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MODEL OF AGGREGATES OF MICELLES IN TYPE I LYOTROPIC

"NEMATIC" LIQUID CRYSTALS

A.M. Figueiredo Neto and L.Q. Amaral

Instituto de FIsica da Universidade de Sao Paulo,
C.P. 20516, Sac Paule, SP, Brasil

A model of aggregates of cylindrical micelles is
guantitatively develloped; scattering curves are obtained with
counter method and theoretical expressions for the diffracted
intensity are adjusted to the experimental results for the
ternary system K laurate/KCl/water. The usual hypothesis of
homogeneoﬁs distribution 6f micelles in water is abandoned and
the inner and outer bhands explained as originated from charac-
teristic distances between respectively small aggregates with
N v3-4 micelles and between micelles in large éggregates Qith
N v100 micelles and an hexagonal lattice parameter of

(49.9 £ 0.5) % .

I. INTRODUCTION

" Lyotropic ligquid crystalline phaées are formed by
mixtures of two, three or more substances, one of which, at
least, with amphiphilic properties. It is convenient to
classify these lyomesophases in two groups, regarding their
behavior in presence of a magnetic field #i: the "conventional®
lyomesophases, which do not spontaneously orient in the field
and the "nematic" lyomesophases which do spontaneously orient

in presence of ﬁ, although with relaxation times much greater

than for thermotropic nenatics.

The structures of "conventional" lyomesophases were
determined in binary and ternary systems mainly by the work of
Luzzati and co-~workers (1960,1968) and Ekwall and co-workers
{1975). The more common structures are the neat socap, or
lamellar structure, with the molecules of amphiphile arranjed
in extended bilayers intercalated by water layers and the middle
soap, with the amphiphilic molecules forming cylindrical micelles
hexagonally packed in a water matrix. To determine parameters
such as bilayer thickness and cylinder radius, the hypothesis
of homogeneous distribution of the micellar units in water is
usually made.

Lawson and flautt {1967) obtained a lyotropic system
composed by Na decyl sulfate/decanol/water/Na suifate which
spontaneocusly orient in presence of . other lyomesophases
with this property have been afterwards developed; NMR studies
in this kind of magnetically oriented lyomesophases (Radley et
al., 1976; Fujiwara et al., 1979) made it possible to classify
them in type I and type II, depending on whether the phase
director orients parallel or perpendicular to the field. The
two types can be identifiedrby the NMR spectra obtained with
sample spinning about on exis perpendicular to i , Ssince type I
mesophases do not preserve their orientation in this condition
while type II do preserve it. The characterization of these
mesophases as "nematics" was made by observation of its optical
textures in a polarized microscope (Charvolin et al., 1979,
Radley & Saupe, 1978 a,b; Charvolin & Hendrikx, 1980 a,b}, which
resemble nematic ones.

Amaral et al. (1978 a,b, 1979) studied a type II

lyomesophase by small angle X-ray scattering, proposing a model
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of finite planar micelles, in the form of platelets, surrcunded
by water. Further results in the same system (Amaral & Tavares,
1980) and in the gel phase (Amaral, 1981) were explained supposirg
non homogeneous distribution of micelles in water and formation
of lamellar aggregates intercalated by the excess water.

The usual hypothesis of homogeneous distribution
made in the interpretation of the diffraction patterns of
conventional lyotropic mesophases can be misleading for systems
with excess water {(the "nematic" mesophases have at least
56 wt% of water}). In a very interesting experiment, Vincen£
and co-workers (1966 a,b,c)} studied the diluted gel phase of
the pofassium stearate-water system. The measured repetition
distances between amphiphilic bilayers for increasing amounts
of water remains apprdximately constant, showing that the
excess water was not distributed homogeneously among the bilayers.

The water in lyotropic mesophases is directly involved
in the interaction between polar groups of the amphiphilic
molecules and alsc in the hydration of the salt (when it- is
present), and the counter-ions; the bound water is called
solvation water (Ekwal, 1975). So, the water molecules
participate directly in the process of stability of the systems
composed by micelles.

