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Phase Behavior of Aqueous Mixtures of 2-Phenylbenzimidazole-5-sulfonic Acid and
Cetyltrimethylammonium Bromide: Hydrogels, Vesicles, Tubules, and Ribbons

Introduction

Carbon nanotubes (NTs) are most interesting structures in
nanotechnology. They have a high potential for various
applications in nanotechnology. The smallest and the most stable
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We studied the phase behavior and aggregation in mixed aqueous solutions of the anionic UV-absorber
2-phenylbenzimidazole-5-sulfonic acid sodium salt, PhABSA (Na salt), and the cationic surfactant cetyltrim-
ethylammonium bromide, CTAB. The mixtures of the two components behave similarly to catanionic surfactant
mixtures. The samples on the PhBSA-rich side have low viscosity and are turbid. The turbidity, due to uni-
and multilamellar vesicles (SUVs and MLVs), increases with the mole ratio of CTAB. The interbilayer distance
inside the MLV changes with the mole ratio of the two components from a few 10 nm for the 7:3 (molar
ratio of PhBSA, Na salt, to CTAB) system to practically zero for the 5:5 mixture. The latter mixture forms

a precipitate within less than 1 h. With the exception of the 5:5 mixture, all samples on the PhBSA-rich side
are stable for many days. After that period, within one more day, the turbid vesicle phases are transformed
into more or less clear hydrogels. We found that the gelation is due to the formation of very long stiff tubules
about 14 nm in diameter, which is independent of the mixing ratio of the samples. The hydrogels and the
tubules melt around 4%C. On the CTAB-rich side, the 4:6 sample behaves like the 6:4 sample, whereas at
3:7 a precipitate was found to form shortly after mixing. At still smaller PhBSA (Na salt) to CTAB ratios,
only clear, viscoelastic solutions are found that do not change with time. We determined the micellar structures
in the samples by cryo-TEM and by SAXS. The rheological properties of the hydrogels and of the viscoelastic
samples were characterized by oscillating rheological measurements. DSC measurements indicated that the
tubules are in a semicrystalline state and melt at arountiCA5The semicrystalline bilayer of the tubules
seems to have a 1:1 composition of PhBSA to CTAB. The excess PhBSA seems to be adsorbed on the
tubules. It is assumed that the stiffness of the bilayer of the vesicles and the stiffness of the tubules are due
to the stiffness of the PhBSA molecule.

vesicles or disclike micelles, can be observed. According to our
knowledge, all the reported tubules were observed in binary
systems where only one phospholipid compound was dispersed
in water.

NTs are the single-wall carbon nanotubes (SWNTEhey are Recently, however, we have observed NTs when aqueous
now commercially available and are tested for various applica- solutions of a cationic surfactant were mixed with a rigid,
tions such as incorporation in polymers to strengthen their Negatively charged, amphiphilic molecdl@hese tubules had
mechanical properties. Because of their electric conductivity, & small outer diameter of only 12 1 nm and were extremely
they can also be used for batteries and fuel cells. stiff. Their persistence length was more thanut. Only
Another route to nanotubes of small diameters is by self- preliminary information on the novel NTs was givérin
aggregation of a number of lipid molecuRsNTs have particular, we reported only the processes and the structures
been found with zwitterionic phospholipidswith cationic? that occurred when solutions with an excess of the stiff anionic
nonionic® and anionié surfactant solutions. NTs have also been molecule 2-phenylbenzimidazole-5-sulfonic acid (PhBSA) as
found in double-chain ionic surfactant solutichighey usually the Na salt were mixed with the cationic surfactilrttexadecyl-
occur in situations in which bilayer-type aggregates, such as N,N,N-trimethylammonium bromide (CTAB). In this paper, the

whole mixing range from the soluble pure compound (Na salt)
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Materials and Methods

Cryo Transmission Electron Microscopy (Cryo-TEM).
Vitrified specimens for cryo-TEM were prepared in a controlled
environment vitrification system (CEVS) and quenched into
liquid ethane at its freezing point. Details are given elsewfre.
Specimens, kept below178°C, were examined in an FEI TI2
G? transmission electron microscope, operated at 120 kV, using
a Gatan 626 cryoholder system. Images were recorded digitally
in the minimal electron dose mode by a Gatan US1000 high-
resolution CCD camera with the Digital Micrograph software
package.

