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Experimental evidence for SmCs— Sm-CP polymorphism in fluorinated bent-shaped mesogens
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We report the experimental results on pure fluorinated bent-shaped mesogens showing very unusual textures
and electro-optical behavior. In the view of recent publications such behavior can be explained by triclinic
symmetry of the mesophase (Sbg) formed by these compounds. Based on the results of the x-ray diffraction
and electro-optical investigations, we give evidence for theGgm-Sm-CP polymorphism.
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[. INTRODUCTION grow as fractal nuclei and show distinct circular dichroism.
For instance, such domains have also been generated by ex-

Almost 25 years ago a simple smectic phase with triclinicposure to a triangular-wave field in a sulfur-containing bent-
symmetry was proposed by de Genré$ and was called core mesogefl4].
Sm.CG phase(whereG stands for generh| However, ex- Of particular interest was a bent'ShapEd Compound with
perimental attempts to find such a phase among calamiti@teral fluorine substituents which was first described by
compounds did not succeed until recently. The discovery offeppkeet al.[11]. The mesophase of this compound which
the liquid crystalline mesophases formed by bent-shapeB0SSesses a S@P-like structure and exhibits B;-like tex-
molecules promoted further research on the way to thdUré was the subject of detailed investigation done bigi Ja
Sm-C phase. Theoretical evidence for triclinic symmetry of et al. [.15]' on thg bas.|s.o_f electro-optical measurements a
a smectic phase with bent-shaped molecules can be found finectic phase with triclinic symmetry (S@) was sug-
the work by Brandet al. [2]. The tilt (clinic) 8 of the mo- gested.

lecular plane defined by the shape of the molecule results i In order to get a deeper insight into the nature of this
the SmEP phase withC, symmetry(Fig. 1). Additionally, Bhase we investigated shorter and longer homologues of this

) _ ) compound. Employing x-ray and electro-optical techniques
leaning of the molecules m';he tilt plane leadsapsymme- we found a phase sequenteSmX-SmCP-B, for all
try of the SmCg phase. Pleineet al. [3] suggested that the  empers of the series. From the experimental findings plau-
experimentally observeB; phase is identical to the Sz sjple arguments can be derived that the high-temperature
phase. Regarding experimental realization, an attempt to fi”ﬁhase SnX is a smectic phase witB; symmetry* Further-
triclinic symmetry in asymmetric bent-shaped molecules didmnore, this high-temperature phase is able to form screwlike
not give any conclusive resulfd]. At the same time, recent and telephone-wire-like nuclei as well as large chiral do-
evidence ofC; symmetry in free-standing films was reported mains depending on the experimental conditions. It is re-
by Chatthamet al. [5].

Among the “banana phase” candidates for the me- “Leaning” “Clinic”
sophases witlC; symmetry theB,; phase has attracted par- ‘ 0
ticular interest because of the formation of exotic optical a—~J1 nﬂ‘
textures as well as the growth of serpentinelike germs and l

beaded filaments. Such behavior of optical textures clearly
indicates a helical superstructur@—8] of the B; phase. It

can be assumed that the chirality of the phigds respon-
sible for the formation of macroscopic helical domains. The
structure of this mesophase has not been understood up to
now. X-ray investigations exclude a simple layer structure
and point to a two- or three-dimensional superstructure. Al-
though it should be emphasized that the lateral arrangement
of the molecules is liquidlike in th&, phase.

