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for the Halley nucleus.

. Hyakutake nucleus diameter estimates based onin-
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the maximum liftable grain radius a,, = 9V /p/
16mRp,pG, where V and ji are the gas velocity and
gas mass flux at the surface, R is nucleus radius, p,,
and p are the nucleus and grain densities, and G is
the gravitational constant.

A survey of all ejection directions shows a locus of
directions giving fits with x2 better than 1.08. These
include some antisolar directions, some directions
opposite the orbital angular momentum vector, and
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duced to show the sensitivity of M to maximum grain
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of the maximum liftable grain radius, a,, (6, 20), be-
cause varying a,,, implies varying the grain velocity,
whereas here we hold the velocity scaling C at a fixed
value determined from the coma spectrum fits. For
this comet, a,, is likely to be very large (~10 m).
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Inthe standard model (20) the velocity scaling constant
C = (3CCeV iR/4p)2, where Cy, is a drag coefficient
and C; corrects for the change in Vg with expansion. To
get V = 40 m/s for homogeneous spherical grains (Cp,
= 2, C¢ =~ 9/4) of 0.3 g/cm? density and 1-cm radius
requires a gas flux of L = 4 X 10~ g/cm?-s for V, =
0.29 ks (300 K gas). This is higher thanthe p = 5 X
1075 g/cm?-s that one expects from steady sublimation
of a clean ice surface. Making the grains fluffy or fractal
can ease the reguirement of a high p. because of the
lower density p and higher drag coefficient Cp, [H. U.
Keller and W. J. Markiewicz, Geophys. Res. Lett. 18,
249 (1991)]. However, | could also be higher than the
steady sublimation value if the gas release is explosive
or jetlike.
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Spontaneous Formation of Macroscopic
Chiral Domains in a Fluid Smectic Phase
of Achiral Molecules
Darren R. Link, Giorgio Natale, Renfan Shao,

Joseph E. Maclennan, Noel A. Clark, Eva Kérblova,
David M. Walba

A smectic liquid-crystal phase made from achiral molecules with bent cores was found
to have fluid layers that exhibit two spontaneous symmetry-breaking instabilities: polar
molecular orientational ordering about the layer normal and molecular tilt. These insta-
bilities combine to form a chiral layer structure with a handedness that depends on the
sign of the tilt. The bulk states are either antiferroelectric-racemic, with the layer polar
direction and handedness alternating in sign from layer to layer, or antiferroelectric-chiral,
which is of uniform layer handedness. Both states exhibit an electric field-induced
transition from antiferroelectric to ferroelectric.

Chirality has been recognized as an impor-
tant feature of liquid crystals (LCs) since the
time of their discovery (1). Now the influence
of chirality on phase behavior and macroscop-
ic structure is of major interest in LC science,
stimulated in part by the recent discoveries of
the blue phases (2) and of chiral smectic {Sm)
ferroelectric (3), antiferroelectric (4), and
twist grain boundary (5) phases. In these and
all other known chiral LC phases, the chiral-
ity is of molecular origin, being built into the
molecular structure upon synthesis, and is es-
sentially permanent. Here we report macro-
scopically chiral LC phases obtained by the
spontaneous chiral organization of achiral

“molecules. Specifically, we have found coex-

isting bulk fluid chiral Sm domains of oppo-
site handedness spontaneously formed from
molecules that are achiral in the isotropic
phase. We provide evidence for the sponta-
neous formation of chiral layers in a Sm phase
made from achiral molecules with bent cores
[the homologous compounds 1 (6) and 2 (7)
(Fig. 1)] and provide structural evidence for a
symmetry-breaking transition to polar order-
ing in an achiral LC.

The current interest in the LC behavior of
bent-core molecules has been stimulated by
the synthetic work of Matsunaga and col-
leagues (7, 8), which includes the design and
synthesis of compound 2 and its homologs
(7). They identified the highest temperature
Sm phase in 2 as a smectic C (SmC) and used
x-ray layer spacing measurements of the ho-
mologous series to argue that the tails are
nearly normal to the Sm layers whereas the
cores are tilted. They found an 18.5 A core
thickness and, assuming a core conformation

D. R. Link, G. Natale, R. Shao, J. E. Maclennan, N. A.
Clark, Department of Physics, Condensed Matter Labo-
ratory, University of Colorado, Boulder, CO 80309, USA.
E. Kérblova and D. M. Walba, Department of Chemistry
and Biochemistry, University of Colorado, Boulder, CO
80309, USA.