Differential Scanning Calorimetry (DSC). The measure- 9:1 8:2 7:3 6:4 5:5 4:6 3:7 2:8 1:9
ments were performed by a Setaram MikroDSC Il in screw- Figure 1. Samples of mixtures of PhBSA (Na salt) with CTAB for
capped stainless steel cells holding ca. 8680The sample mass  different mole ratios. The total concentratiaf, of the two components
was ca. 500 mg. The reference container was filled with ca. is 20 mM.T = 25°C. (A) Freshly prepared; note the foam on top of
500 mg ofdefoized watr. The samples were heate from 25128 e, (8) Tvd Yeske 21, T The aple i e ke
to 80 O_C and cooled again to 28: this cycle_ yvas performeq the first four samples on the left side are more transparent than in (A).
three times to check reversibility of the transitions. The heating-

to-cooling rate was 0.5 K/min. At 2%, the samples were kept  This function can finally be deconvoluted into the radial
isothermal for 60 min; at 80C, this period, for technical  difference (relative to the solvent) electron density distribution
reasons, was only 20 min. Ap(r).18.19

Rheological MeasurementsThe rheological measurements
were performed by a Haake RS 600 apparatus with a cone andResults and Discussion

plate sensor and a Haake RS 300 with a double-gap cylinder  phase Behavior Both components form transparent, optically
sensor. The sensor systems were chosen according to the fluiditysotropic low-viscosity solutions in water above 26. When

of the sample: RS 600 for highly viscous liquids and RS 300 selutions of the two components are mixed, one obtains
for low-viscosity liquids (100 mPas). Temperature in the  jmmediately optically isotropic, low-viscosity and turbid solu-
measuring system was controlled+®.1 °C by a thermocon-  tions. Note: Molar ratios always first give the fraction of PhBSA
troller (Haake TC 81) for the RS 600 and by an ethylene glycol (Na salt) and then the CTAB fraction, so 9:1, e.g., means 9
circulator, ThermoHaake DC30/K20, with an accuracyt0f5 parts PhBSA (Na salt) and 1 part CTAB.

°C for the RS 300. The viscous properties were determined by  Photos of the samples of PhBSA (Na salt) and CTAB at
steady-state shear rate ramping and the viscoelastic propertieslifferent mixing molar ratios are shown in Figure 1A. The
by oscillatory measurements from 0.01 to 10 Hz, for which the samples show that the turbidity increases from the 9:1 to the
deformation was controlled in the linear region. 5:5 mixture. The 5:5 sample forms a precipitate within a few

Small-Angle X-ray Scattering (SAXS) The SAXS equip- minutes after mixing, and a sediment is visible at the bottom
ment consisted of a SAXSess camera (Anton_Paar’ Grazyof the Sample. This Sample does not further Change with time.
Austria) connected to an X-ray generator (Philips, PW 1730/ The 4:6 sample is somewhat turbid, is stable for several days,
10) operating at 40 kV and 50 mA, with a sealed-tube Cu anode. @nd looks like the 6:4 sample, whereas the 3:7 sample forms a
A Gobel mirror was used to convert the divergent polychromatic Precipitate. The other three samples on the CTAB-rich side are
X-ray beam into a focused line-shaped beam of @Guridiation transparent and viscous.

