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Freeze-fracture electron microscopy of thermotropic cubic and

columnar mesophases

by BERTRAND DONNIO² , DUNCAN W. BRUCE*

Department of Chemistry, University of Exeter, Stocker Road, Exeter EX4 4QD,
U.K.

HERVEÂ DELACROIX* and THADDEÂ E GULIK-KRZYWICKI*

Centre de GeÂ neÂ tique MoleÂ culaire, CNRS, 91198 Gif-sur-Yvette Cedex, France

(Received 24 January 1997; accepted 18 March 1997 )

Freeze-fracture electron microscopy has been applied to study thermotropic columnar and
cubic phases of a polycatenar liquid crystal of silver( I). The columnar phases displayed
hexagonal type II characteristic fracture planes. The cubic phases showed a fracture behaviour
highly characteristic of the Ia3Â d type II (Q230II) cubic space group, namely the high frequency
of well ordered domains perpendicular to the [2 1 1] crystallographic axis and, much less
frequently, the fragmented aspect of domains perpendicular to the [1 1 0] crystallographic
axis. For both types of domain, the observed 2-D lattice parameters were in excellent
agreement with the ideal values expected for the Q230 cubic space group.

1. Introduction are used: the two three dimensional rod-networks or
Cubic phases have long been known in the ® eld of interlinking rods model proposed by Luzzati and Spegt

amphiphilic liquid crystals (surfactants [1] and lipids [5], and the In® nite Periodic Minimal Surface (IPMS)
[2]) and plastic crystals [3], and have been studied model [6]. In lyotropic systems, the former description
extensively. Their name derives from X-ray di� raction is more applicable to the bicontinuous cubic structures
studies, in which the Bragg re¯ ections were indexed in of type I (made of para� nic rods merged in water) while
cubic space groups. They show long range, three dimen- the latter is more appropriate to describe the bicontinu-
sional order, similar to that of classical crystals, but the ous cubic structures of type II (water channels embedded
presence of di� use re¯ ections in the wide angle region in a 3-D complex bilayer). Indeed, in the case of those
suggests a liquid-like, disordered state of the hydrocar- type II structures, the most para� nic region (CH3/CH3
bons chains. These phases appear transparent and optic- interface) happens to coincide with the Schwarz
ally isotropic in the polarizing microscope, owing P± Schwarz D and the GyroõÈ d of SchoeÈ n surfaces being
to their cubic symmetry, occasionally making their associated with the space groups, Im3Âm, Pn3Âm and
identi® cation troublesome. Ia3Âd, respectively. Both descriptions provide a better

In lyotropic systems, two types of cubic phase can be understanding of the phase transitions (such as
distinguished: the micellar ( the organization within the hexagonal/cubic or lamellar/cubic transitions) and the
mesophase consists of a three dimensional periodicity of suggestion of possible intermediates, the mathematical
the whole structure which is thought to be a cubic close- passage from one topology to another being relatively
packed array of discrete, ovoid, micellar aggregates), and simple [7]. The transformation from one structure to
the bicontinuous (consisting of a single continuous another (and thus the transformation of the topology) is
bilayer which divides the space into two interwoven closely related to the existence of epitaxial relation-
labyrinths), and they are located in di� erent parts of the ships between mesophases, and can be analysed
binary phase diagram according to their mean interfacial experimentally.
curvature [4]. In order to describe the three dimensional Cubic phases have also been observed in conventional
structure of the bicontinuous cubic phases, two models calamitic liquid crystal materials [8] but still remain

rather rare, and thus their structures are not very well
² Present address: Institut de Chimie, 51 Avenue de

understood. Reports have also shown that cubic phasesBellevaux, UniversiteÂ de NeuchaÃ tel, NeuchaÃ tel CH-2000,
could be induced in binary mixtures [8 ( f ) , 9].Switzerland.
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148 B. Donnio et al.

in some silver(I) complexes of stilbazoles, their structure cubic phases in thermotropic liquid crystals (Ia3Âd, Im3Âm
and Pm3Â /Pm3Âm). However, the molecular organizationbeing shown in the ® gure below ( ® gure 1: m=12, 14;

Y =Z =H, or Z =F, Y =H or Z=H, Y =OCnH2n+1 ) . within thermotropic mesophases is not so well under-
stood as is the case in lyotropic systems.The complexes with a dodecylsulphate anion [10]

