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Effect of chirality on liquid crystals in capillary tubes with parallel and perpendicular anchoring
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The director field of a cholesteric liquid crystal confined to cylindrical cavities with parallel and perpen-
dicular surface anchoring was studied by means of optical polarizing microscopy. The chirality of the liquid
crystal could be varied continuously due to a temperature-induced twist inversion of the cholesteric structure.
The results indicate the occurrence of a twisted escaped radial structure for perpendicular anchoring and an
eccentric double twist configuration for parallel anchorif§1063-651X96)09507-4

PACS numbe(s): 61.30.Gd, 61.30.Jf

[. INTRODUCTION perature range below,,, is opposite the handedness above
o ) N . Ty At Tiy, the absolute value of the pitch diverges. This
~ Nematic liquid crystals confined to small cylindrical cavi- tgatyre enables us to vary the cholesteric piiatver a large
of the director at the curved surface of capillary tubes |ead§"|version occurs at a temperature far away from any phase
to three-dimensional director fields that may exhibit charactransition, we expect the elastic coefficients to be nearly tem-
teristic defect structurdd—5]. The anchoring enerdy?], the  perature independent, in contrast to the system studied by
ratio of the elastic coefficients;,/K33 [1,3], and even the Cladis, White, and Brinkmafi7]. _ N
saddle-splay elastic constakit, [2] have been determined  For both parallel and perpendicular anchoring, transitions
by a detailed analysis of the director field of nematic liquid from a typical nematic structureat which p is infinite) to
crystals in cylindrical cavities. However, the director fields complicated spiral patterrior which p is less than the cap-
of chiral liquid crystals in capillary tubes have been muchillary diametey are observed. For perpendicular anchoring
: ; there is a transition from the escaped radial structure to a
less investigated. wisted d radial struct hile f llel hori
Nonchiral nematic liquid crystals are characterized by atW'S ed escaped radial structure, whiie for parailél anchoring
here is a transition from uniform alignment to a double twist

uniform director field. However, the addition of chiral mol- . . . .
ecules causes a twisted director field known as the chole@’IInder configuratiori11]. These structures differ from pre-

teric phase. Williams and Bouligari@], Cladis, White, and viously observed vector'fieIdE7] an'd are discussed with
Brinkman [7], and Lequeux and Ktaan[8,9] have found respect to recent theoretical predictiqag].
various helicoidal structures for cholesteric liquid crystals
confined to a capillary with perpendicular anchoring. More
recently, Ondris-Crawforet al. [10] have detected a pitch-
induced transition from a radially twisted to an axially  The liquid crystals used in our experiments are chiral
twisted structure in submicrometer cavities with concentricmulticomponent mixtures that exhibit the cholesteric phase
anchoring. (N*) in a broad temperature range. The helical structure of
In the present paper, we report on the behavior of artheN* phase shows a very strong temperature dependence of
induced cholesteric mixture confined to glass capillaries withtthe pitch and an inversion of the handedness at a temperature
well-defined perpendicular or parallel anchoring. InducedT;,, within the cholesteric temperature range. This tempera-
cholesteric mixtures consist of a nematic host and a smature dependence of the pitch enables us to study the effects
amount of a chiral dopant. For many systems of this kind, thef chirality on the director fields by simply varying the tem-
reciprocal value of the pitcp is proportional to the concen- perature.
trationc of the chiral component: p~t=hc, whereh is the In order to obtain such mixtures, we used nematic host
helical twisting power. In the experiments presented here wenixtures with broad nematic temperature ranges, such as
have used a chiral dopant for whibhis temperature depen- ZLI-2806 (negative dielectric anisotropyr ZLI-1840(posi-
dent and indeed shows a sign inversion at a particular tentive dielectric anisotropy both from E. Merck. The choles-
peratureT;,,, i.e., the handedness of the helix in the tem-teric phase was induced by adding the chiral dopants D13
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and D112