(1 = 0.154 nm). The 2D scattering pattern was recorded by a The r_esults are an indication that large aggregates have b_een
PI-SCX fused fiber optic taper CCD camera from Princeton formed in aI_I t_he mixtures, ano_l these aggregates are responsible
Instruments, which is a division of Roper Scientific, Inc. for the turbidity or the viscosity of the samples. The samples
(Trenton, NJ). The used CCD detector features a 202084 do not change for several days and seem to be st.able.'However,
array with a 24x 24 um pixel size (chip size 5& 50 mm). two weeks Iater the samples on th_e Ph.BSA'”Ch side quk
The CCD is operated at30 °C with 10 °C water-assisted completely different. The exact time in yvhl_ch the sample_s did
cooling to reduce the thermally generated charge. Cosmic raynot change depended on the mixing ratio; it decreased with the

: . increasing mole ratio of CTAB from 10 days to a few days.
correction and background subtraction were performed on the h ithin 1 d h les b d
2D image before further data processing. The 2D image wasT en, within .1 ay, the samples became more transparent an
: . . . o . at the same time gelled. The gelled samples are shown in Figure
integrated into the one-dimensional scattering fundtgjusing 1B
tShAXSQtltjar.'t softvvtare éAfn tor(lj-Pair), 4\\7’1\’2&'6.5 g}g Iingth of Even for a total concentration of only 10 mM the formed

€ scattering vector, define h_w— ( ) sin(©/2), A being hydrogels are quite stiff; the samples can be turned upside down
the wavelength an€ the scattering angle. The camera volume

K i th ..~ without noticeable flow. In the gelled state the samples are still
was kept under vacuum during the measurements to mlnlmlzeoptically isotropic. However, when the samples are tilted for a

background scattering from air. The temperature was controlled longer period of time, they begin to deform in an elastic,
and kept at 25+ 0.1°C by using a Peltier element. The sample ¢ ersible way, causing stress birefringence, Figure 2A.
holder wa a 1 mmquartz capillary. With increasing temperature the hydrogels are stable up to
After subtraction of the solvent background, the scattering about 45°C. Then they melt to a low-viscosity solution that
curves are corrected for instrumental broadening and trans-has the same appearance as the solution before the gelation.
formed into real space using the indirect Fourier transformation The transition is thermoreversible. The turbid state can however
(IFT) method!>181n the case of elongated cylinders this results be supercooled. A cylindrical piece of the hydrogel from the
in the cross-section pair distance distribution functpr).’ test tube is shown in Figure 2B. The gel can easily be taken
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lowered. The chain-length dependence of those states will be
reported in a forthcoming paper.

Cryo-TEM . We applied cryo-TEM to examine the system
at hand in two states: the turbid state (A) and the gelled state
(B).

Turbid State Figure 4A is a cryo-TEM micrograph of a
vitrified specimen of a mixed sample with a total concentration
of 10 mM and a component molar ratio of 7:3. The sample
contains mainly small unilamellar vesicles (SUVs) with a large
size distribution ranging from 20 to 250 nm in diameter. It also
contains some tubules (not shown). Most of the vesicles are
smooth and spherical, an indication of highly rigid bilayers. The
thermal energy is thus not capable to deform the vesicles. The
micrograph contains one large vesicle encapsulating smaller
vesicles. The interlamellar distance between two adjacent
bilayers is rather constant, about 30 nm. This is an indication
that the bilayers are ionically charged and repel each other. On
the basis of the 3 mM NaBr concentration that comes from the
Figure 2. (A) Sample with a mole ratio of 8:° = 10 mM, after two components, the separation of 30 nm makes sense.

elation, photographed between crossed polarizers. (B) A cylindrical . - . .
[g)iece of apsamp?le \?vith the same compositign asin (A)(in)exceyss water, Flgure_ 4B Shows_a vitrified cryo-TEM specimen of the tur_b'd
dyed with a water-soluble dye to enhance contrast. 8:2 solution. The micrograph shows large multilamellar vesicles
of diameters up to about &m, which contain up to eight
concentric shells. This diameter is much larger than the thickness
of the vitrified liquid film for the cryo-TEM preparation. The
bilayers of the vesicles must therefore be so stiff that the vesicles
cause local bulging of the thin liquid film. The interlamellar
spacing between the individual bilayers varies between 10 and
100 nm, typically 50 nm, which is in the range of twice the
Debye length of the diffuse double layer, which corresponds to
the salt concentration in the solution. It is therefore likely that
the bilayers of the vesicles carry an excess ionic charge and
are stabilized by this charge.

