant (decanol). Finally,
we solubilized some liquid octane into the lamel-
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Fig. 1. The phase diagram of the system water/sodium n-octanoate/n-decanol. The composition range of the
theromdynamically stable aqueous (L,), hexagonal (E), lamellar (D), inverted hexagonal (F), and the decanolic
(L,) phases at 293 K are given in weight percent. The bilayer structure of the liquid crystalline lamellar phase

as well as the subdivision into a water interface and a hydrocarbon sheet are also indicated.

lar phase in order to influence the chain packing
of the amphiphiles.

Experimental

Chemicals. N-Decanol (C,,OH) (Fluka AG, pu-
riss.) and n-Octane (C;) (Ega-Chemie, zur ana-
lyse, 99 %) were used without further purifica-
tion. Sodium n-octanoate (NaC,0,) was prepared
from octanoic acid (Fluka AG, puriss.) by neu-
tralization with sodium hydroxide (Merck AG,
IN Titrisol). The salt was then washed several
times in ethanol in order to remove residual acid.
The molar mass was checked by titration with
perchloric acid in glacial acetic acid using crystal
violet as an indicator. The molar mass obtained
differed less than 0.5% from the theoretical
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value. The water was doubly distilled and ion ex-
changed immediately before use.

Instrumentation. The X-ray diffraction measure-
ments were performed at 298 K using a Rigaku-
Denki Low-Angle camera attached to a Philips
X-ray diffraction generator connected with an
AEG-Telefunken F50/31 X-ray tube. The Cu K,
line scattering was monitored with a Wallac
SCDA-15 (Nal(Tl) crystal) scintillation detector
connected to a Wallac Decem Series AS-12 pulse
height analyser and a Wallac SC-32 scaler unit.
The densities were measured at 298.15 K using
an Anton-Paar DMA 60 densitometer equipped
with an external measuring cell DMA 601. The
density determinations involved measurements
of the period (1/f) of oscillations, t, of a vibrating
U-shaped sample tube filled with the solution be-
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Table 1. the coefficients and the F values obtained by linear regression of the polynomials given below the

table to the molar volume of the ternary and quaternary lamellar liquid crystalline samples of the system water/

sodium n-octanoate/n-decanol (/n-octane). For details of the program consult Ref. 11.

Syst. | Obs. B, BJF, | BJF, | BJF, | BJF, | BJF, | BJF, | BJF, | ByF, | ByF,
ter 79 | 17.981 - - - - - - | 17264 | - -
- - - - - - | 16000 - -
quat 116 | -254.65 |-82.594 | 828.58 |—467.61 | 2737.7 | -37772 | 62498 | 10270 |-57469 | 87525
426 | 669 271 | 672 | 186 | 184 | 200 | 232 | 220

B/F, = B, should be read from the upper line, F, should be read from the lower line.

“ter” refers to the system water (1) — sodium octanoate (2) — decanol (3) and the mathematical model used to describe

the system was V,, = B, + B,X; + B;ox,X, + B,x%x2

“quat” refers to the system water (1) — sodium octanoate (2) — decanol (3) ~ octane (4) and the mathematical model
used to describe the system was V,, = B, + B\x, + Bx2 + By + B, + Bx3 + Bex3 + Byx, + Byx, + Bex + Byxd +
ByoXoXs + ByXoX, + BypX,y + BiaXoXaX, + Bix3X3 + B33 + BodE + B, x3x3x

Bi/Fi | BwFy | BJF; | BFs | BWFi | B/Fis | B/Fis | Bo/F; | Fa | FKRIT | A(%) | DF Sa
13026 | - - - |s6185 | - - -

664 - - - 186 - - - |[133000| 397 | 9998 | 75  0.1374
~2504.7|-9962.5| 54732 |-63300 | 36252 | 48885 [-270194| 378701

612 | 295 | 174 | 184 | 198 | 228 | 150 | 103 | 15300| 395 | 99.96 | 98  0.2095

ing investigated. Assuming that the mass per-
forms undamped oscillations with the elastic and
the dynamic forces being in equilibrium, the den-
sity, o, is given by,
¢ =A(v-B) )
where A and B are constants determined by cali-
bration of the densitometer against water and dry
air for which the densities are known at 298.15 K
and 101.3 kPa.

