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(Received July 25. 1980: in final form January 20, 1981) 

Type I lyomesophase LK ( K  laureate/ KCliwater) and C D S  (Cs decyl sulfate/ CsNOl/water) 
were studied by small angle X-ray diffraction and polarized optical microscopy. Different con- 
tainers were used and samples studied under the influence of applied magnetic and electric fields. 
Residual magnetic orientation, obtained in thicker LK samples, gave diffraction resultscompati- 
ble with a model of finite cylinder sfor theamphiphilic micelles; onlyan inner band in the region of 
140 A is presented in thiscase. The same sample in presence of an electric field of 14 kV/cm pre- 

sents a weak outer band at 43 di. Surface effects in thinner samples correspond t o  the strengthen- 
ing of the outer band, which has beenassociated with clustering of the cylinders and segregation 
of water. Surface effects are stronger in LK than in CDS. These results indicate that the interac- 
tion with the surface is of electrostatic origin. 

I INTRODUCTION 

Lyotropic liquid crystals formed by binary lipid-water systems' and multi- 
component s y s t e m ~ ~ - ~  studied by X-ray diffraction revealed several types of 
uni, bi and even tridimensional structures. The most common lyomesophases 
are the neat soap (lamelar) and the middle soap (cylindrical micelles with hex- 
agonal order in two dimensions). 

Specific lyomesophases that orient in presence of magnetic fields H have 
been known for more than a decade.536 These magnetically oriented lyomeso- 
phases have been classified788 as types I and I1  depending on whether the phase 
director orients parallel or perpendicular to H. The two types can be identified 
by the N M R  spectra obtained with sample spinning about an axis perpendicu- 
lar to H,7 since type I mesophases do not preserve their orientation in this con- 
dition while type 11 do perserve it. Type I phases are slow to respond to orient- 

t Paper presented at  the Eighth International Liquid Crystal Conference (Kyoto, Japan, 
1980)-Abstracts H-l6P. 
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ing forces in a magnetic field while type I1 phases are more mobile and orient 
much more rapidly in a magnet. 

Amaral et uL9-" studied a type I1 lyomesophase formed by a quaternary 
system SDS (Na decyl sulfate/decanol/Na sulfate/ water) by small angle X-ray 
diffraction (SAX). The diffraction patterns showed a diffuse inner halo at 
80-140 A and a sharp outer ring at 38 A. From results obtained in samples 
previously oriented in a magnetic field, which kept residual magnetic orienta- 
tion in the absence of the field, a model of finite micelles surrounded by water 
was proposed. These planar micelles consist of an amphiphilic bilayer, in the 
form of platelets, probably disk-shaped, that align in presence of magnetic 
fields, with their plane parallel to H. Further orientational restrictions are im- 
posed by thecontainer and the platelets tend to remain in a plane that contains 
H and the capillary axis. 

In analogy with this model and from considerations of the orientation of 
carbon chains in magnetic fields, it was proposed' that the type I lyomeso- 
phases might correspond to finite cylindrical micelles surrounded by water. 
The names of type I CM (cylindrical micelles) and type I1 DM (disk micelles) 
were proposed' for these lyomesophases. 

This paper presents the study of type I lyomesophases formed by two ter- 
nary systems, LK ( K  laureate/ KCI /water) and CDS (Cs decyl sulfate/ CsNO3/ 
water), by SAX and optical microscopy (OM). Unoriented samples and sam- 
ples under the influence of applied magnetic and electric field were studied. 

The X-ray resultsfor the SDS type I1 lyomesophase9-" as well as NMR re- 
sults for both types'' presented evidence of orientational effects due to the 
container walls. Recently13 it was shown that X-ray diffraction results for 
SDS type I1  lyomesophases are strongly dependent on the container; the 
sharper outer band at approximately the bilayer thickness is strengthened by 
surface effects, becoming a real Bragg reflection. These results have been ex- 
plained" with the hypothesis that under the influence of orientational forces 
the platelets aggregate forming macromicelles composed of several amphi- 
philic bilayers slightly swollen while the water is segregated. Since surface ef- 
fects are so important they have also been investigated in the study of type 1 
lyomesophases here reported by employing several types of containers. 

