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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 of2H2O 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 concentrationf between 0.078 and 0.201. The quantityTIN2T* , where T* is the
spinodal limit of the isotropic phase andTIN 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 for (TIN2T* )/TIN are in the range 1025– 1024, up to two orders of magnitude
smaller than corresponding values reported for calamitic thermotropic nematics. The transition gap (fNI

2f IN)/f IN;0.33% forf,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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I. INTRODUCTION

Salts of short-chain perfluorocarboxylic acids form aqu
ous solutions of disklike micelles which are exceptiona
stable over wide concentration intervals. With increas
concentration the disklike micelles undergo a sequence
ordering transitions to, first, a nematicND phase and, subse
quently, a smectic lamellar phase@1–8#. These transitions
have been attributed to predominantly hard-particle inter
tions between the micelles@6#; that is, the isotropic-to-
nematic transition occurs when the surfactant volume fr
tion concentrationf attains a critical proportion of the axia
ratio e5a/b of the micelles, wherea is the length of the
minor or symmetry axis~2.2 nm@9#!, andb the length of the
major or perpendicular axis. The form of the temperatu
versus-composition phase diagram is therefore determ
by the factors that govern the variations of the size of
micelle with temperature and composition. The archety
surfactant is cesium pentadecafluorooctanoate~CsPFO!. A
partial phase diagram for the CsPFO–D2O system was pub
lished in 1979@1#, and a more detailed and complete versio
reproduced in Fig. 1, in 1987@3#. The phase diagram in H2O
is very similar but with the transition temperatures a fe
degrees lower@5#. Changing the counterion from Cs1 to
NH4

1 or N~CH3!4
1 simply shifts the liquid crystal phas

transition temperatures, at comparable volume fractions
lower temperatures@7#, although in the case of the Li1 salts
1063-651X/2001/63~5!/051705~8!/$20.00 63 0517
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the aggregate structures and behavior are more complex@10#.
In the CsPFO–D2O system theND

1 phase is stable for
weight fractionsw between 0.225 (f50.121) and 0.632
(f50.449) and temperaturesT between 285.3 and 351.2 K
It is characterized by long-range correlations in the orien
tions of the symmetry axes of the micelles. TheND

1-to-LD

transition is characterized by an apparent tricritical pointTcp

~w50.43; f50.263; T5304.8 K!. The transition is per-
ceived to involve solely the positional ordering of the m
celles onto planes arranged periodically along the nem
directorn, and, as such,LD is referred to as a diskotic lame
lar phase. However, at higher concentrations of surfactan
a consequence of micelle packing constraints and interla
repulsive forces, a transition in aggregate structure is an
pated@11#. Here we focus on the mechanism of theI-to- ND

1

transition.
Interest in phase transitions in the CsPFO–water syst

stems from the opportunity to compare the behavior with t
for thermotropic liquid crystals, on the one hand, and t
predicted by hard-particle models on the other. Micellar s
tems are unique in that the internal structure of a micelle
not necessarily conserved at a transition, and this may lea
coupling between internal~micellar! and external~order pa-
rameter! degrees of freedom. These issues have stimula
many studies of theI-to-ND

1 transition@12–25#. The width of
the biphasic region is seen to be experimentally narrow~Fig.
1! suggesting that the transition may be very weak. This
©2001 The American Physical Society05-1
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JOLLEY, SMITH, BODEN, AND HENDERSON PHYSICAL REVIEW E63 051705
led to measurements ofTIN2T* @15,17,26#, whereT* is the
extrapolated supercooling limit of the isotropic phase a
TIN is the temperature at which the nematic phase first
pears on cooling. This quantity has been found to decreas
w decreases and to be below 25 mK atw50.30 @17#, the
lowest concentration of the measurements. This was an
expected result becauseTIN2T* is typically of the order of
1 K for thermotropic nematics@27# and similarly for theND

2

~negative diamagnetic susceptibility! phase of the decylam
monium chloride/ammonium chloride/water system@28#.
The observed concentration dependence ofTIN2T* led to
arguments that the transition may be approaching sec
order behavior at a Landau point associated with a cross
from uniaxial to biaxial behavior, a conclusion seeming
supported by latent heat measurements@24#. However, there
is no indication in the phase behavior~Fig. 1! for the exis-
tence of such a point.

