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We demonstrate the feasibility of x-ray scattering studies of freely suspended strands of
discotic liquid crystals (of triphenylene hexa-n-dodecanoate). We are able to grow strands,
which are stable for days, of diameter > 50 um with a few single-crystal domains. Unex-
pectedly, we find that the quasi two-dimensional structural phase transition from columnar
D?2 to columnar D1 corresponds to the orientational ordering of columns of molecules with
the molecules tilted at finite angles to the column axis in both phases.

PACS numbers: 64.70.Ew, 61.30.—v

Recently, disk-shaped molecules have been syn-
thesized that exhibit a new class of columnar
liquid-crystalline phases"? in which the molecules
segregate into infinite columns close packed in vari-
ous two-dimensional (2D) lattices. To elucidate
their structure and phase transitions, we have ini-
tiated synchrotron x-ray scattering studies of freely
suspended strands® of such columnar phases. Our
x-ray studies demonstrate the single-crystal quality
of freely suspended strands, which provide the only
viable technique for preparation of columnar phase
samples suitable for high-resolution x-ray studies.
Only high-resolution x-ray studies of such oriented
samples allow one to disentangle and understand
the intracolumnar 1D interactions and the inter-
columnar 2D structure in the columnar phases and
at the transitions. We expect these studies will
enhance our understanding of collective behavior in
lower-dimensional materials, as has been demon-
strated for analogously prepared films of rod-shaped
molecules.* >

X-ray scattering studies were made on strands of
triphenylene hexa-n-dodecanoate (HAT11). Previ-
ous x-ray work on HATI11 shows that it exhibits
two columnar phases D2 and D 1,2 but has left un-
clear the nature of the D2-D1 structural phase tran-
sition from a (2D) hexagonal to a (2D) centered
rectangular lattice of columns of molecules. Quali-
tative optical observations® show that the molecules
are tilted with respect to the column axis in the D1
phase. Our data lead us to propose a model with
the molecular tilt remaining finite across the transi-

tion into the D2 phase. We find that the structural
phase transition is associated with the intercolumn
ordering of the molecular tilt orientation about the
column axis.

The experiments were carried out at the Stanford
Synchrotron Radiation Laboratory (SSRL) with use
of the x-ray diffraction spectrometer stationed on
beam line VII-2.° With use of horizontal and
vertical slits, a pair of asymmetrically cut Ge(111)
crystals to monochromatize the incident beam
(~7.1 keV), and LiF(200) crystal to analyze the
diffracted beam, we obtain a longitudinal resolution
of 1.1x1073 A-1 half-width at half maximum
(HWHM). Lower-resolution experiments were car-
ried out on thick strands at Exxon with resolution
5.0x10~3 A~! (Fig. 3) and 1.8x10~2 A~! (Fig. 4)
HWHM. In these experiments, we studied — 1.5-
mm-long strands with diameter between 50 and 200
um pulled in an oven with two-stage temperature
control to +0.01°C.

We find that in the D2 (118°C > T > 105°C)
and D1 (105°C > T > 70°C) temperature ranges
HATI11 exhibits structures with Bragg peaks only in
the (h,k, 0) plane and diffuse sheets at (h,k, + 27/
d) with d ~ molecular spacing within columns, con-
sistent with the previous identification of the struc-
tures as two-dimensional lattices of liquid columns
linset, Fig. 1(b)] with no positional correlations
between molecules from different columns along
the 7 (strand-axis) direction.? Across the D2-D1
transition the system distorts from a hexagonal into
a centered rectangular structure with herringbone
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FIG. 1. (a) Wide-range o scan (rocking curve)
through hexagonal (1,0) peaks in the D2 phase. (b)
Finer w scan after annealing in the D1 phase indicates
the single-crystal quality (mosaic ~ 0.2°) of discotic
strands and as discussed in the text also provides evi-
dence of orientational jumps in strands shown schemati-
cally in the inset with the scattering geometry.

symmetry. We show in Fig. 2 the real and recipro-
cal lattices of the two phases indexed on a two-
dimensional rectangular unit cell in the x-y plane
defined as 7(h,k) = ha*x + kb*J.

We now discuss the structural quality of the free-
ly suspended strands. To determine the degree of
the lattice mosaicity, we execute w (rocking curve)
scans in the D2 and D1 phases with Q in the x-y
plane. In these scans the amplitude of the momen-
tum transfer is fixed at the peak value of a Q,, re-
flection [Fig. 1(b), inset]. We show in Fig. 1(a) an
o scan with Qx = | 7(0, 2) | [equivalent to a hexago-
nal (1,0) peak] over a 70° w range in the D2 phase.
The scan shows two narrow bunches of peaks of 1°
to 2° mosaic width spaced by 60° and is typical of
what is obtained immediately after pulling a strand.
The mosaic structure of a particular bunch evolves
continuously in time with significant changes occur-
ring in minutes.” Hence, the detailed structure of
the two bunches in Fig. 1(a) is not precisely identi-
cal because of the structural evolution of the
bunches during the scan time of four min. Anneal-
ing several hours improves the mosaic quality signi-
ficantly, a given bunch evolving to a few closely
spaced peaks with peaks of width between 0.15° and
0.3° [Fig. 1(b); bunch about w=0]. To measure

