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Formation of rodlike micelles of dimethyloleylamine oxide
in aqueous solutions: effects of addition of HCI and NaCl on the micelle size
and the intermicellar interaction
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Introduction

Abstract: Angular dependence of light scattering has been measured for aqueous solu-
tions of dimethyloleylamine oxide in the presence of HCland NaCl. In micellar solutions
more concentrated than 0.1 x 1072 g cm™?, rodlike micelles are dominantly formed, and
their properties are strongly reflected in the characteristics of the solutions. The aggrega-
tion number, radius of gyration and even flexibility of the rodlike micelles increase with
the addition of HCI as well as NaCl. The increase of HCl concentration up to 107° N
makes the aggregation number of rodlike micelles as large as 58,000, when 0.01 M NaClis
present. The large micelle size would be stabilized by the dehydration of the amine oxide
group and the hydrogen bonding between nonprotonated and protonated moleculesina
micelle.

In aqueous solutions without HCl and NaCl or in their presence at very low concen-
trations, the light scattering is subject to the effects of both external and internal interfe-
rences. The effect of external interference can be separated from the effect of internal
interference by applying the Zernike-Prins equation to the observed angular dependence
of light scattering. Then the second virial coefficient and the pair interaction potential of
rodlike micelles can be derived by means of certain approximate methods. The addition
of HCl to 107> N makes both repulsive and attractive forces stronger and the resulting
potential well deeper, but the addition of NaCl depresses such an effect of HCl considera-
bly.

Key words: Light scattering, dimethyloleylamine oxide, rodlike micelle, wormlike chain,
external interference.

According to our light scattering studies [1,2],
dimethyloleylamine oxide, CH,;(CH,),CH = CH-
(CH,)sN(CHs,),0, forms large rodlike micelles in wa-
ter and in aqueous NaCl solutions, but it behaves
rather anomalously in various respects. The molecular
weight of rodlike micelles increases with increasing
NaCl concentration, and their contour lengths are
seven times longer in 0.05 M NaCl than in water. The
large aggregation number is mainly caused by the
strong cohesion between long hydrocarbon chains.
The rodlike micelles behave as wormlike chains hav-
ing a constant diameter of their cross-sections [2, 3],
and their flexibility is chiefly determined by the strong
hydration of amine oxide grops in solution. However,
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it is also dependent on the aggregation number or the
contour length.

In aqueous solutions with zero or low NaCl con-
centrations, the effect of external interference was
more dominant than that of internal interference, indi-
cating strong intermicellar interaction [1]. The Zer-
nike-Prins equation [4] has been applied for the
observed angular dependence of light scattering to
separate the two interference effects, and the Percus-
Yevick or Hypernetted Chain equation in the theory
of simple liquids [5] has been applied to derive the pair
potential of interaction between the rodlike micelles.

In this work we measure light scattering from aque-
ous solutions of dimethyloleylamine oxide in the
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presence of HCl and NaCl. Since the amine oxide is a
weak base having pK around 5-6, it is protonated in
the presence of HCI and behaves as an electrolyte.
Dimethyloleylamine oxide forms charged micelles in
the presence of HCl, and micelles would be still pre-
dominantly rodlike, in spite of electrostatic repulsion.
The size of rodlike micelles and their flexibility and
mutual interaction may be affected by partial or total
participation of the cationic form, i. e., dimethyloleyl-
N-hydroxyammonium ion, CH,(CH,),CH=CH-
(CH,)sN*(CHS,),OH, in place 6f the nonionic form.

Experimental

Materials

The sample of dimethyloleylamine oxide was the same as that
previously used [1-3]. Special grade NaCl was ignited for two
hoursand stored in a desiccator until use. Water was redistilled from
alkaline KMnO, solution. Solutions were prepared by diluting the
stock solution of dimethyloleylamine oxide with aqueous NaCl
and HCl solutions and kept overnight at room temperature before
each measurement.

