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Micelle size and orientational order across the nematic-isotropic transition:
A field-dependent nuclear-spin-relaxation study
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Magnetic field-dependent counterion Na spin relaxation and quadrupole splitting measurements are
reported from the discotic nematic (N& ) and isotropic phases of the system sodium
dodecylsulphate —decanol —water. Carefully designed relaxation experiments were used to determine the
individual field-dependent motional spectral densities. A quantitative analysis of the splitting and spec-
tral density data allowed a simultaneous determination of the nematic order parameter S and the axial
ratio of the disklike micelles as functions of temperature throughout the extension of the N& phase and
into the isotropic phase. The axial ratio varies only weakly with temperature in the ND phase, from 6 at
10 C below the nematic-isotropic transition temperature T» to 4 just below T», but then increases to 8
in the isotropic phase just above T». This behavior is contrary to the existing theoretical predictions.
The nematic order parameter decreases from 0.9 at 10'C below T» to 0.4 just below Tzl. While the
latter value is close to that predicted by Maier-Saupe theory, the temperature dependence of S is much
stronger than that predicted theoretically.

PACS number(s): 61.30.Eb, 61.30.Gd, 64.70.Md, 76.60.Es

I. INTRODUCTION

An orientationally ordered but positionally disordered
bulk fluid is referred to as a nematic phase. Such nematic
phases can be formed in a variety of low-molecular
weight or polymer liquids (thermotropic molecular or po-
lymer nematics) as well as in complex (organized, mul-
ticomponent) ffuids consisting of amphiphilic aggregates
or colloidal particles in a (usually aqueous) solvent (lyo-
tropic amphiphilic or colloidal nematics). Whereas the
classical molecular nematic phase and its transition to an
isotropic phase have been studied extensively [I] and are
reasonably well understood, relatively little is known
about amphiphilic nematics [2—5].

Although similar at a phenomenological level, molecu-
lar and amphiphilic nematics differ fundamentally at the
molecular level; the orientationally ordered entities being
molecules and molecular aggregates, respectively. One of
the major experimental challenges posed by amphiphilic
nematics is to simultaneously determine the size of the
micellar aggregates, or their axial ratio, p, and their
orientational order parameter S = (Pz(cos8) ), with 8 the
angle between the symmetry axes of the micelle and the
phase.

Quadrupole splittings in NMR spectra have been used
extensively to study amphiphilic nematics [2—4]. While
the quadrupole splitting contains information about both
p and S, this information is not separable. A reduction of
the splitting with increasing temperature can thus be due
to a smaller order parameter, a smaller micelle size, or a
combination thereof. As recently demonstrated, however,
the separation problem can be overcome [6]. The spin re-
laxation of nuclei residing in counterions or amphiphilic
molecules reflect molecular diffusion over the curved sur-
face of orientationally disordered micelles and thus de-

pends on both p and S [7]. By combining splitting and
relaxation data from the same quadrupolar nucleus, it is
thus possible to separately determine p and S.

We report here a study of a sample in the system sodi-
um dodecylsulphate (SDS)—decanol —water, which trans-
forms from a discotic nematic (ND ) phase to an isotropic
micellar solution at 29.3 C. Using nuclear-spin-
relaxation methods, we have previously studied the
nematic (Nc and ND) [6], hexagonal (H ) [8], and lamel-
lar (L ) [9] phases of the same system at compositions
not far from the present one. In the previous study of the
nematic phases [6], a detailed analysis of the relaxation
data was possible only by invoking reference parameters
determined in the nearby H phase. While these parame-
ters (residual quadrupole coupling constant, surface
difFusion coefficient, local reorientational dynamics)
should be closely similar in the H and Xz phases, which
have similar interface curvature, the transferability of the
H parameters to the ND phase (with a distinctly smaller
average mean curvature) is more uncertain. In the
present study, we circumvented this problem by perform-
ing spin relaxation measurements, on the counterion Na
nuclei, over a range of magnetic fields spanning the major
part of the relaxation dispersion of the crucial surface-
diffusion contribution.

At the composition of the previous study [6], the ND
phase transforms into an X~ phase at 28.8 C. In con-
trast, the present sample, which has the same
SDS:decanol mole ratio but a slightly lower micelle
volume fraction, transforms into an isotropic phase (I) at
29.3'C. Since the spin relaxation method is more sensi-
tive to micelle size (p) for disklike (or oblate spheroidal)
micelles than for rodlike (or prolate spheroidal) micelles,
the present sample is well suited for investigating changes
in micelle size at the nematic-to-isotropic (N I) transi--
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tion. Furthermore, the variation of the order parameter
S with temperature on approaching the N-I transition is
of fundamental interest, as it rejects the anisotropic in-
termicellar interactions that are responsible for the long-
range orientational order of the nematic phase.

II.EXPERIMENT

A. Materials and sample preparation

Sodium dodecylsulphate (specially pure) and decanol
(n-decanol, specially pure) from BDH Chemicals were
used as supplied. ' 0 enriched deuterium oxide from
Ventron was mixed with normal millipore water yielding
' 0 and H enrichments of 3.7% and 17.0%, respectively.
The ND sample, containing 21.02 wt% SDS, 4.61 wt%
decanol, and 74.37 wt% water, was prepared as previ-
ously described [6]. As may be seen form the partial
phase diagram in Fig. 1, this sample composition slightly
extends the previously reported [6,9] range of the N~
phase [P-O. Quist (unpublished)]. The molar composi-
tion and micelle volume fraction of the present sample, as
well as the previously studied samples of the same sys-
tem, are given in Table I.