7(1,1)| and_|7(0,2) | accurately, at each momen-
tum transfer Q,,, we rotationally average, with the
intensity integrated over w, segments which contain
evolving peaks. In the D2 phase at a given tem-
perature, all such rotationally averaged longitudinal
scans result in a peak at the same Q,, indicating that
|7(1, 1) |=17(0,2)|; similarly, |7(1,3)]=]|7(2,
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FIG. 2. Top panel: Three orientationally inequivalent
(described by ) states (each state also doubly degen-
erate) of herringbone order on a triangular lattice. Bot-
tom panel: Direct and reciprocal lattice of the D2 and
D1 phases indexed on a (2D) rectangular unit cell. The
arrows on the ellipses of the D1 phase indicate the direc-
tion of tilt. The herringbone structure of the D1 phase is
signaled by the appearance of four new peaks (open dia-
monds).

0)| and thus the lattice is hexagonal. In the D1
phase the system distorts to a centered rectangular
lattice with herringbone symmetry, as evidenced by
the appearance of the 7(1,2) peaks and a lattice
distortion so that |7(1,1)| #|7(0,2)|. Figure
1(b) shows w scans of the annealed strand in the
D1 phase in which the mosaic has evolved to two
sets of peaks at |7(1,1)]|=0.2749 A~ and |7(0,
2)|=0.2783 A1,

The peaks with different wave-vector magnitude
Q,, occur closely spaced in w because the centered
rectangular structure of the D1 phase can condense
on the triangular column lattice in three orienta-
tionally distinct directions (Fig. 2). The x-ray beam
illuminates sections of the strand with different lat-
tice orientation. Two such distinct regions separated
by a soliton-type defect wall® are shown schemati-
cally in the inset to Fig. 1(b). To further test our
observations we have used slits to illuminate
< 50 um sections of the strand to obtain a region
with only one lattice orientation. However, the o
scans, while sharp, are usually not single peaked
and the in-plane structure contains a few single-
column lattice domains separated by a few degrees.

We now discuss the D2-D1 structural phase tran-
sition. For clarity, we describe the hexagonal D2
phase by a (2D) centered rectangular structure with
b =-/3a shown in Fig. 2. The D2-D1 transition at
105°C, which is first order, is characterized by a lat-
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tice distortion and a simultaneous appearance of
four twofold symmetric peaks with Q,, = |7(1,2)]
(Fig. 2). The new resolution-limited peaks in the
D1 phase signify the onset of long-range inter-
column molecular tilt orientational correlations
about the column axis with herringbone symmetry.
The intensity of the peak at 7°(1, 2) as a function of
temperature in the D1 phase yields the square of
the orientational order parameter. However, be-
cause of the time-dependent dynamics of the dif-
ferent domains in the strand, we find that the inten-
sity is not quantitatively reproducible near 7.

To measure the distortion, which is a secondary
order parameter of this D2-D1 transition, we car-
ried out rotationally averaged Q,, scans through the
inplane peaks at 7(1,1), 7(0,2), and 7(1,3) in
both phases for each temperature. We plot in Fig. 3
Ab/b=(b,— b;)/b; and Aa/a= (ay—a;)/a, as a
function of temperature. We find that the lattice
contraction is primarily along the b axis with
Ab/b=0.015, and (Aa/a)/(Ab/b) ~0.04 £0.02
across the transition in the D1 phase. We show in
the lower panel of Fig. 3 the angle between the op-
tic axis tilt and the strand axis as a function of tem-
perature measured by optical microscopy tech-
niques.? The optic axis tilt angle is 28° below the
D1-D?2 transition and drops abruptly to zero at the
transition.
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FIG. 3. Top panel: Lattice distortion along the a axis
in the D1 phase (a,=26.512 A). Bottom panel: Lattice
distortion along the b axis and optic axis tilt angle (open
square) in the D1 phase. The lattice constants were mea-
sured to an accuracy of about +0.008 A at SSRL and
+0.035 A at Exxon.
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The small distortion Ab/b ~ 0.015 rules out a
herringbone close packing of ellipses resulting from
a tilt of the entire molecule; this would yield a
significantly larger distortion of the hexagonal lat-
tice.” With use of a close-packed hard-ellipse model
one has Ab/b~1-1[r(60°+a)+r(60°—a)l/D
==(0.092 with herringbone angle o ~ 7° + 4° given
by r(a)=0.5D(1—Aa/a). Here, r(9)=0.5D/
[cos20 + (1/e)?sin%9]Y2 is the equation for an el-
lipse in polar coordinates with eccentricity e
=c0s28° =0.883, and D =diameter of molecule
~26.5A. The optical data measure only the tilt of
the central core of the molecules with anisotropic
polarizability. The flexible aliphatic tails need not
be tilted. The rigid core has a diameter of about 7

; hence, a tilt of 28° of only the core of the
molecules [inset to Fig. 4(b)] gives a larger eccen-
tricity e=1+1(7/26.5)(c0s28°—1) =0.969 and
consequently a smaller distortion Ab/b ~ 0.022. A
close-packed model is clearly not ideal for discotics;
thus, the reasonable agreement (0.022 compared to
0.015) with the experimental data is a persuasive ar-
gument that only the core is tilted.

