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Small-angle neutron scattering (SANS) was measured for aqueous solutions of amphiphiles with organic
additives or counterions such as 2-indenecarboxylic acid, cinnamic acid, and salicylic acid or their ions. The
effect of organic species on the supramolecular assembly structure was investigated. Equimolar mixtures of
dodecyldimethylamine oxides and aromatic carboxylic acids constructed vesicles. The vesicular bilayer
thicknesses were 280 A, independent of organic species. On the other hand, hexadecyltrimethylammoniums
with aromatic carboxylate counterions always formed rodlike micelles with axial ratid$8 Aqueous
solutions of tetradecyltrimethylammonium salicylate displayed a strong interparticle interference effect on
SANS profiles at concentrations above 802 g cm 3, although such an effect disappeared with addition

of more than 5/mM sodium salicylate.

Introduction n-heptanesulfonate displayed a sphere to rod transition at the
threshold micelle concentratidf.

When organic additives are added to agueous solutions of . " .
g d In this position, we do not know whether the formation of

amphiphiles, they are solubilized into the supramolecular : X X . L .
assemblies and sometimes modify the assembly structures. Itve_zsmles an_d md""? m|ce_llr_es In aqueous amp_h|phlle SOlu“Ons
with organic species originates in amphiphiles or organic

is also known that the structures of supramolecular assemblies

constructed by ionic amphiphiles depend on counterion species,zgizﬁfés-rgg:g{ﬁ:iie'g til;:'sawﬁggutgeszru%rgr:zoleCUIgr \(;\v?[iembly
especially the organic counterions effect on the assembly 4 oDa

structures stronger than inorganic counterions such as chloridedlfferent aromatic acids and of,€TA with different aromatic

and bromide. counterions are investigated by small-angle neutron scattering

A weak base amphiphile, dodecyldimethylamine oxide (SANS) and light scattering. The contribution of aromatic

. . . species in the construction of different supramolecular structures
;C(:jldzi[t)igno)(,)ff?\;i:él Sgizeggﬁligf:;lsees ;Rewargiréﬁgro;gk;;hgtion is discussed. A SANS measurement is also carried out for
number so as to change the structure, aquegiBAD sc?lgtio%s aqueous &TASal solutions at different GTASal and sodium
. o 9 . »aqu salicylate (NaSal) concentrations. The interaction between
with additional hexanol displayed vesicular, lamellar, and

bicontinuous phases, depending on the mixing ratioThis supramolecules is discussed.

indicates bilayer formation by @DAO coupled with hexanol. . .

The bilayer arrangement was also confirmed in aqueous EXPerimental Section

C12DAO solutions mixed with cinnamic acit Vesicles were C12DAO (C12H25N(CH3)20) was purchased from Fulka Co.

constructed above a threshold mixing ratio, and the multilamellar | 14 414 used without further purification. 2-Indenecarboxylic

layers in vesicles were most predominant at equimolar mixing. 5. (GH;COOH), salicylic acid (GHs(OH)COOH), and
Aromatic carboxylate counterions on cationic micelles behave ggqium salicylate (gH4(OH)COONa) were commercial prod-

differently from aromatic carboxylic acids mixed in aqueous cts. GTACin (CieHasN*(CHs)sCsHsCH=CHCOO") and

C12DAO solutions. While aqueous solutions of alkylpyridinium ¢, TASal (Ci4H,9N"(CHa)sCsHa(OH)COO") were prepared by

halides and alkyltrimethylammonium {TA) halides were fluid,  exchanging inorganic ions of {TACI into cinnamate and

solutions of hexadecylpyridinium salicylate ySal) and  gajicylate ions, respectivefyH,0 as a solvent of light scattering

alkyltrimethylammonium salicylate (TASal,n = 14, 16) were was redistilled from alkaline KMD,. Commercial DO was
viscous, viscoelastic, and spinnaBté® The difference in used as a solvent of SANS.

