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The influence of the addition of the cationic surfactant cetylpyri-
dinium chloride (CPyCI) on the structure of the different phases
of the ternary surfactant system C;,E4/benzyl alcohol/water in the
dilute region has been studied by means of small angle neutron scat-
tering (SANS) and freeze-fracture microscopy (FF-TEM). In the
ternary system various different subregions of the L,-phase were
identified as a function of the concentration of the cosurfactant,
benzyl alcohol. Addition of small amounts of CPyCl suppresses
these different L,-phases in favor of the one composed of mul-
tilamellar vesicles. Addition of somewhat larger amounts (up to
2 mol% relative to the total surfactant concentration) destabilizes
the formation of bilayer structures completely and leads to the for-
mation of micellar solutions. This demonstrates that in this sur-
factant system the incorporation of very small amounts of cationic
surfactant has a pronounced and systematic fluence on its phase
behavior and its structures.  © 2001 Academic Press

Key Words: tetraethylene glycol monododecyl ether (Ci2E4),
cetylpyridinium chloride (CPyCl), lamellar phase, vesicles, open
bilayers, SANS, FF-TEM, thickness of membranes.

I. INTRODUCTION

ious different subregions, and by increasing the amount of &
cohol exhibits the sequencég £L,—Lqn (6). Its microstructure
changes from unilamellar vesicles/()(7) to multilamellar vesi-
cles (Ly) (8) and to stacked bilayers (). Macroscopically the
birefringence increases along this phase progression more
less continuously and sometimes the boundaries are difficult
determine by visual inspection.

Recently we studied the effect of benzyl alcohol on the for
mation of these kinds of bilayer-type structures with dodecy
tetraethylene glycol (GE,) as surfactant (9). Benzyl alcohol
has been shown before to be an interesting cosurfactant, as,
instance, it allows a direct transition from normal to revers
micelles without phase separation in CTAB (10). From thes
results we concluded that the benzyl alcohol stabilizes bilay:
structures over a larger concentration range than correspond
medium-chain alcohols with straight alkyl chains. Rheologice
experiments were performed in the various subregions ofthe L
phase and were shown to be a good tool to determine the bord
of the different lamellar subregions. In addition, shear-induce
structural changes were observed (9).

In a next step we introduced ionic charges into the syste
by admixing the cationic surfactant cetylpyridinium chloride

In many cases micelles are formed when amphiphilic surfa@&PYCl). The phase diagram of thel264/CPyCI/benzyL al-
tant molecules are dissolved in water (1). These self-assemtf@ol/water system, at joEq] = 50 mM and 25.0+ 0.1°C,
aggregates can be of different shapes such as spherical, woffs reported (11). The presence of CPyCl surfactant stabiliz

like, or disklike. Another possible form of aggregation is the fot1€ closed bilayer structures (vesicles) and thereby leads

mation of bilayer structures. For instance, for a binary nonionfiSappearance of the,k- and Ls-phase regions. The driving

polyoxyethylene surfactant, under dilute conditions, the formi2rce for these topological transitions is the fact that addition ¢
tion of liquid crystalline lamellar phases, of vesicle phases g?e cationic surfactant CPyCl increases the charge density of 1

of sponge phases {tphase), has been observed which all ar@mphiphilic bilayer. Increasing charge density will influence the

composed of surfactant bilayers (2). The spongephase is bending moduli of the bilayer and in particular lead to a decrea:

flow birefringent and made up from a random bicontinuous mf the Gaussian modulus(12). However, such a decreasecof -

crostructure of surfactant bilayers (3). The classical lamejjar Ld€Stabilizes Ly- and Ls-phases and favors formation of vesicles

phase is anisotropic and consists of stacked surfactant bilayers/: ,
Medium chain alcohols acting as cosurfactants had been use@it Nigher CPyCl content an extended normal micellar phas

previously in ternary systems asE4/alcohol/water (4, 5). In IS formed. In this paper we have used primarily the SAN:

their presence, the lamellar phase can be subdivided into JV&ENique and some complementary freeze-fracture electront
croscopy to determine the microstructure of the different phas

1 To whom correspondence should be addressed. in the ternary and quaternary system.

251 0021-9797/01 $35.00
Copyright© 2001 by Academic Press

All rights of reproduction in any form reserved.



