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The diffusion of water molecules in lyotropic mixtures of potassium palmitate/potas-
sium laurate/water was investigated using pulsed-field gradient nuclear magnetic res-
onance (PFG-NMR). The self-diffusion constant of water as a function of temperature
was measured in two samples having different compositions and found to be sensitive
to the structures of the different mesophases. Deuterium nuclear magnetic resonance
(D-NMR) experiments were also performed on a mixture containing D,O, in a tem-
perature range where a rectangular mesophase (RB,) coexists with a lamellar (L)
mesophase. The diffusion data, combined with the D-NMR spectral profiles allowed
for the study of the size of the mixed mesophase domains.

INTRODUCTION

It has been recently discovered that lyotropic mixtures obtained from
potassium palmitate (KP), potassium laurate (KL) and water show
a very rich polymorphism. Aside from the well known lyotropic sys-
tems characterized by lamellar and cylindrical aggregates,' another
lyotropic mesophase having ribbon-like aggregates inserted on a rec-
tangular lattice can appear in the phase diagram as has been found
by both x-rays? and deuterium nuclear magnetic resonance (D-NMR)3+
investigations of KP/KL/water lyotropic mixtures.

We present a further investigation of the KP/KL/water system giv-
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ing the results obtained by measuring the diffusion of water as a
function of the temperature and analyzing some D,O-NMR spectral
profiles. Sensitivity of the self-diffusion coefficient of water to the
structure of the mesophase was found by other investigators’ in closely
related lyotropic systems.

The study by PFG-NMR technique was used for diffusion meas-
urements in the samples reported in Table I. Sample A was inves-
tigated earlier?~*¢ and shows the following sequence of mesophases:

35°C 42°C

Ly + R,«—> Ly + RB,«— L,
where the symbols R,, RB,, L,, and L, define lyotropic phases con-
sisting of elongated cylindrical aggregates, elongated ribbon aggre-
gates, lamellar bilayers with conformationally disordered chains, and
lamellar bilayers with all trans chains, respectively.

Sample B has also been analyzed by D-NMR of selectively deu-
terated lipids.” It shows the following polymorphism:

36°C 51°C

Ly + R RB, RB, + L,

o

Lyotropic mixtures C and D are two-component systems which were
analyzed in order to obtain diffusion data from systems having a well
known structure. In the temperature range of interest, samples C and
D form L, and H, mesophases, respectively.

The first aim of the present work is further confirmation of the
structure of the RB, mesophase. The ribbon model for the RB,
mesophase is based mainly on the x-ray evidence of the existence of
a rectangular spatial lattice and the presence of a strong asymmetry
parameter in the D-NMR spectral profiles of water and lipid com-
ponents.

TABLE I

Molar composition of the samples used for diffusion measurements

Sample KP KL Water
A 12.33 1.67 86.00
B 7.92 1.11 90.97
C 12.5 - 87.5
D 3.9 - 96.1
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Taking into account that this mesophase appears to be sandwiched
in between lamellar mesophases or to coexist with them in the phase
diagram, it is clear that the diffusion measurements of water as a
function of the temperature and especially across the phase transitions
represent valuable physical information for confirming the proposed
model. The breaking of lamellar aggregates into elongated ribbons
should correspond to the opening of new channels for water diffusion.
The occurrence of phase transitions, where the RB, mesophase is
involved should then bring well defined variations in the slope of a
logarithmic plot of the diffusion coefficient versus the inverse tem-
perature.