Earlier studies ofTIN2T* were based on measuremen
of the Cotton-Mouton coefficient, which cease to be pra
cable below w50.3. A more precise deuterium NMR
method has been shown to be applicable to the CsPFO–2O
system at this concentration and yielded a value of 0.016~2!
K at w50.302@26#. We now report similar measurements
lower concentrations. In particular, we have been able
make measurements in supercooled samples beloww
50.221 and to extend measurements down tow50.150 (f
50.078) in this manner. These results show thatTIN2T*
decreases linearly with decreasing concentration of CsP
from 0.018~2! K at w50.345 (f50.201) to 0.010~2! K at
w50.150 (f50.078), extrapolating to zero at infinite dilu

FIG. 1. Phase diagram for the CsPFO–D2O system. Nomencla-
ture: I, isotropic micellar solution phase@to the right of the critical
micelle concentration~cmc! line#; ND

1 , discotic nematic phase with
positive diamagnetic susceptibility;LD , discotic lamellar phase;K,
CsPFO crystal;Tcp, the lamellar-nematic tricritical point;Tp

~heavy ice, I,K!, the heavy-ice–isotropic-solution–crystal trip
point; Tp(I ,N,K), the isotropic-micellar–nematic–crystal tripl
point; Tp(I ,N,L), the isotropic-micellar-solution–nematic–lamell
triple point; Cep, the critical end point;Kp , the Krafft point;Tc ,
the solubility curve.
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tion. The quantity T12TNI , where TNI is the lower-
temperature limit of the nematic/isotropic coexistence reg
andT1 the superheating limit of the nematic phase, beha
similarly @25#. Thus, the transition is unequivocally first o
der over its entirety. It is not clear whether this behavior
explicable by hard-particle models or if the self-assem
plays a significant role in weakening the phase transition

II. MATERIALS AND METHODS

A. Sample preparation

CsPFO was prepared by neutralizing aqueous solution
pentadecafluorooctanoic acid~Aldrich Chemical Company
Inc.! with cesium carbonate~BDH, Ltd.!. The neutralized
solution was freeze dried and the salt recrystallized tw
from 50% v/vn-butanol/n-hexane. Residual solvent was r
moved by heating the salts to 30 °C under vacuum
31024 bar) for longer than 48 h. Deuterium oxide~Aldrich
99.6 at. % D! was used without further purification.

NMR samples were prepared by weighing CsPFO a
D2O directly into 5 mm o.d. NMR tubes, to a precision
0.000 02 g, using a Mettler AT 261 Delta Range balan
The sample tubes were then flame sealed to lengths of a
50 mm. All samples gave consistent NMR measureme
over the period of the study providing care was taken
ensure homogeneous mixing of samples in the isotro
phase prior to measurement.

B. NMR measurements
2H NMR spectra were measured with a JEOL GX2

spectrometer operating at 41.34 MHz.2H spectra were ob-
tained using 16 000 data points over a frequency range of
kHz at a frequency resolution of 0.125 Hz per data po
Four accumulations at a repetition rate of 2 s were used for
all spectra. Sample temperatures were regulated using a c
puter controlled double-pass water-flow sample thermo
@29#. This minimized temperature gradients and enabled
temperature to be controlled to a precision of60.005 K. For
samples having isotropic-to-nematic transition temperatu
above the solubility curve, i.e., abovew50.221, typically
periods of 10–12 min were allowed for the sample to rea
thermal equilibrium, following each temperature decreme
before measurement of spectra. The temperature rema
stable to within 0.001 K during measurements. However,
samples havingw between 0.150 and 0.221, the isotropic-t
nematic transition temperatures lie below the solubility cu
and they have a tendency to crystallize, a tendency tha
creases with dilution. The waiting time was, therefore,
duced to about 5 min at which time the temperature had b
stable for at least 1 min. In the case of thew50.200 sample,
this procedure enabled all data to be collected in a sin
sweep before crystallization occurred. But for thew50.150
sample crystallization occurred after about 15 min and it w
necessary to reheat and remix the sample several time
order to collect all the data.

