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Improper orientational ordering regime and tricritical behavior in a lyotropic liquid crystal
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Optical microscopy, deuteron quadrupolar NMR, x-ray diffraction, and electrical conductivity techniques
have been used to map the phase diagram and to measure the nematic order parameten Saiaternary
mixtures of pentadecafluorooctanoate acid ammonium(ARIEFO), heavy water (BO), and ammonium chlo-
ride (NH,Cl). A phenomenological model with an isotropic parent phase and a single primary segregation
order parameter is elaborated on to describe in consistent terms the linear depend8fite tbfough the
whole nematic stability region as well as the existence of a tricritical point at the nematic-to-lamellar phase
transition line.[S1063-651X99)06708-2

PACS numbgs): 61.30.Gd, 05.70.Fh, 64.60.Kw, 64.70.Md

I. INTRODUCTION II. EXPERIMENTAL PHASE DIAGRAM

. . A. Methods
During the three last decades, phase transitions between

isotropic, nematic, and smectic phases in thermotropic liquid The pentadecafluorooctonoate acid ammonium salt
crystals have been the subject of intense and successful studtPFO) was purchased from Fluka, Switzerlagulrity bet-

ies, both theoretical and experimental. Because of the noter than 98% and was purified by recrystallization twice
mally weak or even vanishing discontinuity of such transfor-from butanol. High purity £99.9%) deuterium oxide and
mations, the corresponding molecular statistical andammonium chloride salfpurity >99.5%) were used.
phenomenological theories have been able to avoid math- The phase diagram was mapped using mainly optical mi-
ematical difficulties and thus not only have observed phaseroscopy and high resolution NMR. All the optical observa-
transitions been correctly described, but many interestingions were carried out under a polarizing microscope in
properties have been predicted as well. One interesting poifitansmitted white light. Other techniques, such as x-ray and
worth studying in detail was the existence of two possiblegjectrical conductivity, were also employed in order to con-
regimes for the nematic-to-smectic phase transitggtond fiym the optical and NMR measurements and to determine

and first orderpredicted by Kobayaslill] and McMillan[2]  the temperature dependence of the order parameter.
on the basis of mean field calculations, for which there have Deuterium quadrupolar spectra of APFQMNH,CI ter-

been a number O.f expgrlmentalponﬁrmaﬂ@ﬁgl]. Phenom:- nary system were recorded on a Brucker MSL 300 spectrom-
enological consideration within the framework of the eter operating at a frequency of 41.6 MHz. The temperature
Landau—de Gennes approach has also predicted the samgq sample was controlled and measured to within 5 mK.
possibility of a second- to first-order crossover for the X-ray diffraction experiments were carried out using a
nematic-to-smectic transformati¢f]. In both molecular sta- Philips generator with a nickel-filtered CH, radiation of
tistical and phenomenological theories, tricritical behavior iswavelength)\zl.5418 A. The alignment i‘)f the samples
due to the coupling between a positional primary order P& as provided by a small electromagiiets T) and the x-ray
rameter, which is approximated by its first Fourier Compo'capillary(Linderman, 0.5 mm i.d., W. Gwas positioned in

nent, and a secondary one, V\.'hiCh .iS either a higher orded:]e heating block such that the magnetic field was perpen-
Fourier component6] or an orientational order parameter dicular to both the long capillary axis and the x-ray beam.