A second point worth investigating is the spatial distribution of
ribbon and lamellar aggregates where the RB, and L, mesophases
coexist. Understanding this distribution could provide information
on the physical mechanism through which the ribbon aggregates orig-
inate from the lamellae. It has been demonstrated in analyzing the
D-NMR spectral profiles of selectively labelled lipid components that
the concentration of KL and KP molecules is not homogeneous in
the ribbon aggregates. More specifically, the shorter chain component
appears to be greatly concentrated at the cylindrical edges of the
ribbons where the surface curvature is greater.” It is possible to argue
that the process of molecular segregation starts in the lamellar ag-
gregates when the temperature is decreased below a certain value.
The breakage of the lamellae into ribbons could be a consequence
of this molecular segregation. If this is the case, a bulk sample in a
two-mesophase region should look as it is schematically represented
in Figure 1, that is to say, a dispersion of structurally different sub-
domains. Of course molecules could be exchanged between ribbon-
like and lamellar aggregates existing in equilibrium at a given tem-
perature. Nevertheless, exchange of lipid molecules seems to be very
slow with respect to the NMR time scale, since spectra reported in
previous works show quite sharp singularities.? This should not be
the case for water molecules provided that the dimension of the
subdomains shown in Figure 1 is shorter than the mean distance a
molecule can diffuse in the characteristic time of the quadrupolar
interaction. In order to study such an effect, D-NMR spectral profiles
of D,0, taken from sample B, above 51°C, have been analyzed.

Finally, by combining the information obtained by measuring the
diffusion with the PFG technique and those derived by analyzing D,0O
spectral profiles, it has been possible to estimate the typical size of
the mesophase subdomains present in sample B in the temperature
range between 72-78°C.
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FIGURE 1 Illustration of a model for the spatial distribution of lyotropic aggregates
in a two-phase region (L, + RB,) of a KP/KL/water ternary mixture.

EXPERIMENTAL

The samples described in Table I were prepared by weighing and
mixing the components in a glass tube which was subsequently sealed
under a nitrogen atmosphere. A very good homogenization of the
samples was reached by alternatively heating and centrifuging the
samples. Two mixtures corresponding to sample B were prepared:
one containing protonic water for diffusion measurement and another
containing D,O for D-NMR investigation. It has been shown
elsewhere®’ that, in the ternary mixtures considered, samples con-
taining different deuterium labelled substances have the same phase
transition temperatures when the molar percentages of the compo-
nents remain constant.

These diffusion measurements were done by observing the H-NMR
signal of the water at 35 MHz using a Polaron pulsed NMR spec-
trometer equipped with a sophisticated pulse programmer. A Datalab
DL905 transient recorder, a Rockwell AIM 65 microcomputer and
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a laboratory-constructed magnetic pulsed field gradient supply. The
field gradient coil was wound in a Helmholtz pair configuration and
was capable of supplying a field gradient up to 100 Gauss/cm.

The experiments were done by following the well known PFG
procedure.® A magnetic field gradient pulse (MFGP) of duration 3
was applied following a 90, RF pulse, between the nuclear induction
decay signal and the 180, RF pulse. At a time A after the first gradient
pulse, a second identical MFGP was applied between the 180, RF
pulse and the spin-echo. The signal was averaged on ten scans at a
repetition rate of 15 seconds.

Deuterium NMR spectra were obtained by a Brucker WM300 spec-
trometer equipped with a broadband probe for deuterium. The quad-
rupolar echo technique was used to prevent loss of signal from the
dead time of the receiver. The CYCLOPS® sequence was applied to
eliminate line distortions from imperfect pulse length. A total of 500
scans was necessary to have an optimum signal-to-noise ratio. Spectra
were taken by increasing the temperature to avoid super-cooling phe-
nomena. A half-hour interval between spectra was used for temper-
ature equilibration in both the PFG and D-NMR experiments. Tests
for experimental repetivity were carried out,

RESULTS AND DISCUSSION

PFG experiments

Diffusion data were obtained by using the relation:

A*@r) oA 1
én m = Y& D (A 3 8) (1)

where A*/A° is the attenuation factor due to spin diffusion, g the
magnitude of the magnetic field gradient, D the translational diffusion
coefficient, and vy the gyromagnetic ratio for the observed spin; 8 and
A, as stated earlier, are the width of the MFGP pulses and the time
interval between MFGP pulses, respectively; 7 is the separation be-
tween RF pulses. For the condition 8 << A, D was obtained by
plotting én A*/A° against A (in our experiments: 8 = 7 x 10~* sec,
T =10"2secand 4 X 1073 sec < A < 1.6 1072 sec). No evidence
for restricted diffusion was found.