giving a 27.5 A spacing between the alkoxy
oxygens of 2, obtained a core tilt of 48° (7).
Recently, Watanabe, Takezoe, and co-work-
ers (6) synthesized and studied the alkyl ho-
mologs of compound 1, concluding from op-
tical measurements that its highest tempera-
ture Sm phase had untilted cores and, from
switching current measurements, that there
was ferroelectric ordering of the molecular
bows, with their arrows pointing in a partic-
ular direction that could be switched by an
applied electric field. Study by Weissflog et al.
(9) of the octyl homolog of 2 showed an
antiferroelectric current response and led
them to a model with an untilted core struc-
ture and antiferroelectric ordering of the mo-
lecular bows. Heppke et al. observed ferroelec-
tric switching current dynamics in several
other homologs of 1 and 2 (10).

Here we present the results of optical mi-
croscopy studies of the highest temperature
Sm phase of compounds 1 and 2 in the freely
suspended film (I1) and “bookshelf” (12)
electro-optical geometries. Our work, directed
toward revealing the structure of this phase,
demonstrates (i) the layer-by-layer antiferro-
electric structure of the equilibrium phase, (ii)
spontaneous breaking of achiral symmetry in a
bulk LC (in this case into chiral Sm layers),
(iii) the existence of racemic (R) and homo-
geneously chiral (H) stacking of these chiral
layers, the racemic being the lower free-ener-
gy state, (iv) the coexistence of macroscopic,
homogeneously chiral domains of opposite
handedness, which maintain their handed-
ness during electro-optic switching and are
identifiable by their chiral response to applied
electric field, and (v) “sergeants-and-soldiers”
biasing of the global chirality by addition of
chiral dopant. On the basis of these observa-
tions, we have adopted the nomenclature
“SmCP,” for this phase (13). The SmCP,
phase of both compounds 1 and 2 behaved in
essentially identical fashion in the film and
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bookshelf cell studies.

We recently reported using freely suspend-
ed films, drawn in air with an integer number
of Sm layers and imaged with depolarized
reflected light microscopy (DRLM) (14) using
oblique laser illumination, to probe electric
dipole density in tilted Sm phases (15). Con-
ventional antiferroelectric (SmC,*) phases
(4) exhibit a dramatic even-odd effect versus
layer number: Films of an even number of
layers have polarization only in the molecular
tilt plane, whereas films of an odd number of
layers of chiral materials have polarization
only normal to the tilt plane (15). Here we
apply the DRLM technique to probe the
ground-state structure of the SmCP, phase.
Films of uniform thickness with the layer
number N ranging from 2 to 10, as well as
films with layer steps, were prepared for study
by drawing them in the SmCP, phase over a
5-mm-diameter hole in a glass cover slip. Film
thickness was determined by laser reflectivity
(11). In both compounds 1 and 2, the
SmCP, phase was stabilized relative to the
lower temperature S2 phase, with, for exam-
ple, the SmCP, phase found at temperatures
138°C < T < 160°C in two-layer films of
compound 1, for which the range of the
SmCP, phase in the bulk is only ~5°C.

Our DRLM observations with oblique in-
cidence and slightly uncrossed polarizers
showed that an optic axis in the SmCP,
phase is tilted relative to the layer normal and
revealed the smooth brush patterns character-
istic of films of tilted Sm phases (14-16). We
refer to the plane containing this tilted optic
axis as the tilt plane (Fig. 1) and give its
orientation in the layer plane by the unit
vector director ¢. Ferroelectricity in films can
be detected easily by applying a small electric
field (E ~ 10 V/cm) in the plane of the film.
If the film is ferroelectric, the field will couple
linearly to the ferroelectric dipoles, rotating
them so that they orient along the field (14).
When a weak electric field was applied to
films in the SmCP, phase, we observed a
striking odd-even effect (Fig. 2): Odd-N re-
gions were ferroelectric with c oriented nor-
mal to the electric field, which would require
chirality and is typical of tilted chiral (ferro-
electric) Sm phases; however, even-N regions
did not react to the field and were thus not
ferroelectric. Therefore, the ground state of
the SmCP, phase is in fact antiferroelectric,
with P,, the layer polarization in the plane
normal to ¢, alternating from layer to layer.
Additionally, the refractive index for optical
polarization along ¢ was smaller than that for
optical polarization normal to ¢, a condition
not found in typical Sm phases that indicates
a strong biaxiality and ordering of molecular
planes normal to ¢. These results lead us to
propose the layer structure indicated in Fig. 1,
which has ferroelectric polar ordering of the
molecular bows characterized by the arrow
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direction b, oriented parallel to the polar
plane (as would the arrow in a bow-arrow
combination), and a resulting polarization P
locally normal to the molecular tilt direction
¢. By varying E, we uniquely mapped with
DRLM the spatial variation of the b-c couple
over the film surface (16), revealing domains
of opposite chirality separated by sharp do-
main boundaries in SmCP,-phase films of