The bilayers seem to be rather stiff. Even the vesicles outside

Figure 3. Sample with a mole ratio of 5.5:4.57 = 10 mM, after of large MLVs are fairly spherical, and the membranes do not

several weeks, shown between crossed polarizers (left) and in direct

light (right). Note small birefringent crystals trapped in the hydrogel. show local fluctuation on the 10 nm scale. The micrograph also

shows a few tubules in the upper right corner. Those will be
out of the test tube by placing the test tube in hot water until discussed later. It i_s noteW(_)rthy that the inne_rmost shell of the
the surface of the gel melts. It then slides out of the tube and !arge MLV shown in the micrograph has a diameter of about
can be placed in a larger tube. The gel does not change its shape00 M and the interior of the MLV is completely empty of
for hours; only the upper part swells radially. As this top part smaller shell_s. Thls_ls most unusual for MLVs, which are usually
was slightly sheared when the sample was tilted to check the _cor_npletely fllled_ with vesicles and wh(_are the sma_llest vesicle
sample gelation, the gelation process could have been disturbedinSide has a diameter double the size of the interlamellar
yielding a weaker gel in that part of the sample. spacing:*

The gelled state of the samples is still not yet the thermo- ~ The 9:1 mixture also contains vesicles along with very few
dynamic equilibrium state. After several weeks white spots tubules. Figure 4C shows in this system MLVs as well as SLVs.
developed in the hydrogels; those became larger with time. They The interlamellar distances here seem less well defined than in
are most visible between crossed polarizers, because of theithe 8:2 mixture.
birefringence. In the PhBSA (Na salt)/CTAB system this Cryo-TEM images of the turbid solutions with a mixing ratio
crystalline state is most reproducibly formed at a composition of 5:5 (e.g., Figure 4D) show only vesicles. No other structures
of 5.5:4.5. In samples in which CTAB is replaced byTAC, have been imaged by cryo-TEM. Several special features of
the crystalline state can be observed in all the PhBSA (Na salt)- the vesicles are noteworthy. The micrographs contain vesicles
rich systems. The crystals thus precipitate to the bottom of the with one to four shells. However, in contrast to the MLV of
test tube. A sample in which crystals are trapped in the hydrogel Figure 4B, there is little interlamellar spacing between the
state is shown in Figure 3. individual shells; the bilayers inside one MLV seem to touch

The observations described above indicate that the mixedeach other (white arrow in the figure). It can therefore be
solutions undergo three well-defined states with time: a turbid, concluded that there is little repulsion between the bilayers
low-viscosity state, A, the gelled state, B, and a crystalline state, because the bilayers do not carry excess ionic charges. Because
C. When the chain length on the surfactant is changed in thethe bilayers are rather stiff, they do not exert repulsive forces
mixtures, the situation remains more or less the same. The threedue to undulation motion of the bilayers. The smallest unila-
states A, B, and C are observed at room temperature fgr C mellar vesicles have a diameter of about 25 nm and are perfect
TAC only. The Gg and the G4 systems show only the A and  spheres. Even unilamellar vesicles that are as large as 100 nm
B states at room temperature, while thg §/stem goes directly  are still perfect spheres. Perfect spherical vesicles can even be
into state C after mixing. It is likely, however, that the three observed on the support film (dark diagonal feature). It is also
states do occur in the latter systems when the temperature isclear from the micrograph that the vesicles are densely packed
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Figure 4. Cryo-TEM images of the PhBSA (Na salt) with CTAB systesh = 10 mM, at different ratios: (A) 7:3, (B) 8:2, (C) 9:1, (D) 5:5. See
the text for details.