III. EXPERIMENTAL RESULTS

Measurements have been made along the isopleths
picted in Fig. 2, at concentrationsw of 0.150, 0.200, 0.251
5-2
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NATURE OF THE LIQUID CRYSTALLINE PHASE . . . PHYSICAL REVIEW E 63 051705
0.302, and 0.345. The sequence of spectra observed in
case are very similar and typified by those for thew
50.200 sample in Fig. 3. At a temperature about 150 m
aboveTIN the spectrum is a single line with a full width a
half maximum, determined by spin lattice relaxation pr

FIG. 2. Partial phase diagram for CsPFO–D2O system showing
the location of theI-to-ND transition over the concentration rang
accessed in this study. The points on the isopleth atw50.200~ex-
panded in the inset! represent the temperatures of the spectra sho
in Fig. 3. The nematic phases for both thew50.200 and 0.150
samples were accessed by supercooling below the solubility c
Tc .

FIG. 3. Sequence of spectra observed on cooling a sample
w50.200 from theI phase into theI /ND biphasic region, along the
isopleth shown in the inset of Fig. 2.
05170
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cesses, of about 1.2 Hz. As the temperature is lowered
wardTIN the line begins to broaden~a! before splitting into a
doublet whose separation increases rapidly in magnitude~b!,
~c! until TIN is reached, at which point the splitting i
quenched~d!, ~e!. Below TIN an outer doublet signifies th
presence of the nematic phase~d!. On continuing to cool the
proportion of nematic to isotropic phase signal increases
til at temperatures belowTNI only the nematic phase signal
present~f!.

The splitting of the2H ~D2O! signal in the isotropic phase
into a doublet arises from the orientational ordering of t
micelles induced by coupling with the applied magne
field,

Umag~cosu!5
2DxB2

3
P2~cosu!, ~1!

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

Umic~cosu!5e P̄2P2~cosu!, ~2!

asTIN is approached from above. HereDx is the anisotropy
in the magnetic susceptibility of a micelle,u is the angle
between the micellar symmetry axis and the applied m
netic field, ande is the Maier-Saupe mean field anisotrop
interaction parameter.P̄2 is the second-rank orientational o
der parameterP2(cosu) and it is related to the induced quad
rupole splittingDñ by

Dñ5 3
2 uq̃zzusP̄2 , ~3!

whereuq̃zzus is the partially averaged component of the de
terium nuclear-quadrupole electric-field-gradient interact
tensor measured parallel toB whenP̄2 is 1. To relateP̄2 to e,
we have adopted the approach of Luckhurst@30,31# to give

P̄25S e P̄21
DxB2

3 D Y /5kBT

which, on rearrangement, becomes

P̄25DxB2/15kB~T2T* ! ~4!

whereT* 5e/5kB . Combining Eqs.~3! and ~4! gives

Dñ5 3
2 uq̄zzusDxB2/15kB~T2T* !. ~5!

Over the narrow temperature interval~80 mK! for which
quadrupole splittings are measured, the values ofuq̃zzus and
Dx can be considered constant. Thus, the splittings are
dicted to depend onB2 and to diverge atT* as illustrated in
Fig. 4. The values ofTIN and of TIN2T* obtained in this
way are summarized in Table I.

The magnetic-field-induced quadrupole splitting has
actly the same origin as the field-induced optical birefr
gence. Yet none of the plots shown in Fig. 4 exhibits t
nonlinearity observed in plots of optical birefringenc
againstB2 used to extract order parameter susceptibilit

n

ve

ith
5-3



to
pa
to

i
r-

le

g
-

er
curs
on-
ver
red

g

ter
in
ture

er a
ions
s
ran-
red

po-
e-
tail
s.

re-
The

ke,
ed
r re-
dra-
fixed
ntra-
e-
with
f
i-

o

JOLLEY, SMITH, BODEN, AND HENDERSON PHYSICAL REVIEW E63 051705
@15#, indicative of the contribution of a second-order term
the measured birefringence. This second-order term is
ticularly important at highB and at temperatures close
TIN . It would seem that at the magnetic flux density used
the present study~6.34 T! second-order terms are unimpo
tant.