The nematic phase was stable from ca. 16'C (where
SDS precipitates) to T&I =29.3+0. 1 'C. A narrow two-
phase region, with the ND phase in equilibrium with the
isotropic micellar solution phase, occurs between T&I and
T1~=29.55+0. 1'C. The X~-I transition occurs only in a
narrow concentration range; a slight increase of the
decanol/SDS ratio changes the transition to X~ L At-.
ca. 33'C, the isotropic phase transformed into another

Decanal

anisotropic phase (probably L ), exhibiting a broad, an-
isotropic NMR spectrum.

After preparation, the sample was kept for 11 weeks at
25 C, during which time the aforementioned transition
temperatures changed by ca. 0.2'C. During the measure-
ment period of ca. five weeks no shifts of transition tern-
peratures were detected. (The sample was kept frozen be-
tween experiments separated by more than two days. )

B. Spectrometer and magnet characteristics

The NMR experiments were performed on a Bruker
MSL-100 spectrometer, equipped with both a supercon-
ducting magnet and an electromagnet. During the mea-
surements, the sample was kept in a Aame-sealed 10 mm
o.d. NMR tube filled to 28 mm height. The experiments
at 2.35 T were carried out on the superconducting mag-
net with a 10 mm saddle-coil probe. The spatial inhomo-
geneity of the radio frequency (rf) field was less than
+10% within the sample volume, while the inhomogenei-
ty of the static magnetic field was a few Hz. For the ex-
periments in the magnetic field range 0.2—2.0 T, we used
an electromagnet (Drusch EAR-35N), equipped with a
field-variable NMR lock (RMN2-TAQ2) and a flux sta-
bilizer from the same company. The solenoid NMR
probes (type Bruker Z-22V) had less than +3% RF inho-
mogeneity within the sample volume.

Since field dispersion measurements on an electromag-
net are nonstandard and since optimization of accuracy
and precision was important in the present study, we
record some relevant system characteristics. The insta-
bility of the magnetic field includes a long-time drift not
fully compensated by the NMR lock, mainly due to the
spatial separation of the lock and the NMR coils. This
drift becomes negligible 2 —3 h after switching on the sys-
tem or ca. 1 h after a major field change. The short-term
noise, on a time scale of 1 —10 s, was minimized by adjust-
ing the relative gains of the NMR lock and the Aux sta-
bilizer. The field stability (peak-to-peak) achieved was
+0.15 pT at the extremes of the 0.2—2.0 T range and
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TABLE I. Molar compositions, micelle volume fractions,
and residual Na quadrupole coupling constants in the lamel-
lar, hexagonal, and nematic phases of the system SDS-decanol-
water investigated by Na NMR.

Phase H Xc I. '
Xg) XD

Examined T range { C) 23—35 15—28 25 15—29 19—29

H20 22 24 26 28 30 32 34 SDS

nd„/(n$D$+ nd„)"
nay/(n$0$+nd )

y (kHz)
References

0.196 0.247 0.318 0.287 0.285
34.6 34.5 26.0 32.2 39.2

0.272 0.266 0.326 0.280 0.242
79 79' 104 98 108
[8] [6] [9] [6] this work

FIG. 1. Partial phase diagram (wt%%uo) for the system SDS-
decanol-water {90% H~O:10% D20) at 25 C, showing the ex-
tension of the one-phase regions of the isotropic micellar solu-
tion phase and the lamellar, hexagonal, and nematic (X&,ND)
liquid-crystalline phases. (The dashed boundaries have not been
precisely located. ) The dot in the ND phase corresponds to the
composition of the sample investigated here.

'Disrupted bilayers, probably ribbonlike aggregates.
n =number of moles.

'Micelle volume fraction.
Na residual quadrupole coupling constant at 25 'C.

'Taken to be the same as in the H phase.
Assuming elliptic ribbon microstructure.
Taken to be 25% larger than in the H phase to obtain agree-

ment between the reduced H and Na splittings.
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~ +0.11 pT in the range 0.3—1.5 T. Besides these insta-
bilities, external transients may cause large (in the order
of 10—100 pT) field jumps. By extensive shielding and
grounding, we could limit the significant effects of such
transients to less than 0.01%%uo of the measurement time.
The system remained susceptible to disturbances from a
few strong external radiobands, which, however, were
narrow and thus easily avoided.

To reduce the spectral noise, particularly important at
the lowest frequencies, we used double- and triple-
shielded coaxial cables. The orthonormality of the four
rf channels used in phase cycling as well as the phase and
amplitude balance of the receiver were carefully adjusted.
The practical low-frequency limit ca. 2.3 MHz is set by
the drastic fall in preamplifier gain below this frequency.
The achievable signal-to-noise ratios are demonstrated in
Fig. 2. Ringing after the rf pulses, most persistent at 5 —7
MHz, did not exceed 200 ps. The inhomogeneity of the
static field was about 1 —1.2 pT at the higher fields ( ~ 0.8
T) and about 0.3—0.4 pT at the lower fields ( ~0.5 T).
The length of the 180' rf pulse was 10—12 ps. Below 5
MHz the rf pulses showed significant "phase glitches, "
the effect of which was suppressed by phase cycling and
by the data evaluation procedure described below.

The temperature was controlled by a Stelar VTC87 re-
gulator with a high airfiow (1.5 m h ' on the supercon-
ducting magnet and ~ 1 m h ' on the electromagnet}.
The airflow on the electromagnet system was reduced to
avoid sample vibration. While the temperature stability
was similar (+ca. 0.03—0.04 C) for the two different set-
ups, the temperature gradient was smaller for the super-
conducting system ( &0.04'C) than for the electromag-
netic system (ca. 0.06 C). To obtain a stable and homo-
geneous temperature, it was found essential to center the
sample tube properly and to use probe head dewards that
minimize airflow turbulence.