I I  EXPERIMENTAL 

The ternary lyomesophases were prepared by the NMR laboratory of the 
Instituto de Quimica da USP according to procedures already de~cribed'~'~" 
and with the followingcompositions: L K  ( K  laurate 33.6 wt %/ KC12.3 wt %/ 
HzO 64.1 wt %) and CDS (Cs decyl sulfate 46.5 wt %/CsNOs 3.7 wt %/ H20 
49.8 wt 9%). 
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X-RAY DIFFRACTION OF LYOMESOPHASES [I7111 1 1 1  

Samples were sealed in several types of containers: 
CI-quartz capillary with 0.3 mm diameter; 
C2-quartz capillary with 0.7 mm diameter; 
C3-lindemann glass capillary with 0.7 mm diameter; 
C4-pyrex glass capillary with 2 mm diameter; 
C5-container with very thin parallel walls of mica 

( 5  mm X 15 mm) and 0.7 mm sample thickness. 
Samples in capillaries were magnetically oriented in permanent magnets of 

14 K G  and 2 KG and afterwards analyzed by SAX and OM. 
X-ray diffraction patterns were obtained by photographing technique using 

a small angle Rigaku-Denki diffractometer with Cuk, radiation (Ni filtered) 
in a transmission geometry with point focus. 

The capillary was always in the vertical direction. At the sample position the 
X-ray beam had a diameter of 0.3 mm. Only capillary C1 is therefore em- 
braced by the beam, while the other sample holders received the beam in their 
central part. Exposure times varied between 24 and 48 hours depending on 
sample holder. 

The effect of orientation by an external electric field E up to 12 kV/cm in a 
direction perpendicular to the capillary axis was studied employing an insu- 
lated capacitor designed and constructed in our laboratory. The device allows 
obtaining diffractograms with E perpendicular to the X-ray beam. In the 
geometry E parallel to the X-ray beam, in the absence of the electric field, only 
residual orientational effects are observed. 

The samples were also analyzed by OM, using a Wild microscope with 
crossed polarizers. All results were obtained at room temperature. 

111 RESULTS AND DISCUSSION 

A) Effect of container walls (without any applied fields) 
Sample LK hold in all containers with 0.7 mm thickness (C2, C3 and C5) pre- 
sented similar diffration patterns, shown in Figure 1 (a, b, c). Two bands are 
present: an inner diffuse from 190 to 88 d; and an outer, less diffuse, at 43 d;. 
Both bands presented a preferred orientation along the horizontal equator 
when in capillary holders. The degree of orientation changed slightly with the 
container, being stronger with C2 and smaller with C5. When LK is in the 
thicker capillary C4 only the inner band is observed, also with a preferred 
orientation along the equator (Figure 2). These results are analogous to those 
obtained for type I I  lyomesopha~es~-”*’~ and from these diffraction results it is 
not possible to establish the structure of the type I lyomesophase. Type I re- 
sults here reported are less affected by the sample holder material than type I 1  
but the sample thickness is a critical parameter for both. The strengthening of 
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(C) 
FIGURE I SAX results for LK samples 0.7 mm. thick; capiilary in vertical direction in the 
plane of the figure. (a) quartz capillary C2; (b) lindemann glass capillary C3; (c) parallel walls 
container C5. 

the outer band always occurs for thinner samples and seems to be associated 
with surface effects, that seem to be felt up to distances of a few tenths of 
millimeters. 

When the outer band is strong it is possible that a contribution due to white 
radiation occurs in the position of the inner band. However the white radia- 
tion contribution must be small since varying the thickness of the Ni filter did 
not change the intensity ratio between the two bands. The fact that the inten- 
sity of the inner band decreases when the outer band increases shows clearly 
that the inner band is not due mainly to white radiation. Results with C4 show 
clearly the existence of the inner band. 
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X-RAY DIFFRACTION OF LYOMESOPHASES [I7131 113 

FIGURE 2 SAX result for 1-K sample held in the thickercapillaryC4. in the vertical direction. 

Sample CDS presented only the inner diffuse band, with a degree of orien- 
tation along the equator smaller than for LK, when held in all containers with 
0.7 mm thickness (C2, C3 and C5). The outer band appeared only for CDS 
hold in the thinner capillary C1 (Figure 3). The two bands correspond to char- 
acteristic distances approximately equal to those of LK. 

These results show that surface effects responsible for the appearance of the 
outer band are more intense for LK than for CDS, and therefore more intense 
for smaller polar heads. 

This surface effect may be due to interactions between charged polar heads 
of the micelles and ions present in  the sample holder surface or to interactions 
of the surface with water molecules (hydrophobic or hydrophilic surface). 

With the model of finite cylinders* the preferred orientation along theequa- 
tor indicates that the phase director and the cylinder axis orient parallel to the 
capillary axis. 

The characteristic distances corresponding to the two bands would be re- 
lated to distances between cylinder axis or between cylinder aggregates. 