Measurements

The measurement of light scattering was performed on a Shi-
madzu Light Scattering Photometer PG-21 at 25 + 0.05°C. Unpo-
larized light of a mercury lamp at 436 nm was used. Details of meas-
urement have already been described [1,2]. The intensity of light
scattering in the directions from 23 ° to 150 ° was measured.

The solvents and solutions were purified by filtering into a
cylindrical cell under pressure through a Millipore filter GSWP,
which had a pore size of 0.22 ym. The concentration of solutions
after the filtration was determined from the optical density
observed at the maximum wavelength of an ultraviolet absorption
band, by referring to the calibration curve of the optical density for
the concentration.

The refractive index increment was measured on a Shimadzu
Differential Refractometer DR-3 at the wavelength of 436 nm of a
mercury lamp at 25 + 0.05 °C. The values of the specific refractive
index increment were constant over the surfactant concentrations
upt0 0.3 x 107 gem ™, except for those in 0.05 M NaCl. In 0.05 M
NaCl solutions, the specific refractive index increment was
increased at higher surfactant concentrations, but the constant
values were observed at low surfactant concentrations which
covered the concentration range for light scattering measurements.

The pH of solutions was measured on an Iwaki Glass pH/ion
Meter M-225 at room temperature (25 + 1°C).

Results
Light scattering at high NaCl concentrations

The reduced intensity of light scattering in the 90 °
direction, Ry, and its angular dissymmetry, Z;5 =
Rys/Ry3s5, are shown in figure 1 as functions of surfac-
tant concentration for 0.05 M NaCl solutions of di-
methyloleylamine oxide in the presence of added HCI.
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Fig. 1. Reduced scattering intensity in the 90 ° direction (upper) and
angular dissymmetry at 45 ° (lower) of scattered light for 0.05 M
NaCl solutions at a given HCl concentration. HCI concentration
(N): O0=0; A=10"*;0=10"". The solutions undergo phase sepa-
ration in dotted parts

Dilute surfactant solutions of higher HCI concentra-
tions developed opalescence which portends succes-
sive emulsification or liquid-liquid phase separation.
While the dissymmetry reaches a constant value after
the gradual initial increase above the critical micelle
concentration (CMC), the reduced intensity increases
with increasing surfactant concentration beyond the
CMC. The values of CMC are listed in table 1. The
reduced intensity and the dissymmetry of solutions in
the presence 0of 0.05 M NaClincrease with the addition
of HCI, suggesting the increase in size of micelles.

If the effect of external interference is negligibly
small, the reciprocal intensity of light scattered in the 6
direction from a dilute micellar solution can be
expressed by the Debye equation

K(c—c,) _
Ri—R3 ~ M,P(6)

+ 2B{c—c,) 0))
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Table 1. Properties of rodlike micelles of dimethyloleylamine oxide in aqueous solutions with high NaCl concentrations

Cs G (@iifoc)c , Co M, my (RE)? 2B pH
_ 7 -3 4 —3 3 -1
N o (em’g™) (10 gem™) (10%) (nm) (107 em’g™)
0 0.01 0.161; 0.003 476 15,300 112 ~0 7.1-7.2
0.05 0.161 0.003 690 22,100 127 ~0 7.3-7.4
104 0.01 0.1615 0.004 500 16,000 112 0.07 6.8-6.9
0.05 0.161 0.004 758 24,300 141 ~0 7.0-71
10°3 0.01 0.167 0.004; 1,800 58,000 210 0.258 4.8-5.1
0.05 0.167 0.004 — - - - -

where Ry is the reduced intensity at a surfactant con-
centration, ¢ (g cm ™), and R is that at the CMC, c,.
M, means the weight average molecular weight of
micelles, P () the particle scattering factor, and B the
second virial coefficient. The optical constant, K, is
given by