The lower concentration limit of measurement,w
50.150, is determined by the ability to supercool samp

FIG. 4. Plots ofDñ, the field-induced2H quadrupole splittings
of 2H2O ~open symbols!, and its inverse 1/Dñ ~closed symbols!
versus temperature in theI and the I /ND biphasic regions for
CsPFO–D2O samples having weight fractions of~a! 0.150, ~b!
0.200,~c! 0.251,~d! 0.302, and~e! 0.345. The discontinuity in the
temperature dependence of both theDñ andDñ21 plots character-
izesTIN and extrapolation ofDñ21 to zero givesT* ~see Table I!.
The solid lines through the experimental measurements were
tained from least-squares fits of Eq.~5! to theDñ21 versusT data.
05170
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below Tc for a length of time commensurate with carryin
out the measurements. For thew50.150 sample, crystalliza
tion begins about 15 min after cooling belowTIN . For
samples with lower concentrations, cooling to even low
temperatures is needed and the crystallization process oc
too quickly for measurements to be made. The upper c
centration limit is determined by the temperature range o
which field-induced ordering can be observed. The measu
quadrupole splittingDñ at TIN decreases with increasin
concentration~Table I! due to a lowering of the axial ratioe
and a raising ofTIN2T* . For thew50.345 sample at 6.34 T
Dñ is only 4.6 Hz. For samples with concentrations grea
than this, the magnitude of the splitting is too small to obta
accurate measurements over a sufficiently wide tempera
interval.

IV. DISCUSSION

In this paper we present a set of measurements ov
concentration range that extends to far lower concentrat
that those previously reported@15,17#. These measurement
leave no room for the presence of a continuous phase t
sition at low concentrations; the transition gap as measu
by TIN2T* , T12TNI , or fNI2f IN extrapolates to zero
only at a hypothetical zero concentration point. This extra
lation also has interesting implications for statistical m
chanical models which we therefore discuss in some de
below, together with the implications for simulation studie

A. Micelle size along theI -to-ND
¿ transition line

In the ensuing interpretation of the experimental measu
ments values of the micelle size and shape are required.
direct information available at present for the CsPFO–D2O
system has come from x-ray measurements@32,33#. They
show that, in the isotropic phase the micelles are diskli
and that, with increasing surfactant concentration at fix
temperatures, their size increases at first and then eithe
mains constant or decreases slightly. There are more
matic decreases in size as the temperature is raised at
concentrations. However, these results have been co
dicted recently by claims that NMR self-diffusion measur
ments suggest that the micelle size actually increases
increasing temperature@34#. The NMR measurements o
field-induced ordering are very sensitive to variations in m
celle size and can be employed to resolve this paradox.

b-
in
TABLE I. Best fit parameters obtained by fitting Eq.~5! to the data shown in Fig. 4. The errors
parentheses are estimated from the standard deviations of the 1/Dñ vs T plots of Fig. 4.

w f TIN ~K! TIN2T* ~K! TIN2TNI ~K! Dñ ~Hz! at TIN Slope/~s K21!

0.150 0.078 278.508~1! 0.010~2! 0.050~5! 7.3~2! 13~1!

0.200 0.106 283.006 0.013 0.066 6.8 11.1~6!

0.251 0.137 288.673 0.014 0.082 6.2 11.6~5!

0.302 0.170 294.839 0.016 0.105 5.6 11.4~8!

0.345 0.201 300.381 0.018 0.134 4.6 11.8~9!
5-4
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NATURE OF THE LIQUID CRYSTALLINE PHASE . . . PHYSICAL REVIEW E 63 051705
The value of Dñ at TIN is given by Eq. ~5! with T
5TIN . The expression foruq̃zzus in this equation may be
written @3#

uq̃zzus5^P2~cosa!&sxD~xA /xW!nbSOD ~6!

wherexD is the 2H quadrupole coupling constant,nb is the
number of water molecules bound per amphiphile,xA andxW
are, respectively, the mole fractions of amphiphile and wa
andSOD is an order parameter that represents the avera
due to local reorientation of the bound water molecules. T
quantity ^P2(cosa)&s accounts for the diffusive motion o
the water molecules over the surface of the micelle. T
anisotropy in the magnetic susceptibility of the micelleDxm
in Eq. ~5! can be written in terms of the anisotropy in th
magnetic susceptibilityDxA for individual amphiphile mol-
ecules as