(‘D\A/\/WW\/G on the PhBSA-rich side. All the observed vesicles have only
one bilayer. The bilayer seems much more flexible. The vesicles
are not spherical, and in general, they are elliptically deformed.
GWW\/\/\/\/@ Furthermore, the bilayers seem to have pores of the size of the
thickness of the bilayer. The shown vesicles are reminiscent of
“holey vesicles” which have been observed in other surfactant
@A/\/WW\/@ mixtures?2 Some of the vesicles are attached to long threadlike
micelles (arrows in Figure 6A). Similar tethering had been
shown by Danino et & It is conceivable that the threadlike
e\/W\/\/W\/@ micelles are formed first when the components are mixed and
the resulting structures are then transformed into vesicles.
Figure 5. Schematic model for the interdigitated state of the bilayers, HOweVver, it could also be the other way around. At present the
in space, not only on top of each other. The entire shell of a S|tu§1t|0n IS not comp_letely clea}r. More measurements, in
! . . . particular good resolution time kinetic measurements, should
vesicle with four bilayers (arrow) has a thickness of about 17

nm. This means that one bilayer is about 4 nm thick. This be carried out,

corresponds to the thickness that is given by the interdigitated A!SO on the CTAB-rich side of the phase diagram is the 3:7
state as shown in Figure 5. mixture (Figure 6B), which behaves quite differently from alll

The schematic molecular arrangement in Figure 5 explains (he other mixtures that have been described so far, showing
why the bilayer is so stiff. The PhBSA molecule is a stiff threadlike structures. This system is discussed in detail later.
molecule which cannot form kinks like the hydrocarbon chain ~ Gelled StateA cryo-TEM micrograph from this region for
of CTAB. This rigidity is in agreement with the spherical shape the mixing ratio 8:2 is shown in Figure 6C. To prepare the
found by cryo-TEM. Thermal energy can obviously not deform specimen, the gels were first “liquefied” by vigorous shaking
these spherical vesicles to ellipsoidal vesicles. While at presentof the vial. The resulting viscous liquid could then be made
micrographs are not available from each mixture of the PhBSA- into the thin liquid film needed for cryo-TEM. All cryo-TEM
rich side of the phase diagram, it is likely that all the mixtures images of this system, e.qg., Figure 6C, show tubules of the same
from 9:1 to 5:5 contain the same type of vesicles. We assumediameter. The outer diameter of the tubules is about:12
that all these vesicles have the same composition as the bulknm, and the inside diameter is about 6 nm, independent of the
samples. It is easily conceivable that the surface of the vesiclesmixing ratio of the samples. The tubules are many micrometers
is somewhat hydrophobic due to the methyl groups from the long. They are rather stiff and have a persistence length of
CTAB molecules. several micrometers. The independence of the dimensions of

In the 4:6 mixtures at the CTAB-rich side vesicles are also the tubules of the mixing conditions makes it likely that the
observed, Figure 6A. Those are very different from the vesicles tubules have the same composition, namely, a composition of
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Figure 6. Cryo-TEM images of the PhBSA (Na salt) with CTAB systech,= 20 mM: (A, B) images of the CTAB-rich side of the phase
diagram, (C, D) images of the gel phases; (A) 4:6 component mole ratio, (B) 3:7, (C) 8:2, (D) 9:1 (high-magnification image). See the text for
details.

PhBSA to CTAB of 1:1. It is likely that a single tubule develops

from the bilayer of one vesicle. The tubules are not connected 0.2 1

into a three-dimensional network. The stability of the network 1. heating

and hence the formation of the hydrogel is simply given by the § 0.1 1 —
stiffness and the length of the tubules that overlap in solution g 9 heating
and form an entangled mesh. Each tubule is locked in position g 00 1,

by the neighboring tubules and can no longer freely diffuse. = —

The hydrogel therefore represents a glassy state of the tubules: g 017 \““\\_

the solvent is kept in this network by capillary forces. For that = 02 | | coolin‘x\

