This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

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

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

The structure of intermediate ribbon phases in surfactant systems
H. Hagslatt*; O. Soderman®; B. Jonsson®
2 Department of Physical Chemistry 1, Chemical Center, University of Lund, Lund, Sweden

To cite this Article Hagslatt, H. , Séderman, O. and J6nsson, B.(1992) 'The structure of intermediate ribbon phases in
surfactant systems', Liquid Crystals, 12: 4, 667 — 688

To link to this Article: DOI: 10.1080/02678299208029102
URL: http://dx.doi.org/10.1080/02678299208029102

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678299208029102
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 21 26 January 2011

Downl oaded At:

Liquip CRYSTALS, 1992, Vor. 12, No. 4, 667-688

The structure of intermediate ribbon phases
in surfactant systems

by H. HAGSLATT*, O. SODERMAN and B. JONSSON

Department of Physical Chemistry 1, Chemical Center, University of Lund,
P.O.B. 124, S-22100 Lund, Sweden

(Received 2 March 1992; accepted 18 April 1992)

Intermediate phases consisting of elongated rods with a non-circular cross
section (i.e. ribbons) that pack on a deformed hexagonal lattice are often formed in
surfactant systems. The crystallographic lattice of such a ribbon phase can be either
of oblique (or two dimensional monoclinic), primitive rectangular, centred rectan-
gular or hexagonal symmetry, all of which are observed according to the literature.
We have studied a ribbon phase that is formed in the dodecyl-1,3-propylene-
bisamine/HCl/water system, by means of SAXS experiments, and a centred
rectangular structure is obtained. In addition, we have reviewed, and partially
reinterpreted, previously published results on the structure of different ribbon
phases. 21 scattering data sets for ribbon phases of lower than hexagonal symmetry
have been analysed. Both the centred rectangular (cmm) and the primitive
rectangular (pmm) symmetry fit 10 of the data sets, whereas only a centred
rectangular lattice can be fitted to the other 11 data sets. There is no experimental
indication that supports the existence of an oblique ribbon (p2) phase. The
underlying physical reasons for the observation that the centred rectangular
structure is favoured are discussed in terms of a cell model approach. The
energetically most favoured cell model has a centred rectangular symmetry (cmm),
in accord with the experimental data, and is termed the hexagon-rod model. This
model can be used to evaluate the dimensions of the deformed rods of the centred
rectangular ribbon phase from scattering data and NMR data separately. One
major advantage of the hexagon-rod model is that the smallest dimension of the
aggregate is not required as an input parameter in the calculations. Axial ratios
between 1-2:1:1-2: 1 for the aggregates are obtained when this model is applied to
SAXS, SANS and NMR data for the centred rectangular ribbon phase for none
different systems.

1. Introduction

The normal hexagonal phase in surfactant systems consists. of long cylinders of
amphiphiles that are packed with a hexagonal symmetry [1,2]. At higher surfactant
volume fractions a lamellar phase is often found in ionic surfactant systems [2,3].
Phases of these two symmetries have been extensively studied over the years and it is
fair to state that we now have a good understanding of them {2, 4]. However, several
different phases are found at surfactant concentrations between those where the
hexagonal and the lamellar phases are found [5-11], and presently there is a major
interest in the study of these. A collective name for these phases is, due to their location
in the phase diagrams, intermediate phases [5,6]. The hexagonal rods can change
shape in that their circular cross-sections are deformed to a more or less elliptical shape
[5-8,12], and the resulting aggregates are often termed ribbons [13]. The correspond-
ing phases are commonly called ribbon phases, and they are the intermediate phases
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Figure 1. Proposed structures for the ribbon phases of the two dimensional space groups: (a)
pmm, (b) pgg, (¢) p2 and (d) cmm, where @, b and § are unit cell dimensions and angle,
respectively.

that appear closest to the normal hexagonal phase [5-8]. Other intermediate phases
are the rhombohedral phase [9], different bicontinuous cubic phases [10] and the
tetragonal phase [9, 11, 14]. This work is concerned only with the ribbon phases. The
first evidence for the existence of a ribbon phase was obtained by Luzzati and co-
workers in 1960 [5,6]. A phase with a primitive rectangular symmetry, as determined
by small angle X-ray scattering (SAXS) measurements, was found in four different
binary surfactant/water systems, viz. potassium oleate, sodium oleate, potassium
palmitate and potassium laurate. It was suggested that the phase consisted of elongated
aggregates with elliptic-like cross-sections packed on a lattice with the two dimensional
space group pmm (see figure 1 (a)). Later on, Hendrikx and Charvolin [7] performed
SAXS measurements on the sodium decyl sulphate/l1-decanol/water system and
obtained data that could be indexed on a centred rectangular lattice, and suggested the
space group cmm (see figure 1(d)).

The first direct proof in favour of the ribbon-like shape of the aggregates were
reported by Chidichimo et al. [12], in the three component systems potassium
palmitate/potassium laurate/water and sodium decyl sulphate/1-decanol/water. With
*H NMR measurements on D,O and potassium palmitate-d,, powder patterns having
non-zero asymmetry parameters were obtained for the intermediate phase [12,15].
This observation was interpreted in terms of a phase consisting of ribbon-like
aggregates [12]. Alpérine et al. [16] showed by small angle neutron scattering (SANS)
that sodium decyl sulphate and 1-decanol (in the ternary system with water) are not
uniformly distributed within the deformed elongated rods of the centred rectangular
phase. The decanol content is higher at the central parts of the aggregates, than at the
more curved edges. In 1987, Hendrikx and Charvolin [8] published evidence for a non-
rectangular packing of ribbon-shaped elongated aggregates. Neutron scattering
experiments indicated that a part of the hexagonal phase of the sodium decyl
sulphate/1-decanol/water system consists of deformed aggregates.

An oblique (or two dimensional monoclinic) packing of the ribbons has been
proposed as well (see figure 1 (c)), for the sodium dodecyl sulphate/water system [9, 17].
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However, on the basis of SAXS measurements on this system, Auvray et al. [18] have
recently proposed a centred rectangular symmetry for the ribbon phase. In the
hexadecyltrimethylammonium bromide (CTAB)/water system Auvray et al. fitted
both an oblique lattice and a centred rectangular lattice to the obtained SAXS data
[19]. An oblique phase with circular cylinders has also been proposed [20,21].

