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Observation of a pretransitional effect near a virtual smecticA—smecticC* transition
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Unusual softening of the layer compression moduBusas been observed near the phase boundary where
the smecticc* phase vanishes in a naphtalene-based liquid crystal mixture. From the systematic study of x-ray
and layer compression measurements, this unusual effect is attributed to the pretransitional softening near a
virtual smecticA—smectic€* phase transition in the smec#cphase, which no longer appears on the ther-
moequilibrium phase diagram. This phenomenon is similar but not equivalent to supercritical behavior.
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Liquid crystal phases are characterized by long-range orism-A-Sm<C* transition [9]. These materials exhibit an
entational order. In addition, smectic liquid crystal phaseddeal quasibookshelf layer structure. From a scientific point
have quasi-long-range positional order; a one-dimensionaif view, however, the mechanism of the smectic layer thick-
solid and a two-dimensional liquidl]. There exist so many ness variations near the Sis-Sm-C* phase transition is not
types of smectic phases. Thus, we can clarify the intrinsi¢lear[9-13]. _
nature for various types of phase transition phenomena and Here, we report the results of layer compression modulus
spontaneous symmetry breaking by investigating smectic-tgh'éasurements near the $m-SmC* transition of several

smectic phase transitions. Mechanical properties are directl iral smectic liquid crystal mixtures showing quaS|bo_o_k-
helf layer structures. We found an anomalous pretransition-

related to the stability of the low symmetry phases becausgmke softening of the layer compression modulus in an ap-

elastic _constants are the second order derivative pf the fr@jﬁropriate concentration range as if the ®mSmC* phase
energy itself. As a result, the measurement of the viscoelastigansition had occurred. However, the Suphase was con-
constants, which directly couple to the internal order or itsfirmed to be entirely stabilized in the whole temperature re-
fluctuations, is a powerful probe of the critical phenomenagion by static probes such as x-ray diffraction and polarizing
[2]. In this paper, we demonstarate the critical slowing downmicroscope. This phenomenon is similar to the supercritical
of the layer compression modulus near a virtual phase trarbehavior[1,14], but is not quite equivalent in view of the
sition to a hindered phase that no longer appears in the regpntinuity of the behavior across the phase boundary, as will
thermodynamic phase diagram. In general, our findings probe dllscussed below. We also discuss the mechanism of the
vide a basic understanding for the pseudocritical phenomerfi@sibookshelf layer structure.

L . . The samples used were the mixtures of the naphtalene
beyond the critical points where no finite order-parameter, . ™. > .
change takes places. derivative pure compound MTLC-801Mlitsui Chemical$

AR, . and ZLI-4139(Merck) containing phenyl pyrimidine deriva-
In the smectic liquid crystal phases, the smegtic- : :
(Sm-A) phase is characterized by a one-dimensional densittlves mixture [9]. In this paper, we label each sample

i which th | lecul ic is al h YMT w” (wherew is the weight percent of MTLC-8010
wave, in which the average long molecular axis is along the, o «\T20” means that the mixing ratio of MTLC-8010 to

layer normal. If the constituent molecule is optically active, 7|7.4139 is 20 to 80. Figure 1 shows the chemical structure
the chiral smecti€© (Sm-C*) phase is often observed below of MTLC-8010 and the phase diagram of the binary system
the SmA phase. In the SnG* phase, the molecular axis is of MTLC-8010 and ZLI-4139. Phase transition temperatures
tilted with respect to the layer normal and precesses aroungf isotropic-chiral nematic*) and N* —SmA are almost
the direction perpendicular to the smectic layer to form aindependent of the mixing ratio. On the other hand, the
helical structure. Since de Gennes’s proposal that th&m-A—Sm-C* phase transition temperatufa .« decreases
SmA-SmC (Sm<C*) phase transition should be in the with increasing concentration of MTLC-8010.

three-dimensionaKY universality class =3, n=2) [3], In the smectic layer spacing measurements, we prepared
considerable attention has been paid to study the nature dlomeotropically aligneddirector perpendicular to the glass
the SmA-Sm<C* phase transitiof4—6]. platesg free surface films on glass plates. The temperature

Generally, at the SPA—Sm<C* phase transition, the dependence of the layer thickness was measured by the con-
smectic layer spacing shrinks due to the tilt of molecules. Toventional scattering techniqUé]. For measuring the layer
maintain the volume of each layer, a chevron layer structureompression modulusB, we prepared homeotropically
is often induced, resulting in the introduction of zigzag de-aligned cells. Using piezoelectric ceramics with longitudinal
fects[7,8]. Zigzag defects reduce the contrast ratio of ferro-vibrations, the longitudinal mechanical transfer function
electric liquid crystal displays, which is an obstacle to real-Z(w) was measured over a frequency range 2 Hz—500 Hz.
izing an excellent electro-optic device. To avoid thisZ(w) is defined as the ratio of the complex stress experi-
problem, Mochizukiet al. synthesized naphtalene-based lig- enced by a receiving glass plate to the complex longitudinal
uid crystal mixtures that exhibit very small shrinkage at thestrain of a driving glass plate. Based on continuum theory,
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FIG. 1. Temperature-mixing ratio phase diagram of the com-

