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Abstract—Lamellar polymorphism in multicomponent lyotropic systems based on akyltrimethylammonium
bromide detergents has been studied by polarization microscopy and *H-, 2H-, and 13C-NMR spectroscopy. The
La1> Loi-n @8d Ly, lamellar phases are revealed, identified, and characterized. The alignment of the L, lamel-
lar phasein high magnetic fieldsis established. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Asiswell known, molecules of detergentsin aque-
ous solutions are prone to association. The formation of
different structures and aggregates results in lyotropic
polymorphism. Thisrich polymorphism is often associ-
ated with changes in temperature, component concen-
tration, and the application of external electric and
magnetic fields[1, 2]. There exist nematic disklike (Np)
[3-7], cylindrical (N¢) [4-8], hexagonal (H) [9], and
severa types of lamellar (L) phases [10-12]. A struc-
tural unit in lamellar phases is a bilayer associate of
detergent molecules surrounded by water. The struc-
tural basis of cell membranes is a lipid bilayer, and,
therefore, the lamellar phases are simple universal
models of cell membranes [13-15]. On heating, the
cubic C and lamellar L, phases are destabilized and, as
aresult, the reversed hexagonal phase Hy; is formed in
themodel lipids systems[15]. Theinterest in studies of
the lamellar phase is associated with the intermediate
Lo/Hy phase transformation. This type of transforma
tion may play an important role in the functioning of
biomembranes[16].

In the two-component didodecyldimethylammo-
nium bromide-water system, the lamellar phase
observed consists of two phases: L,; and L,,. The L,
phase (Helfrich phase) is characterized by a pseudoiso-
tropic texture and the accompanying Maltese crosses.
The L,, lamellar phase with a mosaic texture is more
structurized than the L, phase [11, 17].

The Ly, Lgi.ny @nd Ly, lamellar phases are estab-
lished in the mixtures of C;, and C,, alkylpolyglyco-
sides[18, 19]. Inthiscase, only the L, phaseis charac-
terized by a pseudoisotropic texture with the homeotro-

L Thisarticle was presented by the authors in English.

pically oriented micelles [19]. The L, phase is
characterized by a woven texture-like thermotropic S
phases [20] or a schlieren texture characteristic of the
nematic N lyomesophases with cylindrical micelles
[19].

The changesin the bilayer structureresult inthe for-
mation of the vesicular, planar smectic L, or sponge L,
phases [21]. Moreover, in the lamellar phases, the
bilayers can be rearranged and form various supramo-
lecular structures [10, 22-25].

At present, the focal conic domains of the first type
(FCD-1) with a negative Gaussian curvature (texture
with oily streaks) are considered as the main structural
elementsin the classical L, (L) lamellar phases. The
focal conic domains of the second type (FCD-I1) with a
positive Gaussian curvature are characteristic of theL,
(L,) phases [23, 25]. The textures of lamellar the L,
(onion) phase show the characteristic Maltese crosses
[22, 26]. For the first time, spherical domains were
observed in the Gomati lamellar phases [24]. Some-
times, the lamellar phases are subdivided into classical

L, and swollen L\ phases[12, 26-28].

The study of lamellar phases in multicomponent
lyotropic molecular systems broadens our knowledge
of the variety of the phases and their transformationsin
lyotropic liquid crystals (LC). The mixture of Cy,, Cyy,
C,g-akyltrimethylammonium bromides, NaBr, n-decyl
alcohol, and D,0O is known to form lamellar, nematic
and other phases forming different textures, including
schlieren [6, 7] and marble textures. The identification
and study of the textures in this system is hindered
because of the possible phase transformation of the
classical L,, lamellar phase under the effect of the
steady shear flow with the formation of the multilamel-
lar vesicular L, phase [29]. The lamellar phases with

1063-7745/02/4705-0849%$22.00 © 2002 MAIK “Nauka/Interperiodica’



850

bilayer structural elements can display different flow-
induced orientational effects [30]. The orientation of
the bilayer can give rise to the formation of the multil-
amellar onion phase. Thus, the identification of the
lamellar phases in synthetic lyotropic systems is an
important step in the studies of LC systems. We ana-
lyzed these phases using NMR spectroscopy and opti-
cal polarizing microscopy.