In a previous paper (Figueiredo Neto & Amaral,
1981} (hereafter called paper I), we discuss small angle X-ray
gscattering results and optical microscopy observations done
with two type I lyomesophases of potassium laurate and cesium
decylsulfate in several experimental conditions: samples in
different sample-holders and submitted to electric and magnetic
fields. These experimental results with magnetically oriented

samples confirm the model of long cylindrical micelles previously

proposed (Fujiwara et al., 1979; Charvolin et al., 1979) (length
bigger than 500 g) and alsc indicate the existence of aggregates
of micelles separated by the excess water. The analysis of the
diffraction patterns is made assuming non homogeneous distribution
of micelles in water. A typical photographic result obtained
with the mesophase of potassium laurate (LK) in a quartz capillary
of 0,7 mm diameter has two bands with characteristic distances
of about 40 g {(outer band -0B) , associated to the repetition
distances between micelles inside the micellér aggregates and
100 R {inner band ~ IB), associated to the mean distance among
aggregate centers. The same mesophase in a capillary of 2 mm
diameter presents only IB.

Recent experiments with type I mesophases in
chemically treated surface capillaries and samples in the range
of temperature of 20°% to 60°% {(using photographing technique)
(Figueiredo Neto, 1981) confirm the existence of aggregates of
micelles. The relations among the characteristic distances
obtained from the diffraction patterns indicates that within the
aggregates the micelles are hexagonally packed; the aggregates
could be thought as microdomains of the middle socap phase order.
Depending on the experimental conditions, different sizes of
aggregates exist.

As discussed in paper I, surface effects favour the
formation of aggregates and in particular, for the mesophase of
potassium laurate in a capillary of 0.7 mm diameter, these
aggregates of cylindrical micelles are oriented preferencially
with the c¢ylindrical axes parallel to the capilla;y axis.

In paper I the diffraction patterns were obtained
by photographing technique. In this paper the model of aggregates

of micelles is quantitatively developed; scattering curves are



cbtained with a counter method and theoretical expressiéns for
the diffracted intensity are adjusted to the experimental results
for the ternary system (K laurate/KCl/water) called LK.

The formation of such aggregates is probably connected
to a flocculation process, rather known in colloids. Sparnaay
{1959) studied theoretically the interaction between two
colloidal particles of cylindrical shape in an ionic bath in
terms of the competition of coulombian repulsive and van der
Waals attractive forces., This system resemble lyotropic systems
of amphiphilic compounds because the surface of the micelles are
composed by iconizable groups (responsible for the repulsive
interaction) and in their core there are the hydrocarbon chains
(respongible for the attractive interaction) (Figueiredo Neto,
1981). The stability of the system is analysed by composing the
two forces and for highly screened systems {(due to the hydrated
counter-ion or the hydrated ions of the salt) there is
floeculation, i.e., the attractive interaction is bigger than
the coulombian repulsion and aggregates of particles are formed

(Sparnaay, 1959).

IT. THEORETICAL PART

Scattering amplitude of aggregates of cylinders.

The basis of this formalism was developed by Oster

and Rilley (1952). They considered a system composed by long

particles of cylindrical shape whose dimensions are longer than

the wavelenght of the incident radiation. The expressions for
the scattered intensity are obtained considering the cylindrical
axis perpendicular to the incident and scattered beam. This

hypothegis was questioned by de Vries (1%72), particularly if

absolute intensity analysis are to be done. However, in the
present paper we will follow the conventional procedﬁré, ﬁékiﬁé
the analysis in terms of relative intensities. . .

In a first step the scattering amplitude is obtained
and in a secona one the interference function is ccnsfructed.

Each cylinder is composed by a core of radius” cR
(0 £c £1), filled with a certain scattering material and a
cylindrical shell of thickness (1-c)R with a different SGMﬂEZing
material (R =total radius of the cyllndrlcal particle).