[2]'1_ id itionall d orientationall dered The electrical conductivity measurements in the fre-
h 0 C.OQ;' ?r tpos_l |onaty a_n:_ toner][_a |(?[na ykor Zfe uency range 5 Hz—13 MHz were made using a HP 4192a
phases in the lyolropic system, it 1S templing fo make a direct impedance analyzer and an immersion conductivity cell

lauid tal lacing the individual lecul ith mi fith 5x5 mm platinum electrodes. The accuracy and sta-
lquid crystais, repiacing the individual molecuies with mi- bility errors in the temperature experiment wetd.01 K

c_e_lles as elem_ent.s_ of structure. I_—Iowever, Fhe aggregative aGr 4 +0.003 K, respectively.
tivity of amphiphilic molecules in lyotropic solutions can
serve as the mechanism of change for phase transition.
In this paper we consider the existence of two regimes
and the occurrence of a tricritical point on the nematic-to- The phase diagram of the binary APFQ@ system was
lamellar phase transition line. Experimentally such a sourc@ublished earlier by Bodeat al. [7]. The part of this dia-
of ftricritical behavior is shown to take place in gram containing isotropi¢l), nematic{N), and lamellaxL)
APFO/D,O/NH,CI lyotropic systems. discotic phases is presented schematically in Fig). The
tricritical point at which the nematic-to-lamellar transition
crosses over from second- to first-order behavior has been
*On leave from the University of Rostov-on-Don, Russia. Elec-fixed at an amphiphile concentration @f,=0.495 with a
tronic address: dmitriev@fsc.ufsc.br corresponding temperature ©f, =304 K. In order to study

B. Phase diagram and nematic order parameter variation
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4 (L) FIG. 2. Small-angle x-ray patterns of APFQ@YNH,CI taken
3101 & L h from aw,=0.1 molal sampleT;y=304 K, Ty =295 K) in the
nematic phase just below,y (@) and in the middle of the phase

290 M stability region T=300 K) (b). Arrows show second-order reflec-
tions.

0.0 0.5 1.0
W (Molal) transformation, the pattern is elliptical in shalgég. 2(a)],

characteristic of the classical pattern for a nematic phase of
FIG. 1. (a) Schematic phase diagram of the APF@IDbinary ~ disk micelleg 8]. However, the pattern evolves with decreas-
system. The section devoted to the variation of salt concentration i§1g temperature. The first-order reflections, the strongest
shown by the dotted line. Solid and dashed lines are first-order andnes(Bragg peakg seen in Fig. &), are characteristically
second-order transition lines, respectivelyis the tricritical point ~ more diffuse than the Bragg peaks observed in the micellar
and M is the three-phase pointb) The evolution of the phase lamellar phase but sharper than those observed for the high
regions with temperature and salinitys of the ternary system temperature limit of the nematic phase. In addition, the
APFO/D,O/NH,CI. Shaded areas are two-phase regions. second-order reflections appear. Both of these features are

_ . indicative of the onset in the nematic phase of long range
the temperature variation of the nematic order parameter, Wg}

d f ds that added .positional order. It should be noted that the same long range
prepared a set of ternary compounds that added ammoniufyeqolamellar type order in the nematic phase was observed

chloride salt to the APFO/ED mixture. Aqueous solutions earlier in APEO/DO [7] and CSPEO/ 91 Ivotropic svs-
of salt at different salinitiesvg were mixed with a surfactant BO[7] 2O [9] lyotropic sy

in such a proportion that the amount of surfactant present in 1o micellar orientational order parame®@calculations
the solution was kept constant at 45 wt% APFO. A region of , .o made using the NMR quadrupolar splittings measure-
the binary phase diagram was chosen so as to maintain difyents in |abeled water combined with x-ray data and elec-
ferent regimes for phase transitiofisst order forl toNand  gica| conductivity. The variation o for different salt con-
second order foN to L) and to ensure a universal tempera- canirations has been calculated and the results plotted in Fig.
ture behavior of the nematic order parameter. The evolutioRy o4 4 function of the relative temperatdiT ., whereT, is

of the phase regions with added saltis shownin Fig). A yhe high temperature stability limit of the nematic phase
a consequence of the increase in the salt concentration, sev-

eral features were observed: the phase transition tempera-

tures rose, the micellar nematic pha$eas suppressed, and S
the lamellarLp changed to a defective lamellar structle
with holes within the layers instead of the disk-shaped struc- 0.8¢ I_ N |

