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The diffusion of both water and surfactant components in aqueous solutions of the nonionic surfactant
“Ci12E6"—which includes hexagonal, cubic, lamellar, and micellar mesophases—has been studied by pulsed-
field-gradient NMR. Diffusion coefficients were measured in unaligned samples in all of these phases.
They were also obtained in the hexagonal and lamellar phases in oriented monodomain samples that were
aligned by slow cooling from the micellar phase in an 11.7 T magnet. Measured water and soap diffusion
coefficients in the NMR-isotropic cubic and (high-water-content) micellar phases as well as diffusion
anisotropy measurements in the magnetically aligned hexagonal phase were quantitatively consistent
with the constituent structures of these phases being identical surfactant cylinders, with only the fraction
of surface-associated water varying with the water—soap molar ratio. The values of the water and soap
diffusion coefficients in the oriented lamellar phase suggest an increase in defects and obstructions to soap
diffusion as a function of increasing water content, while those in the low-water-content micellar phase

rule out the presence of inverse micelles.

1. Introduction

Mesophases formed of amphiphilic surfactant molecules
present a rich array of ordered structures composed of
liquids in restricted geometries. Ordered structures in
amphiphilic systems are the building blocks of living
matter, and the relation between structure and transport
is both interesting and important. While structure!-? and
diffusion®® in these systems have been studied exten-
sively, “sample-memory” effects relating to slow domain-
coarsening dynamics complicate the quantitative mea-
surements. Only a few studies have explicitly looked at
the anisotropic dynamics in oriented single domains,%8
and this primarily in lamellar and membrane phases (see
ref 9 for a review). Measurements of anisotropic diffusion
in samples with controlled macroscopic domain orientation
would thus be useful in examining the consistency of the
structures proposed for different phases.

Aqueous solutions of nonionic surfactant allow one to
study purely entropic geometric effects without electro-
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static effects playing a role. The CiysEg¢/water system
(Figure 1: temperature/W, phase diagram, where W, is
the water—surfactant molar ratio, presented before by
several groups*>10-14) ig attractive for this reason and
also because it presents numerous mesophases as one
varies surfactant concentration and temperature. Other
nonionic surfactant systems with similar phases and phase
transitions have also been recently studied.?!%16 Such
systems have great medical potential; for example, sur-
factant cubic phases are being studied as a biocompatible
matrix for the slow release of drugs by various routes.!”

Translational diffusion is the most fundamental form
of transport in condensed matter, and pulsed-field-
gradient nuclear magnetic resonance is a powerful,
noninvasive probe of an ensemble-averaged diffusion
coefficient (see refs 18 and 19 for recent reviews). In a
previous work, field-cycling relaxation measurements?®
in the C13E¢/D20O system provided limits on structure in
different mesophases, albeit in the context of a parameter-
rich model. In this work, we obtain information on
dynamics, in both the water and surfactant components,
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Figure 1. Phase diagram of aqueous solutions of C12Eg, CHs-
(CH2)11—(OCH3CH2)s—OH, as a function of HoO—C;2Eg molar
ratios, Wy, and temperature. At 300 K (dotted line), the phase
sequence upon decreasing Wy is micellar—hexagonal —cubic—
lamellar—micellar.

from translational diffusion measurements in unaligned
samples as well as diffusion and diffusion anisotropy in
macroscopically aligned samples using pulsed-field-gradi-
ent NMR.

2. Experimental Section

2.1. Sample Preparation and Calibrations. C12E¢/H20 and
C12E¢/D2O samples were prepared with Ci2E¢, CH3(CHg)11—
(OCH2CHy)6OH (Tokyo Kasei, Japan, used as received), fresh
distilled H2O, and D3O (99.9%, used as purchased) at several
compositions with different water to surfactant molar ratios,
Wo. The Ci2E¢/water mixture was first prepared in glass vials
which were weighed on a mechanical balance (least significant
digit 0.01 mg) initially and after the addition of each component,
temporarily sealed with wax film (“Parafilm”), and mixed with
Teflon-coated stir bars on a hot plate/magnetic stirrer. The sample
was then pipetted warm (using warm pipets as well) into a
homemade round-bottom glass tube. After filling, the top was
carefully flame-sealed while the bottom of the tube with the
sample was water-cooled to prevent evaporation. Once sealed
and cooled, the sample was warmed to ~315 K (an isotropic
micellar phase for Wy > 15 and W, < 5, see Figure 1) and
centrifuged a few times in opposite directions for further
homogenization. This was the inner cylinder in a concentric
cylinder geometry. The inner cylinder fit snugly into the outer
cylinder (a standard NMR tube), with enough space in between
for aliquid (10% CHC]l3in CDCl3) which was usable as a diffusion
reference.

We used 99.9% D50 (DFP° P20 = 1,902 x 10-° m%s) at 298 K
for absolute calibration of the gradient.'®2! In samples with the
concentric glass—tube geometry, 10% CHCls in CDCl; was in
some cases used as a gradient reference. These references were
cross-calibrated (Table 1) against trace HDO in D2O. A gradient
calibration using a sample of 99.9% D20/10% CHClI; in CDCl3
in concentric inner/outer tubes at 300 K was carried out in
conjunction with each experimental run.

The experiments were performed on Bruker AMX500 and
AV400 spectrometers (with proton Larmor frequencies at 500.13
and 400.13 MHz) with results that were checked to be mutually
consistent. Convection effects (reported in similar studies)?? were
not found to affect the results in either the viscous Ci2E¢/water
samples or the calibration standards. The temperature on both
spectrometers is controlled by a commercial air-flow system.
Apart from the variable temperature experiments and the

(21) Holz, M.; Weingartner, H. JJ. Magn. Reson. 1991, 92, 115.
(22) Esturau, N.; Sanchez-Ferrando, F.; Gavin, J. A.; Roumestand,
C.; Delsuc, M.-A.; Parella, T. J. Magn. Reson. 2001, 153, 48.
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Table 1. Diffusion Cross-Calibration Values, Db/
DYPO D0 Measured in This Work Where D2 Refers to
the Diffusion Coefficient of a in Bulk Liquid b (Trace
Amounts in the Case of DFP0 P0)a

a—b
T HDO-D;O H;0—-H;O Dy;0-D2O0 10% CHCl3—CDCl;3
298K 1.0 1.209(5) 0.984(2)
300 K  1.059(5) 1.264(7) 1.042(2) 1.281(20)

@ All values are relative to D0 P° = 1.902 x 107 m2 s~1 at
298 K21 for trace HDO in pure D20O.

experiments in section 3.4, the temperature was maintained at
300 K. We used a temperature calibration standard before each
experiment and defined 300 K to be the temperature at which
the splitting in a dimethyl sulfoxide (DMSO)/ethylene glycol
temperature standard was 1.4922 + 0.0006 ppm (746.3 + 0.3 Hz
on the AMX500 spectrometer and 597.1 + 0.3 Hz on the AV400
spectrometer). The corresponding temperature repeatability is
+0.05 K.