The Bragg spacings are accurate within about
1 %. The estimated accuracy of the densities of
the liquid crystalline samples is 4 digits.

Calculation procedures. The densities measured
may be recalculated to the molar volume of the
samples, V,, and the partial molar volume of the
components, V(i), using the equality

V. = e Z x())M(@) = VIZn(i) = Z x()V(), (2)

where n(i) denotes the amount, x(i) the mole
fraction and M(i) the molar mass of component i,
respectively.

When investigating the options available for
the presentation of the volumetric properties of
the present system, the apparent molar volume
proved to be of little value since all four com-
ponents contribute significantly to the overall
volumetric state.” Hence, the partial molar vol-
ume was engaged to represent the property of the
components.

The calculation procedure consistsed first of a
least square fit'* of the molar volume of the sys-
tem, (eq. (2)) to linear and cross-products of the
mole fractions." The equations chosen are given
in Table 1 along with the coefficients and the sta-
tistical figures. As shown, the molar volume of
the three-component samples were described by
a four-parameter equation. This model was
found to be superior to the other models tested.
Using the significant terms, the model was then
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Fig. 2. The composition of the samples in the
lamellar phase at constant levels of 0, 2 and 4 % by
weight of octane present perpendiculary projected on
the octane-free phase diagram. The samples are
grouped in series defined in the figure. The sample
series A-H are defined in Fig. 8.
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expanded to account for three of the mole frac-
tions of the four-component system. The molar
volumes calculated with the complex model de-
veloped agreed within 0.25 % with the molar vol-
umes of the four-term model. Consequently,
both models are to be considered accurate in de-
scribing the volumetric state of the present sys-
tem. Moreover, all the simpler models tested
failed to give statistically significant fits.

In the second step, the calculation of the par-
tial molar volumes involved a partial derivation
of the V,, function with respect to the mole frac-
tions of the components. For a four-component
system, the mole fraction of component 1 may be
substituted (x, = 1 — x, — x; — x,) to give the fol-
lowing general matrix of 4 * 4 linear equations

— - — I —— -

Vi Vo =X, —x; —x, 1
oV,

v, Val=x, —x; —x, {a xz}
vV,

= » (3
v, Vo —x,1-x; —x, 3 x
3
AV,
V, Vo =%, —x31-x,
L 1 L JLL9x) ]

where 1=H,0, 2=NaC,0,, 3=C,,OH and 4=C,.
The partial molar volumes of the three compo-
nent samples calculated with the three-compo-
nent model”? and the four-component model®
(given in Table 1) from this set of linear equations
agreed generally within 11 %. This accuracy is ty-
pical for partial molar properties of complex sys-
tems.
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Fig. 3. The dependence of the Bragg spacing on the
inverted volume fraction of the hydrocarbon chains,
eq. (5), for octane-free samples (a) at 298 K, and the
dependence of the slope on the mole ratio of decanol
to sodium octanoate for constant levels of 0, 2 and

4 % by weight octane (b). The symbols correspond
to those defined in Fig. 2. For convenience, a few
samples rich in water are omitted from the figure.

The volume of the samples can also be used,
together with the Bragg spacings, to formalily di-
vide the lamellar phase into an aqueous domain
and an amphiphilic bilayer (Fig. 1). Since we did
not know the density of sodium octanoate in the
liquidized state in the lamellae we could not cal-
culate the volume fraction of the whole amphi-
philic layer as such. Instead we considered the
hydrated polar head groups and the hydration
water bound to the counterions as a part of the
aqueous domain. Assuming that the hydrocarbon
chains have the density of liquid hydrocarbon

and that the chains of the different amphiphilic
compounds and octane mix ideally we can ex-
press the molar volumes of the hydrocarbon
chains of the hydrocarbon layer as follows

V&(NaC,0,) =

(M(NaC,0,) — M(NaCO,))/g®(C,) and (4a)