It is the aim of this paper to discuss the experimental evidence concerning the
different structures of the ribbon phases, and to discuss their formation from a
thermodynamic point of view. To this end we have studied the dodecyl-1,3-propylene-
bisamine/HCl/water system, where an intermediate ribbon phase is found. The impetus
for studying this system is the fact that the average charge of the surfactant can be
varied from 0 to +2, thus providing means to investigate the influence which the
surfactant charge has on the properties of surfactant systems. The investigations are
based on SAXS measurements on the ribbon phase in this system, but also on
previously published SAXS, SANS and NMR data on ribbon phases. Some of these
data will be partially reinterpreted.

2. Experimental

2.1. Materials

Dodecyl-1,3-propylene-bisamine (DoPDA), CH,;-CH,),,—-NH~-CH,),—NH,, was
obtained from Berol Nobel, Sweden. The diamine surfactant has a purity better than 97
per cent, as checked by gas liquid chromatography and '*C NMR, the rest mainly
containing diamines with somewhat shorter or longer alkyl chains. The dihydrochl-
oride form was prepared by adding a solution of the diamine in ethanol to a surplus of
HCI, also dissolved in ethanol. The precipitated dodecyl-1,3-propylene-
bisammoniumchloride (DoPDAC) crystals were washed with water and used without
further purification. The chloride content in the DoPDAC was determined by
elementary analysis to be 22-5 wt%,, which is equal to the theoretical value. DoPDA and
HCl, with a 1: 1 molar ratio, were dissolved in water and the solution was freeze dried in
order to yield the mono-hydrochloride of the alkyl diamine. A chloride content of
13-0 wt%, was obtained for this compound, corresponding to 1:02 HCI molecules per
surfactant molecule. By using appropriate mixtures of the three alkyl diamines with
different hydrochloride contents the three component system DoPDA/HCl/water can
be conveniently investigated. For simplicity we name the resulting diamines (DA) by
their hydrochloride content, z(0<z<2), for example dodecyl-1,3-propylene-
bisammoniumchloride (DoPDAC) will be referred to as DA +2.

The densities of DA +2 and DA + 1-02 were measured by an Anton Paar Density
Meter DMA 46 to be 1-018gcm™2 and 0-9536 gcm ™3, respectively, in the con-
centration range of 015 wt%, corresponding to surfactant volumes, ¥, of 514-4 A3 and
487-3 A3 for the two cases. We have assumed the surfactant volume to be a linear
function of the hydrochloride content, and thus Vi(z)/A% =4588 +2774z.

2.2. Phase diagram
Samples were prepared by adding the components directly to glass tubes that were
then flame sealed and homogenized by repeated heating and centrifugation back and
forth. The samples were then equilibrated for at least one month at room temperature
before being investigated by means of optical microscopy, ’H NMR measurements on
heavy water and X-ray measurements.
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Figure2. 2H NMR spectra from heavy water obtained from (a) the hexagonal phase (n =0)and
(b) the centred rectangular phase (n #0) in the dodecyl-1,3-propylene-bisamine/HCl/D,0O
system at 25°C. The composition of the samples are DA +1-02/50 per cent and DA
+1-02/54 per cent, respectively.

2.3. 2H NMR measurements

The 2H NMR measurements of heavy water were performed on a Bruker MSL-100
spectrometer operating at 15-371 MHz. The ?H NMR method is an important tool in
the determination of phase diagrams in surfactant systems [ 221, since the quadrupolar
spectra (cf. figure 2) are in general different for different phases [22]. This follows since
the bandshape of the spectra reflects the structure of the hydrophilic/hydrophobic
interface. For phases, where the aggregates have an axis of symmetry with an order less
than three, spectra with an asymmetry parameter (1) not equal to zero are obtained
[12,15]. An example of the latter case from the system presently under study is given in
figure 2(b). For multi-phase samples, the spectra are simply the sum of the individual
spectra for each phase weighted by their fraction of the sample.

2.4. Small angle X-ray scattering (SAXS)

To identify the different phases we have performed small angle X-ray scattering
measurements at 25°C with a camera with pin hole collimation after Kiessig [23,24]
and copper K, radiation that was nickel filtered. The sample to film distance was
0-2085 m. When evaluating the diffractograms, the values of the Miller indices for the
appropriate space group were first assigned to the Bragg spacings obtained from the
films. Subsequently, the best values of the unit cell dimensions were obtained by
minimizing the sum of the squared differences between the observed and calculated
Bragg spacings.

3. Results and discussion

3.1. Nomenclature
The symmetry of a phase is not uniquely determined by the structure of its
aggregates. For example, prolate micelles can form cubic [10,25,16] and nematic
phases [27], in addition to a micellar solution phase [28]. Conversely, from the
symmetry of the phase alone, little can be said about the aggregation structure. This is
seen for example, for the cubic phases, which can be either bicontinuous of several
different space groups [10], or discontinuous (packed micelles) [10,26]. For cases,
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where the symmetry of the phase and the structure of the aggregates are both known, it
is preferable that the name given to the phase reflects this fact. Thus, when it is possible,
we name the ribbon phases of different symmetry according to this principle.

3.2. The ribbon phase of the dodecyl-1,3-propylene-bisamine/ HCl/water system

In order to determine the phase diagram for the DoPDA/HCl/water system,
samples were prepared with ordinary water replaced with heavy water, and sub-
sequently the 2H NMR spectra were recorded in order to determine the phase
boundaries. With this method, an intermediate phase with ribbon-like aggregates was
found in this system and for which powder patterns with 50 were obtained (see figure
2(b)). The intermediate phase (the compositions of the samples studied in the present
work are given in table 2) is, by two-phase regions, in equilibrium with a lamellar phase
at higher surfactant concentrations and with a hexagonal phase at lower surfactant
concentrations. These three phases were investigated by means of SAXS measurements
of single phase samples, as evidenced by their ’H NMR spectra. In this paper we give
the results for the intermediate phase, whereas the other results will be reported onina
future paper which treats the phase diagram of the DoPDA/HCl/water system more
extensively [29].

Four samples of different compositions in the intermediate phase were investigated
by means of X-ray scattering, and in all cases the data could be indexed to a rectangular
space group. For a two dimensional rectangular symmetry, the Bragg spacings are

calculated from [30]
B2 k2\"U2
A= (‘7 + EZ‘) ) ]

where h and k are the Miller indices for the plane. For the centred symmetry (cmm), the
restriction h+ k=2n, where n is an integer, has to be fulfilled, whereas there is no
restriction for h and k for the primitive structure of space group pmm. In the case of the
primitive rectangular lattice of space group pgg the restriction is that h+ k=2nfor h=0
or k=0. The unit cell dimensions, a and b, are defined as in figure 1. Both primitive
(pmm) and centred rectangular lattices could be fitted to one of the data sets, whereas
only a centred rectangular lattice would seem to fit the other three data sets (see table 2).
An example is given in table 3, where it can be seen that the centred rectangular space
group gives a better fit to the data than the primitive rectangular (pmm) one.