ture formed in theL, phase. This latter effect will be pub-

lished in detail elsewhere. The tripléN/L point identical to

the one found in the APFOHJD binary system was fixed at

ws=0.63 molal andT=322 K. The transitions on cooling 0.4
from the isotropic to the nematic phase are made through a

narrow two-phase regiot;+ N, which becomes wider at the I
end of the nematic region on the high salt concentration side 0.0l TN
(i.e., 0.63 molal. On crossing from isotropic to lamellar 0.88 0.94
phasesL or Ly, the phase transition is through a wide ' '
two-phase region,+Ly or | +L,,. These phase coexistence T/TC

regions are indicative of a first-order phase transition.

Small-angle x-ray scattering patterns from a magnetically FIG. 3. Temperature dependence of the orientational micellar
aligned ternary sample of APFOJD/NH,CI were found to  order paramete& Straight lines are least-squares fits to the data
be typical for the isotropic and lamellar phases. On coolingoints. Salt concentrations (in molal) in the samples are 1-0.0,
from the isotropic into the nematic phase, just afteX 2-0.5, 3-1.0, 4-2.0, 5-2.5.

- %P> 0 @ %
L abr =

1.00



1842 V. P. DMITRIEV AND G. R. OURIQUES PRE 60

found as an extrapolation d§(T) line. Three interesting lar parameter, which is a probability density variation, and
points to note here and to discuss later concern the temperdue to the invariance of the structure just mentioned, the
ture behavior of the orientational order parameeti) the ~ {7™"} necessarily transforms into the IR deno@8i.
dependence o8(T) in the whole nematic phase region is In order to determine the stable anisotropic phases, one
linear, (ii) in the lamellar phase the functid®(T) is tem-  needs to minimize the variational free enefggndau poten-
peratureindependenti.e., S(T)=Sy=const, and(iii) the tial) F(T,p,7g) with respect to the OP components:
saturationvalueof S; in the lamellar phase is not related :
ts('zaiz_e predictions of existing theories for a layesmectig ﬂF(T,p,ﬂE})
In order to consistently explain different experimental re- any
sults obtained for binary APFOAD and ternary !
APFO/D,0/NH,CI systems, let us consider phase transition
from an isotropic to a layered state within the framework of
a phenomenological approach.

0. (2

Despite the infinite number of equations(2), the problem
can be solved geometrically in the order-parameter space
for which the set of OP componen{s’;’kT;} forms the basis

1. PHENOMENOLOGICAL THEORY [12]. The 6p variation of probability density associated with
OF ONE-DIMENSIONAL SEGREGATION a phase transition can be considered as a vector irethe
space, and the components of thg™ i} vector are the val-
A. Stable anisotropic states ues of the OP that minimize the thermodynamic potential.

As a starting point, let us derive some general conclusiondlinimization conditions(2) determine ine space{ ﬂﬁjq} sta-
independent of model approximations concerning an orderetionary vectorsthat are invariant with respect to different
lyotropic system. The corresponding phenomenological apsubgroups of the OP symmetry group, formed by the matri-
proach describing the formation of segregated lyotropic meees of the relevant IR.
sophases from the isotropic solution has recently been pro- Matrices of the relevanD%i IR corresponding to the
posed[10]. It allows us to work out the phase diagrams rotation subgroup of thE, group are unity matrices permut-
associated with transformations from the isotropic to Sedreéing the arms of thek;} vector star. Matrices corresponding
gated states and also to consider variations of related physis the elements of the translation subgroup are diagonal; the
cal parameters. . . o elements of these matrices are exponentialsié@j. One