pounds MTLC-8010 and ZLI-4139. Shown above is the MTLC-

8010 molecular st

Z(w) can be expressed aZ(w)=B+tiw(ni— nst+ 14

+2ms) [15], where 1, 7,, 74, and 55 are the Martin-
Parodi-Pershan viscosity coefficiefii$]. The details of our
layer compression modulus measurement technique hayv

been reported e

The smectic layer spacing as a functionTel oc+ in the
various mixing ratios of the compounds MTLC-8010 and
ZLI1-4139 is shown in Fig. 2. The figure shows that with
increasing concentration of MTLC-8010, the amount of layer,
shrinkages at the S®—Sm-C* phase transition decreases.
Accordingly, a larger percentage of MTLC-8010 causes
reduction of the tilt angle and also changes the smectic Iayet\rI

ructure.
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FIG. 2. Smectic layer spacing as a functionTofT oc+ in the
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FIG. 3. Temperature dependence Bfin the various mixing
ratios of the compounds MTLC-8010 and ZLI-4139. The inset
shows the temperature dependenc®@ah MT42.

structure from chevron to quasibookshelf type. These results
fte confirmed by texture observations of homogeneously
aligned samples in the Sf8* phase. Zigzag defects, which
are typical of the chevron layer structure, are observed in
MT30 but not in MT39. In the case of MT39, the layer
spacing barely shrinks at the transition. Behavior similar to
that observed in MT39 has been found in several other ma-
terials [9—13]. Before the discovery of this behavior, de
ries [10] proposed a model in which the molecules are
ted both in the SmA and SmE phases. In this model, the
molecular tilt direction is randomly distributed in the Sin-
phase, whereas the molecules are tilted in a particular direc-
tion in the SmE phase. From the apparent optical tilt angle
measurements, however, Takanishial. claim that de
Vries’'s model is not appropriate, at least in the case of
naphtalene-based liquid crystal mixty&. As we show be-
low, the results of layer compression modulus measurements
clearly prove Takanishi’'s claim. In MT39, it was found that
the apparent optical tilt angle and the tilt angle estimated
from x-ray results are about 10° and 5°, respectively, at a
temperature 10 °C below the SA-Sm-C* transition. These
results indicate that the tilt angles of the molecular core and
flexible tails are different, as observed in other naphtalene-
based liquid crystal mixturg9].

The temperature dependence of the layer compression
modulusB in the various mixing ratios of the compounds
MTLC-8010 and ZLI-4139 is shown in Fig. 3. In the cases of
MT20, MT30, MT39, and MT40B increases with decreas-
ing temperature and reaches a maximum, then decreases to-
ward a minimum at the S®A—Sm-C* transition, and then
increases with decreasing temperature in the Simphase.

various mixing ratios of the compounds MTLC-8010 and ZzLI- This substantial pretransitional softening above the
4139. The inset shows the temperature dependence of smectic lay@m-A—SmC* transition reflects the order-parameter fluc-
spacing in MT42. tuations[6,18]. The cusplike behavior dB is generally ob-
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served near the phase transition from the untilted/Sto-a 1
tited smectic phasd18]. In the case of MT20, MT30,
MT39, and MT40,B always shows this characteristic behav-
ior irrespective of the smectic layer spacing behavior at the
Sm-A-Sm<C* phase transition. Therefore, in this system we
conclude that the molecules begin to tilt at the
Sm-A-Sm<C* transition, which is in contradiction to the
model proposed by de Vrig40]. These results confirm that
the SmA-Sm<C* transition with little or no shrinkage of
the smectic layer spacing is caused by the interdigitation of
molecules and/or the conformation change of the hydrocar-
bon chain[9]. In spite of the very small tilt angle in the
Sm-C* phase of MT39 and MT4@ clearly shows pretran-
sitional softening and exhibits a cusp at the transition point.
These results indicate that the layer compression modulus
measurements are very sensitive to the pretransitional effects 0 100 200 300 400 500
of the untilted-tilted phase transition. The behaviorBofn

the vicinity of the SmA—smectic€? (Sm-C%) phase tran- Frequency (Hz)

sition is another illustration of the same poifit8]. The
Sm-<C? phase is a tilted smectic phase just below the Sm-
phase with a small tilt anglgL9].