Table 1. List of abbreviations for surfactants and cosurfactants.

NaO Sodium oleate

KO Potassium oleate

KP Potassium palmitate

KL Potassium laurate

SDS Sodium dodecyl sulphate

SdS Sodium decyl sulphate

CTAB Hexadecyltrimethylammonium bromide
CTAC Hexadecyltrimethylammonium chloride

DoTAC  Dodecylirimethylammonium chloride

DoPDA  Dodecyl-1,3-propylene-bisamine (DA +0)

DoPDAC Dodecyl-1,3-propylene-bisammoniumchloride (DA +2)
DA+z Dodecyl-1,3-propylene-bisamine +z HCl, 0<z<2

dec 1-Decanol




H. Hagslitt et al.

672

‘[epow pol-uo§exay 2yl yum pajemoje) (2)
[ot/] woay woxey a1k sown[oa 191em 4] -9 9[qe} woij ssmnjos dnoid yum (g¢) uonenbs 01 Surpioooe pajenoe) (p)
‘powInsse SI A1joWWAS Iengueioal panuad y (2)
“Ji0M SIY} Ul SUONBMO[ed Wolf s)nsay (q)
*S20UIYYAI Sy} WOl uaye) eie(] (v)

"21eP SNVS+
61 €8 L1 2P0 (0)08€ () 0-901 ¢ 38d ;9. €9 1-9% £ [91] O*H/29P/SPS
8.1 T8 801 80F-0 08¢ 66 wu w94y (S LY w {L] O*H/>sP/SPS
oLt 29 LT 9050 85S¢ 056 wiud ‘wuo wwd g 6¢ 19 174 (9] O*H/TA
S81 0L P11 PLp0 (P)89€ (p) 9701 i wu o= 09~ oLy [81] O*H/sas
8L1 69 SIT 9p0 89¢ 966 W wwe g or = 09~ Sop 811 O*H/SAs
81T 0L 0€1 S0 OO0 768 wuwo wuwd o] or~ 09~ LE [81] O*H/sas
ol 99 1-€1 9%6¥0  €6¢ 068 wu d L o 09 S¢S [6] O*a/sas
Sl 1L vET V80 60V 86 ww W ¢ sIp S8 Sy Lev] xO*a/sas
61T 6V 9€1 0650 69 648 wuwo ww 8] 918 ¥C [ze]l o*H/oOvLea
19T 8 SE€T ¥Sp0  $tb SITI wwo ¥ 00p 0-09 ST oA/t 1+va
LT 88 €€T SYPO0  THP 6511 wu v 8Iv 786 sz o'a/zo1+va
91 96 9€T  SIP0 T eIl wun v 09 0-bS ST otd/zo1+va
€1 66 661  86£0 LSt 6911  wuwd ‘wuwo T S6p S-0$ ST o'd/180+va
06t €6 $91  TI90 ey TS6 wun  wuozd g oc~ 08~ SOp [61] O*H/AV.LD
91 69 42! 1765 ¢y 8801  wud ‘ww wud 187 6S SL [s¥] O°H/dY
wi o oL (1371 s oty sTir wwd wwo wwd g 8% 65 6S [sv] o*H/ad
@1 69 1291 €S0 Sy pe01  unmd ‘wuo wwd ¢ ov 09 oL [9°61 O'H/d Y
81 T9 LLT 9650 gLy 0017  wuwd ‘wun wwd g SbE §69 0T [1¢] O*H/OX
ST 99 oLl €60 Iy 8117 wwd ‘wowo wwd I-LE 679 0C [1€]1 O*H/OY
or1 1L 691 850 08¢ 0011  wuwd‘wun wuwd 7 o 09 0C [1€]1 O*H/OY
Wi 9 9.9] €860  SSv  8L017  wuwdwuo wwd 9 ) 0C [9¢] O*H/OA
IeT €9 81 S€50 |54 2N A (] urwod ‘T wwd 7 24 9 $9 [9°¢] O'H/OEN
@d @)y/r @y (p)™¢ 0O)yla )y (q) wkg Pwis @)% %MD M%/ O O%D ®D./L woIsAS

“JX91 9Y) Ul PAUYDP SE SI UONIRIOU I9Y)() "SUOISUIWIP [[20 J[UN 3y} SIe ¢ pUe v PUE ‘Biep SXVS Y] JO uonenyesd

woyy pasodoid aInjonys oyl ST WAS pue suonodsgal §8eig paurelqo jo Iaqunu oy} st fu ‘saseqd woqqll JULISYIP Wolf Blep SXVS JO uonenjeAg 7 diqel

1102 Alenuer 9z 12 :2T

v pspeo [umog



12: 21 26 January 2011

Downl oaded At:

The structure of ribbon phases 673

Table3. Observed Bragg spacings (d,,) at 25°C, and results for the best pmm (d,,) and cmm (d,))
fits to the data. For the centred rectangular fit the cell dimensions are a=111-8 A and
b=438 A, whereas a=557A and b=40'5 A for the primitive rectangular fit. The sample
consists of 60-0 wt% of DA + 1-11in D, 0. The uncertainties are estimated from the width
of the reflections.

hk,, d /A d /A d /A hk,
10 557 559405 559 20
01 405  407+04 408 11
11 32:8 284 31
20 279 280+02 280 40
21 230

221+02 219 02
02 203

(dei— do)?/ A? 0-82 005

As we have mentioned, ribbon-like aggregates have been reported to pack on
hexagonal [8,19], oblique [9, 17, 19], primitive rectangular [5,6,13,31] and centred
rectangular lattices [7,16,18,19,32]. The system presently under study constitutes
another centred rectangular ribbon phase. It is of interest to investigate the driving
force behind the formation of the different ribbon phases. We therefore review the
reported experimental evidence for each type of ribbon phase to obtain further insight
into this problem.