( ® gure 1: m=12, Y =Z =H) were found to exhibit a Freeze-fracture electron microscopy (FFEM) has been
widely used and successfully applied to the study ofcubic phase when the alkoxy chain length was hexyloxy

or longer, the phase occurring between a SmC and a lyotropic liquid crystals and, in particular, to the charac-
terization (structure and molecular organization) of theSmA phase. However, for the octylsulphate [11] and

decylsulphate [12] derivatives ( ® gure 1: m=8 and 10, mesophases formed by the lipid± water systems. FFEM,
combined with low temperature X-ray di� raction, is aY =Z =H), the cubic phase was not present and the

complexes showed a more typical mesomorphism (N, powerful technique used to determine the structures of
two and especially three dimensionally ordered meso-SmA and SmC). The cubic phase reappeared for the

tetradecylsulphate [13] derivatives ( ® gure 1: m=14, Y = phases. Indeed, the analysis of images of properly frozen
samples displaying order in one or two dimensions wereZ =H). Interestingly, the cubic phase was also found in

a few derivatives of the 4 ¾ -alkoxy-2 ¾ -¯ uoro-4-stilbazole shown to be in excellent agreement with the structures
determined by X-ray di� raction [18]. In particular, thissilver(I) dodecylsulphate complexes [14] ( ® gure 1: m=

12, Y =H, Z=F), but not in its structural isomer technique allows a clear distinction between the two
types of cubic structures that are the micellar and( ® gure 1: m=12, Y =F, Z=H). In the 2-¯ uoro mat-

erials, the cubic phase appeared below the isotropic bicontinuous phases [19], which is not trivial by the
use of X-ray scattering alone. FFEM has also been usedliquid and, in one case, below the nematic phase.

In a recent part of our studies on these silver systems, to study blue phases [20] and TGBA phases [21] in
thermotropic systems.we described an X-ray determination of a cubic monodo-

main [15] obtained in some derivatives of the ¯ uorin- Nevertheless, a problem that remains is that the
intrinsic resolution of the micrographs tends to be ratherated and non-¯ uorinated silver dodecylsulphate systems.

These monodomains were easily indexed in the Ia3Âd low, leading to problems of interpretation for complex,
three dimensional, liquid crystalline structures such ascubic space group, similarly to some lyotropic and other

thermotropic materials. We have also reported the occur- cubic phases. However, the quality of the images can be
considerably enhanced using image ® ltering techniquesrence of the cubic phase in another series of silver

complexes, in which the ligand possessed two alkoxy based on correlation averaging, allowing a quantitative
comparison of the electron microscopy structure to bechains (Z =H, Y =OCnH2n+1 ) [16]. In this system, the

cubic phase appeared either between the crystalline and made with that derived from X-ray di� raction experi-
ments [22, 23]. Moreover, information that is not avail-isotropic phases, or between the crystalline and columnar

hexagonal phases. able from the X-ray powder patterns, such as the
presence of rotation axes and mirror planes in the unitIn common with their lyotropic counterparts, thermo-

tropic cubic phases show a very well-developed, long cell, can be directly revealed, helping to narrow down
the range of possible space groups. These methods haverange, three dimensional order, and are also highly

orientationally disordered as X-ray diagrams show a been applied successfully both to type I and type II
bicontinuous and micellar cubic phases [22, 23].di� use re¯ ection at c. 4 5́ AÊ , corresponding to the liquid-

like state of the hydrocarbon chains. For the description One of the main conclusions that can be drawn from
that previous work is that for a given space group, theof these structures, models similar to those used for the

bicontinuous lyotropic cubic phases can be used too, cubic phase displays di� erent, highly characteristic,
fracture behaviour, namely, the frequency, appearancesthat is the interlocked 3-D rod networks [17] and the

IPMS models. There have so far been three di� erent and two dimensional lattice type and dimensions of
di� erent fracture planes. This conclusion suggests thatcubic space groups which have been identi® ed for the

Figure 1. General structure of the
silver( I) dodecylsulphate com-
plexes of stilbazoles exhibiting
the cubic phase.
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149FFEM of Cubic and Columnar thermotropic phases

freeze-fracture electron microscopy, followed by appro- Brie¯ y, the micrographs are inspected in the search for
priate image analysis, may be used for the determination ordered domains; the images of these domains are optic-
of the type of lattices and the presence of di� erent ally ® ltered, the dimensions of the 2-D lattices deter-
symmetry elements, helping the determination of the mined and their relative frequency assessed. The
space group of di� erent cubic phases. crystallographic orientation of each domain is then