252 MONTALVO ET AL.

Il. MATERIALS AND METHODS I11. RESULTS AND DISCUSSION

The nonionic surfactant tetraethylene glycol monododec&”'l' Phase Diagram of the £E,/CPyCl/Benzyl
ether (G2E4) was purchased from Nikkol Ltd. The cetylpyri- Alcohol/D,O (Water) System
dinium chloride (CPyCl) and the benzyl alcohol (p.a.) were from The phase diagram of the systempE, (fixed at 50 mM)/
Merck. All the compounds were used without further purificacPyCl/benzyl alcohol/BO at 25.04+ 0.1°C ( Fig. 1) was deter-
tion except the cationic surfactant, which was recrystallized fromined by visual observation through crossed polarizers.
methanol/ether mixtures several times. In the absence of CPyCI (i.e., along the vertical axis) a ver

Samples were prepared by weighing the desired amountsigf phase behavior is exhibited. One observes the following s
nonionic and cationic surfactants and benzyl alcohol in glagaence of lamellar subregions with increasing alcohol conce
graduated tubes and pure distilled water was added to obta#tion: L} —L,—L,.n. The lamellar phase is optically anisotropic
samples of 10 ml. The sample tubes were keptina2301°C  and its birefringence increases with the alcohol concentratio
water bath until the equilibrium phase were obtained and thet it is difficult to determine the phase boundary between th
phase behavior was determined by visual inspection througifferent subregions precisely just by visual observation. Thi
crossed polarizers and by optical microscopy with a Laborluxi$dundary can more reliably be determined by rheological me
LEITZ with polarizers. surements (9). Thejj-phase at low alcohol content is isotropic

For the FF-TEM, water was replaced by a water/glycerol sand it only shows streaming birefringence. Thg-phase is
lution (15% wi/w), i.e., the maximum amount of glycerol that
does not affect the phase behavior significantly. Small amounts
of sample were placed on a 0.1-mm-thick copper disk cod 200
ered with a second copper disk. The sample was frozen |
plunging this sandwich into liquid propane (cooled by qu%
uid nitrogen). Fracturing and replication were carried outin ¢ |L_ ||
Balzers BAF 400 at a temperature ofLl40°C. Pt/C was de- 5 L:_
posited at an angle of 4%and 90, respectively. The formed S
replicas were examined in a CEM 902 electron microscor.2 1004
(Zeiss). 1

For the SANS experiments, samples were prepared wi
D,0. In the quaternary ZE,4 (fixed at 50 mM)/CPyCl/Benzyl
alcohol/D,O system a new batch of nonionic surfactant wa
used. Both of these factors modified the phase diagram to a c«
siderable extent, as will be described, but the phase sequel 00 0 05 10 15 20 25 30 35
remains the same. ' : ' ! > ' ' :

SANS experiments in the ternary system were performed . [CPYCI] in mM
the Laboratoire eon Brillouin, Saclay, on the PAXY spectrom-p 200
eter. A wavelength of & was chosen, and sample-to-detecto
distances of 1.04 and 4.05 m were employed. Thereby we ccZ
ered ag-range of 0.014-0.381.

The SANS experiments in the quaternary system were pe;i ::—"'
formed on the SANS instrument of the Risg National Labore__g ]
tory. In order to cover a large range of momentum transfer, tt 8 1g0-
following combinations of wavelength andosample-to-deotectc?'v
distance were employed: 28/1.2 m, 4.7A/3.0 m, 4.7A/ P
6.0 m, and 17.1A/6.0 m. With these configurations we were§

L" 2% L

[benzyl

al

L

able to cover @-range of 0.003-0.38 1. G o = o
In both cases the data were recorded on ax228 two- ; %
dimensional detector. The intensity data were corrected by col 0 . ¥ . : .
parison with the flat scattering of a water standard. Using 0,0 0,2 0,4 0,6
proper correction for the detector background and subtractii [CPyCl] in mM

the scattering of the empty cell they were converted into ab-

solute intensities. However, it should be noted that this intent!G: 1. (@) Phase diagram of the £=/CPyCl/benzyl alcohol/BO system

