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Aqueous lyotropic liquid crystalline systems of Type I (Ax > 0),  composed of finite cyclindrical 
micelles, and Type I1  (Ax < 0) composed of finite disc shaped micelles have been prepared in 
thermodynamic equilibrium with the parent mesophases “Hexagonal He” 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 I1 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. 

I NTRODU CTlO N 

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 I 
(Ax > 01, and those with negative diamagnetic anisotropy, Type I1 (Ax c 0). 
The magnetic classification is more embracing than one liquid crystal 
form.’, ’ A recent study, submitted for publication,’ shows that the classical 
“Hexagonal H,” mesophase has Type I properties and the “Lamellar L,” 
mesophase has Type I1 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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234 B.  J. FORREST AND L. W. REEVES 

plane to these axes have a two-dimensional hexagonal array of cylinder 
centres. At higher water contents the Ha 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 mi~elles.~ 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 I1 DM (disc micelles) 
rne~ophases.~ The structure of one Type I1 DM mesophase has been deter- 
mined in low-angle X-ray diffraction  experiment^.^ This determined meso- 
phase is composed of disc-micelles of bilayer thickness and greater than 
lo00 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 Ha and L,, either 
occurs at a very slow rate or must be induced by heating and cooling cycles in 
the static magnetic field.2. 

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 I1 
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 I1 DM 
me so phase^.^* 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.,, A lamellar binary mesophase L, of decylammonium 
chloride co-exists in equilibrium with a Type I1 DM nematic phase in a 
region of 53 % 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 58.4 %, 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 p r e v i o ~ s l y . ~ * ~ * ~  Proton NMR showed a deuteria- 
tion of 90% and 94% respectively. Mesophases were prepared with the 
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MICELLE MOTION O N  LYOTROPICS 235 

following composition by weight: A. 38.95% KL-dZ3, 2.58% KCl, 58.48% 
H,O which contained 5 % D,O; B. 54.80 % DAC1-dz1, 45.20 % H,O which 
contained 5 % D,O, pH = 1 (HC1). 

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,O 
forms a hexagonal liquid crystalline ~ y s t e m . ~  As the water content is in- 
creased, the quadrupole splitting for the D,O 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 50 % of the sample being achieved over 
the course of one week. 

The central portion of the ’H 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 I. Also given in the 
table is the ratio of quadrupole splittings for all chain segments AvYPeICM/ 
A V ~ x a g o n a l  fo r the individual positions along the chain, where is 
the quadrupole splitting at position “i”  of the Type I cylindrical micelle 
mesophase, and Avi Hexagonal is the quadrupole splitting at position “i” of the 
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CM 

+2 KHz- 

CM 

-2KHz- 
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. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
44

 2
3 

Fe
br

ua
ry

 2
01

3 



MICELLE MOTION IN LYOTROPICS 231 

TABLE I 

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

Quadrupole splitting (Hz) 

Hexagonal 
Position CM Hexagonal (aligned) 

12 3143 1953 3906 
1 1  9033 5682 11337 
10 11444 7431 1 4874h 
9 13672 9033' 1 8066b 
8 15361 9166 I9470 
7 16357 10467 20752 

3-6 18188 11832 22948 
HOD 702 458 916 

a Error is estimated to be less than 1 %. 

' Resonance co-incident with C11 of CM. 
Calculated value from non-aligned resonance. 

0.80 
0.80 
0.77 
0.76 
0.79 
0.79 
0.79 
0.77 

hexagonal mesophase. These ratios are constant at a value of 0.78 2 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 8, with no long-range 
positional order being detected.* The experimentally determined order 
parameter may be given by 

scxp = SM.0. sco * Sk,j  ' S&ff * t ( 3  cos2 R - 1) (1) 
where SMo 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, &,j 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, &iff is 
due to diffusion of amphiphiles around the edges of a finite micelle (edge 
effects), and R 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, R = 0". Therefore Eq. 1 reduces to 

(2) Sexp = sMO ' sCO ' S k / j  ' sdiff 
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238 B. J. FORREST AND L. W.  REEVES 

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 

SType I CM Ty e I CM 

SHexagonal - Hexagonal ’ -1 

Ty e I CM 
exp - SMCY S d i R  

exp SMO diff 
(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 Syrgonal is identically 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 S z g o n a l  = 1 , and Eq. 3 reduces to 

Ty e I C M , S T y  dif? e ICM 
Hexagonal = 

S e x p  
(4) 

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 

where B is the average angle between the director and the applied magnetic 
field. Thus 6’ is a measure of the micelle oscillation. Solving Eqs. 5 and 6 for 0 
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MICELLE MOTION IN LYOTROPICS 239 

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 S:Jr ' CM and Sz$gonal may suffer small deviations from unity. 

Disc/ lamellar system 

Decylammonium chloride/water binary mixtures form 1 yomesophases which 
are known to be of lammellar f ~ r r n . ~ . ~ . ' ~  However, with increasing water 
content it has been shown that this lamellar mesophase co-exists with a 
Type I1 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 I1 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. 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 lamellar 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 

- 5 K H z 4  
FIGURE 2 Deuterium magnetic resonance spectrum of a binary mixture of decylammonium 
chloride/water in which Type I1 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. 
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240 B. J. FORREST AND L. W. REEVES 

TABLE I1 

Quadrupole splittings" for co-existing Type I1 disc 
rnicelles and lamellar lyornesophases. 

Quadrupole Splitting (Hz) 

A,,TY!x II DM 

Position Disc micelle Lamellar AvLameliar 

10 
9 
8 
7 
6 

435 
2-3 

1 
HOD 

748 1907 0.39 
3204 8362 0.38 
3968 10376 0.38 

12390 
5371 13001 

13733 0.39b 
14648 

6165 16327 0.37 
183 458 0.40 

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

of positions 2-7 lamellar. 

of the detergent chain are given in Table 11. Also given in the table is the 
ratios of the quadrupole splittings A v Y P e l I D M  / A v i  for all 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 

(7) SType 11 DM sff;'B" 11 DM STY e I1 DM 
eXP - . di& 

Lamellar Lamellar 
SMO Sdiff 

where the superscripts Type I1 DM and Lamellar refer to the Type I1 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. 

= 0.39 (8) 
AyTYpe 11 DM 

AVLamellar - i ( 3  cos2 90" - 1) 
g 3  CosZe - 1) - 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
44

 2
3 

Fe
br

ua
ry

 2
01

3 



MICELLE MOTION IN LYOTROPICS 24 1 

Solving for 0 gives a value of 63" for the Type I1 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 I1 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 I1 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 

AVLamellar 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 lo00 A, it is possible to calculate 
a lower limit for Type I1 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 I1 DM/lamellar system. Since the effective length of a hydro- 
carbon chain is a function of the number and average position of gauche 
rotationsi2*13 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 I1 DM and lamellar systems. 

micelles. Larger edge effects would lead to a smaller ratio for AvTYPelIDM J 

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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242 B.  J. FORREST AND L. W. REEVES 

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 AvType ' CM/A~Hexagona' = 0.78 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 decvlammonium chloride/water lyomeso- 
phase may exist in equilibrium with a lyomesophase of Type I1 which is made 
up of finite disc-like micelles (DM). The Type I1 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 AvTYPe I' DM/A~Lamellar - - 0.39. This 
result in in agreement with low-angle X-ray diffraction results for other Type 
I1 lyomes~phases.~ 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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