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Nature of the liquid crystalline phase transitions in the cesium pentadecafluorooctanoate
(CsPFO)—water system: The nematic-to-isotropic transition
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Deuterium NMR spectroscopy oH,O has been used to monitor the magnetic-field-induced order on
approaching a transition to a nematic phase in isotropic solutions of disklike micelles of cesium pentadecaf-
luorooctanoate. Highly accurate data on the phase boundaries and spinodals have been obtained for solutions
with volume fraction concentratiop between 0.078 and 0.201. The quanfity,—T*, where T* is the
spinodal limit of the isotropic phase argy is the temperature at which the nematic phase first appears on
cooling, decreases linearly with decreasing concentration, extrapolating to zero only at zero concentration.
Thus, there is no evidence to support the presence of a Landau point along the transition line as has previously
been conjectured. The values fdF,(—T*)/T,y are in the range 10—10 4, up to two orders of magnitude
smaller than corresponding values reported for calamitic thermotropic nematics. The transitioggap (

— i) din~0.33% forp<<0.20 is also very small, although finite as required for a first-order phase transition.
These data, when combined with previously measured properties, present an intriguing picture of the isotropic-
to-nematic phase transition in a paradigmatic system of self-assembled diskotic particles. However, it is not
completely clear, within the context of current theoretical understanding, whether the behavior of this system
is explicable by hard-particle models, or if the self-assembly plays a crucial role in weakening the phase
transition.
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[. INTRODUCTION the aggregate structures and behavior are more corfpléx
In the CsPFO-BD system theN; phase is stable for
Sallts of short-chain perfluorocarboxylic acids form aque-weight fractionsw between 0.225 ¢=0.121) and 0.632
ous solutions of disklike micelles which are exceptionally (¢ =0.449) and temperaturdsbetween 285.3 and 351.2 K.
stable over wide concentration intervals. With increasinglt is characterized by long-range correlations in the orienta-
concentration the disklike micelles undergo a sequence afons of the symmetry axes of the micelles. TNg-to-Lp
ordering transitions to, first, a nematig, phase and, subse- transition is characterized by an apparent tricritical pdigt
quently, a smectic lamellar phasg—8|. These transitions (w=0.43; ¢=0.263; T=304.8K. The transition is per-
have been attributed to predominantly hard-particle interaccejved to involve solely the positional ordering of the mi-
tions between the micellef5]; that is, the isotropic-to- celles onto planes arranged periodically along the nematic
nematic transition occurs when the surfactant volume fracgijrectorn, and, as sucH, , is referred to as a diskotic lamel-
tion concentrationp attains a critical proportion of the axial |ar phase. However, at higher concentrations of surfactant, as
ratio e=a/b of the micelles, where is the length of the 3 consequence of micelle packing constraints and interlayer
minor or symmetry axi$2.2 nm[9]), andb the length of the  repulsive forces, a transition in aggregate structure is antici-
major or perpendicular axis. The form of the temperaturepated[11]. Here we focus on the mechanism of th®- N,
versus-composition phase diagram is therefore determineg,nsition.
by the factors that govern the variations of the size of the |nterest in phase transitions in the CSPFO—water systems
micelle with temperature and composition. The archetypaktems from the opportunity to compare the behavior with that
surfactant is cesium pentadecafluorooctand@sPFQ. A for thermotropic liquid crystals, on the one hand, and that
partial phase diagram for the CsPFO,&Dsystem was pub- predicted by hard-particle models on the other. Micellar sys-
lished in 19791], and a more detailed and complete version,tems are unique in that the internal structure of a micelle is
reproduced in Fig. 1, in 1988]. The phase diagram inJ®  not necessarily conserved at a transition, and this may lead to
is very similar but with the transition temperatures a fewcoupling between interndmicellar and externalorder pa-
degrees lowel5]. Changing the counterion from Csto  ramete) degrees of freedom. These issues have stimulated
NH,* or N(CHy)," simply shifts the liquid crystal phase many studies of theto-Nj transition[12—25. The width of
transition temperatures, at comparable volume fractions, tthe biphasic region is seen to be experimentally nar(fig.
lower temperaturef7], although in the case of the Lisalts 1) suggesting that the transition may be very weak. This has
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' ' ' ' tion. The quantity T"—T,,, where Ty, is the lower-
360 |2 TANL) y temperature limit of the nematic/isotropic coexistence region
: andT* the superheating limit of the nematic phase, behaves
: similarly [25]. Thus, the transition is unequivocally first or-
340 1 1 1 der over its entirety. It is not clear whether this behavior is
: explicable by hard-particle models or if the self-assembly
320 o plays a significant role in weakening the phase transition.
7~ o N
é M Il. MATERIALS AND METHODS
300 T18K) . A. Sample preparation
: \ CsPFO was prepared by neutralizing aqueous solutions of
280 : rY +F ] pentadecafluorooctanoic aci@ldrich Chemical Company
A @ MptK [+K Inc.) with cesium carbonat¢BDH, Ltd.). The neutralized
T (Heavy IeeJ, K) Heavy Ice + K solution was freeze dried and the salt recrystallized twice
260 b L ! ! from 50% v/vn-butanolh-hexane. Residual solvent was re-
0.00 0.20 0.40 0.60 0.80 1.00 moved by heating the salts to 30°C under vacuum (5
w X 10~ *bar) for longer than 48 h. Deuterium oxidaldrich

