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A ~ ~ .  - A new liquid-cryshlhe phase has been discovered in a broad temperature region 
between the cholesterie and srnecticA phases for the mixture of cholesteryhonanoate and 
nonyloxybemic acid. This phase is a hel id  srneetic A with local smectic ordering, helical 
mmstructure, si&eant rigidity in shear deformations and ability for formation of 
nonapherid dispersed drops. 

Recognizing the similarity in the role of the phase of the layers in smmtic A (SmA) and 
the phase of the wave-function in superconductors, de Gennes has constructed a Landau- 
Ginzburg frw energy to describe the SmA-nematic phase transition in liquid crystab 
(LC) El], The LC analog of an external magnetic field in a metal is the field of the twist or 
bend deformations. Thus, the cholesteric, or twisted nematic (N*) phase is the analog of a 
normal metal in an external magnetic field, and the NkSmA transition can be described 
analogously to the metal-superconductor transition in an external magnetic field. The 
detailed phase diagram depends on the Ginzburg pammeter K, which in LC is equal to the 
ratio of the twist penetration length to the SmA correlation length. 

In type-I1 superconductors with K >  11@ in an external magnetic field the Abrikosov 
flux lattice phase intervenes between the superconducting phase and normal metal [Z]. Just 
as magnetic flux can penetrate type-I1 superconductor in a lattice of vortices, the twist 
deformations can be incorporated into SmA by the network of dislocations [I, 31. As a result, 
the LC analog of the Abrikomv phase in a form of helical SmA (SmA*) can occur between 
the N* and SmA phases. ~ e n n  and Lubemky have predicted 131 that this new LC phase is 
constructed from rotated blocks of usual SmA layers. Mutual rotatiom of blmks are 
provided by the network of screw dislocations E33 or fluidlike regions [4]. The helical axis of 
SmA* is parallel to the planes of smectic layers and perpendicular to the long axes of 
molecules. 

Until now, as far as we know, the existence of the SmA* phase between the N* and SrnA 
phases has not been proved experimentally. Alternatively, Goodby st al. E51 have recently 
reported the observation of SmA* in the case of the isotropic l iquid-tcdhl  smectic C 
transition. 
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Our purpuse ia La fiml the SrnA* p h m  in the cnse of the N*-SmA t m i t i o n .  A mixture of 
cholesteryl-n-nonanoate (CN) and n - n o n y l o x y ~ i c  acid (NOBA) in weight promion 7 : 3 
was investigated. The choice was caused by the earlier &servrttion[63 of the anomalous 
elongation and division of the dispersed LC drop in the N*-SmA pretmsitional region. 
The interpretation of these phenomena had been based on the suggestion, that just in tb 
material K >  lIG, see ref. [6].  
We have used optical methods to distinguish SmA* from SrnA (sect. 1) and the X-ray 

method to distinguish SmA* h m  N* (sect. 2). Further evidences were obtained from 
dorimetrial and acoustical data, as well as from the peculiarities of the drop ahape, sect. 3, 
4, 5, respectively. In all e x m n t s  the mixture was mold horn the isotropic state 
(clearing point 105 "C) down t o  the solid cry~talline state Isolidific11tion point 58 "C) at a rate 
(0.5 + 2) "Cimin. 

1. Optical properti-, 

The mixture textures in flat glass cells with thichess 50 pm arid normal boundary 
conditions for the director orientation were examined using a polarizing microscope. The 
mixture p w s s e s  textures typicsl of SmA homcotropic (pseudoisotropir.) [[7J within the 
temperature range 58 S T S 82.6 "C and the fingerprint t e x m  with light and dark bands at 
T 2 82.6 "C. The latter is typical for the he l id  LC structures with axis in the plane of 
cell !?I. Rotations between crossed polarizers of this texture produce extinction in the cases 
when the bands are paralie1 either to analyser or polarizer. This means that the helix axis is 
perpendicular t o  the W o r ,  which is obvious for the N* phase and expected for the SmA* 
p h @  I31. 
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Fig. 1. - Temperature depndence 
circ1es) and half-width of the X-ray 
through the peak at temperaturea 
(closed circles, T = 86 "0, and the N* phaw (crosses, T = 97 "C). 

In cells with tangential anchoring the typical planar Pi* textures were observed within 
the mge 82.6 Q T < 104 "C. Rotation between the @arizers produced no extinction, which 
is again a typical feature of the helical structure [fl. 

In addition, the helical structure of mixtures for .T 2 82.6 O C  has been confmned by 
transmittance spectm in the Bragg d ihct ion  region, fig. 1. The spectra have been obtained 
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on the tangentially anchored samples. .me error in the abqlub.. value .of the maximum, G 1  . 

wavelength A of the selective reflection was estimated to be 1%. Coolug-ksulted in the 
increasing of h and, consequently, in the unwinding of the helix. This unwinding is also 
dearly visible in the textures. 