2.2. NMR Experiments. In all samples, we obtain diffusion
coefficients for the water and the surfactant components
simultaneously. We use a pulsed-field-gradient stimulated echo
pulse program?? to measure diffusion: (77/2)x — 71 — (7W/2)x — T2
— (1/2)x — 11 — echo. Sinusoidal pulsed gradients of duration o
and peak amplitude g are applied during the 7; durations 5 us
after the first and third 7/2 pulses. The peaks of the sinusoidal
gradient pulses are separated by the time A = 71 + 72. A square
homogeneity-spoiling gradient of duration dspil, applied during
the 7o durations 5 us after the second 7/2 pulse, removes unwanted
transverse coherences during the “z-storage” time. The gradient
steps were varied in 32 steps to a maximum gradient amplitude
of ~50 G/cm and in 16 steps to 15% of the maximum gradient
in successive experiments in one experimental run. Some of the
results in section 3.1 were obtained using a spin—echo pulse
sequence with mutually consistent results.

Experiments were typically carried out for three values of
diffusion time, A' = A — 6/4 (ranging from 50 to 400 ms). Gradient
pulse durations, J, of 10, 6, or 3 ms were tried with consistent
results; 0 = 6 ms was most frequently used. The spectra were
obtained with a spectral window of 15 kHz, and the free-induction
decay (FID) was multiplied by an exponential line broadening
factor equivalent to 1 Hz prior to Fourier transformation. The
signal strength, S, at each gradient amplitude was obtained by
peak integration. The diffusion coefficient is obtained from the
following equation for the attenuation of the signal:

In(S/S,) = —(4/7)y*g*DO*(A — 6/4) 1

where the gradient pulse is sinusoidal in shape and g = mgmax
is the gradient pulse amplitude, with m being a fraction between
0.01 and 1 in minimal steps of 0.01. y is the magnetogyric ratio
(y1, = 26.752 x 107 s~1 T-1 and y,, = 4.107 x 107 s 1 T-1).

3. Results

We obtain diffusion coefficients for the water and the
alkyl (CH3(CHgy)11) and oxyethylene (OCHyCHsy)g) parts of
the surfactant. The alkyl and oxyethylene peaks are found,
unsurprisingly, to have identical diffusion coefficients, so
we simply integrate both peaks at once. In the NMR-
isotropic phases, the water and surfactant components
are spectrally separated and these integrations are trivial.
In the anisotropic phases, there is overlap between the
water and surfactant signals. The results thus have to be
fit to biexponentials. This poses no difficulties because
the water and surfactant diffusion coefficients are not
close in magnitude. We first obtain diffusion coefficients
for each chemical species in macrosopically unaligned
samples (Figure 2). All values are relative to Dy =
DO 5t 300 K.

(23) Tanner, J. E. J. Chem. Phys. 1970, 52, 2523.
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Figure 2. Diffusion coefficient vs Wy in the C12E¢/H20 phase
diagram for unaligned samples at 300 K. Squares/circles are
diffusion coefficients of the water/Ci2E¢ components. Solid
symbols indicate that the soap spectrum in that sample
displayed narrow peaks characteristic of spins undergoing
isotropic tumbling.

3.1. Diffusion vs Wy: Macroscopically Unaligned
Samples at 300 K. Figure 2 shows the diffusion coef-
ficients of both the water (squares) and soap (circles)
components as a function of the water—C;sEg molar ratio,
Wo. In powder samples, one would normally not expect
the echo amplitude to exhibit a simple monoexponential
decay from which to extract a single isotropic diffusion
coefficient. The observation of a pure monoexponential
decay in our experiments indicates that the domain sizes
are smaller than a “diffusion length scale”

= +v2DA' (2)

calculated from the slowest measured diffusion coefficient
of the particular sample and the duration A’ = A — 6/4
~ 50 ms of the shortest stimulated echo experiment.
Samples which displayed a soap spectrum with narrow
peaks characteristic of spins undergoing isotropic tumbling
are denoted with filled symbols, while the others have
open symbols.

The surfactant diffusion is at its highest in its pure
state (Wy ~ 0), representing the molecular diffusion of
surfactant in three dimensions. As the water concentration
increases, the volume available for the surfactant is
reduced, and thus, the trend is for the surfactant diffusion
to slow with increasing water content. The water diffusion
ishighest atlarge Wy, approaching the molecular diffusion
of water in three dimensions. We track the diffusion
coefficients as we span the phase diagram of Figure 1 at
300 K:

(1) Micellar phase: W, > 39. The micellar phase is
“NMR-isotropic”; that is, it exhibits a high-resolution NMR
spectrum with the water peak well separated from the
alkyl and oxyethylene peaks. Due to rapid exchange, this
water peak includes signals from the water as well as the
OH group of the C;3Eq. The relative peak intensities in a
one-dimensional spectrum give a measure of W, that is
in agreement (to within 5%) with that determined by
weighing. Water diffusion increases from D¥/Dy ~ 0.4
close to the hexagonal—micellar phase transition toward
unity at large Wy. The soap diffusion in the micellar phase
also increases with increasing Wy, with the soap-to-water
diffusion ratio remaining constant (Figure 3).

(2) Hexagonal phase: A monoexponential decay and a
single isotropic diffusion coefficient are observed. Over
the shortest time scale A’ = 50 ms of our measurement
and at the measured soap diffusion coefficient DS = 7 x
1072 m?/s, the corresponding diffusion length scale [ ~
0.8 um is an upper limit for the domain size. Water
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Figure 3. Diffusion in the micellar phase at 300 K. The ratio
of soap-to-water diffusion is plotted vs Wy in the two micellar
phases. In the low-Wj phase, this ratio decreases with increasing
Wy, while, in the high-W, micellar phase, this ratio appears to
be constant.

diffusion in the hexagonal phase continues to decrease
with decreasing W,. Soap diffusion exhibits a large
statistical variation in measured diffusion coefficient
values.

(8) Cubic phase: The cubic phase has an isotropic NMR
spectrum. The reduced diffusion coefficients (shown in
Figure 2) have the values D¥/Dy = 0.19 and D¥Df =
0.0046. The continuity of the water diffusion coefficients,
as a function of W, with those in the hexagonal phase
suggests that the water remains a continuous subphase.
The large soap diffusion coefficient suggests that the
surfactant is also a continuous subphase, consistent with
the accepted notion that the cubic phase is “bicontinu-
ous”.?*

(4) Lamellar phase: Surfactant diffusion in the lamellar
phase is higher, but of the same order of magnitude, than
that in the cubic phase. Water diffusion, however, is
significantly (a factor of ~2) lower than that in the cubic
phase.

(5) Micellar phase: W, < 7. Surfactant diffusion
continues to increase with decreasing Wy, approaching
the pure surfactant diffusion value. Since we do not dry
the surfactant, the lowest value of W, we achieve is Wy =
0.39. This yields the reduced diffusion coefficients D"/Dj
= 0.032 and DDy = 0.011. The soap-to-water diffusion
ratio is not constant (Figure 3). The water diffusion
coefficient increases with increasing W,. This W, depen-
dence is contiguous with the trend at higher Wy in the
cubic, hexagonal, and micellar phases. However, there is
a break across the micellar—lamellar transition: water
diffusion in this micellar phase is significantly faster than
that in the lamellar phase.