The scattering amplitude of a single cylinder is
obtained by summing the contributions of each.part of it,weighted
by factors relative to the efficiency of thé scattering materials,

resulting (Oster & Riley, 1952}

23, (HCR)

A(E) = (KD7 Re —=e—— + 2(k2) [HR J; (HR) ~cHR J, (cHR)] (I}

_ N - L
Where H =2ns ' S is the scattering vector, (K1} and (K2}

are the weights of each scatterer and J the Bessel function

1
of first kind and first order.

Considering now N cyllnders packed w1th thelr axes
normal to the incident bean and 1ocated in fixed p051t10ns

relative to one another, the theoretical scattered intemnsity

(I, ()} can be written (Oster & Riley, 1932)

2
1,0 = %5 ]
N

NN

) Iy (Hqu) (11}
P d

where Spq is the distance between the pth and the gth
cylinder axes and Jo_ is the Bessel function of first kind of

zero order. Expression II is the product of the square of the



structure factor of a simple cylinder EA(H)]Z by a interference
function represented by the double summation.
The symmetry of the lattice is introduced in expression
IT by the term qu . .The peaks appearing on the function IT{H)
became sharper and closer to the 26 (scattering angle) predicted
by the Bragg's law as the aggregation number (N) increases.
Introducing in expression II a Debye-Waller term to

take into account some thermal agitation of the system:
N N _
T = & @I’ § 1 g, @s_ ) exp(-al ) (111}
: N2 &g pq }

where = is the Debye-Waller factor, related to the mean
displacement of the scaters.

The approach here used for obtaining A(E} is
usnally done'in the analysis of the X-ray diffraction patterns
with conventional lyotropic liquid crystals in the middle soap
phase (Luzzati, 1968; Husson, 1960,1967).

. In cohventional lydmesophases the intensity of the
Bragg reflections is obtained directly from [h(ﬁ)]z since the
interference fuﬁction reduces to shaxp peaks for large N wvalues.

:In this paper IT(ﬁ) is calculated for varioﬁs
values of N beéause for anemétic“ lyomesophases there is not

extended long range order.

III. EXPERIMENTAL

The mesophase LK was prepared by the NMR laboratory
of the Instituto de puimnica da USP, according to conventional

procedures (Radley et al., 1976; Fujiwara et al., 1979} , with

compositions given in Table L.

The volume % were calculated assuming: 1.0 g/cm3 for
the density of the water in the mesophase; complete dissociation
of the salt in ions K° and CL” of radius 1.33 R and 1.81 A
{Kaye & Laby, 1973) respectively; a volume of 296.4 33 (Leibner
& Jacobus, 1977) for the parafinic chain of the molecule of
potassium laurate and the polar group composed by two spheres of
radius 1.33 8 (K') (Kaye & Laby, 1373) and 1.58 & (C0O0)
(Waddington, 1959). The effective densities obtained with this

approach for the salt and K laurate are 3.6 g/cm3 and 1.2 gkmﬁ

respectively.
wt % vol. &
K laurate 34.49 % 0.06 31 = 2
KCl 2.94 % 0.01 0.91 * 0.05
H20 62.6 * 0.1 68 £ 3

TPable 1: Compositions in weight % and velume % of
the lyomesophase LK.

Samples were sealed in capillaries of guartz with
0.7 mm diameters (C2 of paper I} and pyrex glass with 2 mm
diameter (C4 of paper I). The diffraction patterns obtained by
photographing technique (paper I} present bands preferentially
oriented in the horizontal equator for both capillaries, thus
assuming the applicability of expression III.

X-ray diffraction curves were obtained with a
photomultiplier detector using a small angle Rigakt—Denki
diffratometer with Cuk, radiation {Ni filtered) in a trarsmission
gecmetry with point focus. The capillaries were vertically placed

and the detector moved in the horizontal plane. The incident



beam does not embrace the capillaries, being located in their
central part.

The experimental resolution measured from the width
at half height of the direct beam profile is (0.20 +0.02)° ; its
shape can be reascnably fitted to a gaussian function,.