C. Spin relaxation experiments

The Na spin relaxation is purely quadrupolar and the
response of the I =

—,
' spin system to the pulse sequences

used here has been described elsewhere [8,11]. The longi-
tudinal spin relaxation behavior is governed by the two
lab-frame spectral densities Ji (coo) and Jz(2coo), which
were determined in the magnetic field range 0.20—2.35 T,
corresponding to Larmor frequencies coo/(2m. ) =2.30
—26.49 MHz, using two or three independent relaxation
experiments. At fields above 0.5 T, the relaxation experi-
ments were (i) inversion recovery with 90' detection
pulse, (ii} inversion recovery with short (ca. 35') detection
pulse, and (iii) the quadrupole polarization decay experi-
ment, using the Jeener-Broekaert pulse sequence [10,11].
The coupled evolution of the dipolar and octupolar polar-
izations generally yields a biexponential inversion
recovery, while the quadrupole polarization decay is sin-
gle exponential. The relaxation functions for the different
spectral lines in the inversion recovery experiments are
collected in Table II. Monte Carlo simulations show that
this combination of relaxation experiments minimizes the
systematic error in the determination of the individual
spectral densities Ji (mo) and J2 (2coo) [I. Furo, (unpub-

lished)].
In all relaxation experiments the acquisition delay after

the last rf pulse was set equal to the inverse quadrupole
splitting (or half of this value, yielding inverted satellites)
in order to obtain pure absorption line shapes without
first-order phase corrections. The phase of the detection
pulses was cycled to suppress the effects of nonideal in-
version pulses [8]. A typical experiment comprised 30
delay times, more closely spaced near the average decay
time [12]. Line intensities were obtained by integrating
the absorption lines, typically over a range of +3
linewidths. The errors in these intensities were assessed
by collecting spectral noise over a corresponding frequen-
cy range. These error estimates account for the random
spectral noise, but not for the instability of magnetic field,
rf phase and any rf component of the spectrometer. In a
few cases (especially at the highest fields with small spec-
tral noise), whereas the fitting results indicated that such
instabilities were significant, we increased the noise input
to satisfy our goodness-of-fit criterion.

Rather than extracting relaxation rates from each ex-
periment, we determined the two spectral densities
directly from a simultaneous fit to all five relaxation de-
cays. (The intensities of the two satellites were added in
the inversion recovery experiments and subtracted in the
quadrupole polarization decay experiment. ) One such fit,
involving eight free parameters, is shown in Fig. 3. In
Table III, we present the spectral densities at the investi-
gated temperatures (in the nematic phase) and magnetic
fields.

By including the detection pulse angle among the pa-
rameters, systematic errors due to rf inhomogeneity,
inaccurate pulse length settings, and "phase glitches"
were avoided. The initial and long-time intensities in the
inversion recovery experiment were treated as indepen-
dent parameters, thus allowing for rf inhomogeneity.
The relative amplitude of the central and satellite lines
was also adjustable, allowing for uncertainties in the in-
tegration ranges. To account for a possible deviation
form nonselective rf pulses. [I. Furo (unpublished)],
correction factors multiplying some line intensities were
introduced in the fit to the 19'C data, with the largest
quadrupole splitting. These corrections were always
close to 1 and their inclusion changed the spectral densi-
ties by less than l%%uo. The internal consistency of the re-
laxation data was tested at high fields by fitting all
different combinations of 2, 3, or 4 decays; the results
coincided within the error limits given in Table III, thus
demonstrating the robustness of the applied procedure.

At the lowest fields ( ~0.5 T), the satellite lines were
too noisy to be evaluated. The two spectral densities
were, therefore, determined from the decay of the central
line in the two inversion recovery experiments, which, at
high fields, were shown to yield the same results as a fit to
all five decays.

Although the individual spectral densities from I =
—,
'

nuclei in isotropic solutions can be determined by various
relaxation experiments [13—15], this was not possible
here due to the relatively large inhomogeneity of the stat-
ic magnetic field and the closeness of the spectral densi-
ties J(coo) and J(2coo). Instead, the inversion recovery de-
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f the various lines on the length of the detectionTABLE II. The dependence of the decay functions of the variou
pulse 8 in the inversion recovery expenment [11].

Line

Satellite
Central

Spectral intensity

sin8[1 —2cos 8exp( —aj, r) —2sin28exp( a—j 2r)]10
~ ~—sin8[1 —(1—3 cos 8)exp( —aj, r) —(1+3cos 8)exp( a—g2r) ]IO

(b)

FIG. 2. Na spectra obtained
in the inversion recovery experi-
ments at the longest delay times.
1024 transients were collected at
2.35 and 2.0 T [(a) and (b), re-
spectively] and 8000 transients
at 0.204 T (c). The signal-to-
noise ratio was roughly a factor
of 2 higher at 2.3S T than at 2.0
T (cf. magnified satellite peaks).

(c)

I

$0000
I

5000

Frequency (Hz)

]

-5000 —10000
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TABLE III. Magnetic field dependence of lab-frame spectral densities of 'Na in the N& phase.