Thm, opt id  data unmbiguousiy co* the e ~ t c n c e  of the SmA phase at T 6  82.6 "C 
and the heIical phase, N* orland SmA*, at T 2  82.6"C. I t  ia necessary to note, that the W- 
width of the optical Bragg peak dws not change signiscantly within the range 82.6 G T 6 
S 10Q "C. Moreover, there is no temperature hysteresis af A within this range. These facts 
confirm the absence of the pime separation of the mixture. In addition, we could not h d  
any manifestations of this separation in the textural observations. 

2. X-ray scattering. 

Small-angle X-ray measurements wem performed for unaligned ~amp1cs (in 1 mrn glass 
cyhdrical capillaries) in the range 28 = (0.1 + 5)". As the X-ray source, monochromatjzed 
CuK mdiation was used (30 kV, 30 mA, focus size 10.4 x 8) rnm2, X-ray wavelengh Ax = 
= 1.541 11). Instrumental resolution was 0.02" in the s a n  direction. 

The temperature dependence of t,he peak half-width (d(28)) is shown h fig. 1. The Hset of 
fig. 1 shows peak scans *en within the SmA phase and two different temperatums withh 
the helix states. 

As the temperature ia lowered down t o  W0C, the mixture possesses a X-ray signature 
typical of the N* phase. The intensity of the small-angle peak grows larger and sharpens up, 
as d e m i d  by many authors for the N* phase in the vicinity of the N*-SmA transition, see, 
e.g., ref. [8,91. 

For T a 90 "C, the X-ray pat tern b typ idy  snecticlike. This regiun is characterized by 
the sharp -ion peak of high intensity similsr to that observed for SmA by others I$, 91. 
The peak angular position (28 = 2.92") and half-width are practically constant within the 
broad range 78 S T 6 90 "C. One can estimate the correlation length of the smectic 
ordering within this range by using the Sherrer formula &,, = Ax/A(2f3) cos(26/2). The 
estimation yields 6, = (450 i 500) A, which implies that layer correlations extend over a 
minimum distance of 15 + 20 layera. Thus, the smectic layering is a key element of the 
s h c t u r e  at T s 90 "C. 

Comparison of the optical and X-ray data leads to the conclusion that the mixture 
possesses locd SrnA ordering at T G 90 "C and helix structure at T 3 82.6 "C. In other 
words, a new state with helical macrostructure and local smectic ordering intervenes 
between two d SmA and N* pbwes, exactly predicwd for the SmA* phase [31. 

Differential mming doxime try gives evidence, that properties described above are 
manifestation of the new SmA* phase rather than the pretmmitional effecta in the N* 
phase. There are two pe&+, narrow and broad, on the DSC b e ,  fig; 2. The narrow one 
with latent heat 1.03 kJh01 corresponds to the clearing point. The broad peak with total 
latent heat 0.27 Idhol  and ~tarting point of growth approximately at 91 'C is located within 
the region of the helix states. This peak is unambiguously separated from the point 
M t i o n  to the SmA phase at 82.6 "C, which was detected by opt id  methada. It ia natural 
to connect this peak with the N*-SmA* phase tramition, , 



Fig. 2. Fig. 3. 

Fig. 2. - DSC trace of CN : NOBA mixture. DSC-111, sample weight 88.1 mg. 

Fig. 3. -Temperature dependem of the velocity V and attenuation u of the longitudvlal ultrasound of 
hquency 5 MHz in CN : NOBA mixtm. 

4. Acoustic probing. 

The velocity and attenuation of the longitudinal ultrasound of frequency 5 M H z  were 
measured in the unoriented samples as a function d the temperature. The phase-matching 
technique, which is similar t o  that described in ref. [lo], was employed. The velocity 
measurements were murate to lo-'% and the attenuation measurements were accurate to 
30%. As follows from the data (fig. 3), the SmA-SmA* and SmAC-N * transitions are clearly 
visualized by the velocity minima and the attenuation maxima. Moreover, there is an 
additional peak inside the SmA* region, which indicates that the SmA* phase may contain 
different states. 

Unusual rheological properties of the SmA* phase in comparison with the SmA and N* 
phases were manifested in shear deformation experiments. The mixture was placed 
between two glass plates. The upper one was moved in the plane of the cell with frequenv 
230 Hz. The lower plate was bed. The amplitude Ax of the upper plate vibntions was 
measured using a vibrorneter. The vibration amplitude tends to 0 in the solid crystalhe 
state (T a 58 "C) as well as in the SrnA* phase, fig. 4. This phenomenon does not depend on 
the character of the initial LC orientation. For pure CN this effect ja not observed, fig. 4. 
We suggest that the lattice structure of the SmA* phase may be responsible for the rigidity 
of this state and, as a result, for decreasing &. 

0 I, 
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Fig. 4. - Temperature dependence of the amplitude of the plate vibrations in the cell with CN: NOBA 
mixture (0))  and pure CN (b)) .  
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5. Shape of the freely suspended drops. 