The sample were also analysed by optical microscopy,
using a Wild microscope with crossed polarizers. All results
were obtained at room temperature {~22%) .

The measured intensity {Im) was corrected by through

the following expression:

Ic(s) = (Im(s) - Ip(s) . Tr) - BG (1 -Tr) ' {IV)

where Ic(s) is the corrected intensity, Tr the sample transmission,
Ip the parasit scattering and BG the background.
The measured BG was (0.54 #0.02) counts/s and the

evaluated transmission Tr =0.48 .

IV. RESULTS AND DISCUSSION

A} Initial characterization of the aggregates

The model of aggregates of micelles proposed in
paper I identifies IB with the distances among aggregates of
micelles and OB with the characteristic distances between
micelles inside the aggregates. Fig. 1 {(a and b) shows the
diffraction patterns (I ) obtained with the mesophase LK in
capillaries €2 and C4 respectively; a weak OB for C4 can
be detected.

To proceed to a gquantitative description of the
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model of aggreéates of micelles the hypothesis is therefore made
that OB and IB can be analysed independently and their .
intensities can be added. The justification for this procedure
is the experimental obsérvation (paper I) that the relative
intensities of OB and ‘IB vary with sample thickness and no
unique structure model cculd be found to be responsible for both
bands.

Since OB is sharper and well defined it can be
identified in a first appreoach to the 100 reflection of an
hexagonal array of micelles; from the peak positicon at 20 =
= (2.03 £0.02)° the value d 50 = (44 £1) A is obtained,
correspeonding to a parameter for the hexagonal lattice a =
= (51 £1) g .

The number N of scattering cylinders and the
dimension of the aggregate of micelles are related to the width
at half-height of the diffraction peak. ¥For a first éstimate of
the aggregation number N , Scherrer's expression (Guinier, 1956)
can be used to evaluate the dimension of the aggregate in the
direction normal to the 100 plane, admitting that the aggregate
is symmetrical in the plane normal to the cylinder axes. This
approach gives in reality a minimum size for the aggregates,
since the possibility of defects in the structure, which.cduld
also be responsible for a broadening of the peak, is hdt being
taken into account.

To obtain the experimental width of 0B , the IB
contribution under OB was estimated in two limiting curves,
that can be seen in Fig. 2, where the corrected intensity IC
has been povided as a function of 29 .

To obtain Fhe intrinsic width AC of the diffraction

peak it was admitted that the measured intensity (Ic) is the
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convolution of the theoretical intensity with the resoluticn
function, all with gaussian shapes. This Ac value is
(0.17 + 0.02)° , with the error obtained from the two limit
curves under OB.

Scherrer's expression (Guinier, 1956) given then an
aggregation number N ~100 , corresponding to about 10 scattering
planes.

An immediate conclusion is that these aggregates are
not the responsible for IB, because the mean distance among
them is greater than 500 g and cannot be detected in the present
experiment. So, two different types of aggregate are related to
the two bands.

Since the diffraction patterns obtained in magnetically
oriented samples (paper I) reveal that the aggregates (at least
the responsible for IB} itselves have cylindrical symmetry, it
is assumed that they have the form of the unitary cell of the
hexagonal lattice.

The value N =121 is choosen for the adjustment of
OB , and corresponds to én hexagonal lattice with 11 cylindérs

in one dimension.

B) Determination of the micelle radius (R) and analysis of the
constants (K1) and (K2}

The values of R, Kl and K2 were determined
separately in order to keep tc a minimum the parameters in the
adjustment of IT . .