L . . at 25.0+ 0.1°C for constant concentration ofigE4 ([C12E4] = 50 mM). The
sity is mainly due to the coherent scattering of the samples t?)ld ts of the SANS investigation are included for the series with [CPyCI]

_also still includes the incoherent background due to the samplg mm (x) and the series with [benzyl alcohe 41 mM (). (b) Extended
itself. phase diagram for low content of added CPyCI.
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turbid and weakly birefringent. Thek-phase at higher alco-
hol content is transparent and exhibits strong birefringence
small multidomains. For higher alcohol concentrations a biph:
sic region lyn/L3 is formed and for still higher alcohol content
the isotropic sponge phases|lis formed, which shows flow
birefringence. Further addition of benzyl alcohol leads to th
formation of multiphase regions (denoted ag im Fig. 1) that
do not phase-separate easily and were not further studied in t
investigation.

The incorporation of the cationic surfactant disfavors the fo
mation of lamellar phases and of the sponge phase relative to §
ternary system. At low concentrations of cationic surfactant, t
system still shows the sponge phase and the different lamel
subregions. The J,- and Ls-phases are very flexible and sensi
tive to shear effects (9). In addition they are very sensitive to the
ionic charges (5, 11) and both of them disappear for concentrariG. 2. Electron microscopy micrograph of the sample.JEs]/[benyz|
tions of CPyCl larger than 0.2 mM. The electrostatic conditiorscohol]= 50/14 mM, i.e., in the [} subregion.
for the bilayers evidently favor the formation of disconnected
structures such as vesicles (14). Similar observations have beehol molecules are smaller than the surfactant molecules a
made for other surfactant systems upon the addition of ionic sitrappears that they give rise to an increase of the flexibility c
factant to an originally nonionic surfactant system (5, 15-1the membrane (3). Such an effect of increasing flexibility of an
A region of mixed micelles is formed for concentrations of thphiphilic films induced by cyclic alcohols such as benzyl alcohc
cationic surfactant higher than 1-1.5 mM. Such arpbase is has been deduced from experiments on similar microemulsi
not observed for the ternary system. systems (18).

The presence of the O modifies the quaternary phase dia- In the ternary system, samples at a fixed amount of 150 m
gram in some details. As one of the most significant changesnionic surfactant have also been studied. The electron n
the L} /2¢ and 2b/L, phase boundaries move to higher cationicroscopy gave evidence that the Isamples contain mostly
surfactant contents when water (11) is replaced ® [Fig. 1). unilamellar vesicles, whereas thgiphase is mainly composed
Moreover, both phase boundaries are almost parallel. The Lof multilamellar vesicles with diameters between 330 nm an
phase solubilizes progressively larger amounts of CPyCl up©000 nm. The samples within thgd-phase contain flat bilayers
increasing the alcohol concentration in the sample, whereaq19).

the system with water, at [alcohof25 mM, the L -phase sol- ] 2.2, Small-angle neutron scattering (SANSEANS ex-
ubilizes a constant content of CPyCl, 0.4 mM (11). With respegkriments have been carried outin order to obtain more structu
to the 2p/L,-phase boundary, the dent around 40 mM of alcoh@formation for the different phases in the ternary system, i.e
present in the LD system (11) disappears in the presence gf the absence of the cationic surfactant. Scattering patterns
D20 (Fig. 1). The shape of the sponge phase is affected as Welhtropic, such as the ones described by Olsson and Mortens
It extends to a higher benzyl alcohol content. But these chanqgg); the azimuthally averaged data are given in Fig. 3a.
are not of profound importance and the principal phase behaviol, 5| cases scattering curves are observed where the sc
remains identical. tering intensity decreases continuously with increasirand
where the scattering intensity is the lower the higher the col
tent of benzyl alcohol. However, this change in intensity is nc
continuous and we find two distinct sorts of scattering curve
l11.2.1. Freeze-fracture transmission electron microscopyhere this change to lower scattering intensities coincides e
(FF-TEM). The FF-TEM technique was used to obtain inforactly with the macroscopically observed phase transition frol
mation about the microstructure of a sample of the composiz - to L,n-phase which was observed around 60 mM benzy
tion 50 mM of G.E4 and 14 mM of benzyl alcohol, i.e., aalcohol. It is interesting to note that the phase of planar bilay
sample located within thejl-phase. A micrograph is given in ers has a scattering intensity that is significantly lower than th
Fig. 2. The dominant structure consists of polydisperse and sn@lithe vesicle phase and thereby the two different phases c
spherical particles with diameters in the range of 70 to 800 neiearly be distinguished by means of the scattering experimel
The average is about 100 nm and they are not densely packedrrom the scattering curves (Fig. 3a), the thickness of the bila
The smaller vesicles have to be unilamellar; some multilamealrs and the effective head group areas of the surfactant molect
lar structures can be seen for the big ones. Many vesicles hese been deduced. To fit the experimental data we employ
deformed to tubular aggregates, which demonstrates the flewio different models. Curves were fitted using both a Gaussi
bility of amphiphilic films containing benzyl alcohol. The al-(with thickness parameter, with D = /27 -t (21)) and a