to the nematic host mixture. Both components were synthe- Glass capillary tubes with diameters of 25, 50, 75, 100,
sized in our laboratory. The helical twisting power of D13 and 200um were treated in order to obtain suitable surface
depends very strongly on temperature, causing a rightanchoring and then filled with the liquid crystal. In order to
handed helical structure at low temperatures and a leftachieve perpendicular anchoringof the director at the
handed helical structure at high temperatyre3. The sign  Jiquid-crystal—glass interface, the capillaries were filled with
inversion of the pitch induced by this compound in ZLI-2806 3 solution of lecithin and the solvent was allowed to evapo-
was found to occur af;,,=101.3 °C(Fig. 1). To reduce the rate before the capillary was filled with the liquid crystal. To
inversion temperature and bring both right- and left-handedchieve parallel anchoring the inner surface was treated
regimes into theN* temperature range we added D112,wijth an anisotropic polymer film formed by photoinduced
which is known to exhibit a very high, temperature- cross linking with polarized lightknown as the LPP effect
independent helical twisting powgt4]. Thus the addition of iy [15]). For the latter purpose, palinyl 4-
D112 to a mixture of D13 and ZLI-2806 shiftdd,, (Fig. 1)  methoxycinnamate(PVMC) was deposited on the glass sur-
without affecting the slope op~*(T). The dependence of face and an anisotropic polymer film was formed by illumi-
the temperature of the helix inversioh,, on the weight nating the rotating capillary with linearly polarized UV light
fraction Xp;1, Of D112 is approximately described by the (1~11 mwi/cnf) from a 400-W halogen lamfFig. 2). The
linear relation Tj,,=a+bXp1;, wWhere a=101.3°C and  anchoring orientation of the director is known to be perpen-
b=-1.498x10"°C. dicular to the plane of polarization of the UV radiation used
The results presented in this paper were obtained for tweor the curing procesgl5]. Thus the orientation of the plane
very similar mixtures:mixture A 2.5% D13, 0.3% D112, of polarization perpendicular to the cylinder axis resulted in
97.2% ZL1-2806(T;,,=41.5 °Q, andmixture B 2.9% D13, 3 uniform anchoring of the director along the cylinder axis.

0.4% D112, 96.7% ZLI-2806T;,,=55.6 °Q, which were In order to determine the director fields, the cylinders
used for the samples with perpendicular and parallel anchokyere placed between crossed polarizers in a microscope and
ing, respectively. photographed in the transmission mode using monochro-
matic light and several polarizer configurations. Guided by
200 LN B B A L B these pictures, a model for the director configuration was
proposed and the transmission pattern calculated. The com-
- puter program for the transmission pattern determines the
‘l_' 100 | . absorption and phase shift of the polarization components of
= the light beam as it passes through the polarizer, multiple
GSSS% I slices of the droplet director field, and finally through the
£ 0 >|€EK\ analyzer. Details of the calculation, which uses the Mueller-
= Stokes formalism, are given by Xu, Kitzerow, and Crooker
- L ; [16]. Finally, the calculated patterns were compared with the
| measured patterns and the model refined. This process was
QO -100 T repeated until the calculated patterns were in agreement with
the experimental observations.
—200 L i L 1 L | 2 1 L | L
0 20 40 60 80 100 120 uv

T (°C) P
M
FIG. 1. Inverse pitch versus temperature for mixtures with dif- % c

ferent concentration of the chiral dopants D13 and D112 in the

nematic host ZLI-2806.4, 2.45% compound D13, 97.55% ZLI-

2806; *, 2.50% compound D13, 0.36% compound D112, 97.14% FIG. 2. (a) Experimental setup surface preparation using the
ZL1-2806 (mixture A); O, 2.92% compound D13, 0.36% compound LPP effect. UV, UV light source; P, polarizer; M, stepping motor;
D112, 96.72% ZLI-2806mixture B); M, 2.50% compound D13, C, capillary tube coated with polfvinyl 4-methoxy-cinnamate
0.62% compound D112, 96.89% ZL|-2806. PVMC.
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Polarizers

30 35 40 45 T (°C)

FIG. 3. Evolution of the director configuration in a capillary as a function of tube ragiaser pitchP. The microscope photographs
are all of one capillary and are positioned over the corresponding RiFKratios. Arrows at the left show the arrangement of crossed
polarizers for each row. P/ is linearly related to the temperature as shown on the temperature scale. Note the behavior of the point defects
and the onset of the helical instability.