There is significant statistical variation in the values
of surfactant diffusion coefficients in the lamellar and
hexagonal phases. This was initially conjectured to be
due to partial ordering; that is, they are not true “powder”
samples. To simplify the picture, we prepared samples
with DyO instead of HoO and then studied macroscopically
aligned samples prepared (as in refs 13 and 14) by slow
cooling from a high-temperature micellar phase in the
presence of an external magnetic field.

3.2. Creation and Characterization of Magneti-
cally Aligned Monodomain Samples. The C12E¢/H50
(or D20O) phase diagram at 300 K has three NMR-isotropic
phases (a cubic and two micellar phases) and two phases
(the hexagonal and lamellar phases) with broad Ci3Es
spectra. The creation of a fully aligned lamellar phase!*
and a partially oriented hexagonal phase!® has been
previously reported upon cooling from the isotropic phase.
In this work, we were able to completely magnetically

(24) Lindblom, G.; Rilfors, L. Biochim. Biophys. Acta 1989, 988, 221.
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Figure 4. Deuteron (2H) NMR spectrum at temperatures
spanning the micellar—hexagonal transition. (ye,/27)By = 76.77
MHz. C12E¢/D2O, Wy = 35. The top two spectra show a micellar
phase, and the bottom two, a parallel-oriented hexagonal phase.
The single doublet is evidence of single-domain orientation.
Two-phase coexistence is seen in the third spectrum from the
top.

align both the lamellar phase and the hexagonal phase.
Deuterium NMR was used on samples prepared with D,O
as a sensitive way to characterize this orientational order
(see Figure 4).

In an oriented phase composed of bilayers, the surfactant
has an anisotropic influence on the water molecules, so
the water O—D bonds do not have zero average order
parameter, that is, Sop = [Ps(cos(a))[= 0, where o is the
angle made by a water OD bond with respect to the bilayer
surface normal.

The splitting due to the quadrupolar interaction is
approximated as

Avg(6) = g(e2qQ/h)SODP2(cos(0)) 3)

where 60 is the angle between the layer normal and the
magnetic-field direction. For the sake of simplifying the
discussion here, we ignore the asymmetry of the deuterium
quadrupole tensor in D20.2° We use a quadrupole coupling
constant for the O—D bond of e?q@Q/h ~ 220 kHz.26 Sop

Yethiraj et al.

varies with the surfactant—water molar ratio, Wy, and is
not known, while Py(cos(0)) varies from 1 when the layer
normal is parallel to the field direction (6 = 0) to —1/,
when the layer normal is perpendicular (6 = 7/2). Note
that the deuteron on the water molecule is exchanging
with the surfactant headgroup on a time scale of a few
milliseconds® and only a single average peak is observed.

In the hexagonal and lamellar phases, the observed
spectrum contains sets of doublets
W(0) = Vgeeman T Av(0)/2 4)
for each orientation angle, 6. For an NMR-isotropic phase,
an individual spin samples many orientations over the
duration of experimental observation and sees an average,
[(Po(cos(0))0= 0, giving only a single peak at vzeeman. A
single-domain mesophase contains a single doublet, while
a powder pattern exhibits the so-called Pake pattern.

In a hexagonal phase composed of cylinders, the surface
normal does not coincide with the cylinder axis, and rapid
diffusion about this axis introduces the additional term
[Ps(cos(p))Diwhere f = 7/2 is the angle between the surface
normal and the cylinder axis, giving an additional factor
of —1/5 to the right-hand side of eq 3.

The top two spectra in Figure 4 show the single-peak
isotropic spectrum in the micellar phase, while the bottom
two spectra show the doublet of the aligned hexagonal
phase. From the observed splitting with 6 = 0, we obtain
Sop ~ 0.004 at W, = 35.

In the oriented lamellar phase (at Wy = 6.7), we obtain
a doublet due to the quadrupolar splitting. Here, the
surface normal (which is also the symmetry axis in the
lamellar phase) is oriented at an angle of § = 7/2. From
the observed splitting (spectrum not shown) and using eq
3, we calculate an order parameter of Sop = 0.008.

3.3. Diffusion Anisotropy in the Hexagonal Phase.
We prepared a sample in the hexagonal phase where we
could measure diffusion parallel and perpendicular to the
orientation direction. To achieve this in a single-axis
gradient probe, our sample preparation method was as
follows. Sample material prepared at a concentration
corresponding to Wy, = 30 was filled (halfway) into a 2.5
cm long (one-side-sealed) glass tube. The other side was
then carefully flame-sealed with water cooling applied to
the bottom half of the tube. The sealed tube resembled a
“pbullet” which slid down almost snugly into a standard
high-resolution NMR tube. The 'H NMR spectrum was
broader than usual even in the micellar phase. This is
because of the magnetic-field inhomogeneity arising from
the rounded edges of the bullet sample. Diffusion was
measured in the proton channel, while the quality of
monodomain orientation was monitored via the deuteron
spectrum. In this aligned sample, we were unable to
completely separate the water and soap signals in the
proton spectrum. We divide the integration into two
regions (with no gaps in between), a water-rich region
and a soap-rich region. While there is not much signal
outside these regions, there is significant overlap between
these tworegions. We thus fit the signal attenuation curves
to biexponentials. Using diffusion times of A" = 50, 250,
and 400 ms, we are able to clearly separate out the water
diffusion from the soap diffusion. The sample was pre-
treated in three distinct ways:

(1) “Powder”: The sample was heated into the micellar
phase and cooled slowly into the hexagonal phase outside
the magnet.

(25) Abdolall, K.; Burnell, E. E.; Valic, M. I. Chem. Phys. Lipids 1977,
20, 115.
(26) Seelig, J. Q. Rev. Biophys. 1977, 10, 353.
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Figure 5. Going from top to bottom, one-dimensional spectra of powder, parallel-oriented (the monodomain orientation angle with
respect to the magnetic field, # = 0°), and perpendicular-oriented (6 = 90°) samples of Wy = 30 (hexagonal phase): (A) Proton
spectrum shows broad peaks corresponding to the soap (with the powder, top, displaying the super-Lorentzian?’ line shape) as well
as a sharp peak corresponding to HDO (marked with an asterisk). (y1,/27)By = 500.13 MHz. (B) Deuteron spectrum (D20 signal)
shows the quadrupolar splitting pattern corresponding to powder, parallel-oriented, and perpendicular-oriented samples. The ratio
of splittings at 6 = 0 and 90° is 2:1, as expected. (y2,/2m)By = 76.77 MHz.

(2) “Parallel oriented”: The sample was heated into the
micellar phase and slowly cooled into the hexagonal phase
inside the 11.7 T magnet.