On the other hand, the temperature dependend® iof
MT42 exhibits peculiar behavior as shown in the inset ofthe SmA phase in reality, but it is very close to the boundary
Fig. 3. In this caseB increases and then decreases with deof diminishing the Snc* phase. Therefore, it is reasonable
creasing temperature, and shows a local minimum neao suppose that the softening Bf towards the depression
26 °C, but does not show cusplike behavior. Also, the mini-point is caused by the pretransitional effect neavirtual
mum value ofB is clearly higher than in the mixtures men- Sm-A-SmC* phase transition, though S@* never ap-
tioned above. These results indicate that MT42 has no phagsars as a thermodynamically stable phase. This assumption
transition from SmA to Sm-C* near 26 °C, but remains in is supported by the results of MT45 and MT50. Moving
the SmA phase in this temperature range. Actually, theaway from thisvirtual phase transition, i.e., MT42 to MT50
smectic layer spacing of MT42 shown in the inset of Fig. 2 isthrough MT45, this depression fades away. Moreover as al-
linearly dependent on the temperature, suggesting the aleady mentioned, in the x-ray results, the layer thickness
sence of a phase transition. We also studied the electro-optghows a linear temperature dependence, which suggests no
behavior by using an ellipsometf20] of freely suspended structural change. In addition, no texture change was ob-
films of MT42 in this temperature range, which shows noserved in this temperature range. Consequently, we can say
indication of a SmMA-Sm-C* phase transition. Therefore, with fair certainty that this depression in MT42 is due to the
we conclude that there is no phase transition near 26 °C iorder-parameter fluctuations near thigual Sm-A-Sm-C*
MT42. phase transition. We may say that these results indicate a

What is the nature of the softening Bfat this local mini-  supercritical-like behavior. In this study, however, this phe-
mum? Fig. 4 shows the frequency dependend® of MT42  nomenon was observed in the vicinity of a curved critical
(@) at40°Candb) at 26 °C.B’'s at 40°C as well as at 26 °C line; on the other hand, supercritical behavior was observed
are independent of frequency with no distinguishing characbeyond the isolated critical point that terminates the first-
teristics between them. Therefore, it is difficult to considerorder line[1,14]. The relatively large amplitude & around
that the origin of the softening oB around 26 °C is the this depression suggests that the untilted smectic layer struc-
occurrence of a new relaxation mode, e.g., defect-inducetlres are sufficiently maintained despite the existence of mi-
mode. One plausible model of this local minimum is as fol-croscopic molecular frustration between untilted and tilted
lows. It has been proposed that at the 8mSm-<C* transi-  states. It is worth noting that the observation of theual
tion, the average molecular tilt is caused by the inductiorSm-A—Sm-C* phase transition is possible only by methods
interaction between the off-center transverse dipoles and thihat can sensitively detect a pretransitional fluctuation such
polarizable core of neighboring moleculgsl]. These inter-  as the present layer compression modulus measurements.
actions probably depend on the molecular orientation and the Kortan et al. [22] studied the correlation length by high-
intermolecular vector. As shown in Fig. 1, the temperatureesolution x-ray scattering near the boundary where the
range of the Smi phase becomes wider for mixtures with a Sm-A phase vanishes. In this case, the phase sequence is
high percentage of MTLC-8010. Accordingly in the presentN—Sm-A-—reentraniN. They observed a decrease in the cor-
system, with an increasing amount of MTLC-8010, therelation length away from the boundary. Moreover, Lushing-
Sm-A phase stabilizes and then drives the SM-phase ton et al. [23] carried out calorimetric investigation of this
away in MT42. Molecules of MT42 are nearly in a frustrated same compound. With decreasing temperature range of the
state between the Sh-and SmE* phase. The system is in Sm-A phase, the excess heat at fieSm-A phase transition
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FIG. 4. Frequency dependence®in MT42, (a) at 40°C and
(b) at 26 °C.
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decreases. The excess heat cannot be observed in the reginrasurements are more sensitive to the fluctuation effects
showing no SmA phase, nor near the boundary where thenear the phase transition than the other measurerfi2i@|,
Sm-A phase vanishes. In this study, the softeningB olear ~ We succeeded in observing the pretransitional softenirig) of
the phase transition boundary is clearly observed in MT42¢€ven though the phase transition does not exist in reality.
and fades away in the mixtures MT42 to MT50 through In conclusion, we report measurements of the temperature
MT45. This decrease of softening reflects the detachmerfiependence B near the SmA—Sm-C* phase transition in
from thevirtual phase transition, which no longer appears onthe® naphthalene-based liquid crystal mixture. By increasing
the thermoequilibrium phase diagram. Although the phenomthe Percentage of naphtalene-based liquid crystal, the layer
enon is apparently similar to the correlation length results byptructure changes from a chevron type to the bookshelf type

x-ray diffraction [22], the following differences should be !N theé SmC™ phase. At the same time, the temperature

borne in mind. First, the phase sequence in the present stu nge* of the SmA. phase becomes wider and finally the
is distinct from that by Kortaret al. [22]. Moreover, the m-C" phase vanishes. Near the phase boundary where the

: : : . Sm-C* phase vanishesB shows a remarkable pretransi-
correlation length by x-ray studies gives a rather contmuou_?Ional effr()ect near a virtual SM—Sm-C* phase tranZition in
change across the phase boundary. In the layer compressign

. o e SmA phase.
modulus measurements, however, the behavior distinctly
changes across the boundary, i.e., depending on whether the We are indebted to Professor K. Ema for stimulating dis-
phase transition exists or not, cusplike behavior or a broadussions. We are also grateful to Dr. D. R. Link and D.
local minimum appears, respectively. Since elastic constarBundy for a critical reading of this manuscript.
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