) 99.6 at. % D was used without further purification.

FIG. 1. Phase diagram for the CsPFO,&Dsystem. Nomencla- NMR samples were prepared by weighing CsPFO and
ture: |, isotropic micellar solution phagéo the right of the critical D,O directly into 5 mm 0.d. NMR tubes, to a precision of
micelle concentratioicmg) line]; N , discotic nematic phase with 0.2000 02 g. using a Mettl.er. AT 261 Deita Range balance.
positive diamagnetic susceptibilitly , discotic lamellar phase, The samplé tubes were then flame sealed to lengths of about
CsPFO crystal;Tg,, the lamellar-nematic tricritical pointT, 50 mm. All samples gave consistent NMR measurements
(heavy ice, |,K), the heavy-ice—isotropic-solution—crystal triple over the period of the study providing care was taken to

po!nIETTpl(I'.\INI,_K).thth_e ;SOIYOD'C.'mI'Icel'arl_':_emat'c_c?’sml‘l t”'ﬂ'e ensure homogeneous mixing of samples in the isotropic
pointg p( s N, ), € Isotropic-micellar-solution—nematic—lameliar phase pl‘iOI‘ to measurement.

triple point; C¢,, the critical end pointK,, the Krafft point; T,
the solubility curve.

B. NMR measurements
2 .
: H NMR spectra were measured with a JEOL GX270
led to m rement —T* [15,17,26, whereT* is th .
ed to measurements Gy 15,17,28, whereT" is the pectrometer operating at 41.34 MHH spectra were ob-

extrapolated supercooling limit of the isotropic phase and™ . .
T, is the temperature at which the nematic phase first ap_alned using 16 000 data points over a frequency range of 1.0

pears on cooling. This quantity has been found to decrease ?liyz at a frequency resolution of 0.125 Hz per data point.

W decreases and 0 be below 25 mR-030[17], the oL ccumblaions ot o repeton rateze were used or
lowest concentration of the measurements. This was an uﬁi- P ) P P 9 g

expected result becaudgy— T* is typically of the order of puter controlled double-pass water-flow sample thermostat
1K for thermotropic nematici27] and similarly for theN [29]. This minimized temperature gradients and enabled the

tive di " ibikitoh f the decvl temperature to be controlled to a precisiontdd.005 K. For
(negg Ive diamagnetic suscepti ')'p. ase ot the decylam- samples having isotropic-to-nematic transition temperatures
monium chloride/ammonium chloride/water systdi28].

