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Dimerlike smectic-A and -C phases in highly Suorinated thermotropic liquid crystals
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X-ray scattering studies on a homologous series of thermotropic liquid crystals with one tail
perAuorinated reveal that the smectic layer thickness depends only on the length of the Auorocarbon tail.
Density measurements in combination with the x-ray results show that the average cross-sectional area
per molecule, parallel to the smectic layers, depends only on the length of the hydrocarbon tail. These
experimental results lead to a model in which steric interactions drive antiparallel alignment of nearest
neighbors in the smectic- A and -C phases. These unique dimerlike phases have a layer spacing compara-
ble to the length of the molecules, demonstrate registration of nearest neighbors along their lengths, and
exhibit ferroelectric switching in the chiral smectic-C phase.

PACS number(s): 61.10.—i, 61.30.Eb

I. INTRODUCTION II. EXPERIMENT

In this paper we report the discovery of unique dimer-
like smectic-A (Sm-A ) and smectic-C (Sm-C) phases of a
class of rod-shaped, liquid-crystal-forming molecules hav-
ing a perAuoroalkyl tail on one end of a rigid aromatic
core and a hydroalkyl tail on the other. These materials
present a unique system with sterically and chemically
different ends. They exhibit a stronger propensity to
form smectic phases than their hydrocarbon analogs and
demonstrate unusual textures when viewed under crossed
polarizers. Recently, a large number of such thermotro-
pic liquid crystals have been synthesized [1—4] and evalu-
ated for use in display devices.

Here we present structural studies for the 5-n-alkyl-
2[4-n-(l, l-dihydroperfluoroalkoxy)phenyl]pyrimidine ho-
mologous series (Table I). In this homologous series both
the hydrocarbon (n~7) and fluorocarbon (10~m) tail
lengths are independently varied. These materials
demonstrate the isotropic —Sm-A —Sm-C phase sequence.
The Sm-A and Sm-C are layered phases in which the long
axes of the molecules are aligned parallel to (Sm-A) or
tilted (Sm-C) with respect to the normal of the smectic
layers. Optically determined director tilt angles in the
Sm-C phase of this homologous series will be reported at
a later date. Ferroelectric switching is observed in the
Sm-C phase in all homologs when a chiral dopant is
added [5].

In the Sm-A and Sm-C phases the homologs in Table I
exhibit the following structural properties: The smectic
layer thickness depends only on the length of the Auoro-
carbon tail, while the average cross-sectional area per
molecule depends only on the length of the hydrocarbon
tail. This interesting response to changing molecular
length indicates that the molecules are organized into a
network of antiparallel pairs, i.e., with fluorocarbon and
hydrocarbon moieties adjacent, such that the hydrocar-
bon tails do not contribute to the smectic layer spacing.
Steric interactions dominate the amphiphilic interactions,
tending to segregate the fluorocarbon and hydrocarbon
tails.

Aligned homeotropic samples were prepared on micro-
scope slides cleaned with acetone. The substrates were
placed on a hot plate and the liquid crystal melted and al-
lowed to spread in the isotropic phase. The samples were
then quickly transferred to a preheated single-stage
scattering oven (stability =+50m'C, T,„115C) in or-
der to maintain the smectic phase. We found that the
thin sample 61ms broke up into droplets when cooled to
the crystal phase and reheated. This How-thinning tech-
nique produced a homeotropically aligned 61m approxi-
mately 20 pm thick (three samples were measured, using
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TABLE I. Structure of the 5-n-alkyl-2-[4-n-(1, 1-

dihydroperfluoroalkoxy)phenyl]pyrimidine homologous series.
For brevity, the homologs are referred to as m~n where m (n) is
the number of carbons in the hydrocarbon (fluorocarbon) tail.
Phase transition temperatures ('C) for the various homologs
were determined by differential scanning calorimetry, cooling
from the isotropic phase at 5'C/min. All phases are also ob-
served upon heating except for the Sm-C phase of 10~3 (mono-
tropic). The liquid crystal phases were identified by polarized
optical light microscopy. The identification of the smectic-C
phase was confined by the observation of ferroelectric switching
in chirally doped samples.
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a Zeiss light sectioning microscope) with a nearly uni-
form thickness over a 1 X2 cm area.

X-ray scattering experiments were conducted on a
two-circle diffractometer with a rotating anode (Rigaku
RU-300) Cu ICa source, a bent graphite monochromator,
slit collimation, and a Bicron scintillation detector. The
x-ray spot size at the sample position was 0.275X2.0
mm in cross section. The instrument resolution was
0.066, full width at half height (FWHH), of a 28 scan
through the main beam.