I11.2. Structural Investigation of the Ternary System
Ci12E4/Benzyl Alcohol/Water
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sion described by Egs. [1] and [2] and for the fitting procedur
[benzyl alcohol] in mM smeared by a Gaussian of 6% standard deviation, which shot
] X ;3 be a good approximation of the experimental resolution. We als
100 o 59 did fits using a polydisperse version for the lamellar thicknes

] a 80 (where the thickness varied with a Gaussian function arour
its mean value). Of course, the introduction of this additiona
fit parameter improves the quality of the fits but there were n
substantial features in the experimental data related to the po
dispersity parameter. Therefore we think that this additional ps
rameter may be doubtful in its meaning and omitted it in the
analysis given in this work.

a
1000 4

1

104

i(g) in cm

014

— —— —— For all cases the Gaussian profile yields the superior fit (z

0,002 0,01 0.1 ¢ judged from the residuals) and therefore appears to be the bet

q in A model for the lamellar film. As an example, both fits are com
pared in Fig. 3b, where we show the data representétigds
vs g and in addition the corresponding residuals. Especiall
from the residuals it is clear that a much superior fit for the
Gaussian model is observed in particular in the rapge0.15—
0.22A1 gtheseq -values correspond to real space dimension
of 28-42A, i.e., this is the range of the bilayer thickness) but
also for larger and smallgr-values. This is not surprising since
due to the penetration of the oxyethylene groups into the wat
one may expect the real profile of the scattering length densi
to be diffuse, at least for the part of the head groups (22). Tt
results of the data analysis are summarized in Table 1.
02 i The obtained thickness is always about 20% smaller for tt
000 005 010 015 020 025 030 o035 diffuse layer model, which appears to be the more realist
o model. However, the trends are the same for both models (anc
qin A should be noted that the thickneé3ssalculated for the Gaussian
FIG. 3. (a) SANS intensitiy curves for [GEs] = 50 mM and various MOdel corresponds to an effective thickness that would be o
amounts of added benzyl alcohol (given in the inset). The samples belond@ned for a corresponding rectangular scattering length dens
the following phases: 16 and 37 mM benzyl alcohgf, phase; 59 mM benzyl profile with a scattering length density equal to the maximun
alcohol, L phase; and 80 mM benzyl alcohol,d-phase. (Fit curves according value of the Gaussian profile). W|th|n+l-_ and Ly -phase the

to the Gaussian distribution of the scattering length density are given as S9lfickness decreases somewhat with i mcreasmg alcohol conte
lines.) (b) Comparison of the fit quality of the models of a Gaussian (solid lin

and a rectangular (dotted line) distribution of the scattering length density jpon entering the Ly-phase the value becomes significantly
the case of the sample of 50 mM4E4/37 mM benzyl alcohol. For a better SMaller, but then increases again upon further increase in the
representation of the dat&q? is plotted againsg. As inset the corresponding cohol concentration. The thickness is always smaller thah 30
residuals (defined blexp/Ifir — 1) as a function ofj are given ¢: Gaussiani):  and therefore in all the cases significantly lower than the sum «
rectangular). two Cy.E4 molecules (the stretched alkyl chains would yield