reason the gel character of the system is lost when the tubules ' ’ g '\'wh

are broken by force. The network cannot reassemble under 0.3 A T

normal conditions. T T T T r

A higher magnification of the tubules formed in the 9:1 molar 30 40 50 60 70
ratio system is shown in Figure 6D. The inner structure of the temperature (°C)
tubule walls is clearly resolved, as manifested by the variation Figure 7. DSC data for a gelled 50 mM sample with a molar ratio of
of electron density across the tubule diameter. Each wall is 8:2. Note that the endothermic peak occurs only during the first scan,
resolved into two dark lines, which may reflect higher local not during the cooling scan nor in the reheating scan.
density. The arrow in the figure points to a rare tubule end
captured in the field of view, showing that the tubules are open are narrow ribbons with a helical twist. Arrows point to wider
(not capped). Such ends are rare in the micrographs because ggegments in projection of the aggregates, characteristic of twisted
the tubules’ lengths. narrow ribbons. It is not clear yet whether two forms of

Finally, we return to the unusual 3:7 system. Upon mixing aggregates, true threadlike micelles and ribbons, coexist or
of the two components, the obtained mixture is transparent andwhether one type is transformed into the other form with time.
viscoelastic. With time a sediment is formed. Micrographs from Such ribbons have been reported; a recent example is by Candau
the relatively fresh samples before precipitation show long and co-workers?
threadlike objects (Figure 6B) about 4 nm thick. The threadlike = DSC. DSC measurements of the gelled samples were
micelles (TLMs) have an extremely long persistence length of performed to determine their melting temperature and melting
more than lum, very different from the persistence length of enthalpy as a function of the component ratio in the mixed
wormlike micelles of a @ chain. Note that the TLMs are  catanionic systems. On heating, we observed a well-defined peak
arranged in several different directions, excluding the possibility at around 45°C, Figure 7. The peak occurs at the same
of stretching during specimen preparation. Close inspection of temperature at which the gels transform into low-viscosity
the aggregates shows that at least some of the threadlike micellesolutions. It is noteworthy that the melting peak appears only
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Figure 8. Melting temperature and the heat of melting for 50 mM  Figure 9. Rheogram of a sample with an 8:2 mole ratio and a total
solutions against the mole ratio of CTAB. concentration of 20 mM (stress= 0.05 Pa;T = 25 °C, 7 days after

mixing). Note that the storage modulu§;, is about an order of
at the first heating cycle of a gelled sample. The peak does notmagnitude higher than the loss modul@;; G' is independent of
appear during the cooling period or on reheating. This is frequency in most of the examined range.
consistent with the observed behavior that samples can be kept
below the gelling temperatures for many days before the samples
become gels. The melting peak for different mixing ratios of 1000+
the samples occurs roughly at the same temperature df 45

1.5 °C. If the composition of the structures that cause the § 1004
melting peak were the same as the bulk composition of the g
samples, i.e., if it would change from 9:1 to 6:4, then the o 101
melting temperatures would be expected to differ much more G}

strongly between the samples. The crystalline or semicrystalline
matter that gives rise to the DSC peak therefore must be
expected to have a very similar composition in all four . . .
investigated samples, despite the huge differences in their bulk 1% 0% 001 o 1
composition. deformation, y
However, the heat of melting changes by about a factor of 4 Figure 10. Storage and loss moduli as a function of deformation of

when samples with the 9:1 and 6:4 ratios are heated. Thesell® Sample of Figure 9 at a constant frequency of 1 Hz. Note that the
results indicate that the amount of crystalline material is modulus begins to break down at a deformation of ca. 0.002.
proportional to the CTAB content in the sample and that the
crystalline material has a 1:1 composition. On close inspection,

one finds that the heat of transformation and the melting tures. The stor modull@’ is about an order of maanitud
temperature increase linearly with the mole fraction of CTAB ures. 1he storage modu'us,, ,?a out an order of magnitude
larger than the loss modulu§’, and frequency independent