3.3. The hexagonal ribbon phase

Hendrikx and Charvolin [8] have, on the basis of SANS measurements, suggested
that the aggregates are ribbon-like in parts of the hexagonal phase of the sodium decyl
sulphate/1-decanol/water system. This observation is supported by their SAXS
measurements, since if the aggregates cross-sections are assumed to be circular, their
radius would have to be greater than the fully stretched surfactant chain length [8], and
would thus violate the alkyl chain packing constraint. This argument also holds {or the
rods of the hexagonal regions close to the rectangular phase in the CTAB/water [19]
and dodecyl-1,3-propylene-diamine/HCl/water [29] systems. There is then a striking
similarity between the transition from a miceliar solution phase to a hexagonal phase,
and the transition from a hexagonal phase to a lamellar phase. The hexagonal rods
grow to ribbons before a lamellar phase is formed, just as spherical micelles become
elongated before a hexagonal phase is formed [28]. Moreover, a cubic phase with
prolate micelles sometimes occurs intermediate between the micellar prolate phase and
the hexagonal phase [10], in the same way as an intermediate ribbon phase can be
formed between the hexagonal ribbon phase and the lamellar phase (one difference is
the fact that other intermediate phases can sometimes be found between the hexagonal
and lamellar phases).

In view of the similarities between the micellar-hexagonal and the hexagonal-
lamellar phase transitions just described, it would seem reasonable to assume that the
more surfactant-rich parts of the hexagonal phases of different systems, are in general,
of the ribbon type.
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Table 4. Observed scattering vectors, Q.. and calculated for oblique symmetry, Q,, as
presented in [9]. The unit cell dimensions, a=48-8 A, b=39-3 A and f=114-1° (cf,, figure
1(c)) were used for this case. Qy is the result from a centred rectangular fit to the data,
with unit cell dimensions a =89-0 A and b=39-3 A (cf. figure 1 (d)). The composition of the
sample was ~ 60 per cent SDS in D,0O and the temperature was 55°C. The relationship
between the scattering vectors, Q, and the Bragg distances, d, is: d=2n/Q.

hko QA" Qu/A™' Qe/RATY hkg

1 0 0-1410 01411 0-1412 20
0 1 01752 0-1751 0-1748 11
11 0-2660 0-2664 0-2654 31
2 0 0-2820 0-2814 0-2824 40
1 =2 0-3198 0-3188 0-3198 02
2 -2 0-3487 0-3495 0-3495 22
0 2 0-3504
3.0 0-4230 0-4240 0-4236 60
3 -2 0-4250

20— Ou?/A™2 32%x107¢ 33x 1079

3.4. The oblique ribbon phase

An oblique phase (or two dimensional monoclinic phase) with elongated rods has
been proposed to exist in the SDS/water system [9,17,20,21]. However, recently
Auvray et al. [18] performed SAXS measurements of high quality on this phase, and a
centred rectangular structure was fitted to the data. Our calculations (see table 4) show
that a centred rectangular lattice can be fitted also to Kékicheffs and Cabanes data [9]
on the SDS/water ribbon phase. Auvray et al. suggested that the ribbon phase of the
CTAB/water system is of an oblique symmetry, but also showed that a centred
rectangular lattice can be fitted to their SAXS data [19]. Thus, there is to our
knowledge no convincing experimental evidence in favour of the existence of an
oblique ribbon phase published so far.

3.5. The rectangular ribbon phases

There seems little doubt that there exists a rectangular phase with ribbon-like
aggregates between the hexagonal and lamellar phases. Whether the phase symmetry is
primitive or centred is not yet clear, and possibly ribbon phases of both symmetries
exist. In order to investigate this matter we present in table 2 the symmetries that are
proposed for different rectangular ribbon phases, as based on scattering experiments.
The abbreviations for the different components are explained in table 1. For the cases
where the scattering data are published, we have tried to fit both centred (cmm) and
primitive (pmm) rectangular lattices (according to equation (1)) to the data, and the
results are displayed in table 2. While some of the data sets do not contain enough
information to distinguish between the pmm and cmm symmetries, only a centred
rectangular lattice can be fitted to some data sets (see tables 3 and 5 for examples).
Indeed, there is no data set that favours the pmm lattice over the cmm one. Thus, the
scattering data presented here taken together favour a centred rectangular ribbon
phase. Several authors have studied the potassium palmitate/potassium laurate/water
system, in which a ribbon phase is reported to exist [12, 33-36]. The symmetry of the
phase is, according to SAXS measurements, proposed to be primitive rectangular of
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Table 5. Observed Bragg spacings (d,,,) at 20°C for a sample that consists of 64-0wt%,
potassium oleate in water [ 5, 6]. The results from the best primitive rectangular (pmm), d,
(unit cell dimensions a=53-9 A and b=41-9 A) and centred rectangular (cmm), d, (unit
cell dimensions a=107-8 A and =455 A) fits to the data are shown.

hk,, d /A d /A d./A hk,

10 539 539 53-9 20

01 419 419 419 11

11 331 28-2 31

20 270 270 270 40

21 22-8 228 02

02 210 210 21-0 22
(dyy, — dopo)? /A2 0-004 0004

space group pmm [37,38]. However, no single phase rectangular sample has been X-
rayed, and thus the reflections from the ribbon phase are superimposed on reflections
from the coexisting phase or phases, making the data difficult to interpret. Another
published piece of evidence in favour of a primitive rectangular ribbon phase is a sweep
electron microscopy investigation on the potassum oleate/water system, performed by
Balmbra et al. [13]. However, such a study on this system by Eins [39] shows a centred
rectangular structure.

To conclude, it would appear that the ribbon-like aggregates prefer to pack on a
centred rectangular lattice (if not on a hexagonal lattice). In the next section we
investigate whether this observation can be rationalized thermodynamically.