rheological behavior is due to the micellar structures, that is,
whether spherical or rodlike, as confirmed by micellar aggrega-
tion numbers!~13 The formation of rod in water was also
verified for hexadecyltrimethylammonium 2-indenecarboxylate
(C16TAIN) micelles!* although the aggregation number of
hexadecyltrimethylammonium bromide §TAB) micelles
increased only 3 times by adding 0.08 M octylamine against
0.1 M CTAB.Y> On the other hand, tetradecylpyridinium

Equimolar mixtures of @DAO with 2-indenecarboxylic acid
and salicylic acid in water were prepared at a concentration of
0.2 x 1072 g cn12 (0.2%). While a concentration of aqueous
C16TACIn solution was 0.2« 1072 g cn3, aqueous ¢ TASal
solutions were prepared at severalsTASal and NaSal
concentrations. Agueous solutions akTACin and G4TASal
were clear, whereas aqueous solutions qfD@OIn and
C1.DAOSal were opalescent as well agBAOCin.>
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TABLE 1: Characteristics of Supramolecular Assemblies in Aqueous Amphiphile Solutions with Organic Additives or
Counterions

LS SANS

sample anfac,cm? gt M, 10 m Rs, A Ru, A 0 2, A R, A LA
C12DAOIN 0.205 193 49 600 809 1040 0.78 14.9
C1.DAOCin2b 0.170 500 132 000 964 1010 0.95 15
C1.DAOSal 14.7
CisTAIN 0.198 2.7 609 102 400
C16TACIn 0.223 2.3 534 126 25.2 600
Ci6TASaF 0.177 3.7 880

aReferences 4 and 14Reference 5¢ Reference 12.

respectively. An argon ion laser of 488 nm wavelength was 2.5
used as a light source, and the scattering angle was changed '
from 3C° to 15¢. A 10 mm diameter quartz cell was used. L5y LI

SANS measurements were carried out on a cold neutron et ..,:::.__
small-angle scattering instrument SAN at the National Labora- 7 95 | et
tory for High Energy Physics (KEK). The instrument was ?D
operated at a neutron radiation of16 A wavelength at room S-0.5 F
temperature{25°C). The scattering vector amplituerange
was 0.008-0.2 A1 A rectangular quartz cell of dimensions L5 ¢
22 x 40 x 2 mm was used. The scattering intensity was :
corrected for intensities of back ground and empty €eft Then -2.5 ' ! '
the intensity in absolute units was calculated by using scattering -2.5 -2 -1.5 -1 -0.5
from H,O in a1 mm cell. log(Q)

Figure 1. SANS data for aqueous amphiphile solutions of 2.20°2

Results and Discussion g cnr3 (a) C2DAOIN, (W) C;o.DAOSal, @) CisTACIN.

Light Scattering. Light scattering intensity measurements at
different scattering angles were carried out for aqueous
C12,DAOIN and G¢TACin solutions of 0.2x 1072 g cn3. The
refractive index incremer@in/oac was 0.205 and 0.223 g,
respectively. The critical micelle concentratiofutilized for
calculation was 0.021 and 0.0591072 g cnv 3, respectively.
From the static light scattering, the molecular wei§yhtand
radius of gyratiorRs were calculated according to the equation

other hand, the aggregation number @§TACin assembly was

as small as 534. Similar aggregation numbers were obtained
in agueous gTAIn and G TASal solutionsi2-14indicating the
formation of rodlike micelles.