272 712 (071)C)% , c,

K= N AT

)

where 7, 1s the refractive index of solvent, and (87/dc)
c4.c, 1s the specific refractive index increment of solu-
tion at constant HCl and NaCl concentrations, C 4 (N)
and C; (M). N, is the Avogadro number, and 4 is the
wavelength of light in vacuo. For low scattering angles,
the particle scattering factor reduces to

1 1
(W) - I+ 3 #* (RS )
i smal
with
_ 4’; o Gn (g) )

irrespective of particle shape, where (R%);; is the light
scattering average mean-square radius of gyration of
micelles [6-8]. Using the observed values of specific
refractive index increment listed in table 1, we can cal-
culate the values of the optical constant and draw the
Zimm plot for each micellar solution.

Figure 2 illustrates the Zimm plot for solutions in
0.05 M NaCl with various HCI concentrations. The
reciprocal angular envelope of light scattering
increases linearly at low scattering angles and convex

upward at high scattering angles. When it is extrapolat-
ed to zero scattering angle where the value of P(6) is
equal to unity, the reciprocal values of apparent mole-
cular weight at each micelle concentration can be
obtained, and they are given in figure 3 (a) as afunction
of micelle concentration. The values of radius of gyra-
tion of micelles, which are obtained from the initial
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Fig. 2. Zimm plots of light scattering for 0.05 M NaCl solutions ata
given HCl concentration. HCI concentratlon (N):a=0;b=107%
=107". Micelle concentration (107% g cm ™), from left to right: a =
0.008, 0.018, 0.047, 0.063, 0.092, 0.121, 0.163; b = 0.026, 0.053,
0.098, 0.129; ¢ = 0.015, 0.027, 0.038
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Fig. 3. (a) Debye plots for light scattering in the 0 ° direction and (b)
the radius of gyration as a function of micelle concentration. Sym-
bols as given in figure 1

slope at small scattering angles of the Zimm plot, are
given in figure 3 (b). Values of apparent molecular
weight and radius of gyration gradually increase with
increasing micelle concentration and then become
constant at high micelle concentrations. This feature
indicates that the equilibirum between two kinds of
micelles exists; it shifts from the side of small spherical
micelles to that of large rodlike micelles, as the micelle
concentration 1ncreases.

The second virial coefficient for aqueous 0.05 M
NaCl solutions of micelles would be negligibly small,
as will be discussed later. Then, the Debye plot at zero
scattering angle such as that shown in figure 3 (a) can
be identified with the reciprocal of the weight-average
molecular weight of micelles at each micelle concen-
tration. The constant value of the Debye plot obtained
at mlcelle concentrations higher than 0.1 x 107% g
cm ™, which is 20-30 times of the CMC, is essentially
equal to the reciprocal of molecular weight of the rod-
like micelles. Similarly, the constant value of the radius
of gyration attained at high micelle concentrations
such as those shown in figure 3 (b) can also be assigned
to that of rodlike micelles. These values are listed in
table 1, together with the values of the weight-average
micelle aggregation number, m,, = M,,/311.6, and the
pH values of corresponding solutions.

The same procedure to obtain the values of the
molecular weight and radius of gyration for the rodlike

micelles may be applied to the data of light scattering
for 0.01 M NaCl solutions in the presence of HC. In
this case, however, the effects of the second virial coef-
ficientare significant, thus giving minima on the Debye
plots at zero scattering angle. The values of the second
virial coefficient for rodlike micelles can be obtained
from the slope at higher micelle concentrations of the
Debye plotat zero scattering angle. They are shown in
table 1. After having corrected the contribution of the
second virial coefficient, we can obtain the values of
molecular weight for rodlike micelles as listed in table
1. As seen from this table, both values of aggregation
number and radius of gyration of rodlike micelles
increase not only with the addition of NaCl but also
with the addition of HCI up to 107> N or with the
decrease of pH down to 5.