VgH(CmOH) =

(M(C,;OH) — M(OH))/e*(Cy,) (4b)

where the density of pure heptane (g®(C))
0.67941 g cm™>) and pure decane (0®(C,)
0.72636 g cm™)" represent the density of the hy-
drocarbon chains of the octanoate and decanol,
respectively. M(NaCO,) and M(OH) are the mo-
lar masses of the sodium carboxylate and the hy-
droxyl groups, respectively. The volume fraction
of the hydrocarbon part of the amphiphilic layer
then takes the form

T a)Vak)

- Tl s)

where k denotes the amphiphilic components for
the three-component system but includes the oc-
tane of the four-component system. In the latter
case V&(C;) = V®(C,) = M(C,)/0®%C,), where
0%(C,) = 0.69853 g cm ™.

Using these volume fractions, we can now sub-

divide the total repetition distance into the am-
phiphilic and the water layer, respectively

dey = Py d, dy=Pyd=d—dey. (6)

Consequently, a constant slope (corresponding to
d.;) when the Bragg spacing is plotted against the
inverse volume fraction of the hydrocarbon layer
indicates a one-dimensional swelling of the la-
mellae.®

The area per ionizable group in the lamellae is
given by**

2V

ATNaGO,) = NGOy Ld’

™)

where V denotes the volume of the sample in eq.
(2) and L the Avogadro constant. A*(NaC,0,)
thus gives an estimate of the maximum charge
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density at the interface. An extrapolation of a
plot of A*(NaC,0,) versus &z} to ®) 1.0
(ie. when d = d,) gives the area per ionizable
group (maximum charge density) in the “dry” la-
mella, A**(NaC,0,). This area can now be di-
vided into contributions from both surfactants:

A™(NaC,0,) =
n(C,,OH)

A°(NaC,0,) + A°(C,,OH) m .
30,

®)

If the model developed is reasonable, we should
obtain a straight line when A*“(NaC,0,) is plot-
ted against n(C,;OH)/n(NaC,0,). As shown in
Fig. 6, this is not the case for areas obtained at
®g; = 1.0. However, if we use A*(NaC,0,) at
Dy = 1.3 for A™(NaC,0,) (this corresponds to
the point of intersection of all the d versus ®Z},
lines in Fig. 3) a linear relationship is indeed ob-
tained. From the intercept and slope, we obtain
the areas occupied by sodium octanoate
(A°(NaC;0,)) and by decanol (A°(NaC,0,)) at
the mixed interface.

Since octane is fully solubilized in the hydro-
carbon interior of the lamellae, there will not be
any direct term accounting for it. Instead, the ef-
fect of solubilization is embedded in the volume
and the Bragg spacing of the liquid crystalline
samples, eq. (7).

Experimental results

The composition of the experimental points is
shown in Fig. 2. The samples are arranged in se-
ries of constant mole ratios of decanol to sodium
octanoate (symbols). The lines denoted by letters
correspond to the constant mole ratios of water
to sodium octanoate given in Fig. 8.

In the (a) part of Fig. 3-5, the Bragg spacing
(d), the thickness of the hydrocarbon layer (dgy,
eq. (6)) and the “total mean area per ionizable
group” (A*(NaC,0,), eq. (7)), are plotted
against the inverse volume fraction, eq. (5). The
slopes of the linear parts of these plots are shown
in the (b) part of each figure. The areas available
for each polar group in the mixed interface ex-
tracted from the plots of A**(NaC,0,) versus
n(C,,OH)/n(NaC,0,) are given in Fig. 6. The
molar volumes and the partial molar volumes of
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Fig. 4. The dependence of the thickness of the
hydrocarbon chain bilayer, eq. (6), on the inverted
volume fraction of the hydrocarbon chains, eq. (5),
for octane-free samples (a) and the dependence of
the slope on the mole ratio of decanol to sodium
octanoate for constant levels of 0, 2, and 4 % by
weight ofoctane (b), respectively. The symbols
correspond to those defined in Fig. 2.

the components have been grouped in order to il-
lustrate the influence of adding water (Fig. 7),
decanol (Fig. 8) and octane (Fig. 9) to the sys-
tem. Fig. 7 then gives the molar volume of the
samples, €q. (2), and the partial molar volume of
the components, eq. (3), of the system H,O/
NaC,0,/C,;OH at 298 K plotted against the mole
fraction of water (Fig. 7) and decanol (Fig. 8), re-
spectively.