(3) “Perpendicular oriented”: The sample was placed
in aradial hole cut into a cylindrical delrin rod and heated
into the micellar phase, and the rod was quickly lowered
into the 11.7 T magnet while the temperature was
maintained above the micellar transition temperature.
The sample was then cooled into the hexagonal phase
with the bullet axis oriented perpendicular to the magnetic
field. The rod was then removed and the sample placed
inside a standard NMR tube. Now, the orientation was
perpendicular to the NMR tube (and thus the magnetic
field) axis.

Proton and deuteron spectra obtained after the three
pretreatments are shown in Figure 5. The proton spectrum
(Figure 5A, top) of the powder shows the characteristic
“super-Lorentzian”?” line shape, while the deuteron
spectrum (Figure 5B, top) shows the Pake doublet. The
deuteron spectrum in the parallel- and perpendicular-
oriented samples shows simple doublets with splittings
of Ayy="768.4 Hz and Avy = 394.3 Hz. The ratio Av/Avy

(27) Bloom, M.; Burnell, E. E.; Roeder, S. B. W.; Valic, M. I. J. Chem.
Phys. 1971, 66, 3012.

=1.951s close to that expected, namely, |(3 cos2(0°) —1)/(3
cos2(90°) —1)| = 2.

3.3.1. Water Diffusion. The diffusion coefficient of the
water peak in the hexagonal phase was measured in a
bullet sample at Wy, = 30 that was sequentially an
unaligned powder and then magnetically aligned with
the cylinder axis parallel and perpendicular to the
magnetic field. For the experimentally measured diffusion
coefficients, the superscript “w”, used for the aqueous
component, is dropped in what follows in this section while
every “s” superscript, for the C13Eg component, is retained.
The superscript “c” denotes calculated values. The parallel-
oriented sample exhibited a higher water diffusion than
the perpendicular-oriented sample. This is consistent with
apicture of water diffusing in the presence of obstructions.
We define

Di/Dy =A,(1—-h (5)

where A;; are the obstruction factors (A, = A,, = Ay and
A..=A), Dy is the diffusion coefficient of bulk water, and
fis the fraction of water that is assumed to be “surface-
associated”.?® This is similar but not identical to ref 29.
The factor 1 — f arises from the assumption that the
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surface-associated water exchanges with the free water
rapidly on the time scale of the NMR measurement.
For cylindrical obstructions, both an effective cell
approximation and a solution of the diffusion equation
(with nolong-range interaction terms included) employing
atruncated Rayleigh multipole expansion (see ref 29) give
identical results at volume fractions less than ¢ = 0.65.

A=1

_ 1 (. 2
AD—1_¢,\1 1+¢'—s(¢'>) ©

In the simplest picture, ¢’ = ¢, where ¢ is the surfactant
volume fraction and is related to the molar ratio, Wy, as

_ 1 _ 1
1+ WM M (") 1+ Wy/21.43

¢ (7)

where MV = 20.03 and M® = 450.65 are the D,O and
surfactant molecular weights and p* and p® are the water
and Ci2Eg relative densities. The term s(¢) is zero in the
mean-field approximation, while, for a hexagonal lattice
of cylinders, s(¢) = 0.075 42¢ 6 up to order ¢b. For ¢ =
0.4167 (calculated using eq 7, Wy = 30), s(¢) = 0.0003,
thus justifying the mean-field approximation in compari-
son to experiment.
This gives anisotropic diffusion coefficients.

DYDY =1-f
DYD; =1 q’:, (8)

Since a fraction, f, of the water is surface-associated, the
true excluded volume, ¢', must account for this. We assume
that water forms x monolayers of total thickness xd at a
water—surfactant interface on the surface of a surfactant
cylinder of radius r and length L, where d = 0.3 nm is the
thickness of a water monolayer.

To estimate the radius, r, we use model estimates (refs
30 and 31) for the hydrocarbon radius of r,. = 1.3 nm. We
then assume a maximally packed oxyethylene hydrophilic
part (it is known in fact that this “headgroup” gets
hydrated and extended, but we account for that via the
water layer x). Using the relative masses of the “hydro-
carbon” and headgroup parts (169.33 and 281.32) and the
relative maximal densities—here, we use the density of
dodecane pgodecane = 0.7546 and of poly(ethylene glycol)
(PEG) pprg ~ 1.15—we get the volume ratio

169.33 | 281.32

Vie + Vig _ 07546~ 1.15
Vie 169.33
0.7546
=2.09 9)

From this, we can calculate the bare (unhydrated) cylinder
radius r = rng + rpe (Where “he” and “hg” refer to
hydrocarbon and headgroup, respectively) using the
relation

(28) Clark, M. E.; Burnell, E. E.; Chapman, N. R.; Hinke, J. A. M.
Biophys. J. 1982, 39, 289.

(29) Johannesson, H.; Halle, B. J. Chem. Phys. 1996, 104, 6807.

(30) Carale, T. R.; Blankschtein, D. J. Phys. Chem. 1992, 96, 459.

(31) Puvvada, S.; Blankschtein, D. J. Chem. Phys. 1990, 92, 3710.
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e+ The

Vie T Vig
th

= 1.4457 (10)

Thus, the bare cylinder radius, r, is 1.4457r,, = 1.88 nm.
The “hydrated” cylinder then has the radius R = r + xd,
where x will be determined by the fraction of surface-
associated water, f.

The

_ ¢aL(r + xd)? — rl/ar’L

_[2xd | x*d?21.43
_(r +r2 Wo) (11)

The volume excluded to (the center of mass of) a water
molecule is then a cylinder of radius r + xd + d/2 = r[1
+ (d/r)(x + 0.5)]. Therefore,

¢ =91+ %+ 05)| (12)

We also allow for cylinder undulations as follows.
Provided the undulations are small, the local diffusion
coefficients are given by eq 8, but the local “director” does
not coincide with the magnetic-field direction (i.e., the
direction of the diffusion measurement. We account for
that by modifying the equations

DPIDy =1 - HA —p)

cf} w_ 1—f ﬁ
DD/D0—1+¢,+2(1_f) (13)

where the above equations satisfy DY + 2D = D¢ + 2D¢,.
p is now a fit parameter. We will replace the left-hand
side in the two equations in eq 13 using the experimental
values DDy = 0.414(5) and Disotropic/Do = (DDy + 2D/
Dy)/3 = 0.346(5) (Table 2). We further replace f with eq
11 and ¢' with eq 12 and calculate the parameters  and
x. The above is evaluated for d = 0.3 nm, » = 1.88 nm, and
Wo=230(.e., » = 0.4167). Solving numerically, we obtain

B =0.16 £ 0.03
x=1.93 £ 0.02 (14)

The above value of x gives the fraction of surface-associated
water f = 0.51 + 0.02. Estimates for the radius of the
hexagonal cylinder cross section have varied from 1.4 nm??
to 2.4 nm.%° The radius of the bare cylinderisr=1.88 nm,
while the radius of the hydrated cylinder is R = r + xd
= 2.46 nm. This model of a hydrocarbon core, oxyethylene
headgroup “shell”, and water “outer shell” is clearly not
the actual structure. However, it is a useful device to
estimate the volumes of the headgroup and surface-
associated water relative to the hydrocarbon core. Our
estimate for the hydrated cylinder radius uses our results
and the radius of the hydrocarbon core in the work of ref
30 and agrees rather well with the value for the hydrated
radius given in that work.