30.8 A and with the EO chains one would come up with a
rectangular scattering length profile across the amphiphilic bi-
layer of a constant thickne$s. According to these two models,
the scattering intensities are given by

T

1,2

1,01

0,84

0,64

I(q)*q° in 10™ A"

0,4

TABLE 1
Thickness of the Bilayers as Obtained from Fitting the SANS
o Data for Samples of [C,E4] =50 mM and Various Concentrations
l(q) = A—Z(A,o)ZDZ expEg2t?) [1] of Added Benzyl Alcohol, and the Mean Deviation per Data Point
q for the Different Fits

(@) = AEZ(A,O)ZDZ(Sm(q D/2)>2 2] Gaussian Rectangular

(q D/Z) [Alcohol}/mM Phase t/.& D/,& dev% D/,& dev%
where g is the magnitude of the scattering vectay,= 16 L 941 2359 207 29.30 417
% sin(‘%); Ap is the contrast difference between solvent and 37 L 9.32 23.36 2.01 28.89 4.22
lamella; andA is the total bilayer area per unit volume, i.e., 59 Le 9.05 2268 206  28.36 3.45
A = 2% (4 is the total amphiphilic volume fraction). It should ~ 8° len 820 2055 289 2634 287

. : 869 2178  3.02 2757 474
be noted that both models were used in the monodisperse ver- Len
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thickness of 54A (1b), thus evidencing that substantial inter-2 10004 &, [benzyl alcohol] in mM
digitation of the two monolayers has to take place. E & Sy o 0

Taking into account the width of the filid and the total am- ] M o 18
phiphilic volume fractiong, one can estimate the distance be 100 °°°%I a4
tween the different bilayexsasD = ¢d (23). For the sample of "¢ ] K ¥ SZ
composition [GzE4]/[alcohol] = 50/16 mM, belonging to the © ] Z 132
L} lamellar subregion, one obtais= 1200A. The number = x 158

of shells of the vesicles can be obtained by dividing their re & ] 175
dius by the distance between the bilayers, as known from the = 1‘;

FF-TEM pictures (Fig. 2, diameter100-200 nm). For this

sample, we have observed a structure of unilamellar vesicle 0,1_;

in agreement with other authors (24). T - .
When the same estimate is made for a sample of the L 0,002 0,01 0,1 0,6

lamellar subregion, with an amount of 150 mM.E,4, we can q in A

calculate to have=13 shells, in agreement with the picture of
multilamellar vesicles. This result should be a good estimate for
the same phase for the compositionJEs] = 50 mM. b 1501 n

111.3. SANS Study of the Quaternary SysterpEs/
CPyCl/Benzyl Alcohol/BD

in cm
[ ]

100+

For a more detailed investigation regarding the structuri; n
changes that occur upon introduction of the cationic surfa g T
tant cetylpyridinium chloride (CPyClI) into the formerly studiec o, ] ]
ternary system further SANS measurements were performe™~ 507
These were done along two lines in the phase diagram (st .
Fig. 1): 1

. . * L
—1In the first series the amount of CPyCl was kept consta 0 ,Lu , o I,“ah L, o

at 0.2 mM and the amount of benzyl alcohol was varied. 0 50 100 150 200
—In the second series the amount of benzyl alcohol was ke [benzyl alcohol] in mM
constant at 41 mM and the amount of CPyCl was varied.