J i (cop)(s ') J, (26)p)(s )

Bp( T)'

0.204
0.50
1.00
2.00
2.35

19 'C

180+10
115.0+1.0
81.1+0.5
63.4+0.3
60. 1+0.2

25'Cb

180+9
112.8+1.0
78.9+0.5
58.2+0.2
54.8+0.2

28 C

184+11
110.8+0.9
77.9+0.7
56.8+0.2
53.0+0.2

29 'C

178+7
112.3+0.6
77. 1+0.5
56.5+0.2
53.1+0.3

19 'C

159+5
105.0+0.5
78.4+0.3
62.0+0.2
58.9+0.2

25 'C"

144+4
94.6+0.4
68.9+0.2
53.0+0.2
50.3+0.2

28 'C

134+6
89.2+0.5
64.0+0.3
48.8+0.2
46.3+0.2

29'C

139+4
86. 1+0.3
61.7+0.2
46.8+0.2
44.4+0.2

'For Na, the relation between the Larmor frequency cop and the magnetic field strength Bp is cop(rad s ') =7.08 X 10'Bp( T).
Three additional magnetic fields were included at 25 'C—see Fig. 7.

cay was fitted to a single exponential and the e6'ective re-
laxation rate R

&
was used for the subsequent analysis.

III. QUADRUPOLE SPLI'l j:ING

The quadrupole splitting, v&, of a spin I=—', nucleus
like Na in a diamagnetically negative phase (with the
symmetry axis of the phase perpendicular to the rnagnet-
ic field) is given by

(3.1)

The shape function A (p)=(P2(cos8~&)) is the second-
rank orientational order parameter associated with the
angle 8&& between the symmetry axis of the (uniaxial)
micellar aggregate and the local surface normal, and the
average is taken over the surface of the rnicelle. If the
spatial distribution of Na counterions, projected on this
surface, is laterally uniform, then A is a unique function
of the rnicellar axial ratio p, readily calculated for any
unixial shape.

As seen from Fig. 4, the counterion Na splitting
varies strongly with temperature as the 1VD-I transition is
approached. This contrasts with the much weaker tern-

perature dependence near the ND-Nc transition. Accord-
ing to (3.1), the observed variation of v& can be due to a
temperature dependence in the axial ratio p, the nematic
order parameter S, the residual quadrupole coupling con-
stant (QCC) g, or some combination thereof. From a
previous study [8] of the nearby H phase, where
A = —

—,
' and S= 1, we know that g varies little with tem-

perature and, hence, can account for only a minor frac-
tion of the temperature dependence of v& seen in Fig. 4.
This conclusion can be checked by measuring the H and' 0 quadrupole splittings of the water nuclei in the ND
sample. Since the residual QCC has different origins for
counterions [16] and water [17] nuclei, the temperature
dependence of counterion and water splittings should
differ markedly if either QCC varies strongly with tem-
perature. As seen from Fig. 5, this is not the case; the
splittings from the three nuclei have essentially the same
temperature dependence and should therefore mainly
refiect changes in p and/or S rather than in g. The ratio
of the water splittings is nearly constant,
v&(' 0)/v&( H) =6.2+0. 1, as found in most systems and
explained by the near degeneracy of the electric field gra-
dient tensors of the H and ' 0 nuclei [17].

I

(a)

(e)

FIG. 3. The decay of the satellite (a) and
central (b) lines in the inversion recovery ex-
periment, the decay of the satellite (c) and cen-
tral (d) lines in the inversion recovery experi-
ment with short (-35') detection pulse, and
the decay of the satellite lines (e) in the quad-
rupole polarization experiment at 2.0 T. The
solid line resulted from a simultaneous fit to a11

experimental points (see text). The approxi-
mate error of a single point is +0.03.
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In principle, the biaxiality induced in the nematic phase
by the external field (which is perpendicular to the princi-
pal symmetry axis of the phase) alters the form of the re-
lations (4.1) [20]. At the relatively high Larmor frequen-
cies coo of interest here, however, this effect is negligible.

Under the conditions prevailing in an amphiphilic
nematic phase, the director-frame spectral densities can
be expressed as [6,21]

(4.2)

0
15 25

FIG. 4. Counterion Na quadrupole splitting vs temperature
in the ND phase at two different compositions, transforming
into an isotropic solution phase (this work) or into a calamitic
nematic (Nc ) phase [6]. The transition temperatures are
T~ I=29.3'C and T~ ~ =28.8 C.

D D C

IV. SPIN RELAXATIQN IN THE NEMATIC PHASE

A. Spectral density functions

J, (cop) =—J
~ (rop)+ —J2 (Cop), (4.1a)

J2 (2rop) =—SJO (2rop)+ —,
' J i (2rop)+ —,

' J~ (2rop) . (4.1b)
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FIG. 5. Counterion Na and water H and ' 0 quadrupole
splittings, normalized relative to 25 C, vs temperature in the ND
phase.

The lab-frame sPectral densities J
&

(cop) and Jz (2coo) in
Table III, derived from the Na spin relaxation as de-
scribed in Sec. II C, are cosine transforms of the time au-
tocorrelation functions of the kth spherical component in
the lab-fixed frame of the irreducible electric field gra-
dient tensor at the nuclear position [7,18]. For a diamag-
netically negative unixial nematic phase, these lab-frame
spectral densities can be related, in a model-independent
way, to three director-frame spectral density functions
J (ro), with the symmetry axis of the nematic phase (i.e.,
the mean director) as the reference axis [6,19],

j (ro;P, S)=[A (p)] Hmp(S)j"'(co;P, S)
2

+ g (2—5„II)[H"„'(S)+5O5„OS ]

XH p(pj)„' (ro,'p) . (4.3)

Here, we have explicitly displayed the initial values of the
reduced time correlation functions,

H"„'(S)= ( [d „(6IDA) ] ) —5 O5„OS

H o(p) ( [d (~0Aiv) l ~ 5 0[ ~ (p)]'

(4.4a)

(4.4b)

with OD& the angle between the sym. metry axes of the
nematic phase and the micellar aggregate, and 6&& the
angle between the micellar axis and the local normal to
the micelle surface.