. 4 above the solubility curve, i.e., abowe=0.221, typically
The observed concentration dependencdgf-T= led to (ﬁ)eriods of 10—12 min were allowed for the sample to reach

arguments t_hat the fransition may be _approa_chmg SECONGRarma| equilibrium, following each temperature decrement,
order behavior at a Landau point associated with a Crossovey,

from uniaxial to biaxial behavior, a conclusion seeminglySt
supported by latent heat measurem¢@t§. However, there

is no indication in the phase behavigdfig. 1) for the exis-
tence of such a point.

Earlier studies ofT y—T* were based on measurements
of the Cotton-Mouton coefficient, which cease to be practi
cable beloww=0.3. A more precise deuterium NMR
method has been shown to be applicable to the CsPEO-D
system at this concentration and yielded a value of Q216
K at w=0.302[26]. We now report similar measurements to
lower concentrations. In particular, we have been able t
make measurements in supercooled samples below
=0.221 and to extend measurements dowwte0.150 (¢
=0.078) in this manner. These results show thgt— T*
decreases linearly with decreasing concentration of CsPFO
from 0.0182) K at w=0.345 (¢=0.201) to 0.01®) K at Measurements have been made along the isopleths de-
w=0.150 (¢=0.078), extrapolating to zero at infinite dilu- picted in Fig. 2, at concentrationg of 0.150, 0.200, 0.251,

fore measurement of spectra. The temperature remained
able to within 0.001 K during measurements. However, for
samples havingv between 0.150 and 0.221, the isotropic-to-
nematic transition temperatures lie below the solubility curve
and they have a tendency to crystallize, a tendency that in-
creases with dilution. The waiting time was, therefore, re-
“duced to about 5 min at which time the temperature had been
stable for at least 1 min. In the case of the= 0.200 sample,
this procedure enabled all data to be collected in a single
sweep before crystallization occurred. But for the- 0.150
sample crystallization occurred after about 15 min and it was
ecessary to reheat and remix the sample several times in
order to collect all the data.

IIl. EXPERIMENTAL RESULTS
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cesses, of about 1.2 Hz. As the temperature is lowered to-
I LI R B BN ward T,y the line begins to broadedia) before splitting into a
300 bawsa - doublet whose separation increases rapidly in magnitoge

] (c) until T, is reached, at which point the splitting is

L2830 guenched(d), (e). Below Ty an outer doublet signifies the
295 |- 2829 [ presence of the nematic phasg. On continuing to cool the

L 2825 proportion of nematic to isotropic phase signal increases un-

til at temperatures beloW,, only the nematic phase signal is

290 | present(f).

é [ D The splitting of the?H (D,0) signal in the isotropic phase

285 | = into a doublet arises from the orientational ordering of the
r micelles induced by coupling with the applied magnetic
I I+ K ] field,

280 - - B )
L ] U mad COS0) = 3 P,(cosb), (1)

275 s L L

0.14 018 022 026 03 034

and enhanced by the build-up in angular correlations of the

w micelles,

FIG. 2. Partial phase diagram for CsSPFO,Dsystem showing _

the location of thd-to-Np, transition over the concentration range Umic(cosb) = eP,P,(cos6), (2

accessed in this study. The points on the isopletiv-a.200(ex-

panded in the insptepresent the temperatures of the spectra showr®S Ty IS approached from above. Hefeg is the anisotropy

in Fig. 3. The nematic phases for both the=0.200 and 0.150 in the magnetic susceptibility of a micell@, is the angle

samples were accessed by supercooling below the solubility curvéetween the micellar symmetry axis and the applied mag-

T.. netic field, ande is the Maier-Saupe mean field anisotropic
interaction parameteR, is the second-rank orientational or-