. FIG. 4. (a) SANS intensity as a function of the scattering vectéor the

I”'_3'1' The system containing 50 MM4E4/0.2 mM (,:PyCL system [qzl(ij = 50 mM; [ngCI] = 0.2 mM for various cor?cen?rations of
In this series the amount of benzyl alcohol was varied from{3ged benzy! alcohol (given in the inset). (Fit curves according to the Gaussi
to 175 mM; i.e., all the different L-phases as well as thesL distribution of the scattering length density are given as solid lines). (b) SAN
phase are covered. The obtained scattering curves (Fig. 4a) lmtgosity atq = 0.01A* as a function of the added amount of benzyl alcohol
very similar in general for all the different bilayer phases. Iff" systems containing 50 mMgE4 and 0.2 mM CPyCl. The various phases
all cases a monotonics decrease of the scattering intensity viith"dicated-
increasing is observed. Evidently the introduced charge den-
sity of the bilayers is not yet sufficient to introduce a correlatioserved in the Ly-phase is good in line with an extrapolation
peak between the bilayers (that should be covered by the gifesm the L, -phase. This could be an indication that actually
g-range). the Ly -phase is in reality a vesicle phase that—with increa:s

A more interesting detail is the change of the scattering iimg content of benzyl alcohol—contains increasing numbers
tensity with changing content of benzyl alcohol. A careful inplanar lamellae. In the Jy-phase, then, only planar bilayers are
spection of Fig. 4a reveals that the scattering intensity is alm@sesent, and this would be in agreement with the fact that tt
identical for all three samples within the kphase. Itis lower in phase boundary drawn in Fig. 4b is mainly determined on tf
the Ly -phase, lowest in they-phase, and then increases agaibasis of rheological results. However, as long as there is st
for the Ls-phase. For the last sample that is again located withensubstantial number of bilayers present in the form of ves
the Ly -phase a value similar to the ones for the other sampleles they will dominate the rheological behavior and only whe
within the Ly -phase is found. they have more or less completely vanished will a low viscou

This effect is shgwn more clearly in Fig. 4b where the ink,,-phase be observed.
tensity atq = 0.01 A~ is given as a function of the amount Upon crossing into the4-phase the intensity jumps up again
of added benzyl alcohol. Constant values within thjefthase by almost a factor of 5 and for the,J-phase at high benzyl
are followed by intensities for the,l-phase that decrease withalcohol concentration a value similar to the ones at low benz
increasing concentration of benzyl alcohol. The low value oldcohol concentration is observed.
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An analysis of the SANS curves shows that they are be:
described by locally flat 2-dimensional lamellae; i.e., in all case
bilayer systems should be present. In order to obtain quantitati
values for the bilayer thicknegxwe fitted the experimental data
(for g > 0.008 A~1) with Egs. [1] and [2], but in all cases we < go-
found again that the fit was significantly better for the model o £
a diffuse bilayer (Eq. [2]). The obtained values are summarize = 60
in Table 2 and they show a trend similar to that of the scatterin
intensities. This means thBtfirst decreases continuously from
about 25A for the system without benzyl alcohol to a minimum
of less than 1A that is reached for the Jy-phase. TherD ]
increases again for the sample within thedhase and decreases 0 . ' . , . . .
again for the sample within the,|-phase. 0 50 100 150 200

The trend of decreasing thickness with increasing alcohol col [benzyl alcohol] in mM
tentis to be expected, since more and more of the bilayer will be
made up from the shorter chain alcohol. However, much morég!G- 5.  The head group area per surfactant molecule (g€, + CPy) as
interesting are the irregularities at high benzyl alcohol concefhUnction of the amount of added benzyl alcohol.
tration where upon entering thg{phase and then the |-phase

1201

100

at the amphiphilic interface. This increases goes linearly wit

agan towarq higher alcohol con_centranon the th'Ckr@ss"_ the concentration of benzyl alcohol (Fig. 5). From the slope i
creases again although the relative content of the alcohol in 5 one can conclude that one molecule of benzyl alcoh

bilayer increases. It is also interesting to note that the thickne;a uires about 19—282 as a head group area, a value that it

of the bilayer is similar for the [--phase and for thed-phase. fairly large when compared to those for other cosurfactants (23

" stes?r:?(iﬂg :s ISOSZ: B/egatthlzlﬁ)ézrd(-)greoLcjznasr,g,ppl)ye(r:iljrigfa:?rgnd probably due to the fact that the aromatic ring is fairly bulky
molecule (here we have used molecular volumes of 680 far l1l.3.2. The system contammg_SO m_thcE4/4l mM be_n-