. T FIG. 1. Orientation of a bent-shaped molecule in the Gg-
There are also “banana phases” with the structural charpnase. The molecular plane is tilted by tilt anglé“clinic” ). The

acteristics of the SnGP phase(simple layer structure, tilt of  mojecular long axis is inclined in the tilt plane by the “leaning”
the molecules, polar ordewhich form screwlike nuclei on anglea.

cooling of the isotropic liquid quite similar to thB; phase

[10,11]. Nevertheless, because of a different structure this

phase should not be designatedBasphase; it is another

mesophase. A completely different type of chiral domains Iaccording to a private communicatig@s], the high-temperature
was observed by Thisayuktet al. [12,13 in the high-  smxX phase discussed in this paper possesses a modulated layer
temperature phase of a bent-shaped mesogen with naphthsructure with an unusual long period in the direction perpendicular
lene as central core. These domains of opposite handedneassthe layer normal.
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FIG. 2. Molecular structure of compounds 8-12.

markable that the large chiral domains remain unchanged acribed in Ref[6]. The layer spacing is temperature indepen-

the transition into thé3, phase. dent, neither does it change during the 8fR— Sm-X tran-
sition nor at the transition into thB, phase.
Il. EXPERIMENT In Table Il the layer spacingd and the effective molecular

lengthsL are given. A bending angle of 120° based on our

The compounds under investigation are 1, 3-phenylengrevious experimental observatidi, 1§ is assumed in the
big4-(4-n-alkyloxy-3-fluoro-phenylimino-methybenzoatek  estimation of the effective molecular length.
n=8,...,12 (Fig. 2. The phase transition temperatures The dependence of the layer spacing on the length of the
(Table ) were determined with a Perkin-Elmer differential terminal chain exhibits a linear trend. The layer spacing is
scanning calorimetefDSC Pyris ) at a rate of 5 K/min.  clearly smaller than the effective molecular length which can
Optical studies were made using a polarizing microscopge brought about by a tilted arrangement of the molecules
equipped with a Linkam THMS-600 temperature controlledwithin the smectic layers. From the ratiéL the tilt angle of
heating stage. X-ray investigations on nonoriented samples 32° has been estimated.
were performed using a Guinier film camera or a Guinier Measurements of the correlation lengths from the full
goniometer; x-ray investigations on oriented samples wergyidth at half maximum give us some more information on
carried out with a two-dimensional detectdﬂI—Star, Si- the difference between the S¥)- Sm-CP, and B4 phases
emens AG. Electro-optical measurements were made usingFrig. 3). In the high-temperature S-phase of the com-
an experimental setup described in the earlier pef@lr The  pound 12 the correlation lengthé €900 A) is nearly tem-
switching current was measured using the triangular wav@erature independent. The transition into the SRphase is

voltage method. accompanied with a continuous increase of the correlation
length. The small-angle reflection becomes considerably
IIl. RESULTS broad in theB, phase, resulting in abrupt decrease of the
] _ correlation length till 600 AFig. 3. It is in agreement with
A. X-ray diffraction measurements the earlier described resul[ts7] where a line broadening was
1. Powder samples observed for the wide- and small-angle reflections on cooling

the sample from the crystallin®; into the B, phase.
X-ray diffraction (XRD) measurements have been per- P 4 3 4P

formed using film Guinier technique. The patterns of the
Sm-X possess two commensurable small-angle reflections
and one diffuse scattering maximum in the wide-angle region A characteristic feature of the patterns obtained from
(~10°), which points to a layered structure with liquidlike surface-oriented samples on the Sphase, is the occur-
order within the layers. No incommensurable reflectiongence of four reflections in the small-angle regjéigs. 4a)
have been observed indicating that the structure of theXSm-and 4b)]. The pairs of reflections—along the equator and the
phase is different from the structure of tfBe phase de- meridian—have quite different mosaicities and, therefore,
cannot correspond to one common lattice. Additionally, they

2. Oriented samples

TABLE |. Phase behavior and transition temperatures. reflect the same periodicity that has also been proved by the
Compound n Cr B,? SmCP SmX | TABLE Il. Results of the x-ray measurements.
8[10] 8 @ 129 @ 99 ([ 164 @ 166 @ . .