0.302, and 0.345. The sequence of spectra observed in eadbr parameteP,(cosé) and it is related to the induced quad-

case are very similar and typified by those for the rupole splittingA7 by

=0.200 sample in Fig. 3. At a temperature about 150 mK

aboveT the spectrum is a single line with a full width at AV= g‘|”qzz|532, 3)

half maximum, determined by spin lattice relaxation pro-

where|q,, is the partially averaged component of the deu-

terium nuclear-quadrupole electric-field-gradient interaction

T(K) tensor measured parallel BowhenP, is 1. To relateP, to e,
283.070 we have adopted the approach of Luckh(iB},31] to give

— — A)(BZ
P2 = EPZ + /5kBT
(b) 283.029 3

which, on rearrangement, becomes

©) 283,008 P,=AyB2/15kg(T—T*) (4
whereT* = €/5kg . Combining Egs(3) and(4) gives
(d) 282.980 o
A7}:%|qzz|sAXBZ/15kB(T_T*)- (5
© 252055 Over the narrow temperature interveB0 mK) for which

quadrupole splittings are measured, the valueijofs and
Ay can be considered constant. Thus, the splittings are pre-
dicted to depend oB? and to diverge aT* as illustrated in
(f) 282912 Fig. 4. The values off |y and of Ty—T* obtained in this
L B e AR pa way are summarized in Table I.
020 V(OHZ) 20 40 The magnetic-field-induced quadrupole splitting has ex-
actly the same origin as the field-induced optical birefrin-
FIG. 3. Sequence of spectra observed on cooling a sample witgence. Yet none of the plots shown in Fig. 4 exhibits the
w=0.200 from the phase into thé/Np biphasic region, along the nonlinearity observed in plots of optical birefringence
isopleth shown in the inset of Fig. 2. againstB? used to extract order parameter susceptibilities
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below T, for a length of time commensurate with carrying
out the measurements. For the=0.150 sample, crystalliza-
tion begins about 15 min after cooling beloWw, . For
samples with lower concentrations, cooling to even lower
temperatures is needed and the crystallization process occurs
too quickly for measurements to be made. The upper con-
centration limit is determined by the temperature range over
which field-induced ordering can be observed. The measured
quadrupole splittingA7 at T,y decreases with increasing
concentratior{Table |) due to a lowering of the axial ratie

and a raising off,y— T*. For thew=0.345 sample at 6.34 T
A7 is only 4.6 Hz. For samples with concentrations greater
than this, the magnitude of the splitting is too small to obtain
accurate measurements over a sufficiently wide temperature
interval.

IV. DISCUSSION

In this paper we present a set of measurements over a
concentration range that extends to far lower concentrations
that those previously reportdd5,17. These measurements
leave no room for the presence of a continuous phase tran-
sition at low concentrations; the transition gap as measured
by Tn—=T%, T'—=Ty, OF ¢én— ¢y EXtrapolates to zero
only at a hypothetical zero concentration point. This extrapo-
lation also has interesting implications for statistical me-
chanical models which we therefore discuss in some detail
below, together with the implications for simulation studies.

FIG. 4. Plots ofA7, the field-inducedH quadrupole splittings
of 2H,0 (open symbols and its inverse N¥ (closed symbols
versus temperature in the and thel/Ny biphasic regions for
CsPFO-DBO samples having weight fractions ¢&) 0.150, (b)
0.200,(c) 0.251,(d) 0.302, ande) 0.345. The discontinuity in the
temperature dependence of both tkié andA7~ ! plots character- direct information available at present for the CSPFQOD
izes T,y and extrapolation oA7 ! to zero givesT* (see Table)l system has come from x-ray measuremdid®,33. They
The solid lines through the experimental measurements were olgqy that, in the isotropic phase the micelles are disklike,
tained from least-squares fits of H) to the AV~ versusT data. 5 that, with increasing surfactant concentration at fixed

temperatures, their size increases at first and then either re-
[15], indicative of the contribution of a second-order term tomains constant or decreases slightly. There are more dra-
the measured birefringence. This second-order term is parnatic decreases in size as the temperature is raised at fixed
ticularly important at highB and at temperatures close to concentrations. However, these results have been contra-
T\ . It would seem that at the magnetic flux density used indicted recently by claims that NMR self-diffusion measure-
the present study6.34 T) second-order terms are unimpor- ments suggest that the micelle size actually increases with
tant. increasing temperaturf34]. The NMR measurements of