The symmetry group of the isotropic solution is the ex-can see that for the 1D-periodic anisotropic phase with the
tended Euclidean groups, which is a semidirect product of - critical k; vector and periodicitya;| =|k;| ~*, the stationary
continuous three-dimension&BD) translational groupRs,  vector in OP space has only two nonzero componemts,
and the orthogonal group(3) consisting of all continuous  anq ., | since only for these OP components are the corre-
proper and improper rotations in the 3D spét#&]. We con- . . . . .
sider the segregation-type transformation that appears as irﬁ__pondlng exponential .multlphers. equal .to unlty' (€kpay
tial density distributionpy(r)=const to be modulated peri- 1). Among the matrlces associated with rotation elements

only those belonging to the group of tlké vector, by defi-

odically with undulation function dp(r)=pq(r)—po(r). . . ; .
This periodic deviation of densitgp can be expanded using nition, have such vector invariance. Finally, the symmetry
group of this phase i&4=D., as with the lamellar and

®'(r) basis functions of a relevant irreducible representa . ! )
i smectic phases. Space inversion perméteand —k; vec-

tion (IR) of the E; group: tors, which results in the equality, = 7 for OP compo-
nents.
Sp(r)= 2 7edR(r), (1) It has been shown for the segregation process that a varia-
kj ,m J I

tional free-energ;F(T,p,nEj) expansion in the{ngj} com-

where 5™ are theorder parametefOP) components and, pongnts con_tains invariant polynomials of aII_de_gree_s, ex-
i , cluding the linear ong10]. In particular, the cubic invariant

are the reciprocal space vectors. The funct@ﬂ%z(r) SPan s present and in a segregating system a second-order phase

infinite-dimensional irreducible representatiofiBs) of the  transition is possible only at aisolated pointof the phase

E; group; these IRs will hereafter be deno@@"i. In order ~ diagram(Landau poink

to construct IRSD™K, a method of induced representation

can be used in which irreducible representatitsmaall rep- B. Effective order parameter and phase diagram
resentationsof the invariant point groupSkj =C., of thek;

. _ . The thermodynamic model with single-component effec-
vector that is isomorphous to ti&0(2) group induce IRs in e thermodynamic model with single-component effec

~ tive OP can be formulated for the 1D-periodic positional
the E3 space groupl1l]. ordering process, taking into account the equilibrium condi-
The order parameter components for the transition fromjgns k=% "%0, 7°%i=0 (j#2) found in the pre-
an isotropic state to a 1D periodic state transform in the samgeding section. However, it should be pointed out that the
way as basis functions @°%i. This results from the fact that ordinary phenomenological scheme does not include the
the “unit cell” of the parent isotropic state is reduced to a stable fully segregated state, which is characterized by unit
single subunit(molecular or micellar center of masshich  prohability that molecules will be inside periodically ar-
is invariant under all symmetry operations of thg group. ranged aggregates and zero probability in interaggregate
Since the ordering process can be fully specified byst®  space. The corresponding variational free end¥(y,p, 7)
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has no minima for a state with OP, independent of the ther- ) al (CI]
modynamical parameters. Thus, the Landau-type theory in
its classical form is applicable to theitial stagesof a seg- |/
regation process, where OP varies from zero to unity but = M
does not reach the latter €0p<<1). The probability that O N// az
amphiphilic molecules will be in the interlayer space is still e L
nonzero, i.e., this theory is sufficient to consider only trans- 1
formation from the isotropic state to a periodicontinuous
one. . _ _ a 1 (b)
In order to include the full segregation regime corre- I

sponding to the limit situatiom= 1, a nonlinear form for the Ml M
OP must be usefiL0,12. Thus, 2 2

;T A,

aa
n=mosing £, 3 L AN

where 7 is a phenomenological OP, that is,daviation of
averaged probabilitghat molecules will occupy periodically ~ FIG. 4. Phase diagrams of the model £4). for a;>0 (a) and
distributed volumes, andis a normalized/ariation of popu- a3<0 (b). Full and dashed lines represent first-order and second-
lation by molecules of the same volume. order transition linesM, M,, andM, are three-phase pointhl is