We model micelle reorientation in the ND phase as ro-
tational diffusion of a symmetric top in a potential of
mean torque of the form w (ODA )= —

A, cos 8DA. This
functional form, which can be regarded as the leading
term in a multipole expansion consistent with the inver-
sion symmetry of the micelle and the nematic phase,
defines a unique relation between the second-rank and
fourth-rank nematic order parameters and, hence, deter-
mines H"„'(S)in (4.4a) as a function of S. The reduced
spectral densities j"'(co) and j„'(ro) in (4.3), with the ini-
tial values of the corresponding time correlation func-
tions factored out, can generally be expressed as linear
combinations of Lorentzians,

+kj(ro)=g ek gck=l . (4.5)1+(cork )

The rotational spectral densities j"'(ro) in (4.3) involve
only the rotational diffusion coefBcient Dt(p) determin-
ing the rate of tumbling of the micelle symmetry axis
with respect to the nematic director. Under our condi-

J&„is the frequency-independent contribution from fast,
weakly anisotropic, local (compared to micellar dimen-
sions) motions [21]. The dependence on the desired pa-
rameters p and S enters Cia the reduced spectral densities
j~(ro), which refiect counterion surface diffusion on mi-
celles of axial ratio p as well as restricted rotational
diffusion of the entire micelle in the nematic potential of
mean torque, (partly) characterized by the order parame-
ter S. Since the surface diffusion of the Na+ counterions
is much faster than the restricted rotational diffusion of
the relatively large micelle (cf. below), the reduced spec-
tral density functions can be decomposed in two parts as-
sociated with rotation and surface diffusion, respectively
[6,7],
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tions, the j"'(co) are well approximated by a single
Lorentzian term [7,22,23].

The three reduced surface-diffusion spectral density
functions j„'(co) are completely determined by the micel-
lar axial ratio p and a diffusional time constant which we
define as r,d= b /(4Ds ), with Dz the Na+ surface-
diffusion coefBcient and b a length comparable to the ful-
ly extended SDS molecule. The spectral density func-
tions j„'(co) are usually not well approximated by single
I.orentzians and we evaluate them numerically assuming
an oblate spheroidal micelle shape [7]. For the relatively
large axial ratios of interest here (cf. below), however,
the energetics of local alkyl chain packing should favor a
hemitoroidal disk over an oblate spheroid [24]. Since the
surface-diffusion problem has not been solved for a hemi-
toroidal disk, we adapt (4.3) to the disk geometry by cal-
culating A (p) and H„' (0p) exactly for a disk, while calcu-
lating j„'(co) for an oblate spheroid of the same axial ra-
tio. This should be an acceptable approximation since
the factors A (p) and H„' (0p) carry most of the p depen-
dence and since, at the higher magnetic field that are
most important in determining p, r,d is of order I/coo so
that j„(co)is relatively insensitive to ~,z. The explicit ex-
pressions for A (p) and H„'0(p) for the disk geometry are
given in the Appendix.

B. Quantitative data analysis

Before proceeding to a quantitative analysis of the re-
laxation and splitting data, we shall make a qualitative
observation. As argued in Sec. III, the strong ternpera-
ture dependence of the quadrupole splitting v& (more
than a factor 3 over 10'C) is due to variations of p and/or
S, rather than of the residual QCC g. It is instructive to
calculate the relative variation of the splitting and the
lab-frame spectral densities for the two extreme cases of
varying p at fixed S and varying S at fixed p. Figure 6
shows the results of such calculations at a relatively high
magnetic field, where the contribution from micelle rota-
tional dynamics is negligible. If the more than threefold
decrease of v& with T were due solely to a decrease of p,
J, (coo) would increase strongly with T (and, possibly, go
through a maximum at high T). If, on the other hand,
the decrease of v& were due solely to a reduction of S
with T, the surface-difFusion contribution to J

&
(coo)

would exhibit only a weak increase with T, which would
be essentially canceled by the opposite T dependence of
J», (cf. below). The observed near constancy of J& (coo)
in the investigated temperature interval at the higher
fields (cf. Table III) clearly indicates that the second lim-
iting case (varying S, constant p) is close to reality.

The analysis of the lab-frame spectral densities J
&

(coo)
and J2 (2coo) was performed within the model defined by
(4.1)—(4.4), assuming a hemitoroidal disk shape for the
micelles. Eliminating S by means of (3.1) and the mea-
sured splitting, we then have four parameters at each
temperature: p, g, J&„,and ~,d [The tumbling . diffusion
coefficient Di(p) was calculated form the Perrin equa-
tions, using the experimental solvent viscosity. ] The
latter three parameters are determined by local interac-
tions as the micelle interface and should not vary strongly

0
1 2 3 4 5 6 7 8 9 10

P ol 10S

FIG. 6. Calculated relative variation of the quadrupole split-
ting (dashed) and the surface-diffusion contribution to the lab-
frame spectral density J& (coo) (solid) with the micellar axial ra-
tio p at fixed S =0.75 (curves labeled p), or with the nematic or-
der parameter S at fixed p=5 (curves labeled S). For the spec-
tral density calculations, we used Bo=1 T and ~,d=1.55 ns.

g(ND, T)=c~g(H, T),
J«, (ND, T)=cJJ,«(H~, T),
~,d(ND, T) =c,r,d(H, T) .

(4.6a)

(4.6b)

(4.6c)

Including only relaxation data from the range Bo 0.5 T,
where the least accurately modeled rnicelle rotation con-
tribution is small or negligible (cf. below), we thus have
seven adjustable parameters (cz, cJ, c„andp at four tem-
peratures) and 36 data (Jf and Jz at four temperatures
and at four or six fields).