Further evidence for distinguishing the SmA* phase from the N* and SmA phases and 
for the validity of the lattice model of SmA* was obtained from the investigations of 
dispersed LC drops. Drops with radii (1 + 100) pm were dispersed in glycerine to which 
small amounts (up to 1 wt.%) of lecithin were added in order to create the normal boundary 
conditions.   he N* and SmA drops are spherical within the whole temperature ranges of 
these phases. Alternatively, the equilibrium shape of the SmA* drops is nonspherical, 
namely, spindlelike within the range 82.6 < T < 85.6 "C and pyramidal at 85.6 a T a 92 "C. 
All transitions between the drops of different shape are reversible and reproducible. I t  is 
important to note that point 85.6 "C of the spindlelike-pyraniidal transformation of shape 
coincides with the position of the additional peaks in acoustical data, fig. 3. 

The shape of the drops, which are dispersed in the isotropic liquid, is determined by the 
ratio of the volume energy Fv to the surface energy F,. Here F, is the energy of the elastic 
deformations in a drop and F, is determined by the surface tension a (F, - anR2). The latter 
was measured separately using a pendant drop method [ll]: in the N* and SmA phases the 
LC-matrix interface gives a = lo-' J/m2 and in SmA* u .= 3.  J/m2. 

The estimation of Fv is more complicated due to the different structures of the discussed 
phases. For normally anchored SmA and N* drops it is natural to assume that Fv = 8xKR, 
where K is a curvature modulus and R is the drop radius [12]. Thus, with K = 10-l1 N typical 
for N* and SmA and with R = 10 pm, a =  lo-' J/m2, one finds Fv/F,- Therefore 
nonspherical drops are impossible in the N* and SmA phases. However, the situation may 
be drastically changed for the SmA* drops. 

If SmA* consists of a regular array of twist grain boundaries [3], one can expect that Fv is 
determined by the deformations of this lattice with some compression elastic modulus B: 
Fv - BR3. Thus for the SmA* drops, FvIFs - BRIa, rather than - KIRa, as for the N* and 
SmA%drops. Modulus B can be roughly estimated as KIPd, where P is a helix pitch of SmA* 
and d is a molecular length. For typical P = 400 nm and d = 30 i% one obtains B = lo4 N/m2. 
This leads to FvIF, - 10 in the SmA* drops, which naturally explains the drop nonsphericity. 

It is important to note that the nonsphericity cannot be explained by phase separation 
inside the drop. Such a hypothetical separation, which is accompanied by the formation of 
the usual Sm and N* regions, must lead to a shape with sphericallike surfaces (fig. 5a)), 
because for any part of such a heterogeneous drop F,>>Fv. Alternatively, in the 
experiment, the SmA* drops possess a cylindrical shape rather than combined spherical one 
(fig. 5b), c)).  In the SrnA*-SmA pretransitional region, the SmA section of drop assumes a 

Fig. 5. - Shapes of dispersed LC drops: a)  hypothetical combined spherical shape of the drop with 
phase separation of mixture and coexisting N* and SmA regions; b) microphotography of the 
cylindrical SmA* drop with semispherical SmA region, T = 82.6 "C; c) the schematic representation 
of b). 



semispherical shape (here Fm >> F,) and the SrnA* section b c y W c a l  due ta the fact that 
this geometry conserves the undistorted SmA* helkal structure inside the drop volume 
[here Fe < F.). The layers of the helical structure are parallel to each other and everyurhere 
oriented perpendicular to the stlrface, as is evident in fig. Sb) hwauae of the increase in the 
hclix pitch in the pretransitional region, 

Comprhn of all independent data dehbed  a b v e  mnfrrm9 the existence of the new 
SmA.* p h w  within the b d  tempwatwe range, whi& i~ cleasly distinguished &rn the 
SrnA and N* pbases. The CN: NOBA mixture exhibits the folIowing phase diagram: 

qstal (58 "C) SmA (82.6) SmA* (= 90) N* (106 "C) isotropic liquid. 

The BmA* phase possesses simdtaneoudy the local smectic ordering and the h & d  
macrostructure. Furthermore, SmA* &bits aome p r o e e a  unusual for LC phases, 
namely, a significant rigidity in shear defomatiow and in the drop formation, which crrn be 
caused by the regular army of grain hundaies composed of di~lwations [3J or fluidlike 
regions 141. The periodic macroahucture of SmA* may lead to concentration waves for the 
components of the mixtun? with the space period of the dislocation (or fluidlike) lattice. Thc 
latter as well as poiymo'plic tmnsitions in the diskmition array may be responsible for the 
existence of different states within the SmA* regifin, which e m s  to  be visible in the data 
obtained. However, usual phase separation in tbe sense of a nonperiodieal distribution of 
components is not observed. * * * 

We are grateful to V, A. LIPIJOV, A. P, P O L I S H C ~ ,  V. V. SERGAN, L. N. 'J:- 
for help in experiments and Lo E. I. DEMIKHOV for fitful discusion We also am grateful 
b the refere for the infbdion abut ref. 143. 
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