The lower concentration limit of measurementy field-induced ordering are very sensitive to variations in mi-
=0.150, is determined by the ability to supercool sampleselle size and can be employed to resolve this paradox.

A. Micelle size along thel-to-N{, transition line

In the ensuing interpretation of the experimental measure-
ments values of the micelle size and shape are required. The

TABLE I. Best fit parameters obtained by fitting E) to the data shown in Fig. 4. The errors in
parentheses are estimated from the standard deviations ofAfev&/T plots of Fig. 4.

w ¢ Tin (K) Tn=T" (K)  Tin—Tn (K) v (Hz) at Ty Slope(s K™
0.150 0.078 278.5(8) 0.01G02) 0.05@05) 7.32) 13(1)
0.200 0.106 283.006 0.013 0.066 6.8 16)1
0.251 0.137 288.673 0.014 0.082 6.2 1%)6
0.302 0.170 294.839 0.016 0.105 5.6 18)4
0.345 0.201 300.381 0.018 0.134 4.6 19)8
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TABLE Il. Axial ratios and transition entropies for the 0.05 ——r— — : —

isotropic-to-nematic transition in the CsPFO,&Dsystem. ! /
a/b? 0.00 |

w & +001 w ¢ AS(ImoltKhP i
0.150 0.078 0.19 0.400 0.240 3.7 e -0.05 i
0.200 0.106 0.21 0.450 0.280 4.4 \E
0.251  0.138 0.23 0.500 0.322 4.5 &~
0.302 0.171 0.25 0.550 0.367 4.4 &~ 010 N

0.345 0.201 0.27

#The a/b ratios have been calculated from the field-induced NMR -0.15
splittings (Table ) by normalizing to the x-ray data for the I
b=0.35 sampld32,51], as described in the text.

_Entropy chgnges per mgle of micelles, _calculated from the tran;n- 0-2%.00 005 010 015 020 025 030
tion enthalpieg24] and micellar aggregation numbers at the transi- o

tion, as determined from x-ray measuremgi®,51].

FIG. 5. Volume fraction dependence ©f, T*, and Ty, rela-
The value of A7 at T,y is given by EQ.(5) with T tivetoT,. Values forT,y—T* andT, — Ty, are taken from Table
=T\y. The expression fofq, s in this equation may be | and those foiT * — Ty, from Ref.[25].
written [3]

>I\\\|\\4111 P TR TR |

S / plots (Table | which scale with the quantity
[Gzs=(P2(c0sa))sxp(Xa/Xw)NoSop 6) [n(P,(cosa))3(xa/xw)] % The changes ira/b on dilution
calculated by this method agree to within experimental error

. 2 . -
wherep, is the “H quadrupole coupling constant, is the with those calculated from the changes in the magnitude of
number of water molecules bound per amphiphiljeandxy AT

. . . h 14

are, respectively, the mole fractions of amphiphile and water,

and Sqp is an order parameter that represents the averaging

due to local reorientation of the bound water molecules. The B. Nature of the nematic-to-isotropic transition

quantity (P,(cosa))s accounts for the diffusive motion of  The concentration dependenceTof,— T* as determined

the water molecules over the surface of the micelle. Then the present study is displayed in Fig. 5. The data seem to

anisotropy in the magnetic susceptibility of the micellg,,  indicate thafl,y,— T* varies linearly with¢» and extrapolates

in Eq. (5) can be written in terms of the anisotropy in the to zero as¢ approaches zero. This is consistent, within ex-

magnetic susceptibilityh x5 for individual amphiphile mol-  perimental error, with values of " — Ty, obtained from the

ecules as temperature dependence of the order param&erS*
=k(T*—T)?, whereS" is the order parameter at the super-