CEs. 172.0A3 for benzyl alcohol, and 546 43 for CPy—as zyl alcohol. Here systems were investigated that contained
obtained from the densities of the pure compounds and an e§ gsﬁnésné?ug‘tl of behr)zyl[ alc_ohor: anﬂ fron:j_o o3 T]M oti
mated density of 0.925 g/ml for the CPy part of CPyCl). Thest. ed SAIZS. ong ::.'S éne "; the p asgd |ag:t])r|amAt M Of
values are also included in Table 2. By this method for the s)}glne curves (Fig. 6a) change consi erably. Again 1c
tem without benzyl alcohol (50 mM GE4 and 0.2 mM CPyCl) all cases where bllayers are present t'he Gaussian .deEI for’
a value of 50 5A2 has been obtained that compares well witRcattering length density yields superior results. This is demo
values for the pure GE, system of 46A2 (obtained from sur- strated in Fig. 6b, which shows as an example residuals for loy

face tension measurements at the air—water interface (25)) 5%” mM) and high (1.2 mM) content of CPyCl. Again in the

° _ . —1 . . . . pe
53.8A2 (obtained from SANS experiments on microemulsionglngeq = 0.13-0.22A"" the Gaussian model is a significantly
etter description of the experimental data.

with octane at 11C (26)). At tent of the cationic CPvCI scatteri imil
With increasing amount of benzyl alcohol the head group area owcontent otthe cationic Lyt Scatiering curves simiial

per surfactant molecule (gE; and CPyCl) increases, which®© those preceding are observed that are typical for systems w

means effectively that the benzyl alcohol requires some spéca(éallyflatbilayers. However, with increasing content of cationic
surfactant, i.e., increasing charge density of the bilayers, a pe

becomes visible a 0.005A 1. This peak is the correlation peak
of the lamellar phase. The corresponding spacing of #2860

in good agreement with the results of electronmicroscopy i
the ternary system and for the given volume fraction of 0.023
would correspond to a bilayer thickneBsof 28 A for stacked
bilayers and this agrees well with the thickness values derive
before (Table 2). Fits with Eq. [1] yield a lamellar thickness of
¢(BzOH) & Phase pin1®cm2 DinA  a,inA2 about 24A that does not change significantly with increasing
content of CPyCl (Table 3).

TABLE 2
Volume Fraction of Amphiphilic Material ¢, Phase Type, Fit-
ted Thickness D = ((27)%® x t), and Calculated Head Group Area
a, per Surface Molecule for Samples Containing 50 mM Cy,E,,
0.2 mM CPyCl, and Various Amounts of Benzyl Alcohol (in D,0)

|+ . .

0 001905 0.77 25.07 50.5 Samples measured within the 2-phase region (befol
18 0.02091 i 1.86 2473 56.2 ic demixing h tin) already sh

11 0.02329 L 3.00 24,57 630 Macroscopic demixing has se .|n) already show a pronounc
83 0.02765 L 4.58 2372 77.4  Scattering peak. Such a correlation peak is also observed for s
96 0.02899 ki 4.97 22.39 86.0 higher CPyCl content for samples in the-phase and the peak
132 0.03272 kn 5.89 18.87 1152 moves to higheg-values with increasing content of the cationic
158 003541 & 6.43 2391 984 cpycCl. This shows that the mean spacing between the agg
175 0.03717 by 6.75 20.37 121.2

gates becomes smaller with increasing charge density. Eviden
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TABLE 3 size and shape of the aggregates present change markedly \
Volume Fraction of Amphiphilic Material ¢, Phase Type, Fitted  rising CPyCl concentration.
Lamellar Thickness D = ((2m)** x t) (Fitted for q>0.01A™*), and Rheological investigations of thejiphase (11, 19) indicate
Rod Radius R (Fitted for g>0.055 A~*) for Samples Containing  the presence of rodlike micelles below 5 mM of CPyCl. This i
50 mM Cy,E,, 41 mM Benzyl Alcohol, and Various Amounts of i good agreement with the SANS data. For instance, the pe
Added CPyCl (in D;0) position aigy, = 0.022 A~ for the 3-mM CPyCl sample would