SANS for Aqueous€DAOIn, G,DAOSal, and GTACin
Solutions. Figure 1 shows double-logarithmic plots of SANS
intensityl(Q) versus scattering vector amplitu@efor aqueous
C12DAOIN, C.DAOSal, and GsTACIn solutions of 0.2x 102
g cn3. SANS profiles for G:DAOIn and G.DAOSal were
very similar. With increase i, their scattering intensities
decreased more than the intensities fagT@Cin. Since a
vesicular supramolecular assembly structure can be assumed
for C1o-DAOIN and G-DAOSal, as described above, their SANS
OIdata were treated with the same analytical procedure applied to
C1,DAOCin vesicles

When the theoretical equation for vesicular structdfésis

K(c — c)/AR, = (1 + RS°Q%3)M + 2B(c — ¢;) (1)

whereK is the optical constant, is the amphiphile concentra-
tion, andARy is the reduced scattering intensity difference at
scattering angled. B is the second virial coefficient. The
second term on the right side of the equation was neglecte
because the amphiphile concentration was very low. The
evaluatedV, Rg, and aggregation numbarare listed in Table

1 with the refractive index increment. The scattering angle gppgzggol thle t_SAth dfllta forl aqueou?én: .‘%ln andd t
dependence was too small to calculate fRe value for 12 ) al solutions, th&*(Q) values must be inaependen
C.eTACHN. of Q% values. However, the experimental data were not such a

case. This means that vesicles are too large to estimate the
whole size from SANS. Then a periodic multilamellar structure
of large vesicles with infinitely extended bilayers is analyzed

The hydrodynamic radiuBy was calculated from dynamic
light scattering on the basis of the equation

D, = (kg T/6m3,R[L + ko(C — )] 2) on the basis of the equatith
where D; is the diffusion coefficient extrapolated to zero Q1(Q) = (27t°/D)(p — p)?sin(QY2)/(QY2)F  (3)
scattering anglekg is the Boltzmann constari,is the absolute
temperatureyo is the viscosity of the solvent, and, is the wheret is the width of the scattering length density profile and
hydrodynamic virial coefficient. Th®. values were obtained D is the repeat distance of the bilayers.— ps is the mean
as average of values measured at low angle%{280°). The coherent neutron scattering length density difference between
virial term was neglected. Table 1 lists the calculated values assembly and solvent.
as well as numerical values for{fDAOCin, CigTAln, and Equation 3 was applied to 1€DAOIn and G,DAOSal
Ci16TASal molecular assemblies obtained previodsiy214 vesicles, and the optimum bilayer thicknesses were calculated

The aggregation number of supramolecular assemblies inas 29.8 and 29.4 A, respectively. The optimum fitting curves
opalescent GDAOIn solution was as large as 49 600 as well are shown in Figure 2. When numerical values of bilayer
as that for GDAOCIin which forms vesicle$!* The ratiop thicknesses are compared with that @fAOCin vesicles (see
(=Rs/Ry) was close to or less than unity. These results  Table 1), it can be concluded that bilayer thicknesses of
indicate that, in @DAO solutions with aromatic carboxylic =~ C12DAO vesicles with aromatic additives (Ar) are common,
acid, vesicles are formed rather than rodlike micelles. On the indicating the similarity of the adsorption of additives. How-
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ever, the thickness of about 30 A is too short in compari- -4
son with twice the molecular length and diameter of spherical
C12,DAO micelles® This indicates that organic additives must .5

penetrate into bilayers and alkyl chains must be in tilt, melt, or
comb shape, as illustrated in Figure 3. From SANS measure-
ments, Baumann et 8l.determined bilayer thickness of lamellar
layers formed in quaternary solutions of tetradecyltrimeth-
ylamine oxide, decane, hexanol, anglD The thicknesses were
larger than twice the molecular length, because decane located
in between bilayers. -8
Supramolecular assemblies ofsTA with organic counterions
were assumed to be rodlike micelles with aggregation numbers
of 500—900 as described above. If particles take a cylindrical

In{QA2*1(Q))

.9 1 1

. 0 0.005 0.01 0.015 0.02 0.025 0.03
structure of lengthL and transverse cross-sectional radRys 0r2
the SANS intensity is written By-18
-4
QI(Q) = an,LA? (o — p)’[2],(QRIQR]®
4.5 F

j(QR) = [sin(QR) — (QR) cosQR)I(QR)*  (4)

whenL is fairly long in comparison t&;, wheren, is the number
density of supramolecular assemblies, ahd= 7R? is the
transverse cross-sectional area. The calculated numerical values<
based on eq 4 were fitted to the observed data, and the optimum &
radius of 25.2 A for GsTACIin rods was obtained, as listed in
Table 1. The fitting curve is illustrated in Figure 2. The
calculated radius was consistent with the theoretical molecular
length.