Molecular Spacing Tilt angle
9 9 @ 123 (® 10) @ 153 @ 163 @ o000  jengthL(A) d+0.5 (A) (deg
10[11,15 10 @ 124 (@ 99 [ 147 @ 163 @
11 11 @ 121 [ 141 @ 162 @ 8 45.3 38.5 31.3
12 12 @ 120 @ 99 [ ] 132 @ 160 @ 9 475 40.5 31.4
10 49.5 41.8 32.5
#The B, phase can be supercooled up to room temperature, the 11 51.6 435 32.6
inverse transitiorB,— Sm-CP takes place about 10—-12 °C above 12 54.4 455 33.2

this temperature.
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Guinier method on powderlike samples. Thus, it is obvious 104
that these reflections originate from differently oriented do-
mains where the smectic layers are parallel and perpendlcuw
lar to the substrate surface. When the terminal chains ar¢S
short(compound 8the smectic layers prefer laying parallel g
to the substrate. The longer chained homologues prefer ori’s,
enting perpendicular to the substrate surfammpound 12
For compound 9 the probability is equal for growing in both
directions.

In the wide-angle region there is a broad diffuse halo 02-
showing the absence of positional order within the smectic
layers. At first sight the diffuse halo is uniformly distributed
over a circle. Normalization technique described in R&6)
enables us to extract the structure of the diffuse scattering 50 0 5 100 150 200 250 300 350
distribution. Two distinct maxima in a wide-angle region 7 (deg)
have been foundFig. 4(c)], which stands for the tilt of the
molecules with respect to the layer normal. The tilt angle of
~33° found from the diffuse scattering measurement is in
good agreement with the value obtained from the analysis of
the layer spacing. The orientation completely disappears af
ter the transition into th8, phase. Finally, the results of the
X-ray experiments suggest that the Shphase is a smectic
phase without in-plane order formed by tilted molecules. To g
differentiate between the properties of the Smand the
Sm-CP phases we performed electro-optical measurements S
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B. Electro-optical investigations and texture observations

The electro-optical measurements have been made usin
10-um indium tin oxide(ITO) cells (EHC Corp) and trian- 0.95
gular wave technique. On rapid cooling the sample from the
isotropic phase a grainy nonspecific texture appears. Whel N —
the cooling rate is slow0.1 K/min) different kinds of grow- 80 100 120 140 160 180 200 220 240 260 280
ing domains are observed: colored and gray ribbonlike do-(c) % (deg)
mains as well as screwlike and telephone-wire filaments
(Fig. 5. When the texture is not completely formed and the
growing domains are surrounded by the isotropic liquid, ap- FIG. 4. (@ X-ray pattern of the surface oriented saml®); x
plication of an electric field can affect the microscopic tex-scan of the layer reflections showing four maxima: along and per-
ture. Depending on the polarity of the field, the gray ribbonsPendicular to the equator of the patte(o} extracted intensity dis-
grow or shrink. Exposure of the ribbons to an electric fieldtribution of the wide-angle diffuse scattering.
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is thresholdless, even weak fields can promote growing or
shrinking of the domains. This finding shows that the ribbons
are polar and the polarization vector has a component paral-
lel to the substrate surface. Application of an electric field
produces a torquil = px E of the gray ribbonlike domains.
The direction of the momentum depends on the orientation
of the electric field and makes the ribbons twist into spirals:
right or left handed, depending on the direction of the field.
These observations are consistent with those given kly Ja
et al [15] in favor of the SmE; phase.

In contrast, the screwlike domains have quite different
behavior. Coiling of filaments is another way to compensate
the polarization to satisf¥ - p=0. Fields above a threshold
lead to an abrupt change of the sign of the gradient angle of
the helix. Long exposure to an electric field eventually de-

FIG. 5. Formation of the Srx phase on slow cooling of the Stroys screwlike domains and promotes growing of the flat
isotropic liquid (compound 9;T= 156 °C) (size 250<375 um). nuclei.