To examine the robustness of the analysis we have per-
formed a large number of fits, varying the number of data
points and the number of adjustable parameters. The re-
sults of some of these fits are shown in Table IV. It is
clear that the micellar axial ratio is well determined by
the data: p is in the range 4—6 and decreases weakly with
temperature. Figure 7 shows the result of fit E together
with the experimental data. Fits C and D were of similar
quality. In fits A and B the agreement was good at the
three highest temperatures, while the calculated spectral
densities were slightly below the measured ones at 19 C.
This may be the result of forcing the H temperature
dependence on the X~ data. This interpretation is con-
sistent with the splitting data in Fig. 5, suggesting a
somewhat stronger temperature dependence of g( Na)
below 25'C. The finding that g is large (by ca. 35%) in
the Nii phase than in the H phase (cf. Table IV) is in ac-
cord with the previous finding [9] that g increases by ca.
30% on going from H to L (cf. Table I). In both
cases, the increase of y presumably rejects the enhanced
counterion accumulation at the less curved (higher sur-
face charge density) aggregate surface. The contribution

between different liquid-crystalline phases as long as the
aggregate composition (the SDS:decanol ratio) is roughly
the same. We assume that the temperature dependence
of these parameters is the same for the ND phase as previ-
ously determined for the H phase [8], i.e., we write
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TABLE IV. Parameter values determined from fits to Na relaxation data and splittings from the

ND phase.

Data included Axial ratio, p

Fit Bo range (T) T range ('C) 19 C 25'C 28 C 29'C CJ cx c,

C
D.
E

0.5—2.35
0.5—2.35
0.5—2.35
1.0—2.35
0.5—2.35

19-29
19-29
25-29
25-29

separate

6.0
6.0

6.3

5.6
5.4
5.1

4.9
5.3

5.5
5.2
5.0
4.8
4.6

5.5
5.2
5.0
4.8
44

1.26
1.23
1.22
1.20

1.20-1.24

1.38
1.38
1.35
1.35

1.20-1.49

0.81
0.79
0.68

0.52—1.05

'Parameter value frozen in the fit.
"Data from each temperature fitted separately.

J&„from fast local electric field gradient fluctuations,
mainly associated with subpicosecond dynamics in the
hydration shell of Na+, is ca. 20% larger in ND than in

H(cf. Ta'ble IV). The surface-difFusion correlation time

r,d=b l(4Ds) is found to be shorter in ND than in H .
This is as expected, since the smallest aggregate dimen-
sion is usually close to the all-trans length of the amphi-
philic molecule in the cylindrical aggregates of the H

phase, but is somewhat smaller in phases (L,Nn ) with
less curved microstructures. Finally, we note that if we
model the micelles as oblate spheroids rather than as
hemitroidal disks, we obtain axial ratios in the same
range but fits of inferior quality.

The individual contributions to J& and J2 from local
dynamics (J„,), surface diffusion, and micelle rotation
are shown in Fig. 8. The ability of the field-dependent re-

0

0
0.1 0.3 1.0

Bp (T}

3.0 0.1 0.3 1.0

Bp (T}

3.0

FIG. 7. Field dependence of the counterion Na lab-frame spectral densities J r (~o) (squares) and J2 (2coo) (circles) at four temper-

atures in the pfD phase. The curve resulted from least-squares fits (fit E in Table IV) to the data at Bo ~0.5 T (open symbols) as de-

scribed in the text. The dashed lines correspond to J&„.
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FIG. 8. Decomposition of the lab-frame spectral densities
J& (coo) and Jz(2coo) into their contributions from fast local
motions (loc), counterion surface diffusion (sd), and micelle rota-
tion (rot), calculated with the parameter values determined from
the 25 'C fit in Fig. 7.

laxation data to accurately determine the micellar axial
ratio is due to two facts, both apparent from Fig. 8.
First, the investigated magnetic field range covers the
major part of the surface-diffusion induced relaxation
dispersion (which is sensitive to p—cf. Fig. 6). Second,
the less accurately modeled rotational contribution is
unimportant for Bo ~0.5 T. As the field strength is de-
creased below this value, however, micelle rotation rapid-
ly takes over as the dominant relaxation mechanism. At
the lowest investigated field (0.2 T) micelle rotation con-
tributes ca. 45% of J, (coo) and ca. 20% of Jz(2coo). A
deficiency in the rotational model should thus produce
the largest discrepancy between theory and experiment
for J& (coo). This is indeed the case (cf. Fig. 7). The
discrepancy is largest at the highest temperature, where
the amplitude of the restricted micelle tumbling is largest
(since S is relatively small) and, hence, the rotational
model least accurate [22].

Using the parameters from the 25 'C fit, we have calcu-
lated the correlation times of the nine individual reorien-
tational modes of a symmetric top in an even uniaxial po-
tential of mean torque as well as the three effective
surface-diff'usion correlation times, defined as r'„=j„'(0).
(The latter are proportional to the parameter r,d, multi-
plied with a function of p that can only be obtained nu-
merically [7].) These correlation times, as well as the ini-

TABLE V. Effective correlation times and initial time corre-
lation functions for micelle rotation and surface diffusion. Cal-
culated with parameter values from the 6t E at 25 C.

(ns) H~ (ns)

0.063
0.165
0.021
0.165
0.349
0.069
0.021
0.069
0.421

184
230
150
227

2591
214
145
206
778

0.278
0.086
0.068

4.6
5.6
9.5

tial values H"„'and H„'oof the corresponding time corre-
lation functions, are shown in Table V. Since r'„((H'„'
for all modes, we were indeed justified in using the slow
rotation approximation introduced in (4.3).