A

The hydrodynamic radius of rigid rod with lendthand cross- 0 0.005 0':’1 0.013 0-02
sectional radiug can be calculated from the equatidn Q2
R, =L[2In(L/R) — 0.19 - 8.24/In(/R) + .
12(In(L/R}YT (5) -2

When the rod radiu® value of 25.2 A calculated from SANS -3
analysis and the hydrodynamic radiRg obtained from light
scattering were utilized, the rod lengths of 600 and 400 A for
C16TACin and GgTAln, respectively, were evaluated. Then,
the ratio ofL/2R was 8-12, indicating the formation of rods -5
with axial ratio of about 10 in aqueous solutions of hexadecyl-
trimethylammonium with aromatic counterion,¢CA+Ar~) (see
Figure 3). The numerical values are listed in Table 1. The
formation of rod with similar size was already reported for
aqueous gTASal and GgPySal solutiond!~13

SANS for Aqueous 1GTASal Solutions with and without Q"2
NaSal. Figures 4 and 5 show SANS intensiti¢€) as a Figure 2. SANS data for aqueous amphiphile solutions of 2.2072
function of scattering vector amplitudgfor aqueous gTASal g cn3 (M) observed data;<) calculated curves. Top,€DAOIn;
solutions of different @sTASal concentrations. Scattering middle, G:DAOSal; bottom, GsTACin.
intensities decreased monotonously with increagingt con-
centrations of 0.2 and 0.5 1072g cm 3. Above 0.8x 1072
g cm 3, intensities had maximum which shifted to high@r
values with concentration. This indicates that the interaction
between assemblies increases. The NaSal concentration de-
pendence on SANS intensities is also given in Figure 4. The
maximum profile in SANS intensities diminished with adding rodlike micelle
NaSal, and intensities decreased monotonously @ttior
solutions with 0.005 and 0.1 M NaSal, suggesting the decrease

in the interaction between assemblies, although intensities for 7, et
9 Zgoé‘:or 1&&3 or %2%%%’ I 304

In(QI(Q)}
ES

0 0.005 0.01 0.015 0.02 0.025

Ci1gTA*AT

C12DA0 Ar

a solution with 1 M NaSal was very weak.
Supposing an isotropic ensemble of identical particles, the

SANS intensityl(Q) is approximated &&18 multilameliar vesicle
, Figure 3. Schematic models of supramolecular assembly structure of
1(Q) = in(Q) Q) =1(Q' Q) (6) amphiphiles with organic additives and counterions.

whereP(Q) is the intraparticle structure factor which depends factor which is related to the interparticle interaction potential
on the particle geometry, arfiQ) is the interparticle structure  through the radial distribution function. Sin&Q) can be
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Figure 4. SANS data for aqueous§TASal solutions. (top) Am- .
phiphile concentration (13 g cn1 %) dependence on solutions without g', LN
NaSal: @) 0.2, @) 0.5, ©) 0.8, @) 1.3, (1) 2.0. (bottom) NaSal .
concentratiorCyasa (M) dependence on solutions of 81072 g cn3: 0.5 N
(O0) 0, (m) 0.001, @) 0.005, 1) 0.1, ©) 1. - at
approximated to be unity for dilute solutions, this term was left o ut? . \ .
out of consideration in the analysis described above. However, 0 0.02 0.04 0.06 0.08 0.1
it has a meaningful contribution for concentrategsKASal Q
solut!ons above 0.& 1072 g cm3. Then, for the rod structure, Figure 5. SANS data for aqueous,TASal solutions. (top)(Q) vs
1(Q) in eq 4 must be rewritten d¢Q)' of eq 6. Q; (middle)1'(Q) vs Q; (bottom)(Q) vs Q. Amphiphile concentration

