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Columnar phases are composed of a regular array of columns characterized by either short-range, long-
range, or quasi-long-range internal positional order. We discuss the Griffith problem of such systems where a
thin cavity parallel or perpendicular to the columnar axis is extended by a tensile stgs3he shape of the
cavity is characteristic of the type of order present inside the columns. This simple test could be used to clarify
the nature of the still ambiguoud phase of hex@exylthiotriphenylene. This fracture mode would be
observable in polymerized sampl¢S1063-651X97)12405-9

PACS numbes): 61.30.Cz, 46.30.Nz, 62.20.Mk, 61.30.Jf

. INTRODUCTION and the columns are liquidlike. For 62 &0 <70 °C, the
HHTT compound is in arordered phase. In this case, the
Since the discovery by Chandrasekteral. [1] of me-  diffraction pattern showsa) intracolumnar orientational he-
sophases formed by discotic molecules, an important numbei¢al order, (b) intercolumnar off-axis correlationsesolution
of such compounds have been synthesided a recent re-  |imited), and(c) a single resolution limited (001) pedk].
view, see[2]). As a result, a large variety of phases haveThe orientational degrees of freedom here describe the inter-
been reported to be stabilized. Of that group, the phases thagl rotation of the disklike molecules around its axis of sym-
are characterized by the formation of columns showing twometry. These results first lead these authors to classify this
dimensional positional long-range order are called columnaphase as @, phase[5]. Careful analysis of the data re-
phases. Except for tilted structures, the notation used tradirealed that the (001) peak could not be associated with po-
tionally is based on the symmetry of the two-dimensionalsitional long-range order. Fluctuations in the positions of the
array of columns and on the type of positional order presentolecules inside the columns were of the order of 1 A, large
inside the columng3]. For example, the structure of the compared with the intermolecular average distance of 3.64
D,, phase(where D stands for discoticis a rectangular A [5,6]. The authors of this study renamed this phasédan
array of ordered columns, while that of tlig,y phase is a phase H for helica) to distinguish it from aD,,, phase.
hexagonal(triangula) array of disordered columns. Note It is not yet established that the conclusion reached for the
that, strictly speaking, the ordered columnar phases are nétHTT compound can be extended to other materials. How-
liquid crystals: they are true three-dimensional solils ever, the quality of the study makes it a prototype for colum-
However, a series of experiments has challenged this clagsrar phases showing an ambiguous nafuék It would be
sification. Let us review them and recall the possible exischallenging to reanalyze data from other compounds show-
tence of positional quasi-long-range order inside the columnihg an ordered columnar phasB(, phasé allowing for the
to explain those results. High-resolution x-ray measurementsxistence of quasi-long-range order inside the columns. This
on well-oriented strands of heftexylthiotriphenylene suggestion is the main conclusion of the study of a structural
(HHTT) [5,6] have shown the existence of two columnar model for theH phase of HHTT[7].
phases as a function of temperature. For 76:TG<93 °C This model assumes, based on reported HHTT experi-
(Dyg phasg, the intracolumnar correlations are short rangedmental results(a) long-range helical orientational ordeh)
a lowest order coupling between orientation and position of
the molecules, an¢t) a vanishing effectiveCs shear elastic
*Present address: Materials Research Laboratory, University afonstant(see[8] for the definition of the continuum elastic
California, Santa Barbara, CA 93106-5121. free energy for columnar phage3he authors concluded to
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crack tip profile will be different. We think, however, that
such an experiment can provide onlysaong hinton the

— =17 = ~l=l-—1" 1= nature of theH phase; mechanical instability and Bragg
- === 1— = maxima profile analysis will be needed for definite conclu-
e N e T ot i : - sions.

— 1 [~l~|=l-—T"1— = Smectic-A-like The rest of this paper is organized as follows. The various
e O oy S planes forms of the continuum elastic free ener@ycluding curva-

- —|—|— — ture termgimplicated in our treatment are recalled in Sec. Il.
— —|—|— — Particular attention is given to the range over which a spatial
perturbation is felt. The scaling fracture tip profiles are de-
rived in Sec. Il for columnar phases with short-range, quasi-
long-range, and long-range order. In the ConclusiSec.

b) IV), we suggest a simple experiment to support the existence

of quasi-long-range order in the HHTT compound.