Also interesting is the fact that at Wy, = 30 we calculate

o = 15.3. Thus, given the above cylinder structure, at
Wy = 15.3 £ 0.03, all water would be surface-associated.
The transition to the cubic phase at Wy ~ 15 and to the
lamellar phase for lower W, thus makes sense.

(32) Carvell, M.; Hall, D. G.; Lyle, I. G.; Tiddy, G. J. Trans. Faraday
Discuss. 1986, 81, 223.
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Table 2. Diffusion Coefficients (from Proton Spectra) in
the Hexagonal Phase (W, = 30) at 300 K: Powder
(Unoriented) and Parallel- and Perpendicular-Oriented

Samples®
sample Dv/Dy Ds/Dy
hexagonal HDO component C12Eg component
powder 0.253(5) 0.0029(1)
parallel 0.414(5) 0.0034(1)
perpendicular 0.312(5) 0.0008(1)

@ For this sample, the soap reference value is DY = DP*° 7P and

the HDO reference value is Dy = DFP° PP, For the HDO
component, we use DP:0-D:0/pP207P:0 = pHDO-D0/pHPO"D:0 gy
rors in the last digit, shown in parentheses, reflect the calculated
error from a single diffusion signal attenuation plot. The sample-
to-sample statistical variation in aligned samples is ~5%. Powder
samples show a much larger systematic variation (~*50% near the
hexagonal—micellar transition) that reflects the sample history
and the degree of partial ordering.

As seen in Table 2, both parallel- and perpendicular-
oriented samples have a water diffusion coefficient that
is larger than that in the unaligned powder sample. This
is puzzling. According to the simplest picture, the powder
sample is simply a collection of domains of different
orientations. In this picture, assuming rapid exchange
among domains, the diffusion coefficient measured for
the powder should simply be a statistical average over all
orientations (Dpowder = Disotropic = (Dy + 2D )/3). The isotropic
value calculated from the measured diffusion anisotropy
is

DS, o = Dy(1 + 2D /D,)/3

isotropic

~ (0.83 £ 0.02)D, (15)

where we used (from Table 2, HDO component) the
experimental ratio D\/Dy = 1.33 £+ 0.03. Even if the
measurement of the powder picks out a preferential
direction between 0 and 90° (such as the magic angle)
rather than a true random sampling, one expects that D
< Dpowder < D), contrary to what was observed in our
measurements (Table 2): Dyowaer < Dp < D). One possibility
is that there are significant restrictions to diffusion at the
domain boundaries in the powder sample, not present in
the monodomain samples. We note, additionally, that the
water diffusion coefficient in the powder sample relative
to that in the parallel-oriented sample is Dpowaer/D) = 0.62
+0.02, roughly three-fourths of the value 0of 0.83 calculated
in eq 15.

3.3.2. Soap Diffusion. The soap diffusion in the hex-
agonal phase powder sample (Table 2) is slower than that
in the parallel-oriented sample. However, diffusion in the
perpendicular-oriented sample is significantly slower than
that in the others. This is consistent with our picture of
soap molecules being constrained in the cylinder volume.
In the “parallel” samples, the soap can diffuse in quasi-
one-dimensional channels along the field direction. In the
“perpendicular” samples, the field direction is perpen-
dicular to the cylinder axis, so any measured diffusion
may be identified with the rather slow motion of the entire
cylinder or of diffusion through interconnections that run
perpendicular to the cylinders as implied from tracer
diffusion measurements.* However, while the value of D},
is consistent with the value obtained from tracer diffusion
measurements in ref 4, our value of D} is roughly a factor
of 5 smaller than the tracer value. The reason for this
discrepancy is unclear. The virtue in the NMR measure-
ment is that these magnetically oriented samples are
exceptionally well oriented, and the diffusion measure-
ment is made noninvasively.
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Figure 6. Cartoons illustrating the anisotropy of diffusion
parallel and perpendicular to the long axis of perfect, oriented
cylinders (left) and the model of close-packed cylinders in a
body-centered cubic lattice (right) with the lattice spacing a =
2+/2(2r), where r is the cylinder radius. Such a construction is
consistent with the Ia3d space group.3?3* There are four sets

of parallel cylinders shown. The angle between each set is the
tetrahedral angle (~109.47°).

Table 3. Diffusion Coefficients (from Proton Spectra) at
298 K in (A) the Cubic Phase (Wy = 14.4) and (B and C)
the Perpendicular-Oriented Lamellar Phases (W, = 12.2

and Wy = 6.7)¢
sample Dv/Dy Ds/Dy
(A) cubic 0.188(5) 0.0046(1)
(B) lamellar “00", Wo = 12.2 0.230(3) 0.0053(1)
(C) lamellar “007, Wo = 6.7 0.104(3) 0.0076(1)

@ Note that in the lamellar phase the layer normal aligns
perpendicular to the magnetic field. Thus, Dy corresponds to
diffusion along one of the two easy directions.

Once again, we can calculate an isotropic soap diffusion
coefficient (as for water diffusion in eq 15):

w |+ 2D
D isotropic = 3 (16)
From Table 2, we obtain D, ../Dy = 0.0017(1) (using eq

16). The actual value is D}, 4.,/Dy = 0.0029(1) (see Table
2), which is 1.7 £+ 0.2 times larger.

3.4. Cubic and Oriented Lamellar Phases. It has
been previously proposed that the building blocks of the
cubic phase are consistent with the C13E¢ being organized
(see Figure 6) into cylinders close packed on a body-
centered cubic lattice, with the angle between nonparallel
cylinders being the tetrahedral angle (~109.47°). The
structure shown is as described in refs 33 and 34 and
belongs to the space group Ia3d, that is, the cubic-gyroid
phase. Note that the cubic-gyroid phase is also consistent
with the results of scattering experiments.?*Using the
above picture, one expects that the diffusion of a soap
molecule is one-dimensional with only one-third of the
time effectively spent along the z direction. If the surface-
associated water layer were to play no role in soap
diffusion, we would thus expect soap diffusion in the cubic
phase to be Dscbic ~ Di/3 (where Dj is the bulk Ci2Es
diffusion coefficient). Moreover, if the lamellar phase was
composed of defect-free, unbounded sheets (with the layer
normal perpendicular to the magnetic field), then the

(33) Andersson, S.; O’Keeffe, M. Nature 1977, 267, 605.

(34) O’Keeffe, M.; Plévert, J.; Ogawa, T. Acta Crystallogr. 2002, A58,
125.