Results from sample A are shown in Figure 2 along with data
obtained from the pure L, mesophase of sample C, existing above
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FIGURE 2 Temperature dependence of the diffusion constant obtained from the
lyotropic mixtures:

@ KP 12.33 m%, KL 1.67 m%, water 86.00 m% (sample A)

A KP 12.5 m%, water 87.5 m% (sample C)

Arrows at 42 and 35°C mark transitions L, — L, + RB,and L, + RB,— L, + R,,
respectively.

50°C. Above 50°C the water diffusion coefficient is almost the same
for both systems, indicating that in both the mixtures lamellar ag-
gregates having the same extension and the same amount of defects
do exist. The slope of n(D) versus 1/T has an appreciable variation
at 42°C where previously reported D-NMR data® indicate the tran-
sition L, = L, + RB,. It must be noted that diffusion values below
42°C are higher than those corresponding to the extrapolation of the
upper part of the plot. This is consistent with the gradual appearance
of lyotropic aggregates of more reduced dimension resulting in an
increase in the number of channels available to water diffusion. As
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could be expected, the further transformation of the RB,, mesophase
into the R, mesophase does not introduce any further variation in
the slope of the plotted data. In fact, the evolution of the ribbons
into cylindrical aggregates cannot introduce dramatic variations in
the water dynamics. This first experiment shows that the diffusion
coefficient of the water is sensitive to the structure of the lyotropic
aggregates even if it does not furnish any valuable information on
the nature of the aggregates involved.

The strong dependence of the water mobility on the type of ag-
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FIGURE 3 Temperature dependence of the diffusion constant obtained from the
lyotropic mixtures:

® KP 7.92 m%, KL 1.11 m%, water 90.97 m% (sample B)

A KP 12.5 m%, water 87.5 m% (sample C)

* KP 3.9 m%, water 96.1 m% (sample D)
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gregates is better illustrated in Figure 3 where the result obtained
from sample B, compared with the diffusion data relative to an L,
mesophase (sample C) and to an H, mesophase (sample D), are
shown. The experimental data obtained from sample B show very
clearly the sequence of mesophases occurring when the temperature
is changed. The diffusion increases very rapidly when the temperature
is raised to 25°C. This confirms the interpretation that the system is
in the two-phase regions, Ly + R,. The rapid increase of diffusion
is due to the increase of the R, mesophase with respect to L,. Ob-
viously the diffusion data do not give information on the precise shape
of the aggregates but they indicate that one of the mesophases must
be more fractured than any lamellar mesophase. The slope of ¢n(D)
against 1/T becomes much less steep between 25°C and 60°C. The
D-NMR spectra of D,O show two transitions centered at 36°C (L,
+ R, — RB,) and 51°C (RB, — RB, + L,). No evidence of these
transitions can be found in the diffusion data since the slope of £n(D)
versus 1/T seems almost continuous in the range 26-60°C. A simple
explanation of this apparent discrepancy can be obtained by consid-
ering that D-NMR spectra of the water show that between 25°C and
36°C, as well as between 51°C and 60°C, the amount of the coexisting
lamellar mesophases is a very small percentage of the dominant R,
and RB, mesophases and consequently too small to affect water dif-
fusion. The decrease in the slope at 25°C indicates that the transfor-
mation from the lamellar aggregates into the aggregates of more
reduced dimension is almost over at 25°C and that no other quanti-
tatively relevant phenomena occur below 60°C. The further decrease
of the slope above 60°C is due to the gradual formation of the L,
mesophase and as a consequence of a gradual reduction in the number
of diffusive channels. It is important to observe that the diffusion plot
for the ternary mixtures remains sandwiched between those relative
to the L, and H, mesophases given by the KP/water binary system.
We believe that this is due to the fact that the dominant factor con-
trolling the diffusion coefficient of the water is the percentage of
water contained in the system. A greater content of water causes an
increase in the diffusion coefficient probably because the amount of
free water present in the sample increases also. A secondary but very
important effect is the dependence of the diffusion on the structure.
The interpretation of the data obtained on sample B can be perfectly
rationalized in terms of the proposed structural models for the dif-
ferent mesophases which occur when changing the temperature. Ex-
periments in progress seek a more quantitative explanation of the
water diffusion in these lyotropic systems.'®
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Exchange of water from D-NMR spectral profiles