Axm=nAxaSa(P2(C0Sa))s, (") heating limit T* to the nematic phasf25]. Tn— Ty iS

also seen to be linearly proportional th Therefore, the

an order parameter that represents the orientation fluctuationg,proaches zero; see also Fig. 6. THeand T* lines are

of the amphiphile molecules within the micelle. Previousgssentially spinodal lines for the nematic-to-isotropic transi-
work [3] has shown that over the temperature and concentrajon But this does not mean the transition is approaching a
tion ranges of the nematic phase the produg,Sop in EQ.  critical point at zero concentration; as long /¢ remains
(6) is essentially constant. Making the further reasonable asinjte, the transition remains first order. The isotropic-to-
sumption that the productx xS, in Eq. (7) is also constant, nematic transition will, in practice, end either before or at the
then the magnitude of A7 at Ty scales with critical micelle concentration. The important point, however,
n(P,(cosa))s(xa/xw)/(T—T*). From the experimental is that the narrowing of the transition is not associated with
data it is thus possible to compare the relative values ofonvergence on a tricritical, or Landau, point on dilution.
n(P,(cosa))? for any two samples. SinctP,(cosa))s is a The low value of T\y—T*)/T~10°-10 * is up to
function of the axial ratica/b of the micelle[3], as is the two orders of magnitude smaller than corresponding values
value ofn, the variation ina/b with dilution can be deter- of ~10 2 reported for calamitic thermotropic nemat[@5—
mined. The values da/b shown in Table Il for samples with  38]. Even these values for thermotropics have proved a long-
w<0.35 have been determined by normalizing the NMRstanding puzzle to theorists: the mean field prediction is 0.08
data to the x-ray data for th&=0.35 sample. These obser- [39]. Thermally excited fluctuations have been invoked to
vations confirm the behavior predicted by the x-ray measurerender temperature dependence to the coefficients in the
ments, contrary to the results calculated from water moleculeandau—de Gennes free energy expression. This has led to
self-diffusion coefficient$34]. improvements over the mean field results, but predictions are
The change in micelle sizes on dilution can also be obstill short of the observed valu¢40]. So how can the even
tained from a comparison of the slopes of th& * vs T smaller values for T;y—T*)/T,y for the diskotic micellar
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the transition on the nematic side but not on the isotropic

0.0030;“,.”.,. — side.
[ o
0.0025 § C. Comparison with hard-particle models
0.0020 - E Monte Carlo simulations in a fluid of infinitely thin hard
I ] disks[47,48 have yielded a density jump of less than 2%
- [ i ] across the isotropic-to-nematic transiti@t8]. This is poten-
< 00015 ] tially consistent with our observed value oAd¢/¢
: . =0.33%, for<0.20, although recent woifld2] appears to
0.0010 - ° § revise the simulation value upward to around 4%. The im-
i ] portant point that follows from these simulation studies is
0.0005 |- . that there is a definite asymmetry in the Onsager limit of
] 3 ] disks versus rods. Only at the level of the second virial co-
0.0000 PR T R, efficient is there complete symmetry between ellipsoidal
0.00 0.10 0.20 0.30 0.40 disks and rods. Here, the density jump is 27%, which is
¢ believed to be the true value for infinitely long rods. It fol-

_ lows that higher-order virial coefficients contribute to the
FIG. 6. Plot of A (=¢n—¢in) versus volume fraction of qualitative nature of the hard-disk isotropic-to-nematic phase

surfactantg for the CsPFO—-BOD system. transition, such that the strength of the transition is greatly
reduced. Accordingly, it is possible that hard-body models
system studied here be explained? could explain our data. A crude method of attempting to