Due to the existence of a tricritical point on the nematic-the triple point. T i_s the tricritical point. The orientation of _the _
to-lamellar phase transition line, found experimentéifjg. temperature-amphlphll_e concentration axes as compared with Fig.
1(a)], one needs to use at least a sixth degree effective ordefd iS shown schematically.

arameter expansion: . .
P P at the tricritical point T(a]=7az+9as; a,=6az—a,

4) +8as). The first-order transition line between tkE) and

Fi(T.p, m)=ay7’+a,n°+agn'+asn°+asn’. (NY phases

Here the effective OP has the form of H§) and the tem- a,+a,n+agn?+a,ni+asyt=0
perature dependence is assumed to be=a; (T
—T.) (a;>0). The minimization of~; with respect to the
actual variational parametef is expressed bydF,/d¢
=(dF,1dn)(dnld€), which yields the equation of state

8
2a1+ 3a2 77+ 4a3 772+ 534 7]3+ 6a57]4: 0

meets, in the three-phase poikt(M,), the line of direct
first-order transformation from the isotropic to the limit state:

nn'{2a,+3a,7+4a3n’*+5a,7°+6a57"}=0.  (5) a,*a,+astas+as=0. (9)

In addition to the isotropic solutiofl) (7=0), Eq. (5) The diagram fora;>0 [Fig. 4@)] has no topological dif-
allows two types of low symmetry stable staté:the Lan-  ference from the diagram of the fourth-degree modele,
dau statéN), corresponding to the standard minimization of for example[12]), but the negative sign d; results in an
F, with respect to the OR), which has values between 0 and essential change in the topology. Besides the change in the
1 (a partially segregated stateand (i) the limit state(L), location of the stability regions, which one can see in Figs.
given by ' =0, corresponding to the fixed valugs= + 1 4(a) and 4b), both first- and second-order regimes separated
and n:il_ This one coincides with a fu”y Segregated by the tricritical pOint exist for the Landau-to-limit-state
lamellar state. phase transition. One can see obvious similarity between the
Figure 4 shows equilibrium phase diagrams of the modefheoretical phase diagram of Figlh#and the experimentally
(4) for different signs of coefficiena, in the plane of ther- €laborated diagram shown in Figlal when comparing the
modynamic parametersi{,a,). Since the Landau potential Landau phase to the one experimentally assigned as nematic
(4) contains odd-degree invariants, the corresponding phag¥!d considering the non-Landau limit state as the lamellar
diagrams are symmetric with respectag or, equivalently, ~Phase. Moreover, the preceding information enables one to
with respect to the change in the signsafand only the half ~ €stimatequantitativelythe high order Landau coefficients for

plane is displayed. The second-order topological phase trat'®€ model potential4). To reach this goal, one can use spe-
sition line cial point coordinates in the phase diagram. Precise determi-

nation of parameters for a model potential would require a
Da,+3a,+4a,+5a,+6as=0 6 self-consistent 'procedure t'hat employs,_ in a_lddition,'experi-

mentally established equations of transition lines. This is not
npossible for all systems. For example, it cannot be done for
RPFO/DZO because instead of clear first-order transition
linestwo-phasebandsare mapped in the phase diagrésee
Fig. 1 and[7]). The location of the phase coexistence region
is indicative of first-order transition, but precise information
about the transition temperature is missing. However, one
2a,+3a,n+4azn’+5a,5°+6ag5y*=0 can estimate order of magnitude for Landau expansion coef-

separates the Landau phase and limit phase stability regio
For az<0 [Fig. 4(b)] this line crosses over the first-order
transition line