Fig. 9 presents the molar volume of the sam-
ples, eq. (2), and the partial molar volumes of the
components, eq. (3), of the quaternary system
H,0/NaC;0,/C,,OH/C; at 298 K plotted against
the mole fraction of octane.
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Fig. 5. The dependence of the area available for
each charged group, eq. (5), on the inverted volume
fraction of the hydrocarbon chains, eq. (7), for
octane-free samples (a) and the dependence of the
slope on the mole ratio of decanol to sodium
octanoate for constant levels of 0, 2 and 4 % by
weight octane (b), respectively. The symbols
correspond to those defined in Fig. 2.

It is important to realize that the lines located
at x(Cg) = 0.005-0.010 in Fig. 9 all represent
2% octane while the lines at x(Cy) =
0.011-0.018 correspond to 4 % octane, respec-
tively. The lines thus connect quaternary samples
which are defined by the same constant mole ra-
tio of decanol to sodium octanoate as the ternary
samples in Fig. 7.

Discussion

The lamellar b phase can, according to the model
outlined above, be considered to consist of three
layers with distinguishable properties. The hy-

drocarbon chains form an anhydrous layer.
When octane is added to the system, all the mol-
ecules are solubilized in this region. The aqueous
domain can be subdivided into two parts. One
consists of “free” water which is not firmly bound
to the surface, counterions dissociated from the
interface and some amphiphilic molecules.®™® Be-
tween this domain and the hydrocarbon layer is
an “interface” consisting of the polar head groups
of the amphiphiles, the bound counterions plus
the hydration water.">'¢ The ion adsorption can
be estimated by solving the Poisson-Boltzmann
equation for highly charged surfaces.’' The
number of ions bound to the surface has then
been found to be constant for charge densities of
one charge per 0.8 nm? (cf. Fig. 5) as long as the
water layer thickness is larger than 2 nm (cf. Fig.
3, 4)." This special property has been denoted
ion condensation on charged surfaces.

Depending on the concentration parameters
chosen, a border between “water-rich” and
“water-poor” regions can be placed at n(C,;,OH)/
n(NaG,0,) = 1.6—2.0, at n(H,0)/n(NaC,0,) =
11 or at n(H,0)/n(C,;OH) = 10. At all these lim-
its, one may observe macroscopic changes or al-
ternations in the molecular interactions. The lim-
its roughly coincide with the maximum amount of
water that can be bound by the polar groups (6
H,0/Na*, 5 H,0/—COO~ and 3 H,0/-OH).'
The lamellar p phase separates when 4 percent
by weight of octane is added to the samples with
n(C,,OH)/n(NaC;0,) > 2.0 (Fig. 2). This limit
roughly corresponds to the lower water-rich
phase boundary previously claimed for the lamel-
lar D phase.'*

The 3-component system: NaC,0,/C,;OH/H,0

X-ray measurements. Consider first the water-
rich salient of the lamellar phase. The thickness
of the amphiphile bilayer (Fig. 4) is independent
of the Bragg spacing (Fig. 3). This suggests a one-
dimensional swelling of the aqueous sheet upon
addition of water. For the same phase region (i.e.
when n(C,,OH)/n(NaC,0,) > 2) we also find a
roughly constant mean area per carbox:late
group at the interface (Fig. 5). This is assumed in
the ion condensation theory” and is in accord-
ance with the constant quadrupole-splitting re-
ported for the counterions."” It was originally sug-
gested by Ekwall that counterions are partially
liberated from the polar surfaces of the meso-
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Fig. 6. The extrapolated area for each charged group
at &g = 1.0 (circles) and at &), = 1.3 (squares)
respectively, plotted against the mole ratio of decanol
to sodium octanoate. The area calculated for the
carboxylate and the hydroxyl groups are given in the
diagrams corresponding to the constant percent by
weight level of octane = 0 (a), 2 (b) and 4 (c). The
symbols correspond to those defined in Fig. 2.
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phase and that the charge distribution created the
conditions needed for the stability of the water-
rich phase region."