Micelles do not have a fixed size and shape. In aqueou§icorporate the higher virial coefficients into an Onsager cal-
solutions of the salts of perfluorinated surfactants the fluoro€ulation is to use the-expansion method49]. For oblate

surfactant molecules continually exchange between the m!/iPsoids ata/b=0.364, this has yielded a gap of 1.6%.

nomeric state and the micellar state at a rate-dfo 6s?! Experime.nts on m_qdel colloidal syste_rf&)], on the other
[41]. Thus, the intermicellar interactions are coupled to in-hand’ claim a significantly enhanced first-order nahs).

. ! We can also compare the various predictions for the pack-
tramicellar degrees of freedofself-assemblyand this could ing fraction at the transition and the values of the order pa-

have a sigpificant influence on fluctuations associated Wiﬂ?ameter and its temperature exponent. Figure 7 compares the
the*transmon and consequently on the value Gin(  gynerimental packing fractions from our studies with those
—T*)/Tiy. Indeed, we have previously reported a decreasgycylated from they-expansion theory, for corresponding
of ~10% ina/b on going from isotropic to coexisting nem-  axja| ratios. The micellar systems lie below the theoretical
atic phase$4,9]. This arises from the coupling between mi- cyrve, perhaps appropriate to an even weaker transition. The
cellar self-assembly and the nematic order parameter. Polygashed line shows an extrapolation to the infinitely thin disk
dispersity is also an important issue to bear in nfi#d]. In  |imit, which is required if our data are to be fully explained
the case of thermotropic liquid crystals, internal molecularby hard-body models. Whether or not this is indeed the case,
conformational degrees of freedom could also be affectingr if the deviation at low concentration is due to additional
fluctuations. physics such as attractive forces between the micelles, is
There are very few data available for the nematic-to-unclear within current experimental error and theoretical un-
isotropic transition for thermotropic diskotics so that com-derstanding. The colloidal data of van der Kooij and Lek-
parisons by necessity can only be made with thermotropi&erkerker[50] are at a significantly lower aspect ratia/b
calamitics. For these, transition enthalpies are typicalfR0.5 =0.091) and lies almost on the extrapolatg@xpansion
and we sedTable I that the values for the CsPFO-water curve. The simulation valug47,48 for the nematic order
system are very similar when the micelle is identified withparameter at the transitigrS=0.37(1)] is consistent with
the molecule, i.e., as the mesogenic particle. The NMR splitour values only at high volume fractidi25]. The simula-
tings (Fig. 4), which are proportional to the orientational tions also report tentative agreement with the tricritical value
order parameter, are seen to follow the mean fi€ld ( of the order parameter exponent on the nematic sifle (

—T*)~* law down to within at least 10 mK of*. Similar  =0.25), which differs from our previously published experi-
behavior is observed for thermotropic liquid crystals, at leasinental valug 8=0.34(2)] [25].
down to within 1 K of T*. For the nematic-to-isotropic tran-  The above discussion shows that there remain a variety of

sition (T —T)# law, calamitic thermotropic liquid crystals intriguing questions concerning the nature of the isotropic-

have been reported to show either the classical value of theematic phase transition for diskotics. Clearly, it would be

order parameter exponept=0.5[43—-4F or the tricritical  helpful to revisit the hard-particle models to see if modern