Husson and co-workers (1960), studying the binary
conventional lyotropic system of potassium laurate/water concluded
that in the range of concentration of the amphiphilic of 48wt%

to 6&0wt:® (constant temperaturé ~ middle éoap phase), the radius

12,

of the cylinder and the surface per pelar group {5) are practi-
cally constant. The concentration of lipid in the ternary LK
mesophases is about 35 wt%. In terms of the phése diagram of
the binary system (Ekwal, 1975}, this concentration (for
temperatures of about 22°) is in the coexistence region of the
mniddle soap and the isotropic phase. The addition of the salt
to the binary system makes it possible the existence of the
“nematic” phase. So, it is expected that the radius (and S) of
the middle soap phase give a good approximation to the radius .
(and S) of the micelle in the "nematic" phase. The value of R'
extrapolated to room £emperature {Husson et al., 1960} with the
evaluated error is {17 #1) 2 . This walue is shorter than the.
extended lenght of a molecule of potassium lau;ate, of about
28 R, due to contractions induced by gauche conformations. For
S we assume the value (52 £5) Rz (Husson et al., 1960), with an
evaluated error. .

To determine the constants K1 and K2 it is necessary
to know the electronic densities of the paraffinic core (pp), of
the water-salt bath (pb) and of the polar shell (ps). The

- o3 - o3
calculated values of pp and are 0.28 e /g and 0.35 e /A

b
(Figueiredo Neto, 1981) respectively. Considering the electronic
charge of the polar group (composed by coo” &) uniformly

distributed respectively in: two spheres of radius 1.58 R (for

. _ o
the CO0O0 ) {waddington, 1959) and 1.33 A (for the K+)(Kaye &

Laby, 1973); a volume formed by the surface per polar group (S)
and 3 g of thickness it is concluded that pg is in the range
of 1.45 e‘/ﬁ3 to 0.27 e'/§3.

Fixing Kl equal to unity, K2 represents how
bigger is the contrast (pS —pb) in comparison with the contrast

(ob -pp).



The value K2 =4 (for Kl =1) was cbtained comparing
the ratio of theoretical intensities of the 100 peak and the
single particle peak at 28 ~ 0.45° , which is not resolved in
.the experimental results. The intensity of the single particle .
peak compared to the 100 one (expression I, for N=121)
increases with K2 and X2 =4 is an upper limit to the constant.
This value is of the same order as obtained by Husson (1960)

(K2 =5.8) for the potassium palmitate (which has the same polar

group} .

C) Hexagonal lattice parameter adjustment

The position and width of the 100 peak depend on
the number of micelles in the aggregate (N} as shown in Fig. 3a
and b, The curves were constructed from the IT given in
expression III with different values of N. For an aggregate of
N =625 (i.e., dimensions in the plane normal to the micellar
axig of about 1000 g), the position of the 100 peak are the
same predicted by Bragg's law. So, this aggregates already
simulates an extended bidimensional lattice.

The width at half height of the 100 peak obtained
from the curve Ip for N =12@ js 0.158° (the experimental
value is (0.17 £0.02)%),

With the parameters N =121 , R=17 § , s =52 5 |
c=0.82, KL=1, K2=4, a=2 g , it was possible to proceed to
the adjustment of the lattice parameter in terms of the localization
of the 100 peak at the angular position 28 =2.03° . 1n Fig. 4
this curve is plotted. The adjusted lattice parameter is
(49.9 £0.5) g . Inside the aggregates the lipid volume concen-

tration {¢a) is (0.42 +0.07).

.14,

Comparing this value with that obtained by direct
application of Bragg's law it is seen that within 2.2% that
first approach gives a good approximaticn for the parameter a.

The 110 peak of the hexagonal array was not resolved
in our experiment. Its intensity, obtained from IT , is about
1/2 of the 100 intensity. However, any defect in the structure
and larger thermal agitation act to reduce its infensity, being
probably the reason for the unobservation of the 110 diffraction.
In other experimental conditions, samples at températures about
50%¢ (Figueiredo Neto, 1981) and samples in chemically treated
surfaces {Figueiredo Neto, 1981) 100, 110 and 200 reflections

are observed,

D) Analysis of IB

As it can be seen in Fig. 4, I for aggregates with

T
N ~100 has no structure that could be identified with IB. The
nodel of agyregates of micelles supposes that this band is build
up by the mean distances among aggregates.'

It is now assumed that the aggregates responsible
for IB and OB have the same parameters, with différentvahxm
of M.