As soon as the texture covers the whole view field of the
results in coiling of the gray ribbons into spirals. DependingMicroscope the application of the electric field does not
on the polarity of the external field the spirals are formedmarkedly affect the texture. The microscopic texture exhibits
clock or counterclockwiséshrinking of a ribbon leads to four kinds of flat domains with different birefringen¢simi-

growing and coiling of another end of the ribbofihis effect ~ 1ar to Refs.[7,15)): gray, green, red, and yellow. In high
fields (~20 V/um) small stripes appear and the extinction

crosses of the green domains experience very small turns, but
no current response could be detected. Other domains just
slightly change birefringence. A longer exposure to the
strong electric field results in transformation of different do-
mains into the red fanlike domains that are insensitive to the
external field.

On further cooling, a phase transition takes place which
can be easily seen by a change of the optical texture from
fanlike into a grainy texturgFig. 6(@]. In addition, the
electro-optical response is completely different. In this low-
temperature phase the switching occurs at a moderately low
threshold (2.5 V/um); the field-induced texture change is
independent of the polarity of the fie[fig. 6(b)]. The repo-
larization current response exhibits two peaks per half period
of the applied triangular voltage indicating an antiferroelec-
tric (AFE) ground state. After the phase transition, the
switching polarization reaches its saturated value fast and

1.04

0.94

polarization (LC cm?)
¢ =)
[+>]

0'2 L] T T L] L]
(b) 8 9 10 1 12
chain length n
FIG. 6. Microscopic texture of the S®@P phase of the com-
pound 10 afT=133°C: (a) E=0, (b) E=*20 V/um (size 250 FIG. 7. Odd-even effect of the dependence of the spontaneous
X375 um. polarization on the length of the terminal chains.
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remains nearly independent of the temperature. This behav-
ior is typical for the SmEP phase. Surprisingly, the values
of the spontaneous polarization show pronounced odd-even
effect even despite that the terminal chains are quite long
(Fig. 7). The transition between the high-temperature phase,
preliminary designated as SKi- and the SntEP
(Sm-CgP,) phase was found for all homologues studied, but
as seen from Table | the temperature of this transition in-
creases with decrease of the terminal chain length. It should
be noted that this transition could not be detected by calo-
rimetry and Xx-ray measurements.

It is remarkable that an application of a strong electric
field may induce a transition from the Skinto the SmeEP
phase. Above a threshold that depends on the temperature a
clear texture change is observed that is accompanied by cur-
rent response characteristic for an antiferroelectric behavior.
As an example in Fig. @) a field dependence of the current
response in the Si@8P phase is shown. Below a threshold
Ein1 for AFE—FE transition there is no repolarization peak.
As soon as the amplitude of the external field reaches the
switching threshold a current peak centered in the maximum
of the external fieldtop of the “triangular”) arises. In con-
trast, above the Sra-P— Sm-X transition there is no current
response above the threshold and the optical texture looks
intact. However, when the amplitude of the external voltage
is higher than a threshol,;, (E;,1<Ey) the switching sud-
denly appeargFig. 8b)]. Moreover, the maximum of the
current response peak is not in the maximum of the external
field anymore: the threshold for AFEFE remains as in the
Sm-CP phase -2.5 V/um). Such effect can be caused by
a field induced phase transition from the & into the
Sm-X phase governed by the temperature dependent thresh-
old E;;,. The diagram in Fig. & shows the temperature
dependence of the thresholg,;, for the SmCP—Sm-X
transition as well as the thresholds for AFEE transitions
(Etnr @ndEyyy). 1t should be noted that the phase transition
Smx—Sm<CP (as well as the field-induced phase transition
has also been reported for compound 10 in R26).