. RESULTS attributed to the temperature variation of the elastic constant
ratios.
The two types of defects are affected differently by chiral-
The textures for cylinders with perpendicular anchoringity. At zero chirality, both types of point defects lie on the
are shown in Fig. 3. The horizontal axis shows the rRMp,  cylinder axis. As the chirality increases, the hyperbolic de-
whereR is the capillary radius ang is intrinsic pitch; this  foct remains on the axis, but the hedgehog defect becomes

ratio is proportional to the chirality p/ Since 1p is linearly  gighiaced toward the cylinder wall. For opposite chirality,
related to the temperatuiie the temperature is also shown. tge hedgehog defect moves in the opposite direction.

The microscope photographs are aII_ of the same sample an Studies were made using capillaries with diameters of 25,
are posmone.d over their respective t.emperatures. TW%O 75, and 10Qum; the collective behavior can be qualita-
crossed-polarizer alignments are shown: in the upper row th vél s’e arated inio regions depending on the pitchnd
polarizer axes are aligned parallel and perpendicular to th Y Sepa 9 epending pic .
Capillary diameteD, as shown in Fig. @). In the nematic-

tube axis; in the lower row they are aligned &45° to the lik ) ion (N)] th h little f h
tube axis. Note that in the vicinity of zero chirality ike region[region (N)] the pattern changes little from the

(T;,,=38.0 °O the texture exhibits straight sections where PUré nematiézero chirality case. In thelisplaced hedgehog
the director configuration is constant alongand point de- defectregion[region (D)] the hedgehog defect is displaced
fects where the director is undefined. The point defects arfoward the wall, while in thesurface defectegion [region
either hedgehog defectsadial point defects, or monopoles (C)] the defect has reached the wall. Finally, in thgral
or hyperbolic defectgantimonopoles region, the straight lines take on a spiral or helical structure.
As the chirality increases from zero, the straight sectiondf the anchoring is strongno tilt of the director away from
appear to change gradually, until Rfp~0.5 they become the perpendicular direction at the boundarthe capillary
unstable and take on a sinusoidal appearance. The amplitudeameterD and pitchp are the only two lengths in the prob-
of this sinusoidal pattern increases rapidly with further in-lem and the behavior should only depend on their ratio. The
creasing chirality, becoming nonsinusoidal but still periodiclines in Fig. 4a) are best fits to the equatiop*=C/D,
at higher chiralities. Eventually the texture becomes chaoticwhere C is a constant; within our ability to determine the
Note also that the optical textures are somewhat different aiegion boundaries, the fits are acceptable. Figibe ghows
corresponding left-and right-handed chiralities; this effect isthe same data plotted as the rafidp againstD; again,

A. Perpendicular anchoring
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FIG. 4. Stability regions for capillaries of different radia) p~*
vs D. N, nematiclike; D, displaced hedgehog defect; SD, surface
defect; S spiral. Lines are best fitspo*=constD. (b) R/p vs D.
Lines are guides to the eye.

DISPLACED HEDGEHOG

within our ability to determine the boundarid3/p is indeed
independent of the diameter, as expected.

We have been able to determine the director configura
tions of the straight sections, which change only slowly with
increasing chirality. Let the position of the director be speci-
fied by cylindrical coordinate&,,z) and the director orien-
tation be given by two angle8 and y as shown in the inset
to Fig. 6. B, the angle between the director and the radial
direction, describes the director tilt in the meridional plane.
v, the angle between the projection of the director on a plan
perpendicular to the radial axis and thexis, describes the
twist about any radius. In the nonspiral regions these angles

are functions op only, so that in cylindrical coordinates the FIG. 5. Observations and calculated director patterns. Left col-
director takes on the form umn: microscope photographs with polarizer angles denoted by ar-

rows. Right column: model transmission patterns.

NEMATICLIKE

n(p)=p cosB— ¢ sinB siny—zsinB cosy. (1)
pared with the measured patterns and the model refined until
Our task is therefore to determigp) and yv(p). the calculated and measured patterns agreed.