3.6. Theoretical aspects on the symmetry of the ribbon phases

In order to understand the occurrence of ribbon phases, we start this section with a
discussion concerning some general features of the phase behaviour of surfactant/water
systems. When a charged surfactant with a single hydrocarbon tail and water are mixed
together, phases consisting of spheres, infinite cylindrical rods, or infinite lamellae are
commonly obtained. Due to packing constraints (i.e. the limited length of the
hydrocarbon tail), the surfactant headgroup areas, A, are roughly 75 A2, 50A% and
25 A2 respectively, for these aggregate shapes [40]. A small head group area provides a
small hydrocarbon/water contact area, but also leads to a high electrostatic repulsion
between the charged head groups of the surfactants. The aggregate structure that
provides the best compromise between these factors is that actually obtained (other
factors may affect the situation more or less). Whereas the surface energy of the system
is essentially proportional to the hydrocarbon/water contact area, the electrostatic
energy is strongly dependent on the number ratio of counter ions to water molecules in
the system. The less water in the system, the more efficient screening of the electrostatic
potential of the aggregate surfaces can be provided by the counter ions. Therefore the
sequence, micellar phase-hexagonal phase-lamellar phase, is very often obtained as the
surfactant concentration is increased in binary surfactant/water systems [2]. However,
the stepwise decrease of A, with the surfactant concentration just given is in
contradiction to the continuous increase of the counter ion/water ratio as the
surfactant concentration is increased. In order to provide a smoother decrease of 4,
with the surfactant concentration, the aggregate radius may be somewhat bigger in the
more surfactant-rich parts of each phase, than in its most water-rich parts [2,41].
Another way to provide a smoother decrease in A, is to form aggregates with other



12: 21 26 January 2011

Downl oaded At:

676 H. Hagsléitt et al.

(@) ‘. (b)
Hexagonal structure a:>: . g@}

b
Centered rectanguiar 8I>v
structure

.
N b
Oblique structure a?. .

HH HE
SR o Y o
B

Vh .. | i / ; /[ ;
Primitive rectangular *
structure 9 a . | ;] ]

Figure 3. (a) The deformation of the hexagonal lattice to a centred rectangular lattice and
further to oblique and primitive rectangular lattices. () Examples of cell models of these
structures.

symmetries than the three discussed so far. For example, spherical micelles may grow to
prolate micelles and form a solution phase [28] as well as discrete cubic phases [25],
before the hexagonal phase is formed. For the same reasons intermediate phases are
found between the phases consisting of infinite cylindrical rods and infinite lamellae, for
example, several different bicontinuous cubic phases, the tetragonal and the rhomboh-
edral phases belong to this group, as well as the ribbon phases—the object of this paper.

By deforming the cylindrical cross-section of the infinite rods, the surface to volume
ratio of an aggregate with fixed smallest dimension is decreased (and thus A,,). This
deformation is completely analogous to the deformation of spherical micelles into
prolate micelles. In view of the discussion in the section on the hexagonal ribbon phase
it is evident that the deformed elongated aggregates may stay packed on a hexagonal
lattice, just as a solution phase may consist of prolate micelles. However, ribbon phases
with lower than hexagonal symmetry are also obtained and we continue by discussing
these from a thermodynamic point of view.

The deformation of the hexagonal lattice into lattices of lower symmetry pertaining
to ribbon phases is shown in figure 3 (a). The hexagonal lattice can be divided into
equilateral triangles with sides of length a. A deformation to a centred rectangular
symmetry with isosceles triangles, with sides of length a and b, is obtained by stretching
the hexagonal lattice in one direction. This lattice can be further deformed by shearing
the layers with respect to each other, a procedure that results in different oblique
structures, all of which have triangles with sides of different lengths (a, b, and ¢). Finally,
a primitive rectangular lattice is obtained when one of the angles is 90°.

To investigate the free energy of surfactant systems it is fruitful to use an approach
based on a cell model [4,42]. The volume of the system is then divided in cells of equal
size with the condition that the shape of the cells should be such that the whole volume
is filled when one cell is centred at every point in the lattice. One aggregate of a certain
shape (not necessarily the same as that chosen for the cell) is then placed in every cell.
When the cell model is applied to phases with elongated rods of either cylindrical or
ribbon-like cross-sections, the simplest cell geometries would be those where the shape
of the cells is approximated by hexagons or by parallellograms. The resulting structures
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of the hexagonal, rectangular, and oblique phases are then typically modelled as in
figure 3(b). This procedure leaves us with an infinite number of cell geometries.
Moreover, the shape of the aggregates is not specified by the geometry of the cell.
Clearly, this situation does not suffice to specify the phase structure and we would then
ask the question as to whether some particular choice of geometry for the cells and the
aggregates is more favourable for a system with ribbon-like aggregates, with regard to
the Gibbs free energy of the system, than others. Today our theoretical knowledge of
these complicated systems is not sufficient to perform such calculations in detail, but we
can consider the most important contributions to the energy of the system.

Experimental and theoretical results show that it is energetically advantageous to
maintain a constant thickness of the water layer between the neighbouring aggregates
[4], and to form simultaneously aggregates where the interfacial area is at a minimum
(and with the added constraint that there are no head groups in the interior of the
aggregates) [4]. These are general conditions, and we now investigate for which cell and
aggregate geometries these two conditions are best fulfilied for a system with ribbon-
like aggregates. In doing so we start by considering the aggregate geometry. We
approximate the aggregate shape with that of a hexagon with as yet unspecified angles
and side lengths. The choice of a hexagonal shape is dictated by the fact that this
geometry is simple to treat and yet contains the main features of the real aggregates.
The actual shape of the aggregate does, not of course, contain any corners but is of
smooth and complicated geometry.

In order to obtain the hexagon or parallelogram where the interface area is at a
minimum we perform the following calculation. Let us fix the cross-sectional area of the
aggregate, A, to a certain value, and let the smallest dimension of the aggregate, r, (cf.
figure 6), be given by some length of the surfactant (not necessarily the all-trans length of
the chain). We have calculated the envelope surface of the aggregates for different
aggregational shapes (that is, by varying a, f, and y in figure 4), with the constraints of
fixed values for r, and A .. Not surprisingly, it turns out that the envelope surface of the
aggregate has its minimum value when a=0° B=30° and y=120°. This result is
independent of the chosen values for r, and A, and so holds for all systems with
deformed aggregates that are approximated by hexagons. Thus we assign the value
120° to all six angles of the hexagon representing the aggregate. The next step is to
choose a geometry for the cell.

}

21'5

Y

Figure 4. The circumference of the hexagon with fixed r, and A, has its minimum value for
a=0° $=30° and y=120°.
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Figure 5. An illustration of the hexagon-rod model with the dimensions used indicated.
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Figure 6. The approximations of the aggregate cross sections in (a) the rectangular-rod model,
(b) the ribbon-rod model, (¢) the elliptic-rod model and (d) the hexagon-rod model.

0 =90°

Figure 7. The origin of the electric quadrupole moment outside a charged rod with a non-
circular cross-section.
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As we have noted it is energetically favourable for a surfactant system to maintain a
constant value of the inter-aggregate distance [4,40]; an example of this is a lamellar
phase. We assume, therefore, that the water layer thickness will be constant between the
aggregates and this criterion determines the geometry of the cell. With this condition
the cell geometry will have to be a hexagon with the same angles as those of the
aggregate, i.e. 120°, as in the cell model which is framed in figure 3 (b). We note in
passing that the geometries of the cell and the aggregates thus arrived at ensures that
the water layer thickness between the aggregates is at its maximum value. For all
oblique and primitive rectangular cell models, as well as for all centred rectangular cell
models for which not all cell and aggregate angles equal 120°, the conditions of constant
water layer thickness and small interfacial area of the aggregates are less well satisfied.