The situation changes somewhat when decanol
is exchanged for pentanol.”®* In this case, the
charge density varies also in the water-rich phase
region. This has been explained as due to a par-
tial dissolution of some of the surfactant (or pen-
tanol) molecules into the aqueous layer.® The ex-
planation is suggested by comparing the area oc-
cupied by the polar groups (Fig. 6). The
considerably larger area found for the surfactant
(0.33 nm?) in the pentanol system as compared
with the area found for the surfactant in the deca-
nol system (0.22 nm?*) may also be a consequence
of a decrease in the alkyl chain order induced by
the short chain alcohol.”

When the number of ionizable groups in-
creases to n(C,;OH)/n(NaC,0,) < 2, d. (Fig. 4)
the area per carboxylate group (Fig. 5) then be-
comes  concentration-dependent.  Simulta-
neously, the plots of A®'(NaC,0,) versus
n(C,,OH)/n(NaC;O,) become nonlinear (if val-
ues for &g, = 1 are used). The linear depend-
ency is however restored if the area per car-
boxylate group is extrapolated to &g, = 1.3
which coincides with the intersection of all the d
versus dg, lines (Fig. 3)! It is interesting to note
that the compositions of the point of intersection
correspond to the water-poor boundary of the la-
mellar phase. Although we cannot give a thor-
ough explanation for this phenomenon, it seems
plausible that the interplay between the hydra-
tion forces of the species (all the water is bound)
and the interaction between the molecules are of
great importance for the state of the system.' Us-
ing the linearized dependency of the mole ratio
of decanol to sodium octanoate, we obtain the
area occupied by the polar groups of the amphi-
philes reported in Fig. 6. Increasing the amphi-
phile content (i.e. reducing ®g}) in the water-
poor and surfactant rich region leads to an expan-
sion of the amphiphile layer and to a slight reduc-
tion of the area per carboxylate group. On the
other hand, if the maximum charge density is de-
creased by adding more decanol at constant mole
ratio of water to sodium octanoate, a rapid in-
crease in both the thickness of the amphiphile
layer and the the area per carboxylate group is
observed. Since the latter effect is probably
mainly due to the separation of the carboxylate
group in the presence of more decanol, this
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ocatanoate/decanol at 298.15 K plotted against the mole fraction of water. In the V,, versus X(H,0) diagram,
the coordinate axis has been successively shifted since all the lines are closely superimposed on each other.
The numbers correspond to the sample series defined in Fig. 2.

change also points to a more stretched configur-
ation of the hydrocarbon chains. Both observa-
tions are in accordance with the increased order
parameter reported for octanoate and decanol
when the amphiphile and the decanol content,
respectively, are increased." The efficient chain
packing is in the former case probably made pos-
sible by the reduced charge density due to a
strong adsorption of the counterions'* in the ab-
sence of sufficient hydration water® and in the
latter case by the separation of the carboxylate
groups when the interface is diluted with deca-
nol. Reversing the process, the water added to
the lamellar phase allows for a successively larger
distance between the sodium and carboxylate
ions thus increasing the repulsion (and distance)
between the charged groups. The condition for
the one-dimensional swelling seems to be that a
partial dissociation of the sodium ions produces a
sufficiently high charge density of the interface.
The role played by the ‘wgter insoluble decanol is

to maintain a large enough lateral cohesion of the
amphiphile bilayer."