Dxm5nDxASA^P2~cosa!&s , ~7!

wheren is the aggregation number of the micelle andSA is
an order parameter that represents the orientation fluctua
of the amphiphile molecules within the micelle. Previo
work @3# has shown that over the temperature and concen
tion ranges of the nematic phase the productxDnbSOD in Eq.
~6! is essentially constant. Making the further reasonable
sumption that the productDxASA in Eq. ~7! is also constant,
then the magnitude of Dñ at TIN scales with
n^P2(cosa)&s

2(xA /xW)/(TIN2T* ). From the experimenta
data it is thus possible to compare the relative values
n^P2(cosa)&s

2 for any two samples. SincêP2(cosa)&s is a
function of the axial ratioa/b of the micelle@3#, as is the
value of n, the variation ina/b with dilution can be deter-
mined. The values ofa/b shown in Table II for samples with
w,0.35 have been determined by normalizing the NM
data to the x-ray data for thew50.35 sample. These obse
vations confirm the behavior predicted by the x-ray measu
ments, contrary to the results calculated from water molec
self-diffusion coefficients@34#.

The change in micelle sizes on dilution can also be
tained from a comparison of the slopes of theDñ21 vs T

TABLE II. Axial ratios and transition entropies for th
isotropic-to-nematic transition in the CsPFO–D2O system.

w f
a/ba

60.01 w f DS ~J mol21 K21!b

0.150 0.078 0.19 0.400 0.240 3.7
0.200 0.106 0.21 0.450 0.280 4.4
0.251 0.138 0.23 0.500 0.322 4.5
0.302 0.171 0.25 0.550 0.367 4.4
0.345 0.201 0.27

aThe a/b ratios have been calculated from the field-induced NM
splittings ~Table I! by normalizing to the x-ray data for thew
50.35 sample@32,51#, as described in the text.
bEntropy changes per mole of micelles, calculated from the tra
tion enthalpies@24# and micellar aggregation numbers at the tran
tion, as determined from x-ray measurements@32,51#.
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plots ~Table I! which scale with the quantity
@n^P2(cosa)&s

2(xA /xW)#21. The changes ina/b on dilution
calculated by this method agree to within experimental er
with those calculated from the changes in the magnitude
Dñ.

B. Nature of the nematic-to-isotropic transition

The concentration dependence ofTIN2T* as determined
in the present study is displayed in Fig. 5. The data seem
indicate thatTIN2T* varies linearly withf and extrapolates
to zero asf approaches zero. This is consistent, within e
perimental error, with values ofT12TNI obtained from the
temperature dependence of the order parameterS2S1

5k(T12T)b, whereS1 is the order parameter at the supe
heating limit T1 to the nematic phase@25#. TIN2TNI is
also seen to be linearly proportional tof. Therefore, the
transition gapDf([fNI2f IN) extrapolates to zero asf
approaches zero; see also Fig. 6. TheT* and T1 lines are
essentially spinodal lines for the nematic-to-isotropic tran
tion. But this does not mean the transition is approachin
critical point at zero concentration; as long asDf/f remains
finite, the transition remains first order. The isotropic-t
nematic transition will, in practice, end either before or at t
critical micelle concentration. The important point, howev
is that the narrowing of the transition is not associated w
convergence on a tricritical, or Landau, point on dilution.

The low value of (TIN2T* )/TIN;1025– 1024 is up to
two orders of magnitude smaller than corresponding val
of ;1023 reported for calamitic thermotropic nematics@35–
38#. Even these values for thermotropics have proved a lo
standing puzzle to theorists: the mean field prediction is 0
@39#. Thermally excited fluctuations have been invoked
render temperature dependence to the coefficients in
Landau–de Gennes free energy expression. This has le
improvements over the mean field results, but predictions
still short of the observed values@40#. So how can the even
smaller values for (TIN2T* )/TIN for the diskotic micellar

i-
-

FIG. 5. Volume fraction dependence ofT* , T1, andTNI rela-
tive to TIN . Values forTIN2T* andTIN2TNI are taken from Table
I and those forT12TNI from Ref. @25#.
5-5
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system studied here be explained?
Micelles do not have a fixed size and shape. In aque

solutions of the salts of perfluorinated surfactants the fluo
surfactant molecules continually exchange between the
nomeric state and the micellar state at a rate of;1026 s21