(35) Clerc, M.; Levelut, A. M.; Sadoc, J. F. J. Phys. I1 1991, 1, 1263.
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diffusion coefficient along the magnetic field in the oriented
sample would equal the bulk surfactant diffusion coef-
ficient measured, that is, D*™%" ~ D

From our measurement (Table 3A) Dscwi¢/Dif = 0.0046,
we would expect the bulk surfactant diffusion coefficient
to be Di/Dy = 0.0138. The measured diffusion coefficient
in neat C12E¢ (from a spectrum integration, we determined
Wo = 0.39) was DDy = 0.011 = 0.8Dy/Dy, so this is
consistent with the simple picture of the cubic phase
described above.

We also measured diffusion in magnetically aligned
samples in the lamellar phase at 298 K for concentrations
corresponding to Wy =12.2 and W, = 6.7 (Table 3B,C). In
amagnetic field, the lamellar phase orients with the layer
normal perpendicular to the magnetic field: we thus
denote this perpendicular alignment. The soap diffusion
coefficients at the two concentration extremes of the
oriented lamellar phase are D&'®'*/D¥ = 0.0053 and
Dglamellaypw — 0.0076. Thus, this value in the oriented
lamellar phase is always significantly smaller than the
bulk surfactant diffusion coefficient, which (using the
value inferred from the measurement of Dscubic at 298 K)
is Dy/Dy = 0.0132.

The relatively low value of soap diffusion coefficient in
the oriented lamellar phase suggests that the lamellar
phase has defects in the soap structure (as suggested
elsewhere?20%6) that serve as obstructions to soap diffusion.
Such obstruction effects are not apparent in the cubic
phase. It has been suggested that defects should be
annealed out and that the soap diffusion coefficient should
increase sharply close to the micellar transition.?¢ Indeed,
the oriented lamellar phase in the Wy = 6.7 sample which
is close to the lamellar—micellar coexistence region at 298
K has a soap diffusion coefficient that is 1.4 times larger
than that of the Wy = 12.2 oriented lamellar phase, but
its value is still only 58% of Di/Dy: there are thus still
significant restrictions to diffusion.

The water diffusion coefficients add to this picture. In
a perfectly aligned lamellar phase (with no surface-
associated water), the water diffusion coefficient would
have the bulk value, that is, unity. Instead, this value is
D¥/Dy =0.1(W,=16.7) and 0.23 (W, = 12.2). This implies
(in this simplistic picture) that the fraction of surface-
associated water, f, varies from 0.77 to 0.9 across the
lamellar phase. Using an area per surfactant polar head
0f 0.52 nm? 37 and surface area of a water molecule of 0.07
nm? corresponding to a water molecule radius of 0.3 nm,
the number of surface-associated monolayers (assuming
smooth lamellae) is

W,

= 0.52/0.07 an

X

Using eq 17, we obtain x ~ 1.2 (W, = 12.2) and x ~ 0.8
(Wy = 6.7). At lower Wy, almost all the water is surface-
associated. A structural change leads to the formation of
the micellar phase at lower W,. We conjecture that this
change is driven by the fusing of lamellae due to incomplete
water monolayers.

3.5. Temperature Dependence in Oriented Sam-
ples. We measured temperature dependencies across the
micellar—hexagonal and micellar—lamellar transitions
upon cooling. The low-temperature phases were prepared
by slow cooling and were thus perfectly aligned. The

(36) Constantin, D.; Oswald, P. Phys. Rev. Lett. 2000, 85, 4297.
(37) Funari, S. S.; Holmes, M. C.; Tiddy, G. J. T. J. Phys. Chem.
1994, 98, 3015.
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Figure 7. Integrated ?H peak intensities for spectra as in
Figure 4 for several temperatures spanning the micellar—
hexagonal transition. C12E¢/D20O, Wy = 35. Since the micellar
and hexagonal phase signals are spectrally separated, the

coexistence region can be studied quantitatively with deuterium
NMR.

cylinder axis was parallel to the magnetic field in the
hexagonal phase, while the surface normal was perpen-
dicular to the magnetic field in the lamellar phase.

3.5.1. Hexagonal—Micellar Transition. At each tem-
perature, we are able to separately integrate the spectrally
separated hexagonal and/or micellar peaks. Indeed, in
Figure 4, third from top, the deuterium NMR spectrum
shows both the isotropic micellar peak and the doublet
peaks of a monodomain hexagonal phase. We can thus
follow the micellar—hexagonal phase transition (Figure
4), including the coexistence region, and we can plot the
hexagonal and micellar peak intensities (Figure 7) as a
function of temperature. The plot in Figure 7 shows a
coexistence region of roughly 1-1.5 K (larger than any
temperature variations across the sample volume inside
the NMR probe which we estimate to be <0.5 K).

We now measure HDO (proton nucleus NMR) and D;O
(deuteron nucleus NMR) diffusion in the anisotropic
environment of the magnetically aligned cylindrical
surfactant obstructions. In the hexagonal phase as well
as the micellar phase (lower and higher temperatures in
Figure 8, part A for HDO and part C for D;0), there is a
roughly linear increase in the measured diffusion coef-
ficient as a function of temperature. In fact, when we plot
In(D) versus 1/T (an Arrhenius plot, Figure 8B), we find
that the dependence in both phases is consistent with a
fixed slope of 2577 £+ 80 K. This value of the slope is not
fitted; only the intercept (which is a multiplicative
prefactor for the diffusion coefficient) is fit. The slope is
held at the value for bulk water, obtained from a fit to the
temperature dependence of bulk Dupo-p,o (results not
shown) in the temperature range of our measurements,
and it corresponds to an activation energy

E,, = (2577 £ 80)R ~ 21.4 £ 0.6 kJ/mol (18)

where R = 8.314 51 J K ! mol ™! is the gas constant.
When the temperature dependence of the water diffu-
sion coefficient in the micellar phase (at temperatures
above the hexagonal phase of the W, = 30 sample at 300
K) is extrapolated to 300 K, we obtain the ratio Dw-micellar/
Dyhexaenal (.8 (Figure 8A). We also obtain the same
ratio from measurements at the micellar—hexagonal
coexistence point in Figure 8C. The calculated isotropic
value from eq 15 is Diig;, i = 0.83D), and thus, D¥-micellar
~ Digiropic- Thus, the micellar structure at high Wy is
quantitatively consistent with an orientationally isotropic



Magnetically Alignable Nonionic Surfactant Mesophases

(A) o 104 o w,=35 . 1H
Q' o8] @ W,=3 e
o I
o 0.6 o o I
IOO_4 anDnn g ® "
|
~ 0.2 |
0.0 I
208 300 302 304 306 308 310
T (K)
(B) ~"95w.=30
S 06 nt)= 1
" -0.61In(D)=P1 - 2577(80)/T H
8 o7
% =Y. hexagonal
00-0.8 = micellar
Q
Q -09 \\\
£ 10 .
0.0032 0.0033 0.0034
1
1/T (K")
(C) O, 071 & hexagonal phase 2
(=) A  micellar phase H
1 06
ON
PN
[a)] c>0.5 A A A R
Q 0.4 PO
0O o3

302 303 304 305 306 307
T (K)

Figure 8. Diffusion in parallel-oriented samples (W, =30 and
35) in the hexagonal phase: (A) Diffusion coefficient (proton,
HDO component) vs T for Wy = 30 and W, = 35, C12E¢/D20. (B)
The water diffusion is consistent with an Arrhenius linear In-
(D) vs 1T relationship (the values plotted are from the W, =
30 measurements in part A). The slope is not fitted: the bulk
value for trace HDO in D;O (DIJDO*DZO) is used, with the
intercept P1 being allowed to vary. (C) Diffusion coefficient
(deuterium nucleus) vs T, C12E¢/D20O.
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Figure 9. Diffusion in the micellar phase above the micellar—
lamellar transition (Wy = 6.7) also exhibits an Arrhenius
temperature dependence that can be fit with a slope consistent
with the activation energy of bulk water. The lamellar phase
of this sample (C12E¢/D20) run was oriented with the surface
normal perpendicular to the magnetic field.

distribution of cylinders with the same surface-associated
water fraction as that in the low-temperature hexagonal
phase.