- REPORTS

uniform thickness (Fig. 3A). The jump in
brush intensity as the domain wall was crossed
indicates that the orientation of ¢ changed by
7 upon crossing the boundary. Although this
experiment was not sensitive to the sign of b,
b can be mapped unambiguously with an ap-
plied E field. In Fig. 3, B and C, for example,
the field-induced orientation of b seems to be
uniform except for the 27 reorientations of
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Fig. 1. (A) Geometry of the SmCP, phase, showing the layer, tilt, and polar planes, the result of three
distinct symmetry-breaking events: the formation of fluid Sm layers normal to z, the tilt of the molecular
bows in the direction given by ¢, and the polar ordering of the molecular bows along the “arrow” b. (B
and C) Layer organization in the SmCP, phase showing the antiferroelectric racemic and homoge-
neously chiral states at zero applied electric field (E = 0) and the corresponding ferroelectric states for
n- (D) Compounds 1 (6) and 2 (7) and their phase diagrams.

fields beyond the threshold E,

Fig. 2. (A) DRLM micro-
photograph with normal-
ly incident illumination
showing the electric-field
response of three- and
four-layer-thick films of
compound 1 in the
SmCgP, phase. Indicat-
ed are the incident (P)
and reflected (A) optical
polarizations,  applied
electric field E, and the

layer step-edge location (dashed line). Using this optical arrangement, (B) a sketch of the orientation of
b can be drawn, showing that in the N = 3 region, b is oriented by the field, trapping 27 walls (2
rotations of the b-¢ couple), indicating a ferroelectric response. The N = 4 region is antiferroelectric, as
its smoothly varying E = 0 director structure is unaffected by the field.
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b-c, which show up as “2m walls” that are
away from the domain boundaries. Note that
b must be continuous across the domain
boundaries: If it were not, then the E field
would trap a 7 wall at every domain bound-
ary, which is not seen. The light-intensity
dependence (Fig. 3A) shows that it is the
orientation of ¢ that changes sign at the do-
main boundaries. Antiferroelectricity implies

Fig. 3. (A) A two-layer film (N
= 2) of compound 1 in the
SmCgP, phase with a circu-
lar domain wall separating
two domains of opposite tilt
direction and chirality. (B} A
three-layer film (N = 3) with
several tilt-switching do-
mains, viewed through
crossed polarizers oriented
at 45° to a 10 V/cm applied
electric field. This configura-
tion with oblique incidence
generates optical contrast
with the change in tilt at the
domain boundaries. The
multiline defects are 2w walls
(27 rotations of b-¢) trapped
by the field. The absence of =
walls at the domain bound-

that b (and hence P,) have opposing orien-
tations in adjacent layers, but the observation
of optic axis tilt even in N = 2 films implies
the same tilt direction ¢ in all layers of a
particular tilt domain, that is, structures that
are “synclinic” with respect to the tile. This
synclinic tilt in ¢ with antiferroelectricity in b
indicates that alternating layers have chiral
conformations of opposite handedness, in

»} rrrrsN s
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aries indicates that b is continuous across the boundaries. (C) Field-reversed state of (B). (D and E)
Schematic structure of N = 2 and 3 films, respectively, showing the synclinic tilt in ¢, antiferroelectricity in
b, and possible coresponding polarization densities p, and p,,, each density having the appropriate

symmetry. With the synclinic tilt structure (¢ having the same sign in adjacent layers), P,

the net polar-

ization along ¢, is zero for any N, and P, the net polarization along b, is nonzero for odd-N films, as is
observed. This synclinic tilt in ¢ with antiferroelectricity in b means that altemating layers have chiral
conformations of opposite handedness, as indicated by the blue-magenta color coding.