We have assumed thgtp) and y(p) have the polynomial Figures 5 and 6 show our results. The pictures on the left
form =a,p" and have retained only the minimum number of in Fig. 5 are microscope photographs; those on the right are
coefficients required to explain the data. Along thexis, the calculated transmission patterns. The polynomials uti-
B(0)=7/2 and v(0)=0; at the boundaryB(p,)=0 andy(p,) lized for each fit are shown in the graphs f@andy of Fig.
can be left unspecified. Subject to these constraints, the c&. As prescribed by the boundary conditiof#p) proceeds
efficients are then chosen to construct model director consmoothly from the axial direction at the center to the radial
figurations that best agree with experiment. direction at the boundary; except for an increased persistance

The comparison with experiment was accomplished byin maintaining its axial orientation near the center, its behav-
first assuming values for the polynomial coefficients#gp)  ior is unremarkablezy(p), on the other hand, describes the
and y(p) and calculating the transmitted intensity patterns aswist; the slopaly/dp is in fact proportional to the chirality.
described previously. The calculated patterns were then conf~rom the graph it can be seen thdp) increases steadily at
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FIG. 6. Variation of director angle8 andy with cylinder radius
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FIG. 7. Transmission pattern of cholesteric cylinders with par-
allel anchoring between crossed polarizénsixture B). For the
temperature dependence of the intrinsic pitch see Fig. 1.

p in the various stability regions. N, nematic; D, displaced hedge- ;2 | DTI' ‘ ' |
hog defect; SD, surface defects; S, spiral. See the text for an inter- ED
pretation of the graphs in the spiral region. Inset: definitiog ahd 06\ Zg i i
v (@) + s5¢ v/P,,_,—’—v :
the center as the bulk chirality increases and levels off near 50 DT .
the edge wherg8 approaches 0 angt becomes less mean- 45 L ]
ingful. The twist is therefore manifested in an increased ra- 40 b DT ]
dial twist. 35 L L L ;

As the chirality increases through the value at which the 0 50 100 150200 250
chiral instability occurs, the instability is manifested by the D (um)
center of the axially symmetric director configuration be-
coming slightly offset from the cylinder axis, spiraling 3 P , :
around the axis in the direction. The rest of the director 51 % |
pattern is correspondingly stretched, compressed, or sheared OT
so that the original boundary conditions are preserved. This a T ]
situation requires that a special interpretation be given to the (b) > 0 M M
graphs forg and vy in the spiral region, namely, thatp,=0 P P
corresponds to the center of the offset pattern afag=1 1 MDMEES e
corresponds to the boundary, regardless of the direction in 2L " DT 1
which p is taken. 3 . . K .

For larger chirality, the distortion becomes nonsinusoidal,
but still periodic. The director configuration in this higher-
order regime is very complex and we have not attempted any
fits.

B. Parallel anchoring

0 50 100 150 200 250
D (um)
FIG. 8. Stability diagrams for structures with parallel anchoring.

(a) Stability regions denoted by temperature for various tube diam-
etersD. DT, double twist, DT, irregular double twist; ED, eccen-

For cylinders withparallel anchoring, the cholesteric tex- tric double twist; P, parallelb) The same stability diagram, using
tures observed on heating the sample are shown in Fig. The reduced unib/p instead ofT.
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FIG. 9. Model structures to explain the observed transmission for different chiralities. P, uniform parallel director field; ED, eccentric

double twist cylinder; DT, double twist cylinder.