In the preceding, we tacitly assumed that the diffusive
counterion exchange among the micelles is suKciently
slow not to afFect the spectral densities j„'(co) and j"'(co).
Since the diameter of the disklike micelles (ca. 200 A) is
substantially larger than the average separation between
the surfaces of adjacent micelles (ca. 50 A), we can esti-
mate the mean residence time, ~„„ofa counterion with a
given micelle as the mean-first-passage time [25] for
surface-to-surface diffusion in a lamellar phase with the
same surface separation and surface charge density as in
the present N~ phase. If the ion diffused freely, ~„,would
be ca. 10 ns; however, the strong electric field present in
the intermicellar region increases ~„,to ca. 100 ns. Since
this is much longer than the effective correlation times H
for surface diffusion (cf. Table V), j„'(co) should be virtu-
ally unaffected by counterion exchange. The dominant
micelle tumbling mode, with a correlation time HPO'=227
ns, might be affected by counterion exchange, but the ex-
pected strong orientational correlation of adjacent mi-
celles tends to reduce this eB'ect [6].

A more serious concern is the collective nature of the
reorientational dynamics in a nematic phase, which must
be recognized at sufficiently low frequencies. Adopting
the usual curvature-elastic continuum description [1],we
have calculated the lowest-order director Auctuation con-
tributions [26,27] to J, and J2. For a reasonable value of
the short-wavelength cutoff, we find that these director
fluctuation contributions are comparable to the
independent-micelle rotation contributions included in
our description. To properly describe the reorientational
dynamics, we would need a more general theory that
reduces to individual-micelle tumbling at high frequen-
cies and to elastic-continuum director fluctuations at low
frequencies. Fortunately, these complications do not
seem to affect the determination of the micellar axial ra-
tio from relaxation data in the range Bo + 0.5 T.

Having determined p and g, we can now obtain the
nematic order parameter S from the quadrupole splitting
v& by means of (3.1). (The splitting was measured at
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FIG. 9. Temperature dependence of the nematic order pa-
rameter S and the axial ratio p of the disk-shaped micelles in the
ND phase, derived from the Na splitting and relaxation data of
Figs. 4 and 7.

some additional temperatures in the range 19—29'C; to
calculate S at these temperatures, we use linearly interpo-
lated values of p and g.) Figure 9 shows the temperature
variation of S (along with that of p) obtained in this way.

V. SPIN RELAXATION IN THE ISOTROPIC PHASE

To find out whether the micellar axial ratio changes at
the ND-I transition, we also measured the Na spin re-
laxation dispersion in the isotropic phase at 30.5 C, just
above the transition. The measured effective longitudinal
relaxation rate R

&
is given by [13,28]

R i
=—', [Jo(coo)+4JO(2coo)] . (5.1)

Note that spin relaxation in an isotropic Quid involves
only one lab-frame spectral density function and, thus,
contains less information than the relaxation behavior in
an anisotropic Quid, such as the nematic phase. In place
of (4.2) —(4.4), we now have, in the slow-rotation limit [7],

Jo(co)=J&„+—,'(m.y) . [A(p)] 1+ for~

n=0

(5.2)

with r~=1/(6D~) the micelle tumbling correlation time
in an isotropic medium.

The relaxation rate R *, is determined by the four pa-
rameters p, J»„g,and r,z [with D~(p) calculated from
the Perrin equations]. The later three parameters, being
determined by local interactions, should have virtually
the same values as in the ND phase at the same tempera-
ture. We, thus, fixed these parameters to the values ob-
tained by linearly extrapolating the ND parameters from
29.0 to 30.5'C. However, an acceptable fit of the R&
dispersion could not be obtained with the single adjust-
able parameter p. We, therefore, included the effect of

the finite counterion residence time, ~„„onthe micelle
tumbling contribution through the replacement

+i+res
7 J +

+l+ +res
(5.3)

TABLE VI. Parameter values determined from fits to Na
relaxation data from the isotropic phase.

Fit

AI
BI
CI
DI

Bo range (T)

1.0—2.35
0.5 —2.35
0.2—2.35
0.5—2.35

8.3
7.8
7.6
7.6

97
127
145
85

'Parameter value frozen in the fit.

With the two adjustable parameters p and ~„,we ob-
tained an excellent fit to the data in the range Bo 0.5 T.
Again, as regards the determination of p, the fitting pro-
cedure appears to be robust (cf. Table VI). The result of
fit BI is shown in Fig. 10; the other fits were of similar
quality.

We, thus, find that the micellar axial ratio is increased
to p= 8 just above the ND-I transition. Since the result is
contrary to theoretical predictions (cf. Sec. VI), a com-
ment on its reliability is in order. The main cause for
concern is whether the large axial ratio in the isotropic
phase could be an artifact generated by an inaccurately
modeled rotational contribution. As seen from Table VI,
however, essentially the same axial ratio is obtained
whether or not low-field data are included in the fit. In
particular, virtually the same p value is obtained if we
only include data from the range 80 & 1 T, where the ro-
tational contribution is negligible.

The counterion residence time ~„,is found to be ca.
100 ns, coinciding with our estimate of this quantity (cf.
Sec IVB). (Since p is so large, adjacent micelles must be
strongly correlated in the dense micellar solution. Conse-
quently, the approximations used for this estimate should
hold also for the isotropic phase. ) It should be borne in
mind, however, that this agreement might be fortuitous,
since the parameter ~„,tends to compensate for
deficiencies in our modeling of the micelle tumbling,
which is expected to exhibit collective features at the
lower frequencies. Since ~,d is the least well determined
parameter in the ND dispersion fits, we investigated the
effect of changing the fixed value of ~,d from that ob-
tained by extrapolating the ND results to a value more in
line with the results from the H phase [8]. While this
had some effect on r„„pwas virtually unaffected (cf.
Table VI).