EXPERIMENTAL

Multicomponent cetyltrimethylammonium bromide
(CTAB)—n-decanol-NaBr-D,O mixtures were pre-
pared within the concentration ranges corresponding to
nematic phases [4]. 1*C NMR analysis showed that
CTAB from Serva was redly a mixture of dodecyl-
(25 moal %), tetradecyl- (65 mol %), and hexadecyltri-
methylammonium (10 mol %) bromides. This mixture
is aso of interest from the theoretical standpoint,
because it was established that different lengths of the
alkyl chain in the detergent molecul esinfluence thefor-
mation, structure, and properties of the phases formed
[31]. Thereference detergent was cetyltrimethylammo-
nium bromide (CTAB) (100 mol %) from Merck,
because NaBr and n-decanol (chemically pure, Rea-
khim, USSR) could be used without any additional
purification. Water contained more than 99.8% of D,O
(Izotop, USSR). The ingredients were mixed in several
cycles of centrifugation in sealed glass ampoules 9 mm
in diameter with a narrow 2-3 mm neck until the for-
mation of a homogeneous mixture. The samples with a
low n-decanol concentration were heated up to 60—
70°C. The use of the mixed akyltrimethylammonium
bromide-based detergent (Serva) resulted in the faster
formation of homogeneous mixtures. Samples with the
ampouleswere placed into standard 10-mm-long NMR
sample tubes. The H, ?H, and *C NMR spectra were
measured on a Bruker AM X-500 instrument at frequen-
ciesof 500.1, 76.8, and 125.8 MHz in apolarizing mag-
netic field of 11.7 T without sample rotation. The tem-
perature was controlled by a B-VT-1000 unit (Bruker).
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The H, 2H, and *C NMR measurements were made
using a lock resonance circuit and without change of
the measuring head, which provided fast switching of
the NMR spectrometer to all three nuclei under obser-
vation. The quadrupole splitting of the water signal in
the 2H NMR spectrum indicated the formation of lyo-
mesophasein the mixture. The temperature dependence
of this spectrum gave information about the phase
transformationsin the samples. The simultaneous pres-
ence of two phases in the sample was indicated by the
formation of doublets with different Avy valuesin the

2H NMR spectra. The 13C NMR spectrawere useful for
establishing long-range interactions and atom mobility
in the detergent molecules of the lyomesophases. The
prepared mesophases were characterized with the aid
of polarization microscopy on POLAM L-311 and
MIN-8 instruments.

RESULTS

Studying aggregation in lyotropic amphiphilic sys-
tems, we took into account the possible formation of
isotropic solutions, micelles, and various LC and solid
phases. These aggregational effects are reflected in the
NMR spectra. Figure 1 shows the NMR spectra of dif-
ferent phases of a multicomponent CTAB-n-decanol—
NaBr-D,0 system obtained at temperatures close to
room temperature. The NMR spectrum of the deutero-
chloroform solution of CTAB-n-decanol mixture (a) is
compared with the NMR spectra of the micellar solu-
tion (b), Nc phase with the marble texture (c), and the
solid phase (d). The NMR spectra of the latter three
states were obtained from sample 1 of the composition
giveninthetable. Thereal solution provided theforma-
tion of sharp signals. The existence of two types of
organic molecules in the *H spectrum can be deter-
mined only from the analysis of the integrated intensi-
ties of different absorption bands (Fig. 1, 1a). At the
sametime, the 1*C NMR spectrum provided the resolu-
tion of the signals from almost all the atoms of CTAB

Identification of the lyomesophases and types of their textures using the data of optical-polarizing microscopy and the com-
positions of the mixtures and the characteristic split of the NMR signal from 2H nuclei of water in the samples studied

Mixture composition, wt %
Texture

Sample Phase type T, K Av, Hz | detergent | detergent
(Fig. 2) CTAB CTAB NaBr | n-decanol D,O

(Serva) (Merck)
1 Micellar 297 32.36 3.06 3.88 60.70
1 N¢ c 286 14 32.36 3.06 3.88 60.70
2 Lon (FCD-I) a 297 43 32.84 4.95 6.38 55.83
3 L1 (FCD-I1) b 297 68 32.90 9.25 5.54 52.31
4 Lat-h d,e 297 42 26.85 7.04 5.08 61.03
5 H, b 297 26 34.99 65.01
6 Micellar 297 35.00 65.00
CRYSTALLOGRAPHY REPORTS Vol. 47 No.5 2002
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Fig. 1. (I) The *H and ?H and (11) 13C NMR spectraof different aggregate states of the CTAB-n-decanol-NaBr—D,0 system (sam-
ple 1). (a) Isotropic solution in CDCls; (b) micellar phase; (c) LC N¢ phase with the marble texture; (d) solid-state phase. Here, a,