[CPyCIJ/mM " Phase Din A rRinA correspond to the interaction peak of long rodlike micelles in
hexagonal ordering with a radius of 26\9a value that appears
0 0.02323 iy 24.0 —  reasonable for the given length of the alkyl chains. (It should k
0.2 0.02329 b 24.2 — noted that this is an upper estimate for the radius since a le
8'431 8'85232 g 22'2 ~_dense packing—as it is likely to be present in the system—uwi
075 002348 i 24.0 _lead to somewhat smaller values for the radius, given by
1.05 0.02357 ia 235 —
1.2 0.02362 2 22.0 — o
2.0 0.02378 @ — 20.9 T
2.4 0.02402 b — 19.8 R= am\ V3 - [3]
3.0 0.02422 L — 18.9
Within the L;-phase the higheg-range of the scattering
curves could be fitted well with models of prolate ellipsoids
or cylinders. Values for the cylinder radilsobtained with the
1000 [CPYCI] in mM conventional formula for the form factoroof cylinders (27) are
o 0 - 105 givenin Table 3 and one finds radii of 19-2which correspond
- 100 o 02 x 12 well to the length of the stretched alkyl chains of the surfactan
£ © 03 = 20 In the intermediate range (i.e., within the two-phases regic
c Z 8"7"5 + g'g (2¢) and also in the Lphase in the vicinity of theg@-region) the
— 10 ' ) peak position and also the scattering behavior at lgrgalues is
=2 not readily explainable just by the presence of rodlike micelle:

Here it appears that a mixture of rodlike micelles and vesicle
is still present.

0.1 2
o %m IV. CONCLUSIONS

0,1 0.6
In this investigation the influence of the addition both of ¢
short chain alcohol as a cosurfactant and of a cationic surfactz
‘ to an originally nonionic surfactant system has been studie
B 08 mi Oyl e Wit respect to the aggregate structures present. At the surfact
A 1.4mM CPyCl Gaussian concentration studied (50 mM) the binary nonionic surfactar
&

14mMCPyCl rectangulan — forms a vesicle phase. Addition of the alcohol leads to a pha
progression of various different bilayer phaseg,(ILi, and
L«h). The successive addition of the cationic CPyCl stabilize
vesicle formation relative to the formation of planar bilayers
Therefore the Ly-phase extends at the expense of thehhase
and one even observes the interesting situation that now t
addition of further alcohol to anj-phase yields a vesicle phase
again.

With respect to the thickness of the bilayers one observes fil
05 the normal trend that it decreases continuously with increasir
alcohol content. But then it decreases rather abruptly for t
L.h-phase, jumps up for thestphase, and then decreases agai

FIG.6. (a) SANS intensity as a function of the scattering vectdor the  at still higher alcohol content for the,l-phase. This is very
system [G2E4] = SQ mM_; [ben;yl alcoholk 4:_L mM forvgrious concentrations uncommon behavior as one may expect continuous change w
of added CPyClI (given in the inset). (b) Residuals (definetkhy | — 1) for . . ;
the Gaussian and the rectangular model for the distribution of scattering Ien%fP\ntmuou_s change of t_he Conte_nt of benzyl aICOhOI inthe bilaye

ne possible explanation for this strange behavior would be tr

density as a function of for samples of composition 50 mM16E4/41 mM IDIE : oud
benzyl alcohol and 0.3 or 1.2 mM CPyCl, respectively. the solubilization site of the benzyl alcohol changes significantl

i = - =3
residuals (=1, /l; - 1)
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from one bilayer phase to the other. In the planar lamellar casedt Hoffmann, H., Munkert, U., Thunig, C., and Valiente, Nl Colloid Inter-
would primarily be located at the amphiphilic interface, whereas

it would to a much larger degree be solubilized in the bilaye?'
core for the lz-phase.

The stabilization of the vesicle phase due to the addition
the cationic surfactant is limited to relatively small amounts aft.
cationic surfactant. Once its concentration becomes too large
it destabilizes the formation of bilayers altogether (as the pu}%

cationic surfactant would form rodlike micelles) and it triggers
a transition to rodlike micelles. At about 5 mol% of cationic

surfactant an k-phase is formed. In the intermediate range s.
mixture of bilayer and rodlike structures is formed.
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