N)

Il. CURVATURE TERMS (REF. [8])

<>

Before considering the problem of fracture in columnar
phases, let us recall basic properties of the elastic free energy
with curvature terms. It will be helpful to define notations.
The main interest, for the present scaling analysis, is the
range over which a perturbation is felt. Consider the elastic
free energy for liquid columngD,,4 phase, one-dimensional

_|._ —_—

(1D) objects in a 3D spade
2 K 072U 2 &ZU 2
+ 2=+ =2 1.
ax Y 2|\ oz 0z

3 B,

Feo= | d°r 5
the existence of quasi-long-range order in the positions of the
molecules inside the columns. This is consistent with the (1)
large fluctuations reported experimentally. The effectise _The two terms in Eq(1) represent the compression and
constant set to zero would turn the (001) and off-axisyenging of columns. A spatial perturbation of lengjtalong
(hkl) Bragg peaks !nto Bragg maX|n[Q]. Another conse- s columns will decrease exponentially in the perpendicular
guence of the quasi-long-range order is the appearance Ofcﬁ*rections with the characteristic length = 5f/?\1, with

curvature term in the elastic free energg]. This term is \i=\Kg/B, a microscopic length. In the case of

identical to the curvature term of a plane in sme&icom- liquid planes(smecticA planes, 2D objects in a 3D spage
pounds[8], thus we can imagine the structure of the HHTT quid p : P ' I pac
the free energy is

as a regular array of columns in which the molecules show

x>

FIG. 1. (a) Tentative structural model for the HHTT compound.
(b) Definition of the reference frame. The displacements from equi

librium position isu= (uy sUy,Uy). . du
X y

guasi-long-range positional order in the form of smectic- B/ ou.\2 K/[a? 2, \2

° , [ s |Byf 9y, d°u, J°u,
A-like planes that add a curvature term to the elastic free Foane= | |5\ —=| + 5| == +—==| |,
energy[Fig. 1(@)]. To be consistent with established nota- 2\ dz 2\ 9x*  dy

tions, the namedp,q could be used to identify a columnar where the terms are, respectively, the compression and cur-
phase with positional quasi-long-range order inside the col- ' P Y, P

umns. vature of planes. This time, a perturbation in ¥g plane of
The main aim of this paper is to study, using scalinglength 8, will have an exponential decay in tfredirection
arguments based on the continuum elastic free energy, theith characteristic Iength||=5f/)\2 (A2=+KI/By, a micro-
shape of fractures in columnar phases showing short-rangecopic length Based on known values &, , B, K33 and
quasi-long-range, and long-range positional order inside th& [7,8], we find \;~X\,. For simplicity, we set;=\,=\
columns. The secondary, but still important, issue is to profthat is, B, =Bj=B and K33=K). It is to be noted that
pose a simple experiment to support the existence of quasivithin a thicknesd , [or l}], the two terms(1) [or (2)] are

long-range order in the HHTT compound and maybe othecomparabld8] and we need only to consider one of them in
ordered columnar phases. this simple analysis.

As in the case of smecti&-compoundq9], the experi-
mental verification of quasi-long-range order requires a de-
tailed x-ray Bragg maxima profile analysis. In view of the
difficulty of x-ray measurements on well-oriented samples We will use the arguments exposed earlier to calculate the
needed to distinguish between the various types of order poscaling fracture tip profile. The strategy is the following. We
sible, we propose a simple experiment that would hint on thesimply minimize a scaling free energy composed of three
nature of the order present in the phase of HHTT. A thin  terms: interfacial §,), elastic[see Eqgs.(1) and (2)], and
cavity (fracturg perpendicular to the columnar axis is ex- applied stressd,;). In determining the typical deformation
tended by a tensile stress,;. See Fig. 1) for the defini-  (du,/dxz) and volume of integratiorfvolume over which
tion of the reference frame with respect to the columnar axisthe deformation exisjswe useR, I, or |, , depending on
Depending on the type of order present in the columns théhe context. For each type of intracolumnar order, two cases