@41#. Thus, the intermicellar interactions are coupled to
tramicellar degrees of freedom~self-assembly! and this could
have a significant influence on fluctuations associated w
the transition and consequently on the value of (TIN

2T* )/TIN . Indeed, we have previously reported a decre
of ;10% in a/b on going from isotropic to coexisting nem
atic phases@4,9#. This arises from the coupling between m
cellar self-assembly and the nematic order parameter. P
dispersity is also an important issue to bear in mind@42#. In
the case of thermotropic liquid crystals, internal molecu
conformational degrees of freedom could also be affec
fluctuations.

There are very few data available for the nematic-
isotropic transition for thermotropic diskotics so that co
parisons by necessity can only be made with thermotro
calamitics. For these, transition enthalpies are typically 0R
and we see~Table II! that the values for the CsPFO–wat
system are very similar when the micelle is identified w
the molecule, i.e., as the mesogenic particle. The NMR sp
tings ~Fig. 4!, which are proportional to the orientation
order parameter, are seen to follow the mean fieldT
2T* )21 law down to within at least 10 mK ofT* . Similar
behavior is observed for thermotropic liquid crystals, at le
down to within 1 K of T* . For the nematic-to-isotropic tran
sition (T12T)b law, calamitic thermotropic liquid crystal
have been reported to show either the classical value of
order parameter exponentb50.5 @43–45# or the tricritical
value b50.25 @46#. The value ofb for CsPFO solutions is
0.34~2! along the entireND

1-to-I transition line, which has
been linked to renormalization group theory@25#. This strong
asymmetry of the transition is surprising for such a we
transition. Fluctuations@46# appear to be strongly influencin

FIG. 6. Plot of Df ([fNI2f IN) versus volume fraction of
surfactantf for the CsPFO–D2O system.
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the transition on the nematic side but not on the isotro
side.

C. Comparison with hard-particle models

Monte Carlo simulations in a fluid of infinitely thin har
disks @47,48# have yielded a density jump of less than 2
across the isotropic-to-nematic transition@48#. This is poten-
tially consistent with our observed value ofDf/f
50.33%, forf,0.20, although recent work@42# appears to
revise the simulation value upward to around 4%. The i
portant point that follows from these simulation studies
that there is a definite asymmetry in the Onsager limit
disks versus rods. Only at the level of the second virial
efficient is there complete symmetry between ellipsoi
disks and rods. Here, the density jump is 27%, which
believed to be the true value for infinitely long rods. It fo
lows that higher-order virial coefficients contribute to th
qualitative nature of the hard-disk isotropic-to-nematic ph
transition, such that the strength of the transition is grea
reduced. Accordingly, it is possible that hard-body mod
could explain our data. A crude method of attempting
incorporate the higher virial coefficients into an Onsager c
culation is to use they-expansion method@49#. For oblate
ellipsoids ata/b50.364, this has yielded a gap of 1.6%
Experiments on model colloidal systems@50#, on the other
hand, claim a significantly enhanced first-order nature~9%!.

We can also compare the various predictions for the pa
ing fraction at the transition and the values of the order
rameter and its temperature exponent. Figure 7 compare
experimental packing fractions from our studies with tho
calculated from they-expansion theory, for correspondin
axial ratios. The micellar systems lie below the theoreti
curve, perhaps appropriate to an even weaker transition.
dashed line shows an extrapolation to the infinitely thin d
limit, which is required if our data are to be fully explaine
by hard-body models. Whether or not this is indeed the ca
or if the deviation at low concentration is due to addition
physics such as attractive forces between the micelles
unclear within current experimental error and theoretical
derstanding. The colloidal data of van der Kooij and Le
kerkerker@50# are at a significantly lower aspect ratio (a/b
50.091) and lies almost on the extrapolatedy-expansion
curve. The simulation value@47,48# for the nematic order
parameter at the transition@S50.37(1)# is consistent with
our values only at high volume fraction@25#. The simula-
tions also report tentative agreement with the tricritical va
of the order parameter exponent on the nematic sideb
50.25), which differs from our previously published expe
mental value@b50.34(2)# @25#.