As indicated in the introduction, insight concerning the spatial dis-
tribution of ribbons and lamellar aggregates can in principle be ob-
tained by analyzing the powder patterns of D,O. It is obvious that if
chemical exchange exists in the presence of the two coexisting mes-
ophases, it should best be observed when the two mesophases have
comparable populations. This condition is fulfilled in sample B in the
temperature range between 72 and 78°C. The spectral profiles ob-
tained in such conditions are shown in Figure 4. The central peak
can be interpreted as the top part of a biaxial pattern analogous to
that obtained from a RB, mesophase,® while the symmetric external
peak consists of 90° singularities coming from a uniaxial powder such
as that obtained from L, mesophases. It must be noted that the 0°
shoulders are almost absent and that even the 90° singularities are
quite smooth. A fitting of such patterns proved to be impossible even
when considering a strong and not justified dipolar or quadrupolar
relaxation broadening. In order to take into account these particular
features of the D,O spectral profiles a phenomena of chemical ex-
change of the water molecules among the two coexisting mesophases
can be assumed. To verify this assumption the fitting of spectral
profiles shown in Figure 4 was done by using the chemical exchange
method proposed by Abragam.'!

Before discussing the details of the line shape fitting, let us review
some concepts concerning D-NMR spectroscopy. NMR spectra of
deuterium nuclei are dominated by the quadrupolar interaction. In
a liquid crystal sample this interaction gives rise to two spectral lines
for each equivalent nuclear spin present in the observed molecule.
The frequency of these lines with respect to the Zeeman frequency
can be written as:!?

2y —
R {3_9_1 4+ Lorcgng, cosz¢o} @
4 2 2

Eq. (2) is particularly useful for the interpretation of D-NMR spectra
from lyotropic liquid crystals. For such materials it is possible to define
a principal axis system x,y,z which coincides with the symmetry axis
of the lyotropic aggregates. Using this reference frame the following
quantities can be defined:

vé.C.

e2QV,./h

T'L'C- = (Vxx - _yy)/sz
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FIGURE 4 Experimental (right) and theoretical (left and dotted right for compar-
ison) D-NMR spectral profiles of D,O. Experimental spectra were obtained from a
KP (7.92 m%)/KL (1.11 m%)/water (90.97 m% sample (sample B in Table I).

where e, Q and A are the electron charge, the quadropule moment,
the Planck constant, respectively and V,,, V,, and V,, the compo-
nents of the electrial field gradient tensor acting on the nucleus. These
components are defined such that [V,,| > [V,,| = [V,]. The geo-
metrical factors 8, and &, define the direction of magnetic field in
the frame x,y,z. According to Abragam’s theory of chemical ex-
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change, the free induction decay signal can be obtained as

G(r) = Weexpl(io + @)1 (3a)

VW being a vector which defines the probabilities of finding the
molecule at the different sites. w is a diagonal matrix defined such
that @,z = w8, * T iS another matrix in which elements m =
m(w;,w;) represent the transition probability from state i to state j.
One is a unit vector. The acquisition of NMR spectra by using the
quadrupole echo technique requires a modification of Eq. (3a) in
order to take into account that the nuclear free precession signal must
be calculated after a second rf pulse, separated by an interval 7, and
90° phase shifted with respect to the first 90° pulse. Since, according
to Woessner,® the second RF pulse changes the decay G(7), due to
the first pulse, into its complex conjugate G*(t), Eq. (3a) can be
modified as:

G(r) = G*(ryexpl(+iw + @)1 (3b)

G*(7) being a vector defined as:

G*(1) = Wexp{(—ie + z)-7} (30)

which represents the initial condition of the FID after the second
pulse. A further modification of Eq. (3b) must be made to take into
account the additional broadening process due to quadrupolar and
dipolar relaxations as well as to field inhomogeneities. These effects
can be introduced by multiplying Eq. (3c) by a Gaussian relaxation
function.' Then