(Figure 8). The simplest explanation for these results is that . .
the two compounds form a 1:1 complex which has the highest n almost the entire frequency range. The storage modulus, 1000
melting temperature. In the mixtures with excess PhBSA, some Pa,. is rather high for a system of only 20 mM of low molecular
excess molecules are incorporated into the crystalline bilayers,Welght c.omponents. ) ]
which results in lowering of the melting temperature. In  The yield stress can be determined from Figure 10, where
comparison to the heat of melting of another catanionic the storage modulus for a constant frequency of 1 Hz is plotted
Compound Wlth a g‘scha"f] and an aromatlc Counterion, name'y, as a-function Of deformat|on In thIS p|0t the y|e|d stress can be
the Compound Cety'tnmethy'ammoruum 3_hydroxy_2_naph_ Obta|ned from the Cr|t|CaI deformatlome, at Wh|Ch the StOI‘age )
thoate, that has a melting enthalpy of 55 kJ/mol, the heat of modulus breaks down. The product of the storage modulus with
melting of the tubules is, at 10 kJ/miiyather low. This can V¢ is the yield stress. Estimating the breakdown to occur at
be an indication that the tubules are in a semicrystalline state = 0.002, wheré5' = 3000 Pa, a yield stress of 6 Pa is obtained.
that is very different from a crystalline three-dimensional bulk ~ SAXS. As with the rheology, we focused our attention here
state. It is therefore not surprising that the tubules are trans-on the gelled states. Typical SAXS scattering data of gelled
formed into a real crystalline state, when they are kept at a lower samples are shown in Figure 11. Three of the samples contain
temperature for longer time periods. a total concentration of 50 mM with molar ratios of the two
Rheology. The gel phases are the ones that we focused oncomponents of 9:1, 8:2, and 7:3, and one sample had a
in the rheological study. All the mixed samples on the PhBSA- concentration of 10 mM with a component ratio of 6:4. It is
rich side behave very similarly. Recall that low-viscosity noteworthy that the three samples with a total concentration of
vesicular dispersions are formed upon mixing the components; 50 mM have about the same scattering intensity ingthange
the Newtonian viscous behavior of these systems is not very between 0.5 and 1.5 nrh while the sample with a concentration
interesting and was not studied in detail. With time, dependent of 10 mM has, as one would expect, a much lower scattering
on the mixing ratio, those samples gel. The rheological intensity. In thisgrange the scattering intensities seem to depend
measurements of those hydrogels are reported here. Themainly on the total concentration, not so much on the component
measurements were carried out on gel samples which had beematio. This is contrary to the DSC results which showed that
prepared in the rheometer: the low-viscosity solutions were the melting peak for the samples depended on the mixing ratio
poured into the instrument and were allowed to gel. This was and increased linearly with the CTAB concentration. Thus, the
done to avoid destruction of the gels when transferred into the SAXS data indicate qualitatively that the structures that give
rheometer. the scattering curves contain the total amount of both compo-

14

A typical rheogram of the 8:2 molar ratio, 20 mM total
concentration sample (Figure 9) shows characteristic gel fea-
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Figure 11. SAXS data for four different PhBSA (Na sal)/CTAB  .esnonds to the level of the electron density of the solvent.
mixtures. Note that the scattering intensities for the solutions with the
same total concentration, but different mole ratios, are about the same. 0.1 3

The q values for all corresponding peaks are about the same. — * — experiment

fit

nents, not only the amount that forms the semicrystalline tubules.

Such a conclusion would be in agreement with the NMR data.
At g values that are larger than 1.5 nhthe three scattering

curves for the 50 mM samples deviate from one to the other.

With increasing CTAB concentration the scattering curves show \

oscillations with the scattering vector The oscillations are 2 ] W,

most expressed for the 50 mM 7:3 sample and also for the 10 1074 LY.

mM 6:4 sample. The oscillations are typical for monodisperse ] ¥ "FW

tubules with a radially symmetric cross-section. The lack of ]

these oscillations can have different reasons, which are not easy T T 1

to distinguish via scattering methods. The cylinders can be 0 1 < | 3 4

polydisperse in their size, but they can also be polydisperse in q(nm")

the shape of the cross-section; i.e., they may deviate from rigyre 13. Comparison of the experimental scattering function with

circular symmetry. Another reason could be that some cylinders the IFT-fit function for a 50 mM sample of a 7:3 mole ratio.