Hexibility of rodlike micelles

The values of the inverse particle scattering factor at
high micelle concentrations, where the contribution of
spherical micelles would be negligible, can be evaluat-
ed by using equation (1) and the observed values of
related parameters. Figure 4 glves the inverse particle
scattering factor plotted against u* (R%)s. The calculat-
ed curves for rigid rods [9,10] and wormlike chains
[11] are also drawn in figure 4. The observed values of
the inverse scattering factor for rodlike micelles in con-
centrated NaCl solutions deviate upward from the cal-
culated curve for rigid rods. Thus, rodlike micelles
must have some flexibility, which is especially marked
for mlceﬂes in the NaCl solutions in the presence of
107> N HCL.

Such a flexible rodlike micelle can be treated as a
wormlike chain of Kratky and Porod [12]. If L, and a
represent the contour length and persistence length of
a wormlike chain, respectively, its mean-square radius
of gyranon (5%)0 and mean-square end-to-end dis-
tance (r*),, are given by [7,12]

2
L. —L.a
S ©)

where the suffix, 0, means that the parameters stand
for the unperturbed chains without the excluded
volume effect. The contour length, L, is related to the
molecular weight, M, by

LC=M/ML (7>
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Fig. 4. Inverse particle scattering factor of
light scattering as a function of ¢2 %R%) s Sol-
vent and micelle concentration (1072 g
em ™) O=0.05 MNaCl, 0.121; A=10"*N
HCl-0.05 M NaCl,0.129; and M=10"°N

I'Z(E)ls

where M is the molecular weight per unit length. The
symbols, (s*), and M, are used as the counterparts
corresponding to (R%);; and M, respectively, for a
monodisperse rodlike micelle. The monodispersity of
rodlike micelles has been established both experimen-
tally [2] and theoretically [13].

The value of the molecular weight per unit chain
length of 12,000 nm ™", which was obtained in the pre-
vious paper 2], can be used for the parameter, M. Va-
lues of L., a, and {r*)¥? evaluated from equations (5)-
(7) are listed in table 2. The persistence length of rod-
like micelles is smaller for 0.05 M NaCl solutions than
for 0.01 M NaCl solutions and decreases with the addi-
tion of HCI. The end-to-end distance remains insensi-
tive to the changes in both HCl and NaCl concentra-
tions.

Table 2. Characteristics of rodlike micelles as wormlike chains

HCI-0.01 M NaCl, 0.121 and 0.132, respec-
tively. ———=calculated for rigid rods; - -- =
calculated for wormlike chains at L.f2a =5

The number of Kuhn’s segments, L./2a, for rodlike
micelles, which is a measure of flexibility, is also in-
cluded in table 2. The estimation of flexibility can be
made also from the curves of the inverse particle scat-
tering factor as a function of u? (R%) as shown in
figure 4. The curves observed for rodlike micelles were
compared with the theoretical curves for wormlike
chains drawn by Sharp and Bloomfield [11], who cal-
culated the P () curves for various L./2a values. The
assignable values of L./2a are also included in table 2.
Although the values from the latter procedure are
smaller than those from the former, it can be conclud-
ed that the flexibility of rodlike micelles in both 0.01
and 0.05 M NaCl increases with the addition of HC]
up to 107> N. The increased charge makes the rodlike
micelles longer and more flexible.

Cy Cs L, a Y2 LJ2a L./2a%
N) M) (nm) (nm) (nm)
0 0.01 397 1,740 382 0.11 ~0
0.05 575 176 378 1.64 0.5
1ot 0.01 417 560 371 0.37 ~0
0.05 632 203 421 1.56 0.5
1073 0.01 1,520 107 549 7.10 3.3

%) estimated from the curves in figure 4
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Fig. 5. Zimm plots of light scattering for aqueous solutions ata given
HCI concentration. HCI concentration (N):a =0; b=10"% ¢ =
107°. Micelle concentration (1072 g cm™), from left to right: a =
0.008,0.042,0.072,0.107; b=0.016, 0.044, 0.077,0.103; ¢ =0.038,
0.072, 0.106, 0.132