The corresponding stability diagram is shown in Fig. 8. As informly aligned parallel to the cylinder axi€ig. 9. This
the case of perpendicular anchoring, we again see that pagtarallel structure(P) appears completely dark if the polarizer
terns for capillaries of different radii depend only on the ratioand analyzer are parallel and perpendicular to the cylinder
D/p. Beginning at the lowest temperatuf€<T,,,), where  axis; however, bright and dark lines appear when the polar-
the pitch is much smaller than the diamekerof the cylin-  izers are tilted at-45° to the cylinder axis. In contrast to the
der, observation of the sample between crossed polarizefsgerprint lines, these lines, which occur fb=T;,, are due
reveals straight bright and dark lines parallel to the cylindetto the birefringence of the uniaxial nematic liquid crystal.
axis. This pattern can be explained by a director field wher&dhe transmitted intensity for the sample between polarizers
the pitch axes lie along the cylinder radii and the director liescrossed att-45° to the cylinder axis is
in the ¢-z plane (Fig. 9). Using the coordinates defined in
Fig. 6 and Eq.(1), B=m/2 everywhere and=2mpl/p*. As 1 wAnyD?-4p?
we shall seep* is not the bulk pitch. I= 2 )Y ’
It is interesting to note that tubes with the same helical
arrangement are considered to be the basic unit of the struc- ] ) ) )
ture of blue phased 1]. In agreement with these earlier con- there pis the radial distance from the tube axis and
siderations, we call this thdouble twist(DT) structure. The (D“—4p")™“ is the effective thickness of the birefringent
dark and bright lines seen in the polarizing microscope cafube. In agreement with Ed2), the distances between the
be identified as the “fingerprint” lines, separated by distancedark and bright lines observed for=Ti,, decrease with in-
p*/2, as are commonly seen in cholesteric liquid crystals¢reasing dlstancgfrom th_e tu_be axis. Thls separatlon.dlffers
When the pitch is very smallp|<D/2, the double twist from that of the fingerprint lines des_crlbed above, since the
cylinder is not perfect and the fingerprint lines show someatter are separated by a constant distance.
loops. The helicoidal instability leading to these loops has If the temperature is further increased beyond the P re-
been discussed earlier by Lequeux andri@a[9]. In the  9ion, the _ch|raI|ty of the I|q_U|d_crystaI_changes handedness
stability diagram(Fig. 8 we denote thisrregular double and_ the pitch 2decreases with increasing temperature.'ln the
twist structure as DT The loops disappear on increasing '€9ion wheresD <|p|<D, which we call theeccentric
temperature so that a perfect DT structure is observed in thgouble twist(ED) region, a complicated but very regular
rangeD/2<|p|<2D. spiral pat'gern develops. In.order to explain the spiral we as-
As expected, the distance between the fingerprint line§UMe a director configuration of the form
increases with increasing pitch when the temperature ap-
proaches the valu&;,, . The variation of this distance with
chirality is not continuous, however, but occurs in a steplike
way. Due to the anchoring at the cylinder surface, the pitch .
p* may differ from the intrinsic pitctp, since it obeys the wherep;, ¢,, andz are unit vectors in cylindrical coordi-
boundary conditiormp* =D, wherem is an integer. As a nates relative to a new origin at{,y,z), which lies on the
consequence, the fingerprint lines disappear pair by pair oaffset twist axis. The twisty;=2mp,/p and radial distance
approachingT;,, and the disappearance of each pair of linesp;=[(x—x;)2+ (y—y,)?]Y? are for a particular point rela-
is connected to the movement of a dislocation along the cyltive to this origin, through which passes a nonsingular dis-
inder axis through the entire cylinder. clination line. This disclination line forms a spiral with am-
Close to the inversion temperatufg, where the intrinsic  plitude r, and pitch P, i.e., X,(z)=r cos(2mz/P) and
pitch p is larger than the tube diameter, the director is uni-y,(z) =r, sin(27z/P).

lo Sir? 2

A(p1)= ¢ —sin +2 cosy; , ©)
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our system differs completely from the earlier observation
on a mixture of cholesteryl-nonanoate andg-
cyanobenzylideng” -octyloxyaniline by Cladis, White, and
Brinkman [7]. In that system, the proximity of the
cholesteric—smectié- phase transition caused both the pitch
and the ratios of the elastic coefficiemtgy/K; andK,»/K
to diverge as the transition was approached. Below the tran-
sition, in the smecti@& phase, a planar radial structure was
observed 7], which is characterized by a singular disclina-
tion line with strengths=1 in the center of the tube. Above
the transition, in the cholesteric phase, a splitting of this
defect line into ones=2 line and twos=3 lines was found
[7].