We next consider whether the molecular tilt an-
gle is an order parameter of this phase. We show in
Fig. 4(a) (0,0,Q,) scans in both the D1 and D2
phases along the strand axis through the diffuse
sheet which probes intermolecular correlations in
columns. The scattering is clearly not single
peaked. The solid line through the data is the result
of least-squares fits of a sum of two Lorentzians
=124 Y [1+6%(Q,—0,)?] centered at Qy,

=1.35 A~ ! and Q,,=1.68 A~! [indicated by ar-
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FIG. 4. (a) (0,0,Q,) scans along the strand axis
through the double-profile liquid peak (due to the spac-
ings d, and d, shown in inset) in the D1 (closed circle)
and D2 (open triangle) phases. (b) The high-Q, peak
position vs temperature shows no shift in peak position,
which indicates that the molecular tilt remains finite in
the D2 phase.
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rows in Fig. 4(a)] to the data. In these fits, the
background is fixed at a value determined from low
(Q, < Q,;) and high (Q, > Q,,) scattering points
away from the diffuse sheet. As pointed out by
Levelut? the first peak is due to the liquid structure
of the aliphatic tails, while the second peak at
Q,,=2mw/d,=1.68 A~! (separately shown as solid
line), which does not appear in small-core discot-
ics,” arises from short-range correlations (£ ~ 3 to 4
molecules) of the large aromatic core with spacing
d, [inset to Fig. 4(b)]. The tilt behavior across the
transition is related to the change of the Q,, peak
position. In the simplest model, where the molecu-
lar tilt angle ®( ~ 28°) drops to zero across the
transition, one would expect a significant shift
in the peak position dQ ~ Q,/c0s(28°) —Q,,
=0.130,=0.18 A~! [shown as solid bar in Fig.
4(b)] comparable to the width AQ,=0.20 A~! of
the scattering. The (0, 0,Q,) scan in the D2 phase
is shown as open triangles in Fig. 4. We also show
the Q,, peak position versus temperature in Fig.
4(b), which indicates no statistically significant shift
in the peak position across the transition. This sug-
gests that while the tilt may change by a few de-
grees across the transition, it remains finite in the
D?2 phase and consequently rules out the tilt angle
as an order parameter of the D1 phase.

We thus propose that the D2-D1 structural phase
change is characterized primarily by the onset of the
intercolumn ordering of the molecular tilt orienta-
tion about the column axis. In the D1 phase, the
columns of tilted molecules are close packed with
herringbone order. However, there are six ways in
which this order can be imposed on a triangular lat-

tice (Fig. 2). In the tilted D2 phase, random fluc-
tuations between these states results in an orienta-
tionally disordered hexagonal structure with an op-
tic axis along the strand axis.3

This research was supported in part by a joint
Industry/University National Science Foundation
Grant No. DMR-8307157, and in part by the
Department of Energy under Contract No. DE-
ACO02-82RR-1300. We acknowledge the assistance
of the staff of the SSRL especially T. Porter. We
thank D. E. Moncton, A. M. Levelut, G. Aeppli,
and S. Sinha for useful discussions of the experi-
ments, L. Wenzel for technical assistance, and
C. Destrade for providing the HAT11 sample.

1S, Chandrasekhar, B. K. Sadashiva, and K. A. Suresh,
Pramana 9, 471 (1977). :

2A. M. Levelut, in Proceedings of the International
Liquid Crystal Conference, Bangalore, 1979 (Wiley, New
York, 1980); M. Takabatake, J. Appl. Phys. 21, 685
(1982).

3David H. Van Winkle and Noel A. Clark, Phys. Rev.
Lett. 48, 1407 (1982).

4D. E. Moncton and R. Pindak, Phys. Rev. Lett. 43,
701 (1979); R. Pindak, D. E. Moncton, J. W. Goodby,
and S. C. Davey, Phys. Rev. Lett. 46, 1135 (1981).

5]. Collett, L. B. Sorensen, P. S. Pershan, J. D. Litster,
R. J. Birgeneau, and J. Als-Nielsen, Phys. Rev. Lett. 49,
553 (1982).

6D. E. Moncton and G. E. Brown, Nucl. Instrum. &
Methods 208, 579 (1983).

7C. R. Safinya, N. A. Clark, K. S. Liang, W. A. Varady,
and G. Andersson, to be published.

1175