3.5.2. Micellar—Lamellar Transition. The temperature
dependence of the water and soap diffusion coefficients in
the micellar phase was investigated for a sample at a
composition of Wy = 6.7 (Figure 9) that exhibits a micellar—
lamellar transition as a function of temperature. In the
oriented lamellar phase, the doublet in the deuterium
NMR spectrum corresponds to an orientation of the
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lamellar structure such that the surface normal is
perpendicular to the magnetic field. Water diffusion is
measured along the magnetic-field direction, which in this
geometry is one of the two “easy diffusion” directions
perpendicular to the surface normal; in the absence of
surface association, this value should equal unity. In the
micellar phase, the isotropic diffusion coefficient is
measured. The temperature dependence can once again
be fit to an Arrhenius behavior with an activation energy
of bulk water.

Since the structure of the high-W, micellar phase (the
high-temperature phase above the hexagonal phase) is
consistent with the orientationally isotropic version of the
hexagonal phase, we test to see if the diffusion coefficient
in the low-W, micellar phase (the high-temperature phase
above the lamellar phase) is an orientationally disordered
version of the lamellar phase. If this were so, one would
expect DW-micellar — 1/ng‘fV’lamellar + 2/3D§’lamellar. This implies
Dmicellar > 2/, pwlamellar mhe water diffusion coefficient in
the perpendicular-oriented lamellar phase is seen in
Figure 9 to be larger than the extrapolation of the micellar
temperature dependence to 298 K (of the Arrhenius
temperature dependence using eq 18) from the micellar
phase: Dwmicellar ~; () 82D¥1amellar 5 yalye that is consis-
tent with the above argument.

The activation barrier for surfactant diffusion (obtained
from the lower fitted slope in Figure 9) is 4646K ~ 39
kd/mol, that is, 1.8 times that of water diffusion. Soap
diffusion in the perpendicular-oriented lamellar phase is
not statistically different from the linear extrapolation of
the Arrhenius temperature dependence in the micellar
phase.

4. Estimates Relating Diffusion, Relaxation, and
Structure

We relate our Ci2E¢ diffusion measurements in the
hexagonal and cubic phases to typical structure sizes based
on correlation times deduced from plots in different phases
of relaxation rate versus frequency.?’ Moreover, we use
our results to elucidate the nature of the high- and low-
water-content micellar phases.

(1) The hexagonal phase: The structure of the building
block of the hexagonal phase was shown in section 3.3 to
be consistent with surfactant cylinders (bare radius r =
1.88 nm and hydrated radius R = 2.46 nm). For the
diffusion of a C13Es molecule around the planar surface
of a cylinder, the mean-squared distance diffused during
the correlation time, 7. (obtained from fits to the
relaxation measurements in ref 20), is

0 *C= 4Dr,y, (19)

If we use the measured diffusion coefficient D}e*¢°na! =

6.7 x 10712 m?/s at Wy, = 30 and the correlation time 29
ns obtained in ref 20, we calculate an effective radius of
A=0.9 nm. It is unclear what cylinder radius one should
use for the diffusion of a surfactant molecule, but it is
reasonable that it should be less than the hydrated radius
R = 2.46 nm.

(2) The cubic phase: The unit cell of the cubic phase
sketched in Figure 6 is a cube of edge a = 2v2 x 2r,3
where r is the cylinder radius. For r ~ 1.88 nm, we get a
=10.6 nm. This value is in good agreement with the value
11.8 nm from X-ray scattering.?® The shortest distance
(along a cylinder center) between contact points with other
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cylinders is given by

L= %5(1 =4.6 nm (20)

Alternatively, using the values D = 3Ds<ic = 2.8 x 1011
m?%/s (Table 3) and teunic =2 x 1077 s (ref20) and the relation

L?>=2Dr (21)

cubic

we obtain L = 3.4 nm, as compared with the value 4.6 nm
obtained from eq 20.

(8) The high-W;, micellar phase: As discussed at the
end of section 3.5.1, Dwmicellar ~ Dic, ., and the micellar
phase across the hexagonal—micellar phase transition is
indeed quantitatively consistent with an orientationally
isotropic distribution of cylinders with the same surface-
associated water fraction.

(4) The low-W, micellar phase: If the micellar phase
were composed of inverse spherical micelles, then we would
expect water diffusion to be the same as or less than the
soap diffusion. At the lowest water concentrations, this
is still not true. In the regime we probe (0.4 < Wy < 7),
water diffusion is 3—20 times faster. Since D“/Dg ~ 0.01,
the water is clearly something intermediate between bulk
water and water contained in a restricted cavity.

We find satisfactory agreement between the correlation
times that we calculate in the hexagonal and cubic phases
with those calculated in ref 20, especially considering that
the latter were obtained from many-parameter fits.
Furthermore, we find diffusion coefficients in the high-
water-content micellar phase to be quantitatively con-
sistent with those calculated from diffusion anisotropy
measurements in the hexagonal phase. Thus, this lends
credence to our picture of these phases being composed
of similar (cylindrical) building blocks. Finally, we find
that water diffusion in the low-Wj, micellar phase is too
fast to be consistent with the water being contained in
small inverse micelles.

5. Discussion and Conclusions

We have measured diffusion coefficients of unaligned
Ci2Eg¢/water samples at different concentrations spanning
all observed phases in this system. Water diffusion
exhibited an overall decrease from the bulk water value
with decreasing water—soap molar ratio, Wy, while soap
diffusion increased toward the bulk soap value, both by
roughly 1 order of magnitude. Proton NMR spectra in the
hexagonal and lamellar phases displayed broad surfactant
peaks, and diffusion measurements in these phases
exhibited larger statistical error than in the NMR-isotropic
cubic and micellar phases.

To relate diffusion coefficients and mesophase structure
quantitatively, we created monodomain samples in the
hexagonal and lamellar phases by slow cooling from the
high-temperature micellar phase inside the 11.7 T magnet.
The quadrupolar splittings gave qualitative information
about the nature and homogeneity of the aligned samples.
They also gave quantitative estimates of the order
parameter (of the water O—D bond with respect to the
surface normal of the mesophase structure): Sop~ 0.004—
0.008.