Fig. 4. Transmission polar-
ized light micrographs of the
SmCP, phase of compound
2 in a focal conic planar
aligned (bookshelf) cell be-
tween crossed polarizer (P)
and analyzer (A), and corre-
sponding schematic organi-
zation of the layers in the

phase. (A} Focal conic area

with £ = 0 showing an R re- }
gion with distinct stripes A ‘*
running parallel to the Sm p: .
layers, and an H region, Pl P
which appears SmA-like F 'y
and has a uniform purple bi- 4 »
refringence color. (B) Area of @ ;‘ o
A withE = 10V/pm >E,, 2| » 4
applied normal to the page. a4 »
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H, the birefringence has in- L3 4
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creased in the applied field,
and the extinction brushes
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have rotated to a SmC* state. (C and D) Division of H into subregions H+ and H—, having opposite signs
of P, and in which extinction brushes consequently rotate in opposite directions. These domains
maintain their handedness even under conditions of repeated field reversal with £ > E,, (D).
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contrast to tilted chiral ferroelectrics (SmC*,
synclinic tilt and the same handedness in
every layer) and antiferroelectrics [SmC,*,
anticlinic tilt and the same handedness in
every layer (4)]. Analysis of the tilt plane (p,)
and polar plane (p,) polarization densities in
N = 2 and 3 films (Fig. 3, D and E) provides
further evidence for a synclinic tilt in ¢ with
antiferroelectricity in b. Specifically, an N =
2 structure that is anticlinic in ¢ would have

= [pdx # 0, which, from our earlier
SmC,* experiments (15), would be easily
observable, that is, N = 2 films would be
ferroelectric along ¢, but this is not the case.
Only P is nonzero, and then only in odd-N
films. From these observations on the SmCP4
phase, we conclude that the film structure is
SmCcP,™ (13), a spontaneous symmetry
breaking to a synclinic antiferroelectric, and
therefore racemic, stacking of chiral layers.
Such structures have been found in crystals of
achiral molecules (17), but have not been
previously reported in LCs.

In order to further probe the structure of
the SmCP, phase, compounds 1 and 2 were
used to fill 4-pm-thick transparent capacitor
electro-optic cells made from indium-tin ox-
ide coated glass in the SmCP, phase, and
were subjected to a field E while being
viewed in transmission through the crossed
polarizers of an optical microscope. The
SmCP, phase of both materials adopted a
random focal conic texture with the Sm lay-
ers essentially normal to the glass plates (pla-
nar alignment) (Fig. 4). Two types of regions
were visible: region R, which has distinct
stripes running parallel to the Sm layers and
typically occupies the majority of the sample,
and region H, which appears SmA-like (that
is, smoothly birefringent, with an orientation
of the extinction brushes characteristic of the
SmA phase, and a uniform birefringence col-
or, in this case pink). Regions R and H
behave quite differently upon application of
an E field above a threshold voltage (E,;, ~ 5
V/um). For a given sign of E, the stripes in
region R disappear, leaving a smoothly bire-
fringent SmA orientation of the extinction
brushes and nearly the same pink birefrin-
gence color as in region H when no field is
applied. This brush orientation is similar to
that found by Takezoe and colleagues (6):
The extinction brushes do not rotate when
the sign of the applied field is reversed, re-
maining SmA-like for E both above and
below E,. However, an above-threshold
field produces in region H two concurrent
changes: The birefringence increases with in-
creasing E, generating in this case a yellow
birefringence color, and the extinction
brushes rotate as they would in a chiral fer-
roelectric Sm phase, for example, clockwise
for one sign of field and counterclockwise for
the other (Fig. 4B). Region H itself is divided
into two distinct subregions, H+ and H—,
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which have different handedness and there-
fore differ in the sign of P, (P, > 0 if P, is
parallel to b = z X ¢). Upon application of a
given sign of electric field, the H+ and H—
extinction brushes rotate in opposite direc-
tions (Fig. 4C). Regions H+ and H— can
coexist within the same Sm focal conic do-
main. Generally, such domains are stable in
the presence of applied field, that is, the field
does not alter the layer chirality. An excep-
tion is found in compound 2, wherein, if the
SmCP, phase is obtained by heating from
the lower temperature “blue” phase, the H
states are initially the majority, often occu-
pying the entire area. Application of a
square-wave switching field induces a chiral
SmC-like brush rotation, with each local area
maintaining its sign of polarization. Howev-
er, this switching promotes their conversion
to R, particularly at higher temperatures in
the phase.