Ill. FRACTURE IN COLUMNAR PHASES
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If the crack has a radiuR<R*, it contracts and vanishes; on
the contrary, ifR>R* it expands indefinitely. Equatiord)
and (6) also give the scaling profile of the crack {ig(z)

«|z]*?] and the scaling of the stress distributiom{
~3
xz 3?2,

2h

R

Sop? 0 B. With quasi-long-range order

We are now considering fractures in phases composed of

FIG. 2. Fracture shape consider@dode ). The typical size of @ regular array of columns having quasi-long-range order in
the crack parallel(perpendicular to the direction of the stress the positions of the molecules inside the columns. As pointed
oqp IS h (R). The particular shape of the edges of the crack deyt earlier, the elastic free energy will have two curvature
pends on the order present inside the columns and on the directigqyntributions: bending of the columns and curvature of the

of the applied tensile stress, ;.

are studied: applied stress parallel or perpendicular to thg, pations will bel

columnar axis.

A. With short-range order

In the D4 phase, the material is composed of a regular
array of liquid columns. When the tensile stress is applied in

the direction of the liquid columnsof,,# 0), the resulting
fracture mode is characteristic of viscous fluids, controlle
by tensions at the surface of the specimen.

In the case wherer,,#0 (see Fig. 2 we follow the
Griffith approach 10], which was reformulated using scaling
arguments by de Gennes for the case of smectmmm-
pounds[11]. We consider a disk-shaped fractureig. 2,
typical sizeR? in the y-z plane (§j=R) and h in the x
direction] extended by a tensile stress,. The scaling elas-
tic free energy(omitting all numerical factopsis

h\2 h
r)Rﬁ—U““JRﬁ,
1 1

f=y,R?>+B ©)

since the disturbance in thedirection extends at distances
|, =R?/\>R (becausex<R) in the perpendicular direc-
tions. The first term in Eq(3) is the interfacial energy of the
crack. The other terms are elasfigiu,/dx)ch/l; is the
typical deformation localized in a volum‘eli]. We consider
only theB term (column compressigrsince the two terms in
Eq. (1) are supposed to be comparable within the volum
le. Minimizing Eq. (3) with respect tch gives

h*AB

=2 @

Oxx=

and the free energy becomégnoring again all numerical
prefactor$

©)

It has a maximum at

smecticA-like planes.

When the short axis of the crack is oriented parallel to the
columnar axis {,,#0, see Fig. 2 the range of spatial per-
j=R?/\>R andl, =h?\<R (bending
of the columns does not contribute her&hen the scaling
elastic free energy is

f=7y,R?+B ()

h\? h
| ) R2|—0'ZZ(I—) R2|||.

dThe typical deformation du,/dz) is h/l and the volume
over which it is felt isRZIH sincel | <R in this case. We are
exactly in the situation of fracture in a smecAceompound
[11]. The crack is formed by two spherical caps intersecting
at a finite angle 2, characteristic of the material:

.

This means that the scaling profile of the crack tip is

1/2
<1 (by assumption

h*
=3 R*

Yo

% B)

®

{(x)e<|x], (9)
and that the stress distribution at the crack tip will be given
by (from [11])

o, AX)ex L.

(10)
These results can be interpreted from renormalization, by
ecurvature terms, of the interfacial energjdd].

In the next case considered, we havesgt 0 (see Fig.
2). Assuming that bending of the columns and curvature of
the smecticA-like planes contribute to the free energy, thus
extending the range of the deformations, we find that
I)=R?\>R andl, =R?/\>R. The scaling elastic free en-
ergy reads

h
E%ﬂ’ (11)

whereh/l, is the typical deformation anlqEIH is the volume
over which it is felt. Minimization with respect tbh andR
gives(see Sec. Il A

h 2
fsz+BE>@—vm
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{(2) a) &)

&x) ~ Ixl

FIG. 3. Tentative representation of a fracture showing a constant
tip profile.