B) Effect of rnagnetlc orlentatlon 
Samples L K  and CDS in capillaries of 0.7 mm (C2 and C3) have been exposed 
to magnetic fields of 14 kG for several days with H both parallel and perpen- 
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FIGURE 3 SAXresultforCDSsampleheldinthethinnercapillaryCI,intheverticaldirection. 

dicular to the capillary axis. Observations of the capillaries by OM showed 
that the magnetic orientation was quickly lost, after a few hours, so that no 
SAX measurements on residual magnetic orientation could be obtained in 
these cases. 

LK samples in the thicker capillary C4, exposed to magnetic fields of 2 kG 
and 14 kG for several days, with H perpendicular to the capillary axis, kept 
residual magnetic orientation for several days in the absence of the field. That 
is because for C4 surface effeds are not so strong, as has been seen in the pre- 
vious item. X-ray diffraction patterns in these samples with residual magnetic 
orientation have been obtained with the X-ray beam parallel (S,,) and perpen- 
dicular (SJ to H. S,showed only the diffuse inner band, rather oriented along 
the vertical meridian, perpendicular to theequator (Figure 4a). For S,, the dif- 
fuse inner band became isotropic (Figure 4b). No difference was observed be- 
tween samples oriented in the weaker and stronger magnets; more important 
in the degree of magnetic orientation is the time the sample stays in the 
magnet. 

These diffraction results indicate a cylindrical diffraction unit with the axis 
parallel to Hand are therefore consistent with the model of finite cylinders for 
the amphiphilic micelles previously proposed.* 

Diffraction patterns don’t give the distance between cylinders along their 
axis which means that the cylinders are longer than 500 A. 
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X-RAY DIFFRACTION OF LYOMESOPHASES [I7151 115 

(a) (b) 
F I G U R E  4 SAX results on L K  samples held in C4 (in vertical direction) with residual magnetic 
orientation: (a) S,configuration. with X-ray beam perpendicular to H;(b) SII configuration, with 
X-ray parallel to H. 

There seems to be a strong correlation between these micelles. Diffraction 
for S, measured in consecutive time intervals showed that the phase director 
changed collectively and slowly from the direction parallel. to H to the direc- 
tion parallel to the capillary axis. An intermediary position is shown in Figure 5. 

The diffraction unit has an average diameter of about 140 A in the plane 
perpendicular to the magnetic field. The calculated14 length of a K laurate 
molecule in its extended configuration is about 20 A, what would give a max- 
imum value of about 40 A for thecylinder diameter. Therefore the inner band 
cannot correspond to  the average distance between cylinders in water, which 
could not be bigger than about 60 

The observed large distances related to the inner band could correspond to 
a complex cylinder, with a curved bilayer forming a cylinder filled with water 
inside. However, such a model would lead to a narrower inner band and 
would not explain the outer band. 

Our results together with X-ray evidence obtained by other authors” sug- 
gest another interpretation. Charvolin et al. I s  studied lyomesophases of types 
1 and 11 of Na decyl sulfate (SDS). Their experiment, obtained with a conven- 
tional Laue camera could detect only the outer band; the inner band occurs in 
the small angle region which is under the direct beam in the h u e  camera. 
Their perpendicular configuration (analogous to our SJ is obtained in pres- 
ence of a high magnetic field Ho, while their parallel configuration (similar to 
our S,,)  is obtained in the absence of HO (residual magnetic orientation). 

Their results15 for type I SDS are qualitatively similar to ours, but refer to 
the outer band (characteristic distance of the order of 40 A) while our results 
are obtained in the inner band (190-90 A). In our case the outer band is absent 

in view of the phase concentrations. 
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FIGURE 5 
magnetic orientation. 

S A X  result for L K  sample held in C4 (in vertical direction) while losing the residual 

due to the use of capillary C4, which allowed residual magnetic orientation to 
remain for several days. Charvolin'5 does not discuss the problem of surface 
effects (the capillary thickness is not mentioned) nor the difficulty in obtaining 
residual magnetic orientation. We believe that they observed their results in 
the outer band because they measured S, with a strong HO present. Their S,, 
refers to residual magnetic orientation and from our experience it is doubtful 
whether it can be stated, as they do, that in this case the X-ray beam is parallel 
to the phase director; they could have a disoriented sample as well, and this 
should have beenchecked by observing thesample after X-ray exposition on a 
polarizing microscope. 

From our results and Charvolin's results we can conclude that depending 
on sample thickness the cylindrical diffraction unit varies from a more or less 
well defined value of 40 di to a range of values between 80-190 A (inner and 
outer bands). 

Charvolin, ignoring the inner band, interpreted the outer band as the dis- 
tance between cylindrical micelles homogenously distributed in water. The 
hypothesis of homogeneous distribution is implicit in all determinations of 
amphiphilic bilayer thickness from X-ray data, but it can be wrong and mis- 
leading in lyomesophases with excess water. 