In conclusion, the arguments presented here lead to a phase structure as that
presented in figure 5 (a), for which all cell and aggregate angles are 120° and the water
layer thickness is constant. The lattice of this structure has a centred rectangular
symmetry of space group cmm, in agreement with the experimental results for a
number of ribbon phases (cf. table 2). In what follows we will term the specific structural
model of figure 5 the hexagon-rod model.

3.7. The space group of the rectangular ribbon phase

The previous theoretical reasoning, indicates that the ribbon-like aggregates pack
on a centred rectangular lattice of symmetry cmm. However, the discussion is based on
the simple, but important, arguments that the water layer thickness between the
aggregates should be constant and that the aggregate interfacial area should be at a
minimum (under given constraints). Even though these principals are certainly
important, other factors may also contribute, and thus it is conceivable that some
ribbon systems may have differing structures. An example is the formation of the
hexagonal ribbon phase [8], for which both these conditions cannot be fulfilled
simultaneously. One reason why this phase is formed is that it is entropically favoured
as compared to the rectangular ribbon phases. This follows since both the degree and
the orientation of the deformation of the hexagonal ribbons may vary in time as well as
spatially along the rods.

Another example is given by structures of space group pgg (see figure 1(b)). This
structure has been suggested to exist by Alpérine et al. [16]. One factor, suggested by
these workers, that may contribute to the formation of this structure, is the fact that the
deformed aggregates have an electric quadrupolar moment which may cause the
aggregates to pack in a different manner. The electrostatic potential, ®, will in addition
to its dependence upon r, also be a function of 6, ®(r, 6) (see figure 7). It might then be
energetically advantageous for the system to orient the quadrupoles (i.. the aggregates)
with respect to each other, even though the water layer thickness between the
aggregates must then necessarily vary.

The system that was studied by Alpérine et al. [16] is the SdS/decanol/water system
(unfortunately, as far as we are aware, the SAXS data set has not been published). A
conclusion, based on SANS data, reached by these workers is that the decanol fraction
is higher at the central parts of the SdS/decanol aggregates than at the edges [16]. As
noted by Alpérine et al. this means that the electrostatic potential decreases at the
central parts of the aggregate as compared to the edges, when decanol is introduced
into the system. The aggregates then act as stronger electric quadrupoles than would
otherwise be the case, and the formation of a rectangular phase of space group pgg may
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then be favoured on behalf of space group cmm. It should be noted that unit cells of
symmetry pgg could be fitted to all scattering data of table 2. This follows since the pgg
and cmm unit cells may have the same dimensions. However, the pgg lattice is of lower
symmetry than the cmm lattice, and therefore more Bragg reflections are allowed for
the pgg-case than for the cmm-case (see equation (1)). In no case of the systems studied
in table 2 have any of these additional allowed lines been reported, a fact that favours
the cmm symmetry. To conclude, further experimental studies would be required to
settle this matter.

3.8. The axial ratio of the ribbon-like aggregates from SAXS
and the hexagon-rod model

The cross-sectional area of the aggregates can be obtained from the aggregate
volume fraction, together with the unit cell dimensions as obtained from SAXS or
SANS measurements. This information is, however, not sufficient to determine the
dimensions of the aggregates, and so we need to involve a model to obtain for instance
the axial ratio of the aggregates. In available models for the ribbon phase, the cross-
section aggregates of the has been approximated by rectangles [6,31], hemi-circular
capped rectangles [9, 12, 34, 35,437, and ellipses [32, 44] (see figure 6). Regardless of the
aggregate shape that is chosen, we can determine its dimensions by assuming a value of
the length of the smallest dimension of the aggregate (r.). For example, in the
approximation with hemi-circular capped rectangles, r, has been assumed to be the
mean value of the radius of the hexagonal and the lamellar aggregates in the same
system [9, 43]. Different approaches have been used for the rectangular approximation.,
Luzzati and co-workers [6] assumed the dimensions of the rectangles to be
proportional to the cell dimensions, whereas Ekwall et al. [31] calculated the
dimensions of the rectangles by assuming the interaggregate water layer to have a
constant thickness. In view of the discussion in the previous theoretical section, the last
model leads to a physically reasonable packing of the aggregates. On the other hand,
hemi-circular capped rectangles or ellipses would appear to be better approximations
to the internal structure of the aggregates, but they do not give rise to a constant water
layer thickness between the aggregates.

The hexagon-rod model presented here considers both the internal aggregate
structure and the inter-aggregate interactions of the phase, and we shall use it to
calculate the dimensions of the aggregates of the centred rectangular ribbon phase of
symmetry cmm. In figure 5 (b), a detailed picture of the cell of the hexagon-rod model is
displayed. Once the rectangular unit cell dimensions (a and b) are obtained, the
dimensions of the hexagon-rod model cell are given. Then the length of the lamellar-
like part of the aggregate is 2L=1/2(a— b\/ 3) and the smallest aggregate dimension is

re=—L/\/3+/[(abo/3/12+ L?*/3)], )
where ¢ is the aggregate volume fraction. The axial ratio is defined as
p=1+L/r, 3)

{p >1). With this definition p equals one for a rod with the cross-section of a regular
hexagon, which corresponds to the hexagon-rod model approximation for a circular
cylindrical aggregate. In order to calculate axial ratios of the deformed aggregates of
the rectangular phase in different systems, we require a procedure to compute the
aggregate volume fraction of the samples.
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water
counter ions

Figure 8. The hydrocarbon volume fraction of a surfactant system. Outside the hydrocarbon
core there is a palisade layer with surfactant head groups, water molecules and counter
ions. The rest of the cell contains counter ions and water.