Light scattering at zero or low NaCl concentrations

Figure 5 shows the Zimm plots of light scattering for
dimethyloleylamine oxide in aqueous HCI solutions
without NaCl. The reciprocal angular envelope in
pure water decreases with increasing scattering angle.
This negative slope results in the angular dissymmetry
smaller than unity: light scattering is subject to the
effect of external interference [1,14,15] due to the
long-range intermicellar interaction. The same effect
can be found in the angular dependence of light scatter-
ing for micelles in 107" and 107> N HCl solutions and
also in 107’ N HCI-10~* M NaCl solutions. While the
Zimm plots for more concentrated micellar solutions
in 107* N HCI have similar features to those in water,
the Zimm plots for dilute micellar solutions in 107* N
HCI and for 107> N HCI solutions of micelles give
somewhat different shapes of curves, as seen in figure
5. Micellar solutions in 107> N HCI-107> M NaCl
show similar features to those in 107> N HCI, but the
values of the reciprocal angular envelope are still low
even at high micelle concentrations.

Assuming that the micelles are far apart from one
another, so that the effect of external interference may
be separated from that of internal interference, then the
reduced intensity of light scattered from such a micel-
lar solution is given by [14-18]

Ry— RS = K(c—c) MyP(0)S(6). (8)
The structure factor, S (8) = S (u), arises from the non-

random arrangement of micelle particles and is related
to the radial distribution function, g (r), by

g@-l:zﬁ%%;a@ww>
sinur o,
—1] T udu. )

The function g (r) denotes the probability of finding a
center of mass of another particle at the distance, 7,
from the center of mass of a specified particle. Since
g(r) = 0 at small r values, equation (10) is derived.

1" [S(6) — 1]u2du = — 2m2 N4 (c — c)/My. (10)
For the micelles under consideration, the values of
(RZ)}? are small, as proved from the later evaluation,

so that equation (11) would hold approximately at all
scattering angles.

PO) =1+ (RE. (11)

Using the observed values of (R, — R3)/K (¢ — ¢,),
the two parameters of the micelles, M,, and (RG)}Slz,
can be evaluated from equations (8), (10) and (11). The
detailed procedure for the numerical calculation has
already been described [1]. The optimum values of the
parameters obtained for the rodlike micelles at high
micelle concentrations are listed in table 3. The values
of weight-average aggregation number and of contour
length are also included, together with the concentra-
tions of micellar solution and their pH values. The
aggregation number and the radius of gyration of rod-
like micelles slightly increase with the addition of HCI
in the absence of NaClL

The data in tables 1 and 3 as well as in the prev1ous
work [1,2] lead to the linear relation between (RZ)}
and M3, The power index of 0.70 is closer to 0.6 for
random coils in good solvents [19] rather than 1 for
rigid rods [8], demonstrating the flexibility of rodlike
micelles. It can also be shown that the linear relation of
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Table 3. Characteristics for rodlike micelles of dimethyloleylamine oxide in aqueous solutions with zero or low NaCl concentrations

Cy C, (an/ac)c C: Co c—c, M, m, (RE))? L. 2B pH
N M (m’gT) (107%gem™)  (107%gem™)  (10% (nm) (nm) (107 em’g™)

0 0 0.163 0.004 0.107 89 2,900 25 74 0.92 7.1
1074 0 0.162 0.004 C.103 83 2,700 39 69 1.05 6.6
1072 0 Q.167 0.004, 0.132 98 3,100 44 82 0.72 45
107 107  0.167 0.004, 0.131 149 4,780 42 124 0.40 4.7

log M, vs.log (C, + C,) with a slope 0.31 holds for all
micelles, irrespective of different HCl concentranons,
expect for the 0.01 M NaCl solution with 107> N HCL

Intermicellar interaction

When the solution is dilute, equation (8) can be
written as [14, 20]

I;(::Igg) = Mw}) ® +2BQ(8)(c—c,) (12)
where
2B = - %%S [g(r)—1]4nr?dr = ﬁljcigj—(o%of
(13)
and
Q (9) [1 -S (‘9)] (14)

“PO-50]

where S (0) is the value of the structure factor extrapo-
lated to zero scattering angle.