FIG. 10. Calculated transmission for the ED structure, as de- In contrast, our system with perpendicular anchoring does
scribed by Eq(3) with D=100 um, r;=50 um, andP =200 um. not show a defect line but rather an escaped radi#t)

structure with point defectsfor p~'=0. This structure is

The structure described by E(B) is characterized by a brought about by changing chirality alone; the ratio of the
planar anchoring of the director at the cylinder surface, i.e.elastic coefficients in our system is not expected to vary
B(po)= 2. However, the azimuthal anchoring anglén Eq.  much with temperature or chirality since no phase transition
(3) does not coincide with the anchoring directigrrO pre- s jnvolved. Furthermore, the additional motion of the hedge-
scribed by the orientation of the anisotropic polymer film atyoq defect toward the surface is an effect driven by chirality
the boundary. We propose, on the basis of the experimentalone A similar transformation from a volume defect to a
evidence given below, that the anchoring eneétdyis weak  grface defect has been observed in nematic droplets under
enough to be overcome by the director torques. This Proge infiyence of an electric fielftlé] and is in agreement

posal is in agreement with recent measurements on phot<‘)/\-’i,[h the to : ; : .
: : . . L pological considerations by Volovik and Lavren-
induced anisotropic polymer filmal 7], which indicate that tovich [18]. On the other hand, theyperbolicdefects in our

W, for PVMC is an order of magnitude smaller than that forsystem are stable volume defects. This is reasonable: it is

rubbed polyimidg17]. ; . ) ; "
The Ealgulatig[n gf the transmitted intensity of the ED impossible to satisfy the perpendicular boundary conditions
with a hyperbolic defect.

model is shown in Fig. 10. This figure is in good qualitative
g g g q Small intrinsic pitch p<D) leads to a twisted ER struc-

agreement with the experimental observation if we set . , , , )
r,=D/2, i.e., if the nonsingular disclination line is located at {Ure, in contrast to the theoretical considerations of Banit

the surface of the cylinder. When focusing on differentZumer [12], who assumed two-dimensional director fields
planes of the sample, the pattern observed for crossed polatith a pitch axis along the cylinder axis. Escaped radial
izers oriented parallel and perpendicular to the axis confirm§tructures therefore have to be considered for a cholesteric
the presence of a bright spiral at the surface of the cylindediquid crystal confined to a cylindef19] Although our ob-
This disclination line is nonsingular: unlike typical singular servations differ considerably from the results of Cladis,
disclination lines, the spiral is characterized by a smoothVhite, and Brinkmar{7], they confirm the expectation that
variation of the light intensity, which indicates a strong butthe sum of the disclination strengths is constant.
continuous variation of the director field in its vicinity. For parallel anchoring (Figs. 7-10, we observed uni-
On further increasing of the temperature, parallel fingerform parallel alignment in the nematic phase and double
print lines interrupted by loops appear again, indicating awist cylinders with a radial arrangement of the pitch axes for
double twist structure DT If the sample is maintained at the highly twisted liquid crystal. In the intermediate range
constant temperature, these loops eventually disappear antha- p, our observations fit an eccentric double twist model.
perfect DT structure is formed. It is interesting to note thatp sjmilar structure with a displaces=1) y-disclination
the appearance of the d_ifferent structures depends on the hiﬁ;ﬁe,vbut with concentric anchoring was proposed by Bezic
tory of the sample. Unlike the stability diagram for perpen- g Zumer[12]. The double twist configuration DT occur-
dicular anchoringFig. 4), the stability diagram for parallel ;o for small pitch is identical to theadially twisted axial

anchoring(Fig. 8 is not symmetrical with respect 1/p structure observed in submicron cavities with concentric an-

=0. Ifthg sample is allowed to relax to the perfect DT struc—CPOring [10]. However, our system with parallel anchoring
ture at high temperature and then cooled, the sequence ; ) . .
oes not show a discontinuous transition from an axially

structures in the phase diagram of Fig. 8 is reversed. That ig, . . : :
whether heating or cooling we observe the same sequence isted to the radially t\{\nsted structg(as reported in Ref.
10]) but rather a continuous transition from the uniform

phases DT-DT-P-ED-DT. ) X
planar structure to the radially twisted structure through the

metastable eccentric double twist configuration. We con-
clude that the twist axis of the cholesteric director field in

Our investigations on cholesteric liquid crystals in cylin- cylindrical confinement may not be oriented parallel or per-
ders with perpendicular and parallel anchoring reveal the appendicular to the cylinder axis. More complicated double
pearance of various chiral structures in addition to the directwist structures, such as our ED model, may also have to be
tor fields observed previously. For perpendicular anchoringgonsidered.

IV. CONCLUSION
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