Our scattering geometry was such that the samples
were oriented normal to the floor and to the scattering
plane of the instrument. With the detector in the main
beam (28=0 ) and the sample just out of it, the plane of
the substrate was oriented parallel to the beam with the
diffractometer 8 axis centered in the plane of the sub-
strate. Alignment was completed by translating the sam-
ple normal to the beam until the beam intensity was
halved. The detector (28) and sample (8) orientations
were scanned independently in order to locate and max-
imize the intensity of the (001) Bragg peak. At maximum
intensity, 8 was reset to —,

' of 28B„. The samples were
heated to just below the smectic-A to isotropic phase
transition (temperature limited by the scattering oven)
and held there for 15 min in order to stabilize the system.
Data were collected as 8 and 28 scans (step sizes of
0.0125' and 0.025') as the samples were cooled from the
Sm-A to the crystal phase.

Density measurements were made by pycnometry us-
ing 20 pl capillary tubes heated to the Sm-A to Srn-C
phase transition temperature in a single stage oven. A
wire plunger was employed to compensate for material
shrinkage as samples were cooled from the isotropic
phase. The high degree of fluorination leads to densities
—20—50 % higher than for comparable hydrocarbon
analogs 16].

III. RESULTS

The smectic layer spacing as a function of temperature
for the individual homologs is shown in Fig. 1. All sarn-

ples studied had monochromatorlike alignment with
0.04'~ FWHH~OO, ~

0.06', which is less than the instru-
ment resolution (FWHH=0. 066'), and a 8 mosaic of
0. 11' (FWHH). Higher order reflections were observed

—20 20
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FIG. 1. Smectic-A and -C layer spacing as a function of tem-
perature for the homologs in Table I. Changing hydrocarbon
tail length: i), 6~7;, 7(7; o, 8~7; e, 9~7; , 10(7. Changing
fluorocarbon tail length: ~, 10~3; A, 10~5; ~, 10~7.

IV. DISCUSSION

The layer spacing at the Sm-A to Sm-C phase transi-
tion is (1) strongly dependent on the length of the fluoro
carbon tail (10~n homologs, Fig. 1); (2) nearly independent
of the hydrocarbon tail length (m~7 homologs, Fig. 1)
even though the molecular length varies by 20% (Table
II). Furthermore, as the hydrocarbon tail length in-

creases, this system maintains a constant layer spacing at
the expense of increasing the average cross-sectional area
per molecule (Table II and Fig. 2). In all cases the smec-
tic layer spacing at the Sm-3 and Sm-C phase transition

in all samples. The ratios I(OO2) lI((x), )
and I(QQ3)/I(oo, )

for individual homologs remained constant as the sample
temperature was varied. The FWHH and symmetry of
the observed Bragg peaks did not change with decreasing
temperature, indicating suppression of layer fluctuations
L7].

The cross-sectional area per molecule was determined
by combining the density and layer spacing data. Table
II provides a summary of the pertinent experimental
data. The average cross-sectional area per molecule vs
molecular length for the hornologs is plotted in Fig. 2.

TABLE II. Summary of pertinent x-ray scattering and density data: Sm-A to Sm-C transition tem-

perature ( T&c ), smectic layer spacing at the Sm-A to Sm-C phase transition (dzc ), molecular length (l)
(as calculated for the lowest energy conformation, using MopAC [6]), density, and cross-sectional area

per molecule for the various hornologs.

m/n

7]7

10(7
10[5
10(3

T&c ( C)

=59.0(2)
70.0
82.8
86.4
87.9
75.2
53.4

doc (A)

31.1(2)
31.4
31.5
31.6
31.2
28.5
26.6

I(A)
30.1(2)
31.3
32.7
33.9
35.3
32.6
30.0

Density
(g/cm')

1.46( +3% )

1.45
1.40
1.37
1.39
1.31
1.23

Area per
0

molecule (A )

23.4(+4% )

23.8
25.2
26.3
26.8
26.5
25.2
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molecules. This local splay, with associated bend in the
smectic layers, is shown in Fig. 3(d).

The semifiuorinated n-alkanes provide insight regard-
ing the role of the aromatic cores in liquid crystal sys-
tems. Two smectic phases are observed in the
(C F2 + i)-(C„H2„+,) series, where m = 10 and
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FIG. 2. Cross-sectional area per molecule vs molecular
length. For increasing hydrocarbon tail length with fixed
fluorocarbon tail length {m17, m =6,7, 8, 9, 10) the long range
structure maintains a constant layer spacing at the expense of
increasing the area per molecule. The cross-sectional areas of
polytetrafluoroethylene (PTFE) and polyethylene (PE) are 28
and 22 A, respectively [7].