Equation (12) is identical with equation (1) at low
scattering angles, where P (#) and Q(6) approach
unity. Equation (13) allows us to calculate the second
virial coefficient by extrapolating values of the struc-
ture factor to zero scattering angle.

Values of the second virial coefficient calculated for
solutions at higher micelle concentrations are shown in
table 3. It is seen that the second virial coefficients 2B
calculated by equation (13) are almost equal, inde-
pendent of the micelle concentrations higher than 0.1
x 107% g cm ™. From this fact, it is expected that values
of the second virial coefficient in table 1 calculated
from the slope of the reciprocal scattering intensity in
the region of high micelle concentrations are reason-
able. Itis seen from tables 1 and 3 that the second virial
coefficient decreases with the additon of NaCl and is

zero at high NaCl concentrations. This behavior is not
very marked in micellar solutions in the presence of
HCI. Although the excluded volume can be easily
decreased by the addition of a small amount of salt, the
electrostatic effect cannot be shielded sufficiently
unless a sufficient amount of salt is added.

The radial distribution function, g (r}, represents the
mutual arrangement of the micelle particles in solu-
tion, and 1t varies with intermicellar distance, r, as
shown in figure 6 for solutions of high micelle concen-
trations. A small maximum on the g(r) curve for rod-
like micelles can be seen at an intermicellar distance of
140-165 nm. The curves do not change significantly,
irrespective of whether an electrolyte is present or not.

The interaction force between the particlesis related
to the radial distribution function. Approximate equa-
tions relating the pair potential with the radial distribu-
tion function have been derived for simple liquids [5]
and applied for latex suspensions [17,18]. According
to the theories, Percus-Yevick (PY) and Hypernetted

g (n

0.5+ 7 N

u 1 1 1
0 1 2 3

ro(10inm

Fig. 6. Plots of the radial distribution function against intermicellar
distance. Solvent and micelle concentration (1072 g em™): —— =
water, 0.107; ————=10"* N HC], 0.103; ---- = 10> N HC],
0.132; ——-—=107> N HCI-10~> M NaCl, 0.131
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v/ kT

Fig. 7. Intermicellar pair potential as a
function of intermicellar distance. (2) PY
approximation; (b) HNC approxima-

Chain (HNC), which have been most popular, the
interparticle pair potential, # (r), can be derived by

e i -<f}] *
and
Unne (r) =g —1—c@r)—Infg@)] (16)

kT

respectively, where k is the Boltzmann constantand T
is the temperature. The direct correlation function,

c(r), is given by

M,

S [S(6)—1] sinur
21° N (c—c,) )

c(r) = SORT

uldu
(17)

If all the interactions between micelles are assumed to
arise from their centers of mass which are separated by
the distance, r, then equations (15) and (16) may be
applied to the micellar solution. The intermicellar pair
potential calculated by equations (15) or (16) through
equations (9) and (17) is shown in figure 7 in several
conditions.