The procedure explained now was applied to SANS data for (102 g cn3): () 2, @) 4, (a) 6, (x) 10.
agueous gTASal solutions with and without NaSal as shown
in Figures 4 and 5. Evaluated cross-sectional radii of rods
were listed in Table 2. Since the supramolecular assembly in

TABLE 2: Characteristics of Supramolecular Assemblies in
Aqueous G4TASal Solutions

a Ci4TASal solution of 0.8x 1072 g cnm 3 with 1 M NaSal Chasa M ¢, 10?genr? R, A RA
was confirmed to be spherical micelles from light scattering 0 0.2 25.5
experiment? the equatio#’-18 0.5 21.5
0.8 23.0
1(Q) = n,Vi(p — p9713i;(QRI/QR? 7) 5o 289
was used instead of eq 4, whére= 47R%/3 andR are volume 2:8 ﬁ;
and radius, respectively, of spherical micelles. The evaluated 10.0 19.4
radius was included in Table 2. Radii of rodlike and spherical 0 0.8 23.0
micelles were consistent with molecular length, almost inde- 0.001 22.0
pendent of G, TASal and NaSal concentrations(Q) andSQ) 0.005 21.9
curves for solutions of 2 1072, 4 x 1072, and 6x 102 g 0.1 21.7

cm~3 are illustrated in Figure 5. Whil&(Q) curves monoto- L 24.0

nously decreased with increasiQg Q) curves had maximum  intermicellar correlation was significant in the range of sodium

and constricted to unity as expected. dodecylo-xylenesulfonate concentrations from 0.25 to 5 wt %.
The contribution of intermicellar correlation was reported for ~ The origin of the interparticle interaction for ionic particles
aqueous solutions of sodium dodecyl sulfate (SE¥Sithium is mainly the electrostatic repulsion. According to the DLVO
dodecyl! sulfate (LDS}# hexadecyltrimethylammonium chlo-  theory, the electrostatic, repulsive interaction potential depends
ride 25 and sodiunp-(1-pentylheptyl)benzenesulfon&fe How- on ionic strength of a solution and surface potential of partitle.

ever, the amphiphile concentrations where the intermicellar Low ionic strength and high charge number increase the
correlation occurred were about 1 order higher in those systemsinteraction potential. In micellar solutions without additive salt,
than in aqueous f{zTASal solutions. The occurrence of ionic strength originates in free monomeric molecules, that is,
intermicellar correlation at concentrations comparable to those critical micelle concentration (cmc). The cmc for aqueous
for C14TASal was reported for aqueous solutions @fRySalt Ci14TASal solution was as low as 1 mM which was 1 order
and sodium dodecyd-xylenesulfonat@’ The rod length and of magnitude lower than that of regular ionic micelles such as
the correlation increased with,§PySal concentration. The LDS micelles?* As a result, low ionic strengths in aqueous
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C14TASal solutions induce the strong intermicellar correlation. must exist at extremely close intermicellar distances in aqueous

The positive surface charge on rodlike4sCASal micelles in C,TASal solutions without or with less NaSal.

water was confirmed by electrophoretic mobility measurerkent.

Then the surface potential of(TASal micelles in water at 25 Acknowledgment. The authors are grateful to Mr. O. Mori,
°C calculated from electrophoretic mobility 2.37 1074 cn? Mr. Y. Kuwahara, and Miss K. Fujita for their assistance in

V~1s1is 53 mV. Since this value is comparable to values SANS and light scattering measurements. We also thank Prof.
for SDS micelle€8 the electrostatic interaction potential between K. Takagi for valuable discussion about this subject.

C14TASal micelles is contributed from surface potential as well

as between spherical ionic micelles. Similar discussion is valid References and Notes
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