stick together. Again, the form of the cross-section of such an

aggregate would then deviate from a simple circular one. thickness 3.5 nm, inner palisade layer thickness 1 nm, hydro-
Within accuracy of the scattering data, the scattering maxima phobic core thickness 1.5 nm, outer palisade layer thickness 1

and minima of the oscillation for the different mixtures occur nm, and outer tubule diameter 14 nm.

at the same position. This is an indication that the cross-section The results indicate that the outer diameter of the tubules as

dimensions of the tubules are independent of the mixing ratio determined from the SAXS data is about 1 nm larger than the

of the solutions. Remember that the tubule images by cryo- diameter determined from the cryo-TEM measurements. This

TEM all look the same at different concentrations and mixing is a reasonable agreement, as one has to take into consideration

ratios, while the scattering curves for different samples are the inaccuracies of the TEM magnification, errors due to

significantly different. Hence, the scattering curves contain defocus, and measurement inaccuracies. Cryo-TEM is an

details that cannot be recognized by cryo-TEM. The most €xcellent tool for the identification of the building blocks of

obvious parameter of the tubules that varies with composition the structures, but quantification is much more accurate with

is the polydispersity or deviation from radial symmetry. It Other, nonimaging (‘indirect”) techniques, such as SAXS.

becomes smaller when the mole ratio of the components However, SAXS can give no information on the overall length
approaches 5:5. or stiffness of the tubules; i.e., the two methods give comple-

The scattering intensities from samples with the same Mentary information. ) _
composition, but of different total concentration, increase !N Figure 13, we show a comparison of an experimental
linearly with the concentration, as expected, independently of Scattering funct|0n. with the IFT fit funct'lon. The prerlmental
theq values (data not shown). The positions of the side maxima Curve is matched in all details by the fitted function.
remain unchanged; thus, the cross-section of the tubules does .
not change with the overall concentration. However, these side Conclusions
maxima are less pronounced with higher concentration. A We have shown that aqueous mixtures of the stiff anionic
possible explanation could be the higher amount of adsorbedcompound PhBSA and the cationic surfactant CTAB have a
free excess molecules. rich and time-dependent phase behavior. Multilamellar vesicles

To determine the dimensions of the tubule cross-section, weare formed immediately upon mixing samples of the two
calculated the pair distance distribution functions (PDDFs) from compounds at an excess of PhBSA; those are stable for many
the scattering functions, using the IFT method. The radial days. Then, within 1 day, the low-viscosity, somewhat turbid
difference electron density profilkp(r) of the cross-section of ~ vesicle phases are transformed into clear hydrogels. On a
the cylinder was finely obtained by deconvolution f(r) molecular level the gelation of the sample is caused by a
(Figure 12). It gives a clear indication of a hollow cylinder with  transformation of the vesicles into many micrometers long stiff
a bilayer wall. On the basis of these data, the evaluated nanotubules with a very small diameter of 14 nm, as determined
dimensions of the tubules are inner radius 3.5 nm, total wall by cryo-TEM and SAXS. Rheological measurements show that

0014 ¢ X

[(q) (cm™)
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the hydrogel phase has the characteristics of a typical gel phase. (11) Hao, J.; Hoffmann, H.; Horbaschek, kKangmuir2001, 17, 4151~
DSC has shown that each composition has a characteristic*160-

melting temperature. The tubules themselves have a 1:1 molar
ratio of the two components. The excess PhBSA seems to be, 4
adsorbed on the tubules. Upon longer aging many of these

(12) Pakk, Y.; Blankschtein, DLangmuir1996 12, 3802-3818.

(13) Hao, J.; Liu, W.; Xu, G.; Zheng, L.; Hoffmann, Hangmuir2003
10635-10640.

(14) Talmon, Y. InGiant Micelles Zana, R., Kaler, E. W., Eds.; CRC

systems form crystalline precipitates. On the CTAB-rich side, Press: New York, 2007; pp 163.78.

the mixtures are clear viscoelastic solutions of threadlike and

ribbonlike structures that do not change with time.
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