(d)

(a)
~ea&a '

(1c)is comparable to the molecular length (Table II).
The experimental facts suggest the formation of a long

range network, normal to the smectic layers, of Auorinat-
ed tails and aromatic cores in which the smectic layer
spacing is determined independent of the length of the hy-
drocarbon tails [Fig. 3(a)]. The parallel packing of neigh-
boring molecules [like adjacent tails; see Figs. 3(b) and
3(c)], is excluded since the length of the hydrocarbon tails
would necessarily contribute to the smectic layer spacing.
We rule out interdigitated structures by the observation
of ferroelectric switching in the Sm-C* phase in chiral
doped mixtures; i.e., this system demonstrates a low re-
orientational viscosity comparable to other Sm-C
phases. We propose that neighboring molecules within a
smectic layer are aligned, on average, in an antiparallel
manner and are registered relative to one another along
their lengths [Figs. 3(a) and 3(d)]. Probable local in-plane
structures are square [Fig. 3(e)] or hexagonal [Fig. 3(b)]
arrays of fluorocarbon and hydrocarbon tails.

Antiparallel alignment of neighboring molecules is in
sharp contrast with the notion of polyphilic ordering—
chemically similar parts of amphiphilic molecules associ-
ate with one another [9,10]. We note that short chain
perAuoroalkanes are partially soluble in their hydrocar-
bon analogs, with the solubility decreasing with increas-
ing chain length [11,12]. However, the entropy of mixing
alone does not account for the highly ordered state ob-
served here. We propose that steric considerations drive
the antiparallel alignment of neighboring molecule s.
Volumetric data from polymers indicate that
perAuorinated chains have a cross-sectional area approxi-
mately 27% larger than that of hydrocarbon chains
Ipolytetratluoroethylene (PTFE):polyethylene (PE)=28
A:22 A [13]]. Antiparallel packing is an efficient way
to fi11 space for d (1. Parallel packing would produce a
higher energy structure due to local splay of neighboring
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FIG. 3. Various smectic packing s in which cores are

represented by ovals, and hydrocarbon and fluorinated tails are
represented by open and shaded rectangles, respectively. (a) A
network in which the smectic layer spacing is independent of
hydrocarbon tails. (b) Parallel. (c) A nonpolar organization of
parallel aligned molecules. The disparity in the cross-sectional
area of the hydrocarbon and fluorocarbon leads to a splayed ar-
rangement and resulting layer bend. (d) Antiparallel alignment
of neighboring molecules. (e) and (f) Local in-plane packing
structures of rectangular and hexagona1 arrays, respectively.
Here fluorocarbon tails are represented by shaded circles; hy-
drocarbon tails by open circles. Intermolecular distances are

0

approximately 5 A as determined from x-ray scattering from
bulk samples in 0.5 mm capillary tubes using the same scatter-
ing conditions noted in the text. (g) and (h) Schematic represen-
tations of the semiAuorinated n-alkanes —a similar system,
which demonstrates two smectic phases. (g) Antiparallel ar-
rangement of the high temperature phase. (h) Interdigitated
structure of the low temperature phase.
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n =9, 10, 11 [14—17]. The high temperature phase is
analogous to that described here; neighboring molecules
within a smectic layer are aligned antiparallel and d —1

[Fig. 3(g)]. The low temperature smectic phase is a bi-
layer structure with d & 1, in which the hydrocarbon seg-
ments are interdigitated at the center of the layer and the
perfluorinated segments are at the layer boundaries [Fig.
3(h)]. The absence of the lower energy interdigitated
structure in the liquid crystal system may be accounted
for by the energy of association of the core groups. The
smectic layer spacing in both phases of the
semiAuorinated n-alkanes is dependent on the length of
the Auorocarbon and on the length of the hydrocarbon
segments [17]. In the liquid crystal system, the smectic
layer spacing is independent of the hydrocarbon tail
length. The aromatic cores of the liquid crystal appear to
play a significant role in the registration of neighboring
molecules [Fig. 3(a)].

The dimerlike packing described here is unique in two
respects. First, the layer spacing is comparable to the
molecular length (d ~1). Dimer formation, driven by
steric or polar interactions, has been reported for many
materials [18—21]. However, in these cases the layer
spacing is greater than the molecular length (1 &d ~ 21).
Second, ferroelectric switching is observed in the Sm-C'
phase of all homologs in Table I when doped with a
chiral liquid crystal. Ferroelectric switching has not been
reported in other dimerlike forming systems.

V. CONCLUSION

We have discovered unique dimerlike Sm-2 and Sm-C
phases in a homologous series of rod-shaped, liquid-

crystal-forming molecules with one fluorocarbon and one
hydrocarbon tail. These materials form a network in
which the smectic layer spacing is comparable to the
molecular length but is independent of the length of the
hydrocarbon tail. Steric interactions dominate the am-
phiphilic interactions, tending to segregate the Auorocar-
bon and hydrocarbon tails. Thus, neighboring molecules
align antiparallel to one another within a smectic layer.
We have shown that the aromatic cores appear significant
in the registration of neighboring molecules. The dimer-
like packing described here, with d 1, is a new variation
of the Sm-3 and Sm-C liquid crystal phases. The obser-
vation of ferroelectric switching in the Sm-C' phase in
chiral doped samples is unique among dimerlike forming
systems.
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