B,
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Fig. 2. Lyomesophase textures in the CTAB-—n-decanol—
NaBr-D,O system: (&) homeotropic texture with oily
streaks of the Ly}, phase (sample 2), x45; (b) texture of the
Ly phase (sample 3); (c) marble texture (sample 1), x45;
(d) smectic-like texture with focal conics of the lamellar
Lyh.1 Phase (sample 4), x60; (e) oriented confocals of the
Lgh.1 Phasein acapillary (sample 4), x60.

and n-decanal (Fig. 1, lla; signals from n-decanol are
marked with asterisks). The lines due to all the central
atoms from the alkyl chains were difficult to identify
because of their overlap. However, different chemical
shifts of the end atoms of the alkyl chain (A%, =
0.01 ppm, Ad,,_; = 0.01 ppm, and Ad,,_, = 0.02 ppm)
show the sensitivity of the 3C NMR shielding to the
long-range effects (Fig. 1, 11a).
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TheH NMR spectrum of the micellar phase (Fig. 1,
Ib) results in the strong broadening of the signals and,
therefore, only three broad bands are seen—those of a
protons from the hydrophilic end groups, end protons
of methyl group, and other protons of the alkyl groups
of molecules (Fig. 1, Ib). A relatively narrow signal at
4.8 ppm is attributed to water. The 2H NMR spectrum
of micellar solution showed no quadrupolar splitting.
The *C NMR spectrum of the micellar phase has also
broadened signals, but the presence of two types of
organic moleculesis till clearly seen (Fig. 1, Ib*). The
most pronounced broadening is observed for a carbons
of heteroatoms. The formation of micelles induces
important selective effectsin chemical shifts of carbon
atoms 13C. We observed the shifts of N-methyl and
alkyl chains and the middle carbon atoms of the akyl
chains toward lower fields, which is characteristic of
micelle formation (this was established by the NMR
studies of various micellar solutions) (our unpublished
data). This seems to be explained by the presence of
trans alkyl conformersin the middle carbon atoms of
alkyl chains.

Theformation of aL C phaseisclearly seen fromthe
NMR spectraof both hydrogen isotopes: in the 'H spec-
trum, in addition to a relatively narrow water signal,
there is also an unstructured broad absorption band. In
the 2H spectrum, quadrupole splitting with strong tem-
perature dependence is observed (Fig. 1, Ic, Ic*). The
changes observed in the **C NMR spectrum are less
dramatic and are associated with a further broadening
of the signals and further shifts of the middle carbon
atoms of alkyl chainstoward low fields and the shift of
the signals of carbon atoms of N-methyl toward high
fields. At lower temperatures, the solid phaseisformed,
the quadrupole splitting of the D,O °H NMR signal is
no longer observed, and the *H spectrum resemblesthat
of the micellar phase (Fig. 1, Ic*). The 3C NMR spec-
trum still has broadened signalsthat are especially well
pronounced for the a-carbon atoms. Signals from the
central atoms of the alkyl chains and the carbons of
N-methyl groups are shifted in the opposite directions,
which is characterigtic of the micellar phase (Fig. 1, I1c).

The compositions of the mixtures (see table) were
selected in such away that they would include the nem-
atic region of the known phase diagram [4, 7]. The
nematic lyomesophases in this system were studied in
[4, 6, 7]. The composition of the lyotropic systems
forming the lamellar phases (27-33 wt % of detergent,
4-6 wt % of n-decanol, 49 wt % of NaBr, and 55—
65 wt % of D,0) iscloseto those of the nematic phases.
At the sametime, thelamellar phasesalso exist at lower
temperatures than the nematic ones and are character-
ized by higher viscosity. The characteristic feature of
these phases are high values of quadrupole splitting of
Avp inthe?H NMR spectra[6, 7).
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Fig. 3. The B NMR spectrafrom the (8) Ly, (b, €) Ly;, and (d) Lyn.; phases. The spectrum of the L ; phase indicates the forma-
tion of two phases on cooling from the temperature of the isotropic state (360 K) to initial room temperature (295 K).