In this communication, we report the study by freeze- determined. A few well ordered domains were singled
fracture electron microscopy of the columnar and of the out, corresponding to the di� erent previously observed
three-dimensionally ordered cubic phase present in some orientations. Stereo views are used to select the domains
thermotropic silver complexes. For the purposes of these whose fracture plane is virtually parallel to the plane of
experiments, four samples were used. First we chose the image; further processing is used to improve the
bis(4 ¾ -undecyloxy-4-stilbazole) silver(I) dodecylsulphate signal-to-noise ratio. A few selected images are digitized,
( ® gure 1: m=12, n=11, Y =Z=H), since previously the subdomains are identi® ed and the cell parameters
[15], we had shown by X-ray methods that two related computed from their Fourier transform. Each subdomain
complexes (with n=9 and 12) had a cubic phase with is then Fourier-® ltered using those cell parameters.
Ia3Âd symmetry. It was therefore reasonable to assume Finally an area is selected and analysed using a cross-
that the cubic phase of the homologue with n=11 would correlation averaging procedure [24]. The relationships
have the same space group. Secondly, we chose three between the di� erent sub-domains are analysed by cross-
derivatives of the bis(3 ¾ ,4 ¾ -dialkoxy-4-stilbazole) silver(I) correlating the domain with the averaged motif of one
dodecylsulphate ( ® gure 1: m=12, Z=H, Y =OCnH2n+1 subdomain or by carefully Fourier ® ltering the whole
with n=5, 6 and 11) complex series. These complexes domain. It must be stressed that no externally imposed
showed cubic and columnar mesophases, and while we symmetry operation is involved in the entire process.
had been able to identify the columnar mesophase as
having hexagonal symmetry, we did not know the sym-

3. Results and discussionmetry of the cubic phase. The thermal behaviour of the
Freeze-fracture electron micrographs of the columnarfour chosen materials is collected in the table.

phases of [Ag{St(6-3,4)}2][DOS] and [Ag{St(11-
3,4 )}2][DOS] (DOS=dodecylsulphate=C12H25OSO3 )2. Experimental
displayed characteristic features of the hexagonal phase2.1. Freeze-f racture electron microscopy
of type II (HII), that is periodic parallel striations, theFor the present experiments, a few milligrams of the
separation of which corresponds to the distance betweensample (powder) were placed on a thin copper holder
hexagonally packed cylinders [18] ( ® gure 2).maintained at a temperature corresponding to the pres-

Freeze-fracture replicas of the cubic phase showed aence of a phase to be studied. The sample was then
rather complex fracture behaviour. In many places, asrapidly quenched in liquid propane. The frozen sam-
expected, the replica displayed regularly ordered fractureple was fractured at Õ 125 ß C, in a high vacuum
surfaces which, according to their optical di� raction(#10Õ 7 Torr), with the liquid-nitrogen-colled knife in a
patterns and to the dimensions of their two dimensionalBalzers 301 freeze-etching unit. The replication was
lattices, could be sorted into two classes of domainsachieved by using unidirectional shadowing, at an angle
characteristic of the body-centred, Ia3Âd cubic phaseof 35 ß C, with platinum± carbon, 1 to 1 5́ nm of mean
(Q230 ) [22, 25]. One class corresponded to fracturemetal deposit. The replicas were washed with organic
domains that are perpendicular to the [2 1 1] crystallo-solvents and distilled water, and were observed in a
graphic direction of this space group, the other toPhilips 301 electron microscope.
fracture domains perpendicular to the [1 1 0] crystallo-
graphic direction. The [2 1 1] domains are the most2.2. Image selection and processing
frequently observed and are usually fairly extended,The whole procedure has been extensively described

elsewhere [22] and needs only to be summarized here. while the [1 1 0] domains are only sparingly observed

Table Thermal behaviour of the compounds studied.

n m Y Z Mesomorphism ( T / ß C)

11 12 H H Cr¯116¯SmC¯135¯Cub¯156¯SmA¯180¯I
5 12 OC5H11 H Cr¯76¯Cub¯116¯I
6 12 OC6H13 H Cr¯61¯Cub¯118¯Colh ¯153¯I

11 12 OC11H23 H Cr¯69¯Cr ¾ ¯82¯Colh ¯176¯I
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150 B. Donnio et al.