3.9. The hydrocarbon volume fraction

To obtain information on the structure of the aggregates from SAXS data, we need
to know the aggregate volume fraction of the system. Commonly the aggregate volume
fraction is calculated by considering the aggregates to consist of both the amphiphilic
molecules and the counter ions, and the surrounding solution to be of pure water.
However, outside the homogeneous hydrocarbon core of the aggregates there is a
palisade layer of mixed surfactant head groups, counter ions and water molecules. This
layer is, in turn, surrounded by a mixture of water molecules and counter ions (see
figure 8). We therefore use the volume fraction of the more well-defined hydrocarbon
core of the aggregates (¢,.) to calculate the aggregate structure. For any system
including a surfactant (s), a cosurfactant (c) and water (w), ¢,. can be calculated
according to
¢ — Vs,hc +(nc/ns)Vc‘hc (4)

TV (e /n) Ve + (nu/nV,

where n,/n, is the number of molecules x per surfactant molecule in the sample, V, is the
volume of molecule x and V, ., denotes the volume of the hydrocarbon part of molecule
x. This equation is also valid when no cosurfactant is added (n,=0).

3.10. The axial ratio of the ribbon-like aggregates from NMR
‘ and the hexagon-rod model

The line shape of the NMR spectra can be used to identify the presence of non-
circular rods. The signal from deuterium labelled surfactants is particularly suited for
this purpose. In addition, the axial ratio of the aggregates can be obtained from the line
shape, provided that a model is chosen for the cross-section of the rods. Two such
models have been presented in the literature, viz. the elliptic-rod model [32,44] and the
ribbon-rod model [12,34,35]. In what follows, we derive the necessary relations to
obtain the axial ratio from the 2H NMR line shape in terms of the hexagon-rod model.
In doing so, we follow closely the lucid treatment of the analogous derivation for the
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elliptic-rod model by Quist et al. [44]. According to {44] the asymmetry parameter, #g,
and the residual anisotropy, A4y, is given by

_ {Aysin® gy cOs 265> s
" (A 00s™ Dy =3 A ®
Ar=3[3(Ayc0os? ) — AT (6)

where Ay is the local residual anisotropy, and the Euler angles Ay and ¢y are defined in
figure 9. In this figure xg, yg, and z; are the principal axes of the motionally averaged
electric field gradient tensor and the zg axis is defined by the largest component of this
tensor. For a circular cylinder the z; axis coincides with the cylinder axis, whereas the
direction of the z axis coincides with the normal to the surface (zy) for a lamella. As a
consequence, the zy axis changes direction for a critical value of the eccentricity of the
cross-section of the elongated aggregate (see figure 9). We can, therefore, identify two
regimes for the deformation, one small deformation regime where zg is along the
cylinder axis, and one large deformation regime where zg is the normal to the most
lamellar-like region of the aggregate.

The local residual anisotropy, Ay, may for a given position on the surfactant be a
function of the aggregate curvature, due for instance to different packing conditions for
the surfactants. However, there is experimental evidence from a number of systems that
such variations are relatively small [14,22,32] and it is a reasonable assumption that
Ay is constant over the aggregate surface, and so equations (5) and (6) are reduced to

__ (sin? fgn COS 2>
= {cos? gy *% ’ ™
and
Ag =%AN[3<COS2 Orny — 11 t3]

In the small deformation regime, gy is everywhere 90°, and equations (7) and (8)
reduces therefore to

Nr,spr = — 3<CO8 2¢hg >, )
and
AR,SDR =- AN/Z- (10)

At the top and the bottom of the hexagon, cos2¢y = — 1(¢pg =90°, 270°), whereas
cos 2¢g =1/2 at the edges (cf. figure 9) of the hexagon (¢g=30° 150°, 210°, 330°).
Therefore, {cos2¢g>=1/2P,—(1 —P)=3/2P.— 1, where P, is the number fraction of
surfactant molecules located at the edges of the hexagon, and after insertion of this
expression into equation (9) we obtain

fr.spr =3 —3P.. (11)
In the large deformation regime ¢y is everywhere equal to 0°, and according to
equation (8)
<cos? Opny =31+ 24g/Ay), (12)
and as a consequence

¢sin? O = (1 — Ag/Ay). (13)
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Insertion of equations (12) and (13) into equation (7) and with cos2¢g =1, gives

Mr,Lor = An/AR— 1. (14)

At the top and the bottom of the hexagon, cos? Oy = 1(6zn =0°, 180°), whereas cos? Oy
=1/4 at the edges of the hexagon (¢ =60°, 120°, 240°, 300°). After insertion of these
values into equation (8) we obtain

AR,LDR=AN(1 _%Pe)> (15)
and with this result inserted into equation (14) we finally obtain
fMr.Lor=(1—8P) "' — 1. (16)

In order to derive an expression for P, we have to make an assumption about the
distribution of the surfactants on the surface of the hexagon. In the simplest
approximation, the surfactants are evenly distributed over the surface, ie. A4, is
constant. It might, however, be argued that 4_, should be smaller at the central parts of
the aggregates thanin other parts, since A is typically 25 A2 for alamella and 50 A2 for
a cylindrical rod [2,40]. We derive expressions for P, for both of these surfactant
distributions. The length of the lamellar-like region of the aggregate is 2L (see figures 5
and 9)in the hexagon-rod model. For the case of uniformly distributed surfactants. P is
the length fraction of the aggregates’ circumference which consists of edges, that is,
42r,/\/3)/[6(2r,/\/3)+4L]. With the axial ratio of the aggregate as given in equation (3)
we obtain

Pi=2[3+./3(p—1]". (17
For the case of surfactants non-uniformly distributed over the surface, the lamellar part
has to be doubly weighted, and P2 =4(2rs/\/ 3) [6(2rs/\/ 3)+ 2(4L)], or after insertion of
equation (3)

P2=2[3+2/3(p—1]" L (18)

For the uniform surfactant distribution, insertion of equation (17) into equations (11),
(16), (10) and (15) gives

Mhspr=3—-9[3+/3(p—1)]7", 1<p<1+/3/2, (19)
h.or=9[3+4/3(p— 117", p>1+./3/2, (20)
AR, spr = — An/2, 1<p<1+./3/2, Q1)
Ax,Lor=AN1—2[3+/3(p— 1)1, p>1+./3/2, (22)

respectively, and insertion of equation (18) into equations (11), (16), (10) and (15)
respectively for the non-uniform distribution gives

Mh.sor=3—9[3+2/3(p—~1]"", 1<p<1+/3/4, (23)
Tror=9[3+8\/3(p— 117", p>1+./3/4, (24)
AR sor=—An/2, 1<p<1+,/3/4, 25)
AR ior=AN1—3[3+2/3p=D17Y),  p>1+/3/4. (26)

The results of equations (19)426) are summarized in figure 10, which shows #n; and
|4xl/|An| as functions of the hexagon axial ratio.
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/N3 21.
-

Figure 9. The Euler angles gy and ¢y in the small deformation (SDR) and the large
deformation regime (LDR) for the hexagon-rod model. The lamellar-like region of the
hexagon is hatched and the regular hexagon-like regions are shaded. The edges of the
aggregate are indicated by dashed lines.