The identification of the LC phases was made by
polarization microscopy. The textures of different
lamellar phases prepared from the multicomponent lyo-
tropic mixtures are shown in Fig. 2. The texture of the
classical lamellar phase L, (table, sample 2) is shown
in Fig. 2aand is atypical pseudoisotropic texture with
oily streaks and focal conic domains of the first type
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and negative Gaussian curvature (FCD-I). In the 3C
NMR spectra of the lamellar L, phase (Fig. 3a), the
lines are broadened much more than those observed in
the LC N phase from sample 1 (Fig. 1, lIc). The sig-
nalsfrom a carbon atoms of the L, phase are so broad-
ened that they cannot be identified against the back-
ground noise of the zero line. The quadrupolar splitting
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Fig. 4. Temperature dependence of the 2H NMR spectrum of the lamellar L; phase (sample 3) inthe 11.7 T magnetic field in the

heating and cooling cycles.

of theline of the L, phasein the °H spectrum (~43 Hz)
is more pronounced than that for nematic lyome-
sophases (~18-20 Hz) [4, 7, 32].

At lower c/s (cosurfactant/surfactant) ratios in the
lyotropic systems, one observes the formation of the
lamellar Ly, phase with an FCD-II-type texture and
positive Gaussian curvature [23, 25]. The woven tex-
ture of the lamellar phase from sample 3 is shown in
Fig. 2b. The temperature dependence of the °H NMR
spectrum of this phase was studied on heated and
cooled samples in a spectrometer (Fig. 4). The sample

at room temperature was heated up to the temperature
of the transition to theisotropic phase, T., and then was
cooled back to room temperature (*H NMR spectrain
Fig. 3). Inthis case, the memory effect by the LC phase
was observed. The quadrupole splitting Avp at the
given temperature depended (Fig. 4) on the history of
the sample; cooling the sample in a magnetic field of
the NMR spectrometer resulted in the formation of
some additional phases. This behavior is also reflected
in the 3C NMR spectra: cooling the sample in a mag-
netic field provides the formation of two absorption
bands from the main peak of alkyl chains and their
CRYSTALLOGRAPHY REPORTS  Vol. 47
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(w —1) atoms (cf. Figs. 3b, 3c). Thus, the L, phaseis
transformed from the isotropic state in a strong mag-
netic field back into the mixture of two LC phases. The
memory effect observed is of acomplicated nature. The
ratio of the two phases formed depends on the cooling
conditions of the sample. The details of this process
need additional studies.

In Ly, phase (sample 4), the transformation of the
smectic phase with the focal conics into the texture
(Fig. 2d) with highly oriented confocals (Fig. 2e) was
observed. This may be associated with the orientation
of the lamellar phases at temperatures lower than <T.
Recently, the orientation of the lamellar phases in
strong magnetic fields was observed [33, 34]. The 13C
NMR spectrum of the L, phase show a dlight broad-
ening of thelinesin comparison with thelines of the L,
phase (Figs. 3a, 3d).

The viscosity of the samples prepared from the
detergent produced by Merck was higher than that of
the samples based on the detergent produced by Serva,
while the compositions of all the other components
were the same. The samples prepared from CTAB gave
the lamellar L, phase (sample 3) and the hexagonal H;
phase (sample 5). Both phases have similar woven tex-
tures (Fig. 2b). The most viscous hexagonal H; phaseis
very stiff; however, the 1*C NMR spectra indicate that
the mobility of alkyl chains in the hexagona phase is
higher than in the lamellar phases. Thus, the micromo-
bility determined from the NMR spectraisinconsistent
with the macromobility determined from the viscosity
measurements. The *C NMR spectrum from sample 6
practically coincides with that of the N phases (Fig. 1,
Ic). This signifies that the mobilities of alkyl chainsin
the micellar and nematic N phases have close values.

CONCLUSION

The data reported here show the complex nature of
the aggregational processes occurring in the lyotropic
amphiphilic systems based on alkyltrimethylammo-
nium bromide detergents. Different aggregational
states and their mutual transformations can be studied
with the aid of multinuclear NMR spectroscopy and
optical polarization microscopy. In the present study,
severa lamellar phases, Ly, Ly.n @nd Lyp, have been
identified and characterized. The alignment of the
lamellar phases in strong magnetic fields has also been
established.
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