a;—a,+agn—ayn°+asn°=0, (7)
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ficients by comparing experimentally determined positionsecules possessing diamagnetic properties. The components
of special points and the same positions predicted by theoryf a symmetrical second-rank tensor form the basis for the
The expressions for coordinates of the tricriti€goint have D2 IR and at least two mechanisms are related to this IR in
been calculated above. The three-philsepoint is an inter-  lyotropic liquid crystals:(i) the homogeneous deformation
section point of the-L first-order transition line and, axis,  changing the micellar shapfeom spherical to uniaxial, or to
and one can find its coordinates from E§): (a'i"2=0,ag"2 biaxial; (i) long-rangeorientational nematic-type ordering
= —as—ay—as). Making use of standard linear relations [13,14. Higher rank symmetric tensors spanning IRs
between thermodynamic variabléemperature and concen- D3 ,D%- - -, etc. describe more complex tensorial ordering
tration) and lower-order Landau coefficienta;=a;o(T mechanisms.
—T.)+bjow,, one can derive, for the temperature projec- Despite the fact that in the following we will treat only
tions of the coefficients, the following valuesa;  Nematic-type secondary OPs, general conclusions are appli-
~-25 K, a,~—330 K, as~—1.5 K.Completelyin cable to any of the above mechanisms due to similarities in
accordance with the above-made assumption'atheoefﬁ_ the lowest degree invariants for the relevant IR of @(6)
cient derived from the experimental data is negative. Sincgroup and the correlation of its coupling type with the pri-
the type of phase diagram was shown above to depend crithary OP.
cally on the sign ofag, such a correlation of results supports ~ The full variational free energf (T.p,#,9),
the model we are considering. It is also interesting to note
the negativity of the highest ordexs coefficient. In the F(T.p, 7.8 =Fy(T.p,n) +Fa(S) +F3(%,9), (11
fra_mework of th_e_ t_raditional Landay approach _to phase trany, aqdition to the primary OP expansién (T,p, 7) [see Eq.
sitions, thg positivity of the cogfﬁuent Qf the highest degreel(:4)], containsF,(S), which is a secondary OP noncritical
mvangnt, in the thermodynamic pptentlal, insures the globalontribution and coupling energys(7,S). For F»(S) we
stability of phases and the convexity of the potential for larg&ij consider only uniaxial nematic ordering, i.e., a single-
values of the order parameter. However, in the model undegomponent effective nematic O8 and restrict, as usual
consideration, E¢(3) shovys that the magnlt.udel of the order [13], the OP expansion to the second-degree téy®?,
parameter cannot be arbitrarily large, and it raises the possiyhich allows only isotropic interactions between the nearest
bility of global stable phase diagrams even for negative valy,jcelies in a micellar solution. The lowest degree coupling
ues of the highest-degree term coefficiejit2]. Fs=c, %S satisfying the symmetry conditions is included in
F. The minimization ofF with respect taS (dF/9S=2b,S

C. Secondary order parameters +c¢,7%=0) yields, for the nematic OP,
In the preceding section, we worked out the phase dia-
. . : Cq
gram that is entirely determined by tegmmetry character- S=— —— 7%= Sy(T—Te). (12)
istics of the primary (critical) transition mechanism, that is, 2b,

segregation of amphiphilic molecules and solvent. Howeve
in a real system, coupling between critical amadncritical
degrees of freedom also exists. These are terseedndary
order parameter§12,13. Improper coupling between pri-

rAlthough in the above equation the usual linear approxima-
tion for the OPp2xa,o(T—T¢) could be justifieca priori by

a standard argument concerning the smallness of OP, only in
a restricted range close T does this approximation receive

mary and secondary ORd$pes not changehe symmetry : ; )
L " : . osteriorly experimental support for the whole range of its
characteristics of the transitions, but induces specific anoma-_". . .
variation (see Fig. 3.

lies in the physical properties, which can be used to identify For the primary OP expansion. imoroper contributions
and distinguish primary and secondary transition mecha- = P y ) P L prop .
nisms. modify phenomenological coefficieat=3a,+2c,Sin Fy,