The pair potentials between rodlike micelles
obtained by the PY and HNC equations are very simi-

r (102 nm)

ton. Legends of curves correspond to
the same solvent and micelle concentra-
tion as in figure 6

2 3

lar, except for slight deviation from each other at short
intermicellar distances. The steep increase of the pair
potential at short distances is due to the strong repul-
sive interaction between micelles, and it is stronger in
the addition of HCI and weaker in the addition of
NaCl. For nonionic micelles the steric repulsion is
dominant at short distances, and for ionic micelles the
electrostatic effect is superposed to the steric repulsion.
The long-range electrostatic repulsion should increase
with the addition of HCl and is depressed by the addi-
tion of NaCl. Each pair potential reveals a minimum at
an intermicellar distance around 180 nm, which
becomes deeper with the addition of HCl but shallow-
er with the addition of NaCl. ‘

The variation of the dissymmetry with micelle con-
centration is obtained from equations (8) and (9). If the
Fourier transform of equation (9) is taken and sin ur is
expanded against yr, omitting higher terms, the struc-
ture factor is rewritten as

2
1_/1

S(6) ~1— 2B(c—c,) My &

lg(r) —1)4nr*dr

(18)
g(r) —1]4nr*dr

O |©O—§
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Introducing equation (18) into S(8)/S(x — ),
expanding the denominator for small values of ¢ — c,,
and again omitting higher terms, we have

L Nale=cy)

S(B))z1+6

S(z—90

(47;’5")2 (cos 6) F [g(r) —1]4nrdr.
° (19)

Now itis assumed that the radial distribution function
hasa property suchas g(r)=0for0 <r < Rand g(r)=
1for r > R, where Ris the intermicellar distance of the
closest approach. This assumption is derived from the
feature of the radial distribution function as shown in
figure 6. Then by means of equation (8), the dissym-
metry is expressed by

4n)* AN R®
_ %WZL_ (COS 9) (c_._

co){ (20)

2o ~ [24] {1

where [2,] is the intrinsic dissymmetry for the rodlike
micelles. It is noted that cos § is positive.

If the effect of external interference is more domin-
ant than that of internal interference, the value of dis-
symmetry, 24, should monotonically decrease from
that of the intrinsic dissymmetry, (2], as the micelle
concentration increases. This is the case observed for
solutions of dimethyloleylamine oxide with zero or
low NaCl concentrations. Specifically, when external
interference is superior to internal interference, the dis-
symmetry may be less than unity, as is apparent for
micelles in water and in 107" N HCL.

Discussion

Our previous work on light scattering from micellar
solutions of dimethyldodecylamine oxide produced
the following results [21]. Molecules of dimethyldode-
cylamine oxide are nonionic or only very weakly
cationic in aqueous solution. They are protonated in
the presence of HCL In aqueous solutions without
NaCl, charged micelles of dimethyldodecylamine
oxide should decrease their aggregation number with
increasing the degree of protonation. This can be
ascribed to the electrostatic repulsion between surfac-
tant micelles. In the presence of NaCl, however, sphe-
rical micelles associate together into large micelles at
half-protonation of molecules.

In contrast to dimethyldodecylamine oxide, dime-
thyloleylamine oxide can form rodlike micelles even in
pure water, having molecular weight as large as 10°. In
the absence of added NaCl, the micelle molecular
weight of dimethyloleylamine oxide in aqueous solu-
t10ns slightly increases by the addition of HCl up to
107> N. This HCI concentration lowers pH to 4.5,
leading to the formation of half-protonated rodlike
micelles. Nevertheless, in concentrated NaCl solu-
tions, the aggregation number of rodhke micelles mar-
kedly increases by the addition of 107> N HCL The
amine oxide is subject to the strong salting-out effect
by added NaCl, and its molecules are dehydrated and
tend to form larger micelles [21]. The addition of HCI
up to almost half-protonation might cause further
dehydration of molecules in rodlike micelles and,
moreover, promote hydrogen bonding between pro-
tonated and nonprotonated molecules in a micelle.