Figure 4 illustrates the structures we pro-
pose for the field-on and field-off states of the
R and H regions. The H regions are chiral,
antiferroelectric in b, and anticlinic in ¢, and
thus, with E = 0, are SmC,P4*, similar in
structure to the SmC,* phase. The resulting
state is biaxial and, with an optic axis along
the layer normal, appears SmA-like. One
would expect a helixing of the b-c couple with
travel along z in a bulk H sample, but this is
not observed in our thin surface-stabilized
cells. The increase in birefringence in the H
regions upon field application is a result of the
progressive loss of the strict tilt alternation at
E = 0 to form uniformly tilted chiral domains.
These domains are ferroelectric SmC*-like,
except that domains with either sign of Py, (in
both cases with P, along E but of opposite
tilt) coexist in the sample. The racemic state
with E > E,;,, denoted SmC, P (13), is also
anticlinic in ¢ (and thus also appears SmA-
like) and is observed to have nearly the same
birefringence as the H state with E = 0,
consistent with this model. Removal of the
field from the racemic state produces an in-
teresting relaxation process to the antiferro-
electric SmCgP ™ ground state. As E is re-
duced, the molecules in one subset of layers,
either the even or the odd, must rotate to give
antiferroelectricity in b (Fig. 4B). If the odd-
layer molecules rotate, then a domain (stripe)
of one sign of tilt is obtained at E = 0,
whereas if the even-layer molecules rotate, a
stripe of the other sign of tilt forms. This
process leads to the formation of domains of
energetically degenerate states of opposite tilt
(one obtainable from the other by a 7 rota-
tion of b-c about z) and to the distinctive
stripe pattern of the R regions at E = 0. Note
that because the R state is racemic, there is no
tendency for ¢ to twist, and therefore, there is
no helix (in the N = 2 film, the polar plane.
polarizations Py, of the two layers are exactly
opposed in equilibrium).
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The observation that the minority H
states are close in free energy to the equilib-
rium R state suggested the possibility that
addition of chiral dopant could modify the
relative free energies of the R and H states
and make the H state the more stable. In
mixtures of as little as 1 weight % of the
SmC* material W314 (18) with compound
2, the H state is markedly stahilized, convert-
ing the majority of the cell area to the H state
with negative P, (the same polarization sign
as W314), while maintaining the antiferro-
electric E = O state. This is a bulk LC analog
of the “sergeants and soldiers” chiralization of
the achiral polyisocyanate polymer recently
reported by Green and co-workers (19). In
dilute solution, these polymer molecules ex-
hibit a spontanecous symmetry breaking to a
chiral state, forming helical rodlike struc-
tures. Changing a few percent of the side
groups to be chiral “sergeants” causes all of
the achiral side group “soldiers” to twist with
a single handedness. Precisely the same effect
is observed in our experiments in a bulk LC
phase, where the low concentration of chiral
dopant is sufficient to bias the chirality to a
single handedness. This behavior may be de-
scribable by a theoretical model analogous to
that developed for the polyisocyanates (20).

Both the free film and electro-optic cell
experiments show that the SmCP, phase is a
smectic of liquidlike layers. The SmCP,, filins
exhibit the low-viscosity in-plane flow and
dramatic orientation fluctuations of ¢ charac-
teristic of SmC films, and the SmCP, electro-
optic response speed in the cells (400 s at 8
V/um) is also comparable to typical SmC
values. Also, near the point of SmCP ,—iso-
tropic phase coexistence, the shapes of Sm
focal conic domains surrounded by isotropic
phase are quite dynamic, readily changing in
response to applied fields. Thus, the achiral
symmetry breaking described is achieved in a
fluid Sm phase.

The appearance of the SmCP, phase in
films with only two or three layers indicates
that the basic collective effects generating the
structure are intralayer, as is the case for the
symmetry-breaking molecular tilt in the SmC
(11) and SmC,* (21) phases of typical rod-
shaped molecules. For the known SmC phases
of achiral rod-shaped molecules, the mirror
symmetry about the tilt plane is maintained,
whereas for the bow-shaped molecules studied
here, there is an additional intralayer collec-
tive polar ordering of the arrow directions
along b that eliminates this mirror symmetry.
This polar ordering is related to the distinc-
tive bent-core shape of the molecules but is
probably not strongly related to, or affected
by, the molecular tilt. Thus, the chirality of
the SmCP, phase arises from the peculiar
geometrical relation within the Sm phase of
two essentially independent, strongly stabi-
lized broken symmetries: intralayer collec-

tive polar ordering of the molecular bows
and intralayer collective tilt of the molec-
ular planes. The stabilization of the relative
chirality and orientation of adjacent layers
is an energetically secondary effect that
may be altered by relatively weak applied
fields or by chiral doping.
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