Density measurements. According to recent in-
vestigations of alcohols mixed with hydrocar-
bons, the major change in volume can be as-
cribed to unspecific van der Waal type of inter-
actions giving a positive contribution to the
volume and to specific interactions producing a
negative volume change.”'” The correlations of
molecular orientations of the methylene seg-
ments of the hydrocarbon chains® can be as-
sumed to increase upon enhanced chain packing.
When large scale disruptions of hydrogen bonds
occur in a narrow concentration range, there is,
however, a large and positive volume contribu-
tion due to increased unspecific molecular mo-
tions of the species.” Mixed in water, the amphi-
philic molecules are embedded in a strong water
matrix producing a negative change in volume (~
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Fig. 8. The partial molar volumes of the components
of the system water/sodium octanoate/decanol
plotted against the mole fraction of decanol. The
symbols connected with full drawn or broken lines
correspond to the sample series defined in Fig. 2 and
7. The dotted lines are interpolated from the previous
ones for the following constant mole ratios of water
to sodium octanoate: A = 113.80, B = 83.00, C =
52.30, D = 37.00, E = 26.20, F = 18.00, G = 10.80,
H = 6.68. The lines are also indicated in Fig. 2.
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—10 cm’ mol™').** A negative contribution may
also be encountered upon dissociation of ionic
species (~ —14 cm® mol™')* and, converserly, as-
sociation of, e.g., counterions provides a positive
contribution to the volume. A comparison of the
volume change upon association of different
anionic, cationic, and neutral surfactants, re-
vealed however, that the contribution of the
charge was small.”* We can thus expect that any
change in the packing efficiency of the hydrocar-
bon chains would affect the volumetric state of
the amphiphile components.

On these grounds, it may be interesting first to
analyse the information available from the water-
poor phase region where large changes in the am-
phiphile lamella thickness were recorded. When
the mole fraction of water decreases, both the
partial molar volumes of decanol and octanoate
decrease almost linearily (Fig. 7). Increasing the
mole fraction of decanol, while maintaining the
mole ratio of water to sodium octanoate con-
stant, leads to a volume reduction for sodium oc-
tanoate while the opposite is found for decanol
(Fig. 8). These observations agree in general
with the enhanced chain packing indicated by d,
(Fig. 4)*"» and made possible by the reduced
charge at the interface. The determinative role
played by sodium octanoate is manifested by the
fact that many of the experimental properties of
the components are superimposed when plotted
as a function of the mole fraction of sodium octa-
noate.”" The slightly opposite change observed
for decanol may be explained by the increased
disorder, relatively speaking, of the first methy-
lene groups found at high decanol contents."

The exceptional state of water when bound to
the ionic groups is demonstrated by the very high
partial molar volume of water in the water-poor
range. One may thus illustrate the immobilized
primary hydration water? as being bound in a vo-
luminous ice-like arrangement. The dependence
of the partial molar volume of water on the mole
fraction of decanol becomes important when the
mole ratio of water to decanol exceeds approxi-
mately 10 (Fig. 8). It is interesting to note that
this limit roughly coincides with the lower phase
boundary in the water-poor range.

In the water-rich salient, the partial molar vol-
ume of water remains in a state approaching the
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Fig. 9. The molar volume and the partial molar
volume of the components of the system
water/sodium octanoate/decanol/octane at
298.15 K plotted against the mole fraction of
octane. The volumes of the octane-free
samples are omitted from the diagrams. In the
V., versus X(H,0) diagram, the coordinate
axis has been successively shifted in order to
separate the different sample series. To
simplify the comparison with the octane-free
system (Fig. 7) the symbols are maintained
but they are connected with broken-dotted or
dotted lines. The sample series are also
identified by the same numbers as for the
ternary system and are defined in Fig. 2.
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pure liquid. However, the partial molar volume
of decanol and octanoate have opposite concen-
tration dependencies. The partial molar volume
of sodium octanoate diminishes when the aque-
ous layer is diluted with water. As discussed
above, the change may be produced by a partial
dissociation of counterions or surfactant mol-
ecules into the aqueous layer, or both. The lim-
iting value obtained by extrapolation to x(H,0)
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= 1.0 is of the order of 148 cm® mol ™' which is not
far from the volume observed for aqueous micel-
lar solutions of sodium octanoate.” The corre-
sponding limiting value for the partial molar vol-
ume of decanol is close to the molar volume of
the pure liquid (191.5 cm® mol™')* which suggests
that the interiors are of the lamellae are, indeed,
liquid-like and dry in accordance with the obser-
vation of a constant d; and A*'(NaC,0,) value.
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The opposite dependencies of the amphiphile
components on the mole fraction of water thus
support the different role ascribed to them in the
previous section.