In the case of K laurate X-ray diffraction results on the middle phase at 
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X-RAY DIFFRACTION OF LYOMESOPHASES [I7171 117 

86°C and weight concentration 0.42 wt give'6 a distance between cylinder 
axes of 42.9 A, from which a cylinder radius of about 15 A has been deduced. 
This represents a value 25% smaller than that expected for the extended con- 
figuration, what is on the right order of contraction for a liquid like conforma- 
tion. Since the hydrocarbon chains have a negative expansion coefficient, one 
would expect this figure to be a lower limit for the radius at room temperature. 

A radius of 15 A could explain the outer band as associated with the dis- 
tance between cylinders homogeneously distributed in water, on the same line 
as Charvolin's interpretation, but would leave the inner band unexplained. 

However, if the hypothesis of homogeneous distribution is abandoned, it is 
possible to build a model of aggregates of cylinders having the cylinder radius 
as parameter. Interpreting the outer band as a dloo interplanar spacing there 
exists a relationship between the cylinder radius and the amphiphilic concen- 
tration within the aggregates. These aggregates would then be separated by 
the excess water and the average distance between such aggregates originates 
the inner band. Calculations have been performed for several values of the 
cylinder radius until a unique value was found that could explain several sizes 
of aggregates. Such a value gives a radius of 16.5 A, corresponding to a con- 
centration of 42% in volume within the aggregates, higher than the overall 
concentration (35% in volume). 

Large aggregates, with about a hundred cylinders, would be responsible for 
the outer band, whose broadness indicates theexistence of about 10 reflecting 
planes; the distance between such large aggregates would be too large to be 
detected by X-ray. 

Smaller aggregates, containing from 2 to 19 cylinders would not contribute 
significantly to the outer band but the characteristic distances between such 
aggregates would build up the inner band E. Thediffusiness of Ecould then be 
explained by a large distribution of aggregate size. It seems however that ag- 
gregates of intermediate size are not energetically favoured, probably due to 
thermal agitation. 

This model of aggregates adequately describes the observed diffraction 
pattern. The presence of the outer band in thinner capillaries indicates that 
surface effects correspond to the formation of large aggregates near the walls. 

C) Effect of electrical orientation 
LK samples in  capillaries of 0.7 mm (C2 and C3) did not show effects of orien- 
tation in presence of an electric field of 12 kV/cm perpendicular to the capil- 
lary axis and to the X-ray; their diffraction patterns remained similar to those 
obtained without E. 

L K  sample in  the thicker capillary C4 stayed inan electric field of 12 kV/cm 
perpendicular to the capillary axis for 16 days and afterwards was measured 
by SAX with the X-ray beam perpendicular to E. The diffraction pattern 
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(Figure 6a) presented, in the position of the inner band, many radial lines. The 
diffraction pattern obtained with residual orientation for E parallel to the X-ray 
beam (Figure 6b) presented the same radial lines and a very weak but sharp 
outer ring at the same position observed in thinner samples. This result shows 
also that the inner band, and the radial streaks, cannot be due mainly to white 
radiation, since the outer band is very weak. White radiation could be respon- 
sible for the inner band or radial streaks only with very strong outer band or 
Bragg peak. 

It seems that the electric field transforms the continuously varying direc- 
tions of the director, typical of a continuous medium, into monocrystallites 
with discrete directions of the director. 

After about 5 days without electric field the diffraction pattern changed, 
with an increase of intensity of streaks in some directions and decrease of 
others. 

The fact that under influence of an electric field a weak outer ring appears 
seems to confirm that the interaction with the container walls, responsible for 
the strengthening ofthis outer ring, is also essentially of an electrostatic origin. 

IV CONCLUSIONS 

Diffraction results for magnetically oriented samples are consistent with the 
model of finite cylindrical micelles previously proposed.8 The existence of two 
bands can be explained by the formation of aggregates. The appearance of the 

(a) (b) 
FIGURE 6 SAX result for LK sample held in C4, in vertical direction: (a) in presence of an 
electric field E perpendicular to the X-ray beam; (b) with residual orientation for E parallel to the 
X-ray beam. A weak outer ring is seen in the negative. 
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X-RAY DIFFRACTION O F  LYOMESOPHASES [I7191 119 

outer ring in presence of electric fields and surface orientation suggests the 
latter to be of an electrostatic nature. 

The formation of aggregates of amphiphilic micelles, probably with solva- 
tion water between them, but with segregation of disordered water, is consid- 
ered to be a basic mechanism for both types I and I1 lyomesophases. 
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