The procedure adopted was to compare the theoretical
diffraction patterns of small aggregates fixed in a unitary cell
of a square lattice (lattice parameter £) with the experimental
result obtained with the 2 mm thick capillary (Fig. 1lb). In
this experimental conditions it is expected that there are much
more small aggregates {(responsible by IB) in comparison to the
number of the larger ones, because OB is really weak.

In a first approach the parameter £ 1is obtained

from the lipid volume concentration in the bulk (Table 1),



Defining RNE . the effective radius of an aggregate of N
micelles, as the mean value of the biggest and the shortest
distances in the plane normal to the micellar axes, aggregates

of a given N require

6.31] = —m— - (V)

Table 2 shows the values of (£, RNE and the angular positions
of the diffraction peaks corresponding to the distance between

the aggregates (A in Fig. 6).

N Ry ) - L@ , 20, (%)

1 17+ 1 54 7 1.6 ¢ 0.4
2 29 £ 4 61 + 7 1.4 + 0.3
3 9t 6 80 + 9 1.1 + 0.3
4. 51 : 8 106 * 13 - 0.8 + 0.2
7 64 £ 9 132 * 16 0.7 £ 0.2

Table 25 rParameters for aggregates with N micelles;
see text for parameter's meaning.

To obfain the theoretical diffraction pattern the
aggreg&tes were fixed at the ?6ints of a sguare lattice unitary
cell and expression III was used with convenient Spg . In Fig.5
it is shown the cell with aggregates of N =4. They are fixed
so that no direction of the lattice is privileged.

" Fig. 6 shows I(H) for N=4 and the experimental
result with the locations of the 28p of various values of N
(1 SN.s 7). ‘The deviation between the position of the peak

expected from Bragg's law and that calculated from I, - occurs

T
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due to the small number of aggregates considered. This deviation
agrees with that expected on basis of the curve in Fig. 3a.

These results indicafes that aggregates of about 3-4
micelles each are responsibles for IB. This band, in terms of
the model, would be composed by the superposition of the patterns
of aggregates with N ~3-4 .

The fact that the experimental width of IB is
larger than the calculated one evidences that there is not a
real structure of aggregates in a lattice and one can only speak

of an average distance between them.

V. CONCLUSIONS

The guantitative development of the model of
aggreqgates of micelles identify the aggregation numbers of ther
structures responéible for the outer and inner bands as N V100
and N4 respectively. This analysis evidence that there is
a strong correlation among micelles within the aggregates and
a weaker one among the aggregates.

The res-ults suggests that external factors (container
walls, fields, etc.) favours the formation of the large structures.
Aggregates of intermediate size are not observed,.probably due
to thermal agitation.

The analysis of the process of formation of the
aggregates (Figueiredo Neto, 1981), with calculation of attﬁmﬂﬁyé
and repulsive interactions and conditions of flocculation will

be the subject of a forthcoming paper.
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CAPTIONS

Experimental diffracted intensity Im ., without
corrections, as a function of scattering angle 20.
sample K laurate/KCl/water 1in capillaries of

0.7mm {a) and 2mm {(b}.

Corrected experimental diffracted intensity T, as a
function of scattering angle 208. Sample in 0.7 mm
capillary. Dashed lines estimate the separation between

the two peaks. A is the half-width of the outer band.

Peak position, 28100 . {a) and half-width, AT ; (b} of
the 100 reflection in the calculated diffracted

intensity as a function of aggregation number N.

Calculated diffracted intensity T in arbitrary units

T
as a function of scattering angle 20, for aggregate of

N =121 cylindrical micelles.

Sketch of the unitary cell of the square lattice with
four aggregates of N =4 micelles.

£

paraneter of the square lattice

i

parameter of the hexagonal lattice

R

radius of the cylinder.

Experimental diffracted intensity, Im o+ without
corrections, for sample in 2mm capillary and calculated
one, IT ; for four aggregates with N =4 cylinders
each, as a function of scattering angle.  The arrows
indicate the position expected for peak A in large

aggregates, for several N values.
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