Let us consider improper coupling between the primaryPut keep the functional form of E¢4). Following the topol-
segregation OP and a secondary macroscopic one. The lo9Y Of the phase diagrams in Fig. 4, two types of temperature
est degree coupling invariant has the for;rﬁ)(j and the sym- behavior for the secondary nematic OP are possible, depend-
metry of induced(secondary OPs {X;} can be found by ing on the therr_nodynamlc pa§h05|tlon of theT axig) in the
decomposing the symmetrized second power of IR spanndgfifenomenological phase diagram. For the second-order

. N-L phase transition, i.e., foa;>0 [Fig. 4@)], or for a
by the primary OP components;} [12,13. For the relevant o : 3 ) 3
”z Do,'ﬁ we )rllave ponents;;; | 3 <0 but after tricritical pointT [Fig. 4(b)], only a disconti-
1 + L

nuity in thel-N transition occur$Fig. 5@)]. Foraz<O0 there

are two possible first-order phase transition$y and N-L,
which result in two jumps of the secondary QFg. 5b)].
Nevertheless, despite a possible variation in the singularity
whereDL are the IRs of the(3) point group, and the IRs type for1-N and N-L transitions, the predicted temperature

in parentheses are related to the second harmonics of undggpendence @W|th|n the region of stapility of the Landau
lation functiondp. The mechanism corresponding to the to- phaseN, following Eq. (12), is linear.

tally symmetric IR,D‘i , is responsible for the micelle vol-
ume variation (the associated function is the trace of a
symmetrical second-rank tenyob® is a pseudovectorial IR
and the corresponding mechanism results in ferromagnetic- The preceding consideratiofSec. Il)) are based on pure
type ordering that has meaning only for amphiphilic mol- symmetry principles; no data about the mesoscopic structure

0k; J(Ki+ kv
[D%9]2=D% +D* +D2+D3 +... +{DTHI" M) ..y,
(10

IV. TRANSFORMATION MECHANISMS AND PHASE
STRUCTURES IN THE APFO/D,0 LYOTROPIC SYSTEM
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to the classical nematic phas, cannot be predicted to have
a special valudsee, for examplg,2]), but it should be pos-
sible to find it experimentally.

The limit segregation regime in thel) state localizes
aggregated amphiphilic molecules inside separated lamellae.
In the dilute amphiphilic region of the phase diagram, where
the concentration of amphiphilic molecules is not high
enough to form classical continuous lamellae, micellar or
perforated lamellar structures do exist. Increasing concentra-
tion, in combination with chemical factors and surface en-
ergy minimization, induces transitions from such a “defec-
tive” lamellar structure to the normal continuous one, a
T process that is not included in the symmetry-based consider-

ation.

TLN TIN

FIG. 5. Temperature dependence of the orientational order pa-
rameterS in the model Eq(11). () Second-ordeN-L transition;
(b) first-orderN-L transition. The analogy between the principal mesoscopic structures