X
h*AB
T= ~RZ (12)
and
. (YOB)\g)lM
R*= 7— (13)

XX

The equationg12) and (13) also give the scaling profile
[£(2)=+(yo\)/B=cte] and the stress distributidnr,,(z)
oz~ 2] at the crack tip. b) €09

The preceding resuft/(z) =cte] is quite surprising. It is A
an example of a fracture of typical siZ for which the
deformation is felt inside a volume much larger tHa# in
fact!?l;=R®\%>R®. A tentative fracture profile is given in
Fig. 3. Note that this result requires that bending of the col-
umns and curvature of the smechelike planes contribute
to the free energy. From the geometry of the cré€iy. 2), 1.
one can be tempted to rule out the contribution from the L)~ Ix"
curvature of the plane, but it is to be remembered that a
perturbation of characteristic lenghis present in the direc-
tion perpendicular to the columnar axis. This question still
remains open.

C. With long-range order

When the columnar phase exhibits long-range positional
order inside the columns, it is a true three-dimensional solid
(Do phase. To first order, the curvature terms are no longer
relevant and the scaling of the fracture tip profile should be
independent of the direction of the applied stress. For the
purpose of comparison, we recall the main results of the

Griffith problem (fracture in a simple solid10]) reformu- FIG. 4. Fracture tip profile characteristic @ quasi-long-range
lated using scaling arguments by de GenhEK: R*ocg;ZZ and(b) long-range order in the positions of the molecules inside the
and £(z)«|z| Y2 columns.

When gathered together with results for smeéticom-
pounds[11] [R*xa,* and {(z2)«|z|], certain conclusions

We have calculated with scaling arguments the characteican be drawn.
istic crack tip profiles {) and the stress distributiorr(, ;) at (1) Since the applied stress is small, we can deduce that
the edge of disk-shaped fractures in columnar phases faolumnar phases are more fragile than smeat@empounds
various geometries. Although based on the HHTT com-and solids. This is readily seen by inspection of the threshold
pound, the arguments used should be valid for other columradius in the different casesrg§ is a common notation for
nar liquid crystals. tensile stresses

IV. DISCUSSION
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( 051/2 for theH phase of HHTT{with o,,# 0) Moreover, since we assumed tHat-| = R?/\, the follow-
—o3 ing inequalities hold:
o for theD,,4 phase of columnar phases
. 1/2
R*oc 4 (With g4 #0) Y D) £<@<1 (15)
o,  forasmecticA compound B/ N oy
L 0g 2 for a solid. provided that the fracture occurs before undulation instabili-

ties. This requires tha€/yy>D. In generalK/y, scales like

The tendency of columnar phases to fracture easily is @ (whered is the distance between columns or between
known fact, but the failure mechanism is best described by amecticA-like p|ane$_ The inequa”tieilS) can never be
flow process where columns slide over each oftiet. verified sinced<D. However, columnar mesophases of dis-

(2) We are in a position to propose a simple experiment tqotic main chain polymers have been reporfad]: basi-
hint at the nature of thél phase of HHTT and, maybe, to cally, the different molecules have their aliphatic tails linked
revisit the D, phase of other compounds. When a tensiletogether by flexible polymeric spacers. The ratidy,
stress is applied along the columnar axis, the fracture tip wilshould now scale like’, whered’ is the average length of
exhibit a characteristic profile depending on the nature of thghe discotic main chain polymer along the direction of the
phase(x)=|x| for a columnar phase with quasi-long-range applied stress. At the percolation threshédglation point,
positional order inside the columns @(x)x|x|"* for a  K/y,xD and the inequalitie$15) could be verified. Note
simple solid(Fig. 4). As mentioned earlier, this simple ex- finally that the presence of flexible polymer spacers between
periment based on scaling arguments can only give us golecules would prevent the fracture mechanism to be char-
strong hinton the nature of the order present inside the col-acterized by the flow of columns over each other and is not
umns; detailed Bragg maxima profile analysis would be resypposed to disturb the order inside the columns. To obtain a
quired to draw definite conclusions. highly ordered phase of this material would most likely re-

Finally, can we witness this fracture phenomena beforguirein situ polymerization of an already formed liquid crys-
the undulation mstablllty when the tensile stregg IS ap- talline or Crysta”ine columnar phase_

plied[8]? For a sample of thicknes§s (in the direction of the
applied stress the undulation threshold is,=B\/D. If we
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