As was shown before, on very slow cooling the isotropic
liquid screwlike domains and beaded filaments of the X6m-
phase appear indicating a helical superstructure like iBthe
phases. In the compounds under discussion another kind of
chiral domains can occur at certain cooling rates. These do-
mains grow as fractal nuclei and coalesce into large areas
with opposite optical rotation. When one of the polarizers is
turned away from the crossed position clockwise by a small
angle (2-10°), darkblue) and light (yellow) domains be-
come visible. Rotating the analyzer anticlockwise by the
same angle the effect is reversed; that means, the previously
dark domains now appear light and vice ve(Say. 9). These
chiral domains rotate the polarized light clockwise or anti-
clockwise, respectively. The domains can be also distin-
guished by illuminating the sample with left or right circular
polarized light in the reflection mode of the microscope. De-
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pending on the sign of the circular polarized light bright and  FiG, 8. Field-induced Srix— Sm-CP transition: external field
dark domains could be observed. It should be noted that thgnd current response (@) the SMCP phase andb) in the Smx
chiral domains do not affect the color or the light transmis-(appearance of the repolarization current is marked by an rrow
sion if the sample is rotated. This is a clear indication that thec) temperature dependence of the threshollg, (SmX
axis of the helical structure is perpendicular to the substrate-Sm-CP), E,,; (AFE—FE), E;,, (FE—AFE).
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.

FIG. 10. Coexistence of the screwlike and chiral fractal domains
in the SmX phase of compound 9. One polarizer deviates by 5°
from the crossed positio(size 200<250 pm).

planes. Such chiral domains were first described by This-
ayuktaet al. [12,13. We found that the tendency to form
such domains is different for the homologous compounds
and if the glass substrates are treated with a surfactant solu-
tion the formation of these domains is promoted; sometimes
nearly the whole preparation adopts such texture.

On cooling the SnX phase the chiral domains remain
unchanged at the transition into the $h#* andB, phases.

In the B, phase the texture shows nearly extinction between
the crossed polarizers and the contrast between the domains
of opposite handedness is less pronounced. These domains
neither change upon a reversed transition on heating from the
B, phase. Only the formation of the S@P phase from the

B, phase is delayed, taking place at about 10 °C higher tem-
perature. Similar behavior has also been found in other com-
pounds with a phase sequerigB, [19]. It should be noted

that by adding of a chiral dopant the ratio of domains with a
different handedness can be clearly changed.

Depending on the experimental conditiofg®oling rate;
surface treatmeptve observed an interesting behavior. Dur-
ing the nucleation of the Sr¥- phase, one-dimensionally
growing screwlike domains as well as large chiral domains
grow simultaneouslyFig. 10. The screwlike domains fur-
ther transform into a grainy texture, whereas the large chiral
domains remain unchanged.

It seems that the screwlike domains and the chiral ones
have the same origin—the chirality of the smectic layers.
Obviously, the nucleation energies of both types of chiral
domains are not much different so that they can coexist un-
der certain conditions.