The above discussion shows that there remain a variet
intriguing questions concerning the nature of the isotrop
nematic phase transition for diskotics. Clearly, it would
helpful to revisit the hard-particle models to see if mode
computing resources can rule out the very weak nature of
transition observed in our micellar systems. If so, there
plenty of reasons to explain such a discrepancy, includ
the presence of attractive interactions between the mice
the coupling between self-assembly and the transition~the
5-6
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micelles are roughly 10% larger in the nematic phase tha
the coexisting isotropic phase! including fluctuations, and the
presence of polydispersity. With regard to the last point, i
worth noting that the simulations of Bates and Frenkel@42#
failed to model the effect of the polydispersity that the c
loidal systems are known to possess@50#. That is, simulation
predicts an apparently unphysical dramatic widening of
transition region when polydispersity is incorporated, wh
would be even less applicable to our micellar data.

V. CONCLUSIONS

The isotropic-to-nematic transition in the CsPFO–wa
system has been established to be first order over the e
range of experimentally accessible concentrationsf
;0.07– 0.40. Moreover,TIN2T* , T12TNI , and (fNI

FIG. 7. Comparison of the nematic phase volume fractions
aggregate sizes at the isotropic-to-nematic transition with pre
tions of the Onsager model using they-expansion~YE! technique
~solid line; data supplied by B. Tjipto Margo!. The dotted line is an
extrapolation of these data using a quadratic fit. The dashed
through the experimental data and the origin indicates our s
gested interpretation of the experimental data, in terms of h
particle models. At volume fractions greater than 0.20 thea/b ratios
are those obtained from average micellar volumes, obtained f
x-ray measurements@32,51#, assuming ana value of 2.2 nm@9#.
The quality of the x-ray data was not sufficient to determine
aggregation distribution and hence quantify the amount of poly
persity. At lower volume fractions thea/b ratios were calculated
from the field-induced-order splittings~Table II and text!.
s,

H
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s

-
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r
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2f IN) are all found to vary linearly withf ~from f,0.20!
and to extrapolate to zero only asf approaches zero. Thus
there is no evidence to support the idea that a Landau poi
being approached as previously conjectured@15,24#. Never-
theless, the transition appears to be extraordinarily we
(TIN2T* )/TIN;1025– 1024 compared to;1023 in ther-
motropic systems. The entropy of the transition, howev
when expressed as the entropy change per mole of mice
is comparable to known values for thermotropic calam
systems,DS;0.5R ~Table II!, implying that the transition is
not as weak as it may appear.

The extremely small gap (fNI2f IN)/f IN;0.33% might
possibly be explained by hard-particle models, but more t
oretical or simulation work is needed here. The order para
eter on the isotropic side follows the mean field (T
2T* )21 law to within 10 mK of the transition, similar to the
behavior of thermotropic systems. But the order parame
exponent on the nematic sideb50.34(2) differs from either
the classical value 0.5 or the tricritical value 0.25, both
which have been claimed to apply to thermotropic syste
The tricritical value has also been obtained from Mon
Carlo hard-disk simulations in the infinitely thin limi
@47,48#.

The explanation for the narrow spinodals and value ob
could stem from fundamental differences in the fluctuatio
in micellar systems compared to typical thermotropic s
tems. The internal micellar structure represents an additio
degree of freedom~self-assembly!, which can couple to the
order parameter and density fluctuations and lead to poly
persity. This could have a significant impact on the tempe
ture dependence of the coefficients of the cubic and qua
order parameter terms in the Landau–de Gennes free en
expansion, in the vicinity of the transition. That is, one w
to obtain an understanding of the impact of self-assembly
the transition would be to construct a free energy formulat
using a Hamiltonian incorporating both intra- and intermic
lar variables. Alternatively, maybe realistic simulation e
periments will one day be practicable. In the meantime
would clearly be worth returning to the simulation of infi
nitely thin hard disks, to see if modern computing resour
can pin down the limiting value ofDf/f, in the absence of
attractions, self-assembly, and polydispersity.
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