A comparison of Figs. 8 and 10 shows that the relative
contribution from micelle tumbling is larger in the isotro-
pic phase than in the XD phase. It was, therefore, not
necessary to take counterion exchange into account in
the ND fits. Inclusion of a fixed ~„,=100 ns in the ND fits
showed that, while r„,and r,d are somewhat coupled (as
in the isotropic fit), the other parameters were nearly
unaffected (p decreased by less than 10%%uo).
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FIG. 10. Field dependence of the counterion Na effective
longitudinal relaxation rate R l* in the isotropic solution phase
at 30.5'C. The solid curve resulted from a least-squares fit to
the data at 80 &0.5 T (open circles) as described in the text.
The separate contributions to R,* from fast local motions (loc),
counterion surface diffusion (sd), and micelle rotation (rot) were
calculated with the parameter values determined from the fit.

VI. CONCLUDING DISCUSSION

The principal results of the present study may now be
summarized.

(i) The combined relaxation and splitting data from the
nematic and isotropic phases can be quantitatively ac-
counted for by modeling the micelles as rigid hemi-
toroidal disks.

(ii) The axial ratio of the disklike micelles decreases
slowly from 6 at 10 degrees below T&1 to 4 just below
T&I, but then abruptly increases to 8 at the ND-I transi-
tion.

(iii) The nematic order parameter decreases from 0.9 at
10 C below T~I to 0.4 just below T~i.

Our results for the micellar axial ratio in the nematic
and isotropic phases may be compared with the results of
a recent small-angle x-ray scattering study [29] of the iso-
tropic phase in the same ternary system at 22 'C and simi-
lar water content; n~/(nsDs+nd«)=40 —44 (cf. Table
I). The axial ratio was reported to increase from 2 to 3 as
the decanol content increased from n d„/( n sDs
+nd„)=0.03 to 0.12. The micellar shape was reported
to be spherocylindrical rather than disklike, which is
reasonable since these samples have lower decanol con-
tent than ours (cf. Table I) and are close to the Nc phase
(cf. Fig. 1). The progression from a more curved sphero-
cylindrical to a less curved disklike micellar shape with
increasing decanol content in the isotropic phase parallels
the phase progression from Nc to ND (cf. Fig. 1), and
conforms with theoretical predictions of the effect of elec-
trostatic interactions on micellar shape [30]. Our finding
of a major change in micelle size at the ND-I transition is
in contrast to the insignificant change found at the same
transition in a recent small-angle neutron scattering
study of the system potassium laurate —decylammonium
hydrochloride —water [31]. While large disklike micelles
are not usually encountered in amphiphilic systems, their
occurrence in the present isotropic phase sample is un-
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APPENDIX: INITIAL TIME CORRELATION
FUNCTIONS FOR SURFACE DIFFUSION

ON A HEMITOROIDAL DISK

Here, we give the explicit expressions for the quantities
H„'0(p ), defined by (4.4a), and the shape factor
A (p) = (Pz(cos0„&)). The hemitoroidal disk consists of
a fiat (lamellar) part of radius R and thickness 2a, sur-
rounded by a curved edge of hemitoroidal shape. The ax-
ial ratio is defined as p = (R +a)/a.

By calculating the appropriate averages over the sur-
face of the hemitoriodal disk, we obtain

Hoo=(64+55~q+160g )/(160B) —A

H', 0 =(32+ 15ng)/(80B),

Hqo =(128+45nq)/(320B),

and

(Ala}

(A lb)

(A 1c}

derstandable in view of the nearby presence of the lamel-
lar phase (cf. Fig. 1); our sample is isotropic at 30.5 C but
anisotropic (probably lamellar) at 33 'C.

The temperature variation of S is similar to what we
have previously found for the Nc phase in the same sys-
tem on approaching the Nc Itr-ansition [6], but, as ex-

pected, differs markedly from the behavior of S(T) in the
same ND phase (at a slightly higher micelle density) on
approaching the ND Nc tr-ansition [6]. Although S=0.4
at Tzl is close to the Maier-Saupe mean-field value

S(T&1)=0.43, the temperature dependence of S is very

much stronger than that predicted by the classical mean-

field theory [1,32]. This discrepancy may be partly due to
the substantial difference in micelle size on either side of
the transition, with a consequent difference in the inter-
micellar interactions in the two phases. Another factor
might be the importance of electrostatic interactions in

ionic amphiphilic nematic phases. In any case, the
present simultaneous determination of p and S across the
nematic-isotropic transition should be of value for under-

standing the subtle interplay of orientational order, mi-

celle size, and intermicellar and intramicellar interactions
in amphiphilic nematic phases. To date this issue has
been addressed theoretically only by rather crude hard-
rod [33—36] or hard-disk [35] models, without explicit
reference to electrostatic interactions. In contrast to our
finding of a significant increase of p on going from the
nematic to the isotropic phase, the existing theories pre-
dict a small [33,35] or a large [34,36] decrease. Further-
more, the theories predict a much higher degree of orien-
tational order, typically S(T&z)=0.8, than found here

and elsewhere [6,37]. Clearly, much remains to be done.
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2 =(rrrl+4rl )/(4B),
with

B =2+mg+g

(A2)

(A3)

casions [3,38j, albeit with typographical errors in both
cases. &e note that the present results have the correct
limiting behavior. In the limit p=l, when the hemi-
toroidal disk degenerates into a sphere, our results reduce
to HOO=H&z =H20= —,

' and A =0. In the limit p —+00,
corresponding to an infinite lamella, we obtain
Hsd Hsd Hsd 0 and A =1.The result (A2) has been given previously on two oc-
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