IV. DISCUSSION

Based on our XRD measurements we can conclude that
FIG. 9. Microscopic texture of the SBP phase of compound the high-temperature SiX-phase is a tilted smectic phase
8 at(a) crossed polarizergh) and (c) rotation of one polarizer by ~Without in-plane order like a Sr@-phase. It excludes two- or
+2° and —2°, respectively, from the crossed position (130 °C) three-dimensional structures of the origin8l; phase
(size 200250 um). [6-8,18,20,2]1 Our results are in agreement with the results
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published by Jdi et al.[15] which were obtained from the stronger sterical hindrance that does not let the leaning mol-
investigation of compound 10. Really, the ribbonlike fila- ecules turn in the smectic plane compared with nonleaning
ments are polar and the extinction crosses are oriented pamolecules in the SNGP phase. A continuous decreasing of
allel to the analyzer and the polarizer. At the same time, afthe leaning angler with decreasing temperature may result
assumption of a ferroelectric anticlinic structure (8Pr)  in the second or weakly first order transition into the switch-
is not satisfactory. The Si8,Pr phase has been found only able SmEP phasd15], which is in agreement with the the-
in chiral bent-shaped molecules and it can be switchedretical prediction§22,27). In our experiments no signal on
within milliseconds, while the Snx phase lacks the electro- the DSC curve was observed indicating the second order
optical response. Sm-Cs— Sm-CP transition. This interpretation is also in a
On the other hand, the growth of the helical filamentsgood agreement with the observed field induced transition
indicates essentially chiral structure of the phase. As showfhto the SmEs phase. A few degrees above the transition
by Jali et al.[7] screwlike domains are built up by smectic temperature an electric field can decrease the leaning angle
filaments. The growth of the smectic filaments takes placey, resulting in the switchable structure wi@, symmetry of
via the absorption of the molecules from the surroundinghe SmCP phase. One of the possibility for decreasing in
isotropic phase by the outermost layers. The molecules ifhe molecular tilt has been proposed in the Hef] by a
inner layers have to be pushed by the absorbed molecules.db-called electrodisclinic effect. An external electric field re-
results in an increasing compression force and leads to af\;ces the mean square fluctuatiqng(E)) of the smectic
undulation instability 7]. The difference between nonhelical layer spacing leaving thé values constant, which results in
and helical filaments becomes apparent only when modulahe decrease of the tilt. In case of the €S- phase the
tion appears. Nonhelical filaments take a serpentinelike formgolecular tilt can be separated in two components “clinic”
whereas helical domains form coils. Two kinds of helicalgngle 9 and “leaning” . Leaning of the bent molecules
filaments(screwlike and telephone-wirelikéave quite dif-  creates large difference in free volume within the smectic
ferent behaVior. EXperimentally we Obsel’ved that the brightlayer Wh|Ch makes |eaning Of the mo|ecu|es Sterica”y “un-
tight screw filaments grow under slow cooling. In contrast.favorable.” Therefore, it seems plausible that the leaning
the thin telephone-wire filaments appear at fast cooling an@ngle o« should decrease faster tharleading to the transi-
their growth is accompanied with bending. Slow cooling al-tjon into the SMEP phase witha=0 and§+0.
lows minimizing the surface free energy in the isotropic-  The arrangement of the molecules in chiral domains of
liquid _crysta_l interfac_e _by. forming the coils. On fast cogling, the B, phase[24,25 is not yet clear. Our optical studies
there is no time to minimize the surface energy and thin beng g,y that the light transmission of these domains does not
filaments appear. The twist deformation caused by chirality:nange on rotating the sample. On the other hand, these ex-
of the phase is replaced by formation of the coils since &erimental findings point to a helical arrangement of the
helical shape has less elastic energy than the correspondingyjecules like in a SnG* phase where the helix axis is
twisted form[7]. _ _ _ __perpendicular to the substrate plane. This assumption is also
The behavior of the ribbon filaments in the electric field oqnfirmed by the observation that in thin samples of Bae
suggests a nonzero polarization component perpendicular {4hase these chiral domains show nearly extinction between
the smectic layers. This finding excludes the S-struc-  ¢rggsed polarizers. In this case the smectic layers are parallel
ture with C, symmetry for the high-temperature SW- g the substrate planes. The results of our optical studies are
phase. At the same time if the molecules in addition to theygq compatible with an arrangement of the smectic layers

anticlinic arrangement experience leaning in the tilt planeperpendicular to the substrates as in the twist grain boundary
the out-of-plane polarization is allowed. It corresponds to thgTGp) phase.

lowestC,; symmetry[15] which is possessed by the general
Sm-<Cg phase considered by de Genifigs Jli et al [15]
concluded from the experimental findings that the leaning
angle « decreases with decreasing temperature so that, in
principle, a transition SnGz;— Sm-CP seems to be pos- The author would like to express his sincere appreciation
sible. Our experiments have shown that such transition doe® H. Brand and B. I. Ostrovskij for very useful discussions.
exist in the homologues. The high-temperature ¥m- This work was supported by the Deutsche Forschungsge-
(Sm-Cg) phase is not switchable, which can be due to themienshaft(DFG) and the Fonds der Chemischen Industrie.
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