The flexibility of rodlike micelles of dimethyloleyl-
amine oxide also increases with the addition of NaCl
an HCL. As suggested for the reason of the flexibility of
rodlike micelles of hexaoxyethylene cetyl ether [22],
the hydration of the amine oxide group which is
strongly hydrophilic may confer some rigidity on rod-
like micelles. As the addition of NaCl would promote
the dehydration, the addition of HCl may also affect
the dehydration of molecules or micelles of dimethyl-
oleylamine oxide by the binding of counterions,
besides the protonation of amine oxide to form N-hy-
droxyammonium ion. In these ways, the rodlike
micelles acquire the flexibility and tend to bend them-
selves.

The second virial coefficients for aqueous solutions
of nonionic surfactants such as polyoxyethylene alkyl
ether [23] are of the order of 107* cm’ g™, Spherical
micelles of ionic surfactants g1ve the second virial coef-
ficients of the order of 107> cm® g™ *in 0.01 and 0.05 M
NaCl [24-26], and these values are reduced by further
addition of NaCl. The second virial coefficient for a
dimethyloleylamine oxide solution in pure water hasa
value of the same order as those for polyoxyethylene
series [23]. Even in the presence of HC, the second
virial coefficients of dimethyloleylamine oxide are still
lower than those for ionic surfactants as well as for
fully protonated dimethyldodecylamine oxide in solu-
tion [21]. However the large value of micelle molecu-
lar weight in 107 N'HCl and 0.01 M NaCl solution is
strongly compensated by the effect of the value of the
second virial coefficient, as seen in table 1.

As can be seen from figure 7, the intermicellar pair
potential of rodlike micelles of dimethyloleylamine
oxide gives the following changes by the addition of
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HCl and NaCl. The depth of the potennal well
amounts to 1.0-0.7 kT or 600-400 cal mole™ in the
presence of 107> N HCI, but the addition of 107> M
NaCl reduces it to the value comparable with those for
the nonionics. That is, the addition of HCl makes the
attraction between two micelles stronger, and further
addition of NaCl makes this attraction weaker. This
situation is somewhat similar to that observed for
aqueous solutions of charged monodisperse polysty-
rene latices In water and in the presence of added salt
[27,28], although the mechanism for the nonrandom
arrangement of solute particles would differ between
hard sphere particles and rodlike micelles.

The observed behavior of pair potential for the
charged rodlike micelles may be tentatively explained
by the change in aggregation number. The rodlike
micelles in 107 N HCl should be swollen by intrami-
cellar electrostatic repulsion, and the combination of
the steric and electrostatic repulsion with the long-
range van der Waals attraction between two large
micelles forms a deep potential well at a distance
around 180 nm. By the addition of 107> M NaCl, the
electrostatic repulsion is reduced, so that the rodlike
micelles grow larger, and the steric repulsion potential
shifts towards larger distances; thus the potential well
at 180 nm becomes shallower.

Recently, intermicellar interaction of surfactants in
aqueous solutions has been investigated by many
workers [29-36]. Dynamic light scattering of ionic
micelles in aqueous solutions was measured and the
results were analyzed on the basis of the DLVO theory
[29,30]. Small angle neutron scattering was measured
on aqueous solutions of lithium dodecyl sulfate and
gave the intermicellar structure factor from the intensi-
ty distribution [31, 32]. All these micelles are supposed
to be spherical, but no attempts to derive intermicellar
potentials have been made.

Small angle neutron scattering from aqueous solu-
tions of some ionic surfactants having bulky and spe-
cific counterions was observed and showed evidence
for the formation of rodlike micelles in water, together
with the existence of neighboring orders arising from
intermicellar interaction [37,38]. They are tetra-
methylammonium perfluoroctane sulfonate [37] and
cetylpyridinium salicylate [38].

Static light scattering measurements on polymethyl
methacrylate latices in benzene [18,39] and charged
polystyrene latices in aqueous solutions of low NaCl
concentrations [17,40] showed strong external inter-
ference, leading to the significant structure factors.
Similar phenomena on nonrandom arrangements of
macromolecules were observed for globular proteins

[41] and polyelectrolytes [14,42] in the absence of
added salt by means of light scattering.
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