0.0 1 L L
1.0 1.5 2.0 2.5 3.0

axial ratio, p

Figure 10. The asymmetry parameter, #z (bold lines), and the residual anisotropy, Ay, as a
function of the axial ratio in the hexagon-rod model. The dashed lines are for the uniform
surfactant distribution and the solid lines for the non-uniform surfactant distribution (see
text for details).
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3.11. Calculation of axial ratios for rectangular ribbon phases
in different systems

We have used the hexagon-rod model to calculate the axial ratio of the
hydrocarbon core of the ribbon-like aggregates from the SAXS data. All of the ribbon
phases of table 2 have been assumed to be of centred rectangular symmetry of space
group cmm, even if the experimental evidences are not sufficient to determine this. The
molecular volumes used in the calculations for the species of the different systems at
various temperatures are given in table 6. The resulting axial ratios of the hydrocarbon
cores are in the range 1-3:1 to 2: 1. The axial ratio for the whole aggregate will have
somewhat smaller values than for the hydrocarbon cores, since r, increases on inserting
surfactant head groups in the aggregates while L is constant, and p=1+ L/r,. For
example, with a length for the head group of the trimethylammonium group of 2 A
added uniformly outside the hydrocarbon core of the rods, the axial ratio for the
DoTAC/water sample decreases from 1:39:1 to 1-34: 1.

The values obtained for the axial ratios agree qualitatively with results from an
analysis of the lineshape of ZH NMR spectra obtained for the ribbon phase in the
potassium palmitate/potassium laurate/water system [12,34,35,44] and in the
DoTAC/water system [32]. Due to the lack of proper SAXS data for the ribbon phase
of the potassium palmitate/potassium laurate/water system, a comparison between the
two techniques cannot be performed for this system. For the DoTAC/water system the
situation is different, since Kang et al. [32] have performed both SAXS and ?H NMR

Table 6. The temperature dependence of the group volumes, dV/0T, is calculated from a linear
fit to published values of the group volumes at several temperatures (sec footnotes for
details). The group volumes, ¥, at 25°C are also given.

Group V/A3 dV)OT/ASK 1
—CH, 5419 (a)* 0-1204 (a)
—-CH,- 2699 (a)* 001771 (a)
Oleyl- 5067 (a)* 0-4038 (b)
-SO,Na 6799 (a)* 01848 (a)
—N(CH,),Br 141-0 (a)* 0-05384 (a)
—N(CH5,),Cl 1282 (a)* 0-05384(c)
-OH 17(d) 0(9)
-COO- 35(d) 0(g)

Na* 136(e) 0(g)

K* 26(f) 0(9)
DA+z 458-8 +2774z (h) —

* Volume as obtained from the linear fit to the data.

(a) From [47].

(b) Assumed to be equal to dV/0T as calculated for the octadecyl group.

(c) Assumed to be equal to dV/0T for -N(CH;),Br.

(d) From [40].

(e) From [48].

(f) The crystal ionic radius for sodium is 7; y,+ =097 A and for potassium r; . =1-33A.
[46], whereas the volume for Na™* in solution, 13-6 A3, corresponds to a radius of r, y,+ = 148 A
We have assumed the radius for the potassium ion to be 7, g+ =(r; na+) + (i, x+ — i, na+) = 1-84 A

(9) Assumed values.

(h) From the present work.
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measurements on the sample with a composition of 81-6 wt% surfactant. The value for 5
reported by Kang et al. [32] is 0-534, which yields axial ratios for the uniform and non-
uniform surfactant distribution of 1-37: 1 and 1-19: 1, respectively, for the hexagon-rod
model. These two surfactant distributions are extreme cases, and it is reasonable to
assume the distribution of the surfactant head groups on the aggregate surface to be
non-uniform, but to vary smoothly around the aggregate. For such a distribution an
NMR analysis would yield a value for the hexagon-rod axial ratio intermediate
between those obtained for the simpler distributions that are treated in this paper. The
distribution of head groups over the surface of the hexagons can be calculated by a
Poisson—Boltzmann cell model approach on the hexagon-rod model, and we will
present that model in a future paper.

The axial ratio obtained from SAXS data and the hexagon-rod model for this
sample is 1-39:1 for the hydrocarbon core, and 1-34: 1 for the case with an added head
group. The latter value is the one that should be used in a comparison with the NMR
result in this case, since the 2H NMR spectrum is obtained for the deuterium labelled
methyl groups of the surfactant head groups. Therefore, the axial ratio as obtained
from SAXS falls intermediate between the axial ratios obtained for the two extreme
cases of surfactant distributions of the NMR analysis.

4. Conclusions
Ribbon phases of hexagonal, centred rectangular, primitive rectangular and
oblique symmetries have been proposed to exist in surfactant systems. The main results
of the present work are as follows.

(i) Ttis proposed that the normal hexagonal phases in surfactant systems, are in
general, of the ribbon type in the more surfactant-rich regions of the phase
diagrams.

(i) Of the ribbon phases of lower than hexagonal symmetry, scattering measure-
ments for different systems strongly favour the centred rectangular symmetry.
There is, to our knowledge, no published experimental indication that favour
the existence of either the oblique symmetry or the primitive rectangular
symmetry.

(iii) The structure of ribbon phases is discussed from a theoretical point of view.
The discussion is based on some physically reasonable assumptions concern-
ing the internal aggregate shape and the inter-aggregate interactions, and the
technique used is a cell model approach in which the aggregates as well as the
cells are modelled as hexagons, or as parallelograms. The main result from this
discussion is that a centred rectangular ribbon phase (of space group cmm)
would be energetically favoured as compared to the primitive rectangular and
oblique ribbon phases, in accord with the experimental results.

(iv) We call the cell model which represents the energetically most favoured
structure in the theoretical discussion (see figure 5), the hexagon-rod model. By
use of this model the aggregates dimensions can be obtained from NMR data
for ribbon phases, as well as from scattering data for centred rectangular
ribbon phases. The smallest dimension of the aggregates is not required as an
input parameter in the calculations. Aggregate axial ratios in the range from
1-2:1to 2:1 are obtained for the rectangular ribbon phases investigated with
these models.
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