Flexible surfactant cylinders have previously been
suggested as the building blocks of the high-W, micellar
phase and the hexagonal phase.?° Our measurements of
diffusion anisotropy in the hexagonal phase (close to the
hexagonal—micellar transition) of both the deuterated
water and C12E¢ components are quantitatively consistent
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with a simple model (following refs 28 and 29) where the
soap self-organizes into cylindrical rods and the water
diffuses in the presence of these cylindrical obstacles with
a fraction of water being associated with the obstacle
surfaces. The simplest model, one of perfectly aligned
cylinders, was not sufficient; it was necessary to allow for
the fluctuation of cylinder orientation (or cylinder undu-
lations), parametrized in the model by a nonzero 5. The
evidence for cylinder fluctuations is consistent with earlier
relaxation rate measurements (ref 20) which could not be
fit without a a low-frequency divergence (as a function of
frequency) corresponding to long-wavelength cylinder
fluctuations.

Moreover, if the structure of the cylinders were un-
changed from that at W, = 30, all water would be in the
surface-associated water layer at Wy ~ fw,—s0 x 30 = 15,
corresponding to a surfactant volume fraction of ¢ ~ 0.59.
The closest packing of cylinders in the hexagonal phase
occurs at a packing fraction of 0.90. If we use the volume
ofthe hydrated cylinders, then this closest packing would
occur at ¢ = 0.90/(1 + xd/r)? ~ 0.53, that is, before all the
water is surface-associated and, indeed, close to the actual
appearance of the cubic phase.

Past results suggest that the cubic phase belongs to the
Ia3d space group (has the structure of the cubic-gyroid
phase). Since the value of the isotropic diffusion coefficient
in the cubic phase is contiguous with the W, dependence
in the hexagonal phase, we picture this phase as consisting
of close-packed cylinders, as shown in Figure 6 (this is
consistent with the Ia3d space group). We are thus also
able to use structure estimates in the hexagonal phase to
obtain a distance between cylinder contact points in the
cubic phase of L ~ 3.4—4.6 nm. We also obtain (directly
from the cylinder radius) the cubic lattice parameter a =
10.6 nm, within 10% of the value 11.8 nm obtained from
X-ray scattering.?® In addition, surfactant diffusion in the
cubic phase (D¢ ~ Dj/3) was consistent with the
connecting-cylinder model envisaged for the cubic phase.

Observations in the high-W, micellar phase were
consistent with the diffusion of fixed-size cylindrical
micelles. In this phase, the diffusion coefficients, D¥,
agreed to within 2% with the isotropic quantity, Df;otropic,
calculated from the hexagonal phase anisotropic diffusion
coefficients, D=2l apnd pYhexenal measured in sec-
tion 3.3. The water diffusion coefficient decreased with
decreasing Wy. Soap diffusion also decreased with de-
creasing W,. In fact, the water-to-soap diffusion coefficient
ratio (Figure 3) in this phase remains constant as a
function of W,. This contrasts with the general trend
(Figure 2) where soap diffusion increases as one increases
the surfactant concentration. For example, if micellar size
were increasing with decreasing W, and we were measur-
ing molecular diffusion within a micelle, the diffusion
coefficient would increase.

Indeed, this seemingly anomalous behavior is reason-
able if we consider that the obstruction effect is essentially
an excluded volume effect and applies equally to water
and micellar diffusion; that is, the micellar diffusion also
is obstructed by the excluded volume of other micelles
(here, we ignore differences in excluded volume as seen
by centers of mass of a water molecule and a cylindrical
micelle). This decrease, coupled with the quantitative
agreement of micellar and hexagonal phase diffusion, is
strong evidence for containment of the soap in constant-
size cylindrical micelles, with the soap diffusion coefficient
reflecting the diffusion of micellar objects. An increase in
the surfactant diffusion coefficient is observed upon
decreasing W, across the micellar—hexagonal phase
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boundary: this signals the transition from micellar
diffusion to molecular surfactant diffusion.

It is also very clear from this work that the low-W,
micellar phase cannot be modeled as fixed-size inverse
micelles. For fixed-size inverse micelles, water diffusion
should not be faster than soap diffusion. Indeed, water
diffusion in inverse micelles should decrease with in-
creasing Wy in just the same way as soap diffusion with
decreasing Wy in the high-W, micellar phase. However,
the water-to-soap diffusion coefficient ratio is not constant
in the low-W, micellar phase. The observed increase in D¥
and decrease in D*® with W, is consistent with the water
not being contained in inverse micelles.

The temperature dependence of the diffusion coefficients
was measured in magnetically aligned samples as well as
in the high-temperature (high- and low-W;) micellar phase.
We found that the temperature dependence was consistent
with Arrhenius behavior with a water activation energy
consistent with that of bulk free water. This implies that
the activation barrier is not significantly affected by the
large fraction of surface-associated water. Also, this
suggests that the penetration of water through hydro-
carbon cores, although possible, is likely not a dominant
mode of water transport.

Diffusion in perpendicular-oriented lamellar phases
exhibited surfactant diffusion much smaller than the bulk
surfactant value; that is, D3*™"/D5 < 1 at concentra-
tions spanning the lamellar phase. Since a ratio of unity
would be expected for the simplest picture of a defect-free
and/or obstruction-free lamellar phase, these observations
are consistent with the proposed existence?2%:36 of defects
or obstructions.

However, despite all of the internal consistencies—
relating diffusion anisotropy in the hexagonal phase,
diffusion coefficients in the cubic and high-W, micellar
phases, and pure surfactant diffusion—there is one

PAGE EST: 10.5 Langmuir K
remaining anomaly. The diffusion coefficients D¥ and D®
for the hexagonal powder would be expected to equal the

isotropic values D, qpi. and D, i, calculated using eqs
15 and 16 from the anisotropic diffusion coefficients. In
fact, they are D™ = 0.75D{ i, ,pic and D = 1.8D5 . e
Thus, the dynamics of water in the powder sample is more
complicated than simply an ensemble average over
domains with different orientations. A picture of soap-
rich domain boundaries is consistent with these results:
the water motion is restricted at sub-micrometer domain
boundaries, while the soap diffusion is enhanced. Note
that the above results are independent of any partial
orientation that results from proximity to the micellar
phase, because the powder sample results (from section
3.3) quoted above were seen to have deuterium NMR
powder patterns. This anomaly, perhaps related to sample-
memory effects via slow domain-coarsening dynamics,
likely also gives rise to the statistical variation in powder
diffusion coefficients.

This work demonstrates that magnetically aligned
samples sidestep issues relating to sample history and
provide a quantitatively consistent characterization of
diffusion in surfactant mesophases. The cubic phase,
potentially useful in medical drug-delivery applications,!”
can be better characterized with structural information
obtained from diffusion measurements in the cubic,
hexagonal, and micellar mesophases. Finally, our results
show that diffusion anisotropy measurements in nonionic
surfactant mesophases provide quantitative connections
to simple geometric models of nanoscale structure.
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