Figure 2. Freeze-fracture electron micrograph of the columnar phase for [AgSt(11-3,4)2][DOS]. The optical di� raction of its
lower left part is shown on the upper left corner; the bar represents 200 nm.

and their surfaces looked like a mosaic of tiny sub- procedure was di� cult to achieve in this case, but
domains. eventually yielded two distinct motifs [1 1 0]a and

The [2 1 1] fracture domains ( ® gure 3) were almost [1 1 0]b that are shown in ® gures 4 (b) and 4 (c) . The
¯ at and made of a succession of large successive cleavage Fourier ® ltered image shows an alternation of motifs
planes, each of these sub-domains displaying the same between adjacent sub-domains and the presence of a
parallel striations. The correlation map ( ® gure 3 (d )) relative (apparent) displacement between two successive
showed that within a fracture domain, the successive (but non-adjacent) sub-domains of the same class that
sub-domains had the same orientation and also con- are fuly compatible with the symmetry of the Ia3Âd space
tained the same rectangular 2-D periodic lattice with group [22].
parameters (v=a Ó 2, w=a Ó 3/2, c=90 ß ) that were con- The cell parameter computed from the micrographs,
sistent with the ideal values of this crystallographic a=8 8́2 Ô 0 1́3 nm, is fully compatible with the values
plane. Furthermore, these correlation maps showed that obtained by X-ray di� raction for the two related com-
the sub-domains appeared as being (horizontally) shifted, plexes (a=8 4́ nm with n=9 and a=11 0́ nm with n=
one with respect to the others (v/3+w/2). This apparent 12), especially if we take into account a frequently
displacement could be easily related to the crystallo- observed shrinking (#5 to 10%) of the lattice due to
graphic relationship predicted between equivalent planes freezing [22, 23].
of the Q230 cubic structure taken perpendicularly to the
[2 1 1] direction. As the [2 1 1] sub-domains were of

4. Conclusionlarge size, correlation averaging could be performed
One of the main conclusions which can be drawne� ciently and led to the average motif shown in

from the above presented results is that it is possible to® gure 3 (b).
preserve the crystalline order of two and three dimen-The [1 1 0] fracture domains ( ® gure 4) were rare and
sionally ordered high temperature thermotropic phasesmade of a complicated puzzle of small sub-domains
during the entire freeze-fracture replication process.displaying a lozenge-like striation. A thorough observa-
When such preservation is achieved, image analysistion of these fracture domains revealed that the aspect
of the micrographs ( leading to the determination ofof the sub-domains was not unique and that two kinds
the orientation of the di� erent fracture planes, ofof periodic motifs, having the same cell parameters (v=
their frequency and of the presence of symmetry ele-w=a (3/2)D, c=109 ß 28 ¾ ) could be observed. The low
ments) followed by the comparison with phases ofresolution of images of those distorted [1 1 0] fracture
known structure may be very useful for the structuresurfaces is revealed by the optical di� raction shown in

® gure 4 (a). As a consequence, the correlation averaging determination of an unknown phase.
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151FFEM of Cubic and Columnar thermotropic phases

Figure 3. (a) Freeze-fracture electron micrograph of a [2 1 1] fracture domain for [Ag(11-,OPhVPy)2][DOS] cubic phase. The
optical di� raction of its central part is shown in the upper left corner and the CCR-averaged motif over almost 4000
elementary fragments in the bottom right corner (b) . The apparent 2-D lattice parameters are: v=a Ó 2, w=a Ó 3/2 and c=
90 ß with a#8 9́5 nm. An enlarged part of this electron micrograph, delimited by the dotted lines in (a), is shown in (c), and its
cross correlation map, showing the shifts between successive subdomains (arrows), is shown in (d ). The bars in (a) and (c)
represent 200 nm.
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152 B. Donnio et al.

Figure 4. (a). Freeze-fracture electron micrography of a [1 1 0] fracture domain for [Ag(11-,OPhVPy)2][DOS] cubic phase. The
optical di� raction of its central part is shown in the upper left corner and the two CCR averaged motifs [1 1 0]a and [1 1 0]b
corresponding to successive sub-domains are shown on the right part of the electron micrograph. The apparent 2-D lattice
parameters are: v=w=a Ó 3/2 and c=109 ß 28 ¾ with a#8 7́3 nm. An enlarged part of this electron micrograph, delimited by
the dotted lines in (a), is shown in (b). By Fourier ® ltering of (b), (c) shows the alternation of the two motifs [1 1 0]a and
[1 1 0]b within a domain and also the relative displacement between two subdomains of the same class. The bars in (a) and
(b) represent 200 nm.
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