value 8=0.25[46]. The value of for CsPFO solutions is computing resources can rule out the very weak nature of the
0.342) along the entireN}-to-l transition line, which has transition observed in our micellar systems. If so, there are
been linked to renormalization group the$®p]. This strong plenty of reasons to explain such a discrepancy, including
asymmetry of the transition is surprising for such a weakthe presence of attractive interactions between the micelles,
transition. Fluctuationf46] appear to be strongly influencing the coupling between self-assembly and the transittbe
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0.5 ‘ , — ¢n) are all found to vary linearly withp (from ¢<0.20
and to extrapolate to zero only @sapproaches zero. Thus,
there is no evidence to support the idea that a Landau point is
being approached as previously conjectur&sl,24. Never-
theless, the transition appears to be extraordinarily weak:
(Tin—=T*)/T)y~105-10 % compared to~10"2 in ther-
motropic systems. The entropy of the transition, however,
when expressed as the entropy change per mole of micelles,
is comparable to known values for thermotropic calamitic
systemsAS~0.5R (Table Il), implying that the transition is
I 1 not as weak as it may appear.

01 L ,f’/ s ° i The extremely small gapd{y,— ¢n)/ P v~ 0.33% might
7 ° possibly be explained by hard-particle models, but more the-
d ] oretical or simulation work is needed here. The order param-
0.0 £E— L ‘ L ‘ i . eter on the isotropic side follows the mean field (

0.0 0.1 0.2 0.3 0.4 —T*)~ 1 law to within 10 mK of the transition, similar to the

a/b behavior of thermotropic systems. But the order parameter

FIG. 7. Comparison of the nematic phase volume fractions an hxpoTent.onI thel nergaStlc S|tqrf1b=t0_.34'ft(.2)ldlff:ars f(;ozn; etl;[htehr f
aggregate sizes at the isotropic-to-nematic transition with predic- € classical value U.> or the tricritical valueé .25, both 0

tions of the Onsager model using theexpansion(YE) technique which _ha_v_e been claimed to apply to thermotroplc systems.
(solid line; data supplied by B. Tjipto MargoThe dotted line is an The tr'cr't'cal_ Valu? has_ also . been O_bt"_i'r_]ed from Monte
extrapolation of these data using a quadratic fit. The dashed lin&@ro hard-disk simulations in the infinitely thin limit
through the experimental data and the origin indicates our sugL47’4E§- ] )
gested interpretation of the experimental data, in terms of hard- 1he explanation for the narrow spinodals and valuggof
particle models. At volume fractions greater than 0.20at®eratios could stem from fundamental differences in the fluctuations
are those obtained from average micellar volumes, obtained frorfl micellar systems compared to typical thermotropic sys-
x-ray measurementg82,51], assuming ara value of 2.2 nm[9].  tems. The internal micellar structure represents an additional
The quality of the x-ray data was not sufficient to determine thedegree of freedonfself-assembly which can couple to the
aggregation distribution and hence quantify the amount of polydisorder parameter and density fluctuations and lead to polydis-
persity. At lower volume fractions tha/b ratios were calculated persity. This could have a significant impact on the tempera-
from the field-induced-order splittinggable Il and text ture dependence of the coefficients of the cubic and quartic
order parameter terms in the Landau—de Gennes free energy

micelles are roughly 10% larger in the nematic phase than i§*Pansion, in the vicinity of the transition. That is, one way
the coexisting isotropic phasiacluding fluctuations, and the 0 obtain an understanding of the impact of self-assembly on
presence of polydispersity. With regard to the last point, it isth€ transition would be to construct a free energy formulation
worth noting that the simulations of Bates and Frerke]] using a Hamiltonian incorporating both intra- and intermicel-
failed to model the effect of the polydispersity that the col-1ar _vanables_. Alternatively, maype realistic S|mulat|o.n ex-
loidal systems are known to posséS6]. That is, simulation ~ Periments will one day be practicable. In the meantime, it
predicts an apparently unphysical dramatic widening of thé/v_ould c_IearIy be'worth returning to the S|mula}tlon of infi-
transition region when polydispersity is incorporated, whichnitely thin hard disks, to see if modern computing resources

would be even less applicable to our micellar data. can pin down the limiting value ol ¢/¢, in the absence of
attractions, self-assembly, and polydispersity.
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