] ) _of thermotropic and lyotropic liquid crystals clearly does not

of phases were used. We will now consider the already disgontradict the symmetry fundamentals of phenomenological
cussed mechanisms in the APFQMsystem, analyzing the heory, since the principal predictions of such a theory result
structural aspects of the problem using experimental datgom the data about symmetry change and they are indepen-
previously published or presented in Sec. II. Typically for gent of the concrete molecular structural organization of the
amphiphilic molecular systems, when a critical micellar CON-system. However, our results highlight the points that need to
centration(cma) is achieved the amphiphilic molecules self- pe clarified in such analogies. First, chemical factors, impor-
assemble into micelle7]. Such an aggregation process is tant for lyotropic systems, promote aggregatiand segre-
controlled by chemical factors and does not change the symyatior) of amphiphilic molecules antlilly segregatedstates
metry of the system. Since the isotropic state bordering thgre realized in these systems. A convenient definition of the
anisotropic ones has been found experimentally to be@n  |amellar phase as a periodic stacking of molecular bilayers
tropic micellar solution(Fig. 1 and[7]), one can refer to the separated by solvent interlayeidentifies the fully segre-
latter as the parent phage). A partial segregation regime gated state. The existence of such a state in thermotropic
controlled by the primary segregation OP induces, in thejquid crystals is questionable both from the theoretical point
Landau statgN), 1D-periodic undulation of the amphiphilic of view, taking into account Landau-Peierls instabilitys],
molecule density. In the system of aggregated moleculesangd from an experimental point of view due to the fact that
such undulations appear as tipseudolamellar micellar  the form of density undulation function in the smectic phase
structure, a phenomena that has been previously observed§inot rectangular but very well described by sinusoidal un-
nematic phases of APFO/D [7] and CsPFO/BO [9] lyo-  dulation and higher harmonics contribution is on the order of
tropic systems. This is also confirmed by our SAXS studies|g-3_10-4 [17]. Apparently, this is predetermined by the
to exist in the ternary APFOAW/NH,CI (Sec. IIB. It condition that it is impossible for thermotropic molecular
should be pointed out here that the onset of the pseudolamahyers not to keep contact and therefore to be truly spatially
lar structure in the nematic phase of APFQIINH,Cl is  separated. The thermotropic smedighase, which should
reminiscent of the behavior in some thermotropic IIqUId be considered in this case to uﬁfusive|y |ayered corre-
crystals whereshort-range lamellarlike correlations(so- sponds to the intermediaté_anday partially segregated
called CybotaCtiC C|U5t8|{§.5]) were observed. However, the phase but not to the |yotr0pic lamellar fu”y Segregated
origins of these effects are not correlated. Simultaneouslyphase_ If we identify a mesoscopic phase type on the basis of
secondary mechanisms begin to develop. In the case whefge transition mechanism, i.e., consider the nematic phase to
initial aggregation at cmc has produced micelles of sphericghe induced by purely orientational OP and the smectic phase
shape, the secondary deformation @#,, reduces its sym- o be induced by segregation OP, both Lantlsand limit L
metry from isotropic to uniaxial and, thus, discotic or calam-phases should be consideredsmsecticphases realized by
itic (depending on the sign of secondary JOficelles with  different segregation regimes. Second, the high aggregative
variable anisometry do exist in tH&l) phase. Since the ori- and segregative activity of lyotropic systems can result, as in
entational ordering mechanism has the sabje symmetry ~ APFO/D,O, in the segregation mechanism becoming domi-
(see Sec. Il @, simultaneous nematic ordering of uniaxial nant and truly primary, controlling the symmetrical and ther-
micelles can be observed in the segregating system. Th@odynamical properties of all anisotropic phases. In this
property indicative of such an orientational ordering procesgase, special attention should be paid to the peculiarities of
was shown in the preceding section to be the linear temperahe orientationally ordered structure, the segregated nature of
ture dependence of nematic @Hg. 5). It should be stressed which can be overlooked, and the lyotropic analog of the
that the range of variation &and the saturation valu® for  classical smectic phase can be mistakenly identified as a pure
the orientational nematic OP, because of its improper natureiematic phase. The nature of the OP temperature variation
following Eq. (12), is completely determined by the phenom- and the appearance of 1D density modulation are sufficient
enological parametets; andc,. This means that as opposed to identify with certainty the phase type.

V. CONCLUSIONS
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In summary, we have reported measurements of the phase-limit-phase transition line is associated in our model with
diagram and orientational order parameter variation in the single order parameter.
ternary APFO/RO/NH,CI lyotropic system. Our data and
previously published experimental data have been shown to
be consistent with a phenomenological model with an isotro- ACKNOWLEDGMENT
pic parent phase, considering the segregation mechanism as
primary and inducing orientational ordering of micelles. In  We would like to thank T. Taylor for a critical reading of
particular, the occurrence of a tricritical point on the Landau-the manuscript.
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