The four-component system:
NaC,0,/C,,OH/H,0/C,

The X-ray analysis of the 4-component samples
shows the same general dependency on the com-
position as did the 3-component samples. Conse-
quently, the features are summarized only in the
diagrams reporting the slopes of the Bragg spac-
ing (Fig. 3), the thickness of the amphiphile bi-
layer (Fig. 4) and the mean total area per sodium
carboxylate group (Fig. 5). As shown in the fig-
ures, the effects produced by octane are small
compared with the other components. The
smaller slope and total change of d, and
A"(NaC,0,) point to a lower maximum packing
efficiency of the chains in the presence of octane
in the water-poor range. This conclusion is sup-
ported by the larger area obtained for the polar
groups (Fig. 6) when the octane fraction in-
creases. In the water-rich salient, the effect of oc-
tane is small or insignificant.

The volume changes observed for the hydro-
carbon molecules in general also support the
view of a slightly reduced interaction intensity
between the amphiphile chains. However, in the
water-poor phase region, the addition of octane
leads to an opposite (negative) change in the par-
tial molar volume of sodium octanoate. The ef-
fect is larger the higher the sodium octanoate
concentration. Although a negative change could
be explained by an increased electrostatic inter-
action (larger charge separation) the unreason-
ably low and unsystematic partial molar volumes
of NaC,O, found in this range suggest that the ef-
fect may be due to an inaccuracy of the mathe-
matical model.

The octane addition also affects the volumetric
state of water. Since the effect is small, it seems
reasonable and can be explained by the increased
electrostatic interaction due to the charge separ-
ation. In the water-rich range, the increase in vol-
ume of both water and sodium octanoate can be
taken as an indication of the octane solubilization
leading to an adsorption of the dissolved octa-
noate molecules in order to accomodate the oc-
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tane. The phase separation of the samples poor-
est in surfactant in the presence of 4 % by weight
octane supports this view.

Conclusions

® The combination of X-ray diffraction and vol-
ume analysis are capable of giving detailed infor-
mation about the molecular interactions in the
three-component and four-component lamellar
phases.

® Depending on the parameters selected, three
molar ratios may be chosen to group the gross ap-
pearance of the system. Such a limit is, e.g., a
water to surfactant mole ratio = 11—14. The
other two “critical” mole ratios, of decanol to so-
dium octanoate = 1.6 and of water to decanol =
10, also roughly define the (lower) surfactant-
rich phase boundary of the lamellar phase. An-
other “critical” value found for the former mole
ratio (n(G,,OH)/n(NaC,0,) = 2) above which a
phase separation was found when 4 % by weight
octane was solubilized therein roughly coincides
with the lower phase boundary of the water-rich
salient previously claimed for the lamellar phase.
® In the water-rich salient of the phase, condi-
tions for a composition-independent constant la-
mella thickness and area of the polar head groups
persist in accordance with the basic assumptions
made when applying the ion condensation theory
to the lamellar liquid crystalline phase. In this
concentration range, some of the surfactant
seems to dissociate from the lamellae to the aq-
ueous layer.

® As expected, the hydration need of the ionic
groups dominates the properties of the water-
poor phase region. However, the interactions be-
tween the chains in addition to the area available
per polar group contribute significantly to the lo-
cal phase structure.

® QOctane is assumed to be solubilized in the bi-
layer without the constraint of the average per-
pendicular alignment of the amphiphile chain. As
expected, the incorporation is found to cause
some disturbance in the hydrocarbon chain inter-
action which is also reflected as a small increase
in the area available for the polar groups. In the
water-rich phase region, octane may enforce an
adsorption of octanoate molecules from the
aqueous domain.
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