This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 23 February 2013, At: 03:44

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Micelle Motion in Lyotropic
Nematic Phases

Bruce J. Forrest * & Leonard W. Reeves ?

& Chemistry Department, University of Waterloo,
) P e Waterloo, Ontario, Canada, N2L 3Gl
Version of record first published: 20 Apr 2011.

To cite this article: Bruce J. Forrest & Leonard W. Reeves (1980): Micelle Motion in
Lyotropic Nematic Phases, Molecular Crystals and Liquid Crystals, 58:3-4, 233-244

To link to this article: http://dx.doi.org/10.1080/00268948008082124

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948008082124
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 03:44 23 February 2013

Mol. Cryst. Lig. Cryst., 1980, Vol. 58, pp 233-244
0026-8941/80/5803-0233$04.50/0

© 1980 Gordon and Breach Science Publishers, Inc.
Printed in the U.S.A.

Micelle Motion in Lyotropic
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(Received July 3, 1979)

Aqueous lyotropic liquid crystalline systems of Type I (Ay > 0), composed of finite cyclindrical
micelles, and Type 11 (Ay < 0) composed of finite disc shaped micelles have been prepared in
thermodynamic equilibrium with the parent mesophases * Hexagonal H,” and “Lamellar L™
respectively. The degree of order profile has been measured for all hydrocarbon segments by
substitution of perdeuteriated amphiphiles in the mesophases and the determination of their
deuterium quadrupole splittings. The related co-existent phases have degrees of order profile
in the chains, which differ by a constant factor in each of the two cases. The order profile is
lowered in the nematic liquid crystal because the micelles are finite in size and their symmetry
axes can oscillate about the director of the mesophase. An upper limit for the oscillation angle
has been estimated. For the case of Type II with finite bilayer disc micelles, the normal to the
discs deviates a maximum of 27° from the director. For Type I with finite cylinders the maximum
deviation of the cyclinder axes from the director is estimated as 23°. The approximations of
these estimates are discussed as well as the viability of the nematic mesophases as models for
bilayer and membrane model chemistry.

INTRODUCTION

A recent overview article! describes the status of research into aqueous
lyotropic liquid crystals that align spontaneously in magnetic fields. There
are two main classes, those with positive diamagnetic anisotropy, Type 1
(Ay > 0), and those with negative diamagnetic anisotropy, Type II (Ay < 0).
The magnetic classification is more embracing than one liquid crystal
form.2-3 A recent study, submitted for publication,® shows that the classical
“Hexagonal H,” mesophase has Type I properties and the “Lamellar L,”
mesophase has Type II magnetic properties. These latter liquid crystals,
which have repeating positional order of infinitely extending bilayers, can
exist in equilibrium with mesophases that have orientational order of
derived finite micelles, only.® The hexagonal H, mesophase is composed of
cylindrical infinite micelles disposed with axes parallel. The perpendicular
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plane to these axes have a two-dimensional hexagonal array of cylinder
centres. At higher water contents the H, phase may co-exist in equilibrium
with a nematic-type mesophase composed of finite cylindrical micelles. This
nematic-type liquid crystal displays the same Type I diamagnetic anisotropy
as the H, phase but has only orientational long-range order of the finite rod-
like micelles.®> A similar co-existence can occur between the Lamellar L,
multibilayer system, with one direction of repeating order perpendicular to
the planes, and a nematic-type liquid crystal made up of disc-like bilayer
micelles with long-range orientational order only. In the case of these latter
phases, the magnetic behaviour is Type 11. The nematic-type phases have
been named Type I CM (cylindrical micelles) and Type 11 DM (disc micelles)
mesophases.® The structure of one Type II DM mesophase has been deter-
mined in low-angle X-ray diffraction experiments.* This determined meso-
phase is composed of disc-micelles of bilayer thickness and greater than
1000 A diameter, which are embedded in an aqueous bath of mean thickness
80-130 A. The alignment of the nematic-type liquid crystals in magnetic
fields is spontaneous, while that of the parent mesophases H, and L, either
occurs at a very slow rate or must be induced by heating and cooling cycles in
the static magnetic field.?-3

The purpose of the present study is to compare the complete degree of
order profile for the segments of an amphiphile in the mesophases with
positional order H, and L, and the derived nematic Type I CM and Type II
DM respectively. The H, and Type I CM mesophases can be prepared in
equilibrium at the same temperature?*3 and so can L, and Type II DM
mesophases.? A comparison of degree of order in finite and infinite micelles
of the same symmetry is an important test of their use as membrane models
and leads to an estimation of the effect on degree of order of the motions of
the body of the finite micelles compared to the infinite micelles from which
they are derived.

The two-phase equilibrium systems chosen for study are those previously
encountered.”3> A lamellar binary mesophase L, of decylammonium
chloride co-exists in equilibrium with a Type II DM nematic phase in a
region of 539, by weight detergent. The Type I CM nematic phase formed
by mixtures of potassium laurate, potassium chloride and water in weight
39, 2.6 and 58.49Y;,, respectively, includes the co-existent H, hexagonal
mesophase in thermodynamic equilibrium. Temperatures appropriate for
the co-existence of two mesophases are 26°C.

EXPERIMENTAL

Potassium laurate-d,; and decylammonium chloride-d,, were synthesized
and purified as reported previously.> ¢ 7 Proton NMR showed a deuteria-
tion of 909, and 94 9% respectively. Mesophases were prepared with the
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following composition by weight: A. 38.95% KL-d,;, 2.58% KCIl, 58.48%
H,O which contained 5%, D,0; B. 54.80% DACI-d,,, 45.20% H,O which
contained 5% D,0O, pH = 1 (HCI).

Deuterium magnetic resonance spectra were determined at 26°C on a
Bruker SXP spectrometer operating at 9.2 MHz. Approximately 1,000-4,000
transients were required.

RESULTS

Cylindrical micelle/hexagonal system

It has been shown previously that the ternary system of KL/KCl/D,0O
forms a hexagonal liquid crystalline system.> As the water content is in-
creased, the quadrupole splitting for the D,0 decreases in a linear fashion
until a phase change occurs (see Figure 1, Ref. 3). At this point there exists
a small range of constant order parameter in which the hexagonal phase is in
equilibrium with a second lyomesophase of lower quadrupole splitting. This
mesophase has been shown to be Type I CM. Further dilution results in a
single Type I CM mesophase whose order parameter again decreases with
increasing water content, until an isotropic phase is achieved. It is the
area of equilibrium between the hexagonal phase and the Type I CM lyomeso-
phase which is of interest here. The Type I CM liquid crystal aligns in a few
hours such that the director axis is parallel to the applied magnetic field.
The observed quadrupole splittings are thus twice those which would be
determined for a randomly oriented sample. The hexagonal phase in equili-
brium with the CM system also aligns in the magnetic field, but much more
slowly, alignment of approximately 509, of the sample being achieved over
the course of one week.

The central portion of the 2H NMR spectrum showing the HOD and
terminal methyl resonances, after the sample had been placed in the magnetic
field for 16 hours, is shown in Figure 1A. Note that while the CM mesophase
has aligned during this time, very little alignment of the hexagonal phase has
taken place. Figure 1B shows the same sample after approximately 100 hours.
It is clear that the hexagonal mesophase is slowly aligning such that the
director axis is parallel to the magnetic field, i.e. the “wings” of the powder
pattern are growing at the expense of other orientations. The quadrupole
splittings for the aligned Type I CM lyomesophase, the nonaligned hexagonal,
and the aligned hexagonal mesophase are given in Table 1. Also given in the
table is the ratio of quadrupole splittings for all chain segments Ay]YPeICM/

Avfexegenal for the individual positions along the chain, where Av*Pe!™ js

G 299

the quadrupole splitting at position “i” of the Type I cylindrical micelle
mesophase, and Avie*eeme! is the quadrupole splitting at position “i” of the



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:44 23 February 2013

236 B. J. FORREST AND L. W. REEVES
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FIGURE 1| The central portion of the deuterium magnetic resonance spectrum of Type I
cylindrical micelles in equilibrium with the hexagonal phase, showing the HOD and terminal
methyl (position 12) resonances. A, After 16 hours in the magnetic field. The CM mesophase
has aligned with its director parallel to the magnetic field, and is labelled on the right half of the
symmetrical spectrum. The hexagonal phase shows very little alignment. The 90° quadrupole
splittings are labelled on the left portion of the spectrum. B. After 100 hours in the magnetic
field. Note the increased alignment of the hexagonal phase as indicated by the increased intensity
of the 0° splitting. These are labelled on the left half of the spectrum. The scale of spectrum B is
slightly expanded over that of spectrum A.
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TABLE I

Quadrupole splittings* for co-existing type 1 cylindrical micelles
and hexagonal lyomesophases.

Quadrupole splitting (Hz)

Hexagonal = AyPre! M
Position CM Hexagonal (aligned) AyHexagonal

12 3143 1953 3906 0.80
11 9033 5682 11337 0.80
10 11444 7437 14874° 0.77
9 13672 9033¢ 18066° 0.76
8 15361 9766 19470 0.79
7 16357 10467 20752 0.79
3-6 18188 11832 22948 0.79
HOD 702 458 916 0.77

® Error is estimated to be less than 1%,
b Calculated value from non-aligned resonance.
¢ Resonance co-incident with C11 of CM.

hexagonal mesophase. These ratios are constant at a value of 0.78 + 0.02
for all chain segments, ““i.” Since these ratios are constant, it may be concluded
that motion of the hydrocarbon chains of the trans/gauche type are identical
in the two co-existing lyomesophases. Consequently, it may also be con-
cluded that the interchain packing, and the anchoring of the head groups at
the hydrophobic-hydrophilic interface which dictate the chain profiles,
are the same in the Type I CM and hexagonal phases. Such a result lends
credence to the proposal that the Type I systems are also composed of cylin-
ders, but of finite length (3). Preliminary low-angle X-ray diffraction ex-
periments are consistent with a cylinder diameter of 42 A with no long-range
positional order being detected.® The experimentally determined order
parameter may be given by

Sexp = Smo * Sco* Siyj* Saiee - 33 cos? Q — 1) (1

where Syo is due to oscillation of the micelle as a whole about the director,
Sco is due to rigid body movement of the long axis of the chain in an oscil-
latory fashion about the perpendicular to the hydrophobic-hydrophilic
interface, Sy;; is due to segmental motion of the trans-gauche type which
result in the formation of kinks and/or jogs in the chain long axis, Sy is
due to diffusion of amphiphiles around the edges of a finite micelle (edge
effects), and Q is the angle between the director of the lyomesophase and the
applied magnetic field. In the case of Type I CM micelles and the aligned
hexagonal phase, Q = 0°. Therefore Eq. 1 reduces to

Sexp = SMO ’ Sco ) Sk/j ) Sdiff (2)
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Since it is experimentally determined that motions of the kink/jog type are
identical for the Type I CM and the co-existent hexagonal mesophases, it is
reasonable that the rigid body chain oscillation about the perpendicular to
the interface is also very similar. This is because factors affecting trans/gauche
segmental motion, i.e. anchoring of the headgroup at the interface, and the
tightness of amphipile-amphiphile packing also dictate the nature of chain
oscillation. The constancy of the former for the two co-existent systems
implies the invariance of the latter. Therefore we may write

Type ICM Type ICM Type I CM
Sexp _ SM& Sdit};

Hexagonal ~ QHexagonal gHexagonal
Sexp SMO Sdiff

3

where the superscripts Type I CM and Hexagonal refer to Type I cylindrical
micelles and hexagonal lyomesophases, respectively. In the case of infinite
cylinders, end effects are not possible and thus SHgeeona! js jdentically equal
to 1. As well, oscillation of the micelle as a whole about the director is not
possible or of very small amplitude for infinitely long cylindrical micelles,
and thus in this case, the angle between the director, and the magnetic field is
constant at 0°. Therefore Spe*#°"! = 1, and Eq. 3 reduces to

SType 1CM
Xp — QTypeICM  (Type ICM
SHexagonal - SMd) Sdif? (4)

exp

This ratio, as stated previously has been experimentally determined to be
0.78 (see Table I). Thus there exist rigid body motions possible for finite length
cylinders which are not possible for cylinders of infinite length. As shown in
Eq. 4, there exists two possibilities for the cause of the lowering of the ratio
from a value of 1.00 to a value of 0.78. The first of these is the oscillation of
the finite micelle as a whole, while the second is diffusion around the ends of
the micelle. Simple geometrical considerations reveal that “end effects”
are expected to be very small (less than 2 % for a cylinder as short as 500 A
in length). Thus it is the oscillation of the micelle as a whole which results in
the uniform lowering of the quadrupole splittings of Type I CM lyomeso-
phase vs. those for the hexagonal phase. Since the experimentally determined
order parameters are proportional to the observed deuterium quadrupole
splittings

Avape]CM

W;ﬂ = STMY(?EICM = 078 (5)
and

Swde!™ = 13 cos® 6 — 1) (6)

where 6 is the average angle between the director and the applied magnetic
field. Thus 6 is a measure of the micelle oscillation. Solving Eqgs. 5 and 6 for 6
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yields an average oscillation of the director about the magnetic field of 23°
for the Type I cylindrical micelles. This angle is a maximum upper limit be-

cause STPeI™ and Shexasonal may suffer small deviations from unity.

Disc/lamellar system

Decylammonium chloride/water binary mixtures form lyomesophases which
are known to be of lammellar form.? % 1° However, with increasing water
content it has been shown that this lamellar mesophase co-exists with a
Type II DM lyomesophase of lower order parameter over a range of ap-
proximately 1% change in water content. This region of co-existence is at
high water content, with further dilution resulting in an isotropic phase.?
The Type II disc micelles align in a few minutes when placed in an applied
magnetic field with the director axis (the bilayer normal) perpendicular to
the applied magnetic field (i.e. Q in Eq. (1) = 90°). The co-existent lamellar
system may also be aligned by heating to an isotropic phase, and allowing the
sample to cool in the magnetic field. The lamellar mesophase of larger quad-
rupole splitting becomes almost completely aligned by this cycle such that
the director is perpendicular to the applied magnetic field. Assignments
were made by comparison of spectra in which either the DM system alone,
or both the co-existent DM and lameliar systems were aligned, and by com-
parison with previous studies of decylammonium chloride lyomesophases
which employed specifically deuteriated detergent molecules.!! The deuter-
ium magnetic resonance spectrum of the two aligned co-existent mesophases
is shown in Figure 2, while the quadrupole splittings for all the resonances

10

277 o g 45
9

7s 2;5|
8

J

FIGURE 2 Deuterium magnetic resonance spectrum of a binary mixture of decylammonium
chloride/water in which Type II disc micelles are in equilibrium with the lamellar phase. The
disc micelle peaks are labelled on the left side of the symmetrical spectrum, while the resonances
of the lamellar mesophase are assigned on the right.

—— 5 KHz —~
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TABLE 1Y

Quadrupole splittings® for co-existing Type II disc
micelles and lamellar lyomesophases.

Quadrupole Splitting (Hz)

Avape 1I DM
Position  Disc micelle ~ Lamellar Aytemetiar
10 748 1907 0.39
9 3204 8362 0.38
8 3968 10376 0.38
7 12390
6 5371 13001
4,5 13733 0.39%
23 14648
1 6165 16327 0.37
HOD 183 458 0.40

* Error is estimated to be less than 1%,
b Represents positions 2-7 DM/a weighted average
of positions 2-7 lamellar.

of the detergent chain are given in Table II. Also given in the table is the
ratios of the quadrupole splittings Av]YP¢iPM/AyLamellar for a]] positions “i”
on the deuteriated chains. As in the case of the Type I/hexagonal co-existence
region, these ratios are also constant, at a value of 0.39 + 0.02, Since these
ratios are constant, it may once more be concluded that trans/gauche type
motions are the same for these two co-existing lyomesophases. Therefore a
similar structure for the mesophases is indicated, which is in agreement with
the finite disc-shaped micelles indicated by low-angle X-ray diffraction.
Once again the absolute values of the quadrupole splittings for the DM
mesophase are lowered by a constant amount compared with the classical
infinite lamellar liquid crystal. In other words, micelle motions not possible
for infinite lamellae are responsible. “End effects” are deemed to be larger
than for the Type I DM system, but not appreciable (<8 %;). As in the case
of the CM/hexagonal system we may write

Type 11 DM Type 11 DM Type 11 DM
Sexg _ SM(.J)) . Sdif}; (7)
Lamellar ~ ¢Lamellar Lamellar
Sexp SMO Sdiff

where the superscripts Type 11 DM and Lamellar refer to the Type II disc
micelle and lamellar lyomesophases respectively. Assuming the end effects
are not important, and a constant angle of 90° between the director of the
lamellar mesophase and the applied magnetic field yields.

AyDPe DM 203 cos?0 — 1)
AvLamellar - %(3 COSZ 90° — 1>

=039 ®)
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Solving for @ gives a value of 63° for the Type 1I DM lyomesophase as
opposed to 90° for the lamellar system. Thus angular deviations of the
director due to average micelle oscillations of 27° are calculated.

DISCUSSION

It has been shown that oscillations of the finite micelles of Type I CM and
Type 11 DM of 23 and 27° respectively, account for the constant lowering
of deuterium quadrupole splittings over those observed for the classical
lyomesophases with which they are in equilibrium. It is interesting to note
that the angle for the Type II DM system is larger than for the Type I CM
system. Part of this difference may be due to small edge effects, i.e. diffusion
of amphiphiles around the ends of the micelles. As stated previously, the
edge effects, although small, are most probably larger in the case of the disc
micelles. Larger edge effects would lead to a smaller ratio for AyT/relPM)
Avtameliar and thus a larger calculated angle of oscillation.

The magnitudes of the angles of micelle motion are plausible, taking into
account the fact that they represent upper limits. Small wave-like oscillations
of the director in the hexagonal and/or lamellar systems would lead to too
large an angle being calculated for the additional motion of the finite micelles.
If the finite micelles possessed positional order (in actual fact they do not),
using a bilayer thickness of ~40 A, and an average intermicelle distance of
100 A,* together with a micelle diameter of 1000 A, it is possible to calculate
a lower limit for Type II DM micelle oscillation of 14°. This assumes totally
rigid micelle units, with no cooperativity in their movement, as well as
positional order which is not present with these systems. In view of this the
experimentally determined values for micelle motion reasonably describe the
actual state of the system.

It is extremely interesting that motions of the trans/gauche type are the
same for the two components of both the Type I CM/hexagonal system and
the Type II DM/lamellar system. Since the effective length of a hydro-
carbon chain is a function of the number and average position of gauche
rotations'?!? it follows that the cylinder thickness of the co-existent Type I
CM and hexagonal mesophases are identical as is the bilayer thickness of
the equilibrium mixture of the Type II DM and lamellar systems.

CONCLUSION

The ternary hexagonal potassium laurate/electrolyte/water lyomesophase
may exist in equilibrium with a lyomesophase of Type I which is made up of
finite cylindrical micelles (CM). The Type I system which has no long-range
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positional order of the micelle units aligns in an applied magnetic field
such that the director axis is parallel to the magnetic field. The hexagonal
phase is also Type I (x > 0) and nucleates from the CM phase with which it
is in equilibrium by gaining two-positional degrees of order, i.e. CM liquid
crystals are an intermediate state between the classical hexagonal phase,
and the isotropic phase. The structure of the CM and hexagonal phases are
very similar as shown by a constant ratio for the observed quadrupole
splittings AvType1CM/AyHexagonal — 78 for individual amphiphile chain seg-
ments. The lower values for the experimentally determined order parameters
of the CM lyomesophase may be accounted for by an oscillation of the finite
cylinders, with a maximum deviation of the alignment of their axes of
approximately 23° from the magnetic field (also director in this case).

Similarly, the binary lamellar decylammonium chloride/water lyomeso-
phase may exist in equilibrium with a lyomesophase of Type II which is made
up of finite disc-like micelles (DM). The Type Il system, again which possesses
no long-range positional order of the micelle units, aligns in an applied
magnetic field such that the director axis is perpendicular to the field. The
lamellar phase is also Type I1 and is aligned by heating until isotropic and
allowed to cool in the magnetic field. The structures of the DM and the
co-existent lamellar phases are very similar as shown by a constant ratio
for the observed quadrupole splittings AyTPe!1DM/AyLemellar — (39 Thjs
result in in agreement with low-angle X-ray diffraction results for other Type
II lyomesophases.* The lower values for the experimentally determined
order parameters of the DM mesophase in a constant ratio for all chain
segments are accounted for by oscillation of the normal to the finite discs
through an average angle of 27° from the director of the mesophase.

Similar studies are now in progress using electron spin resonance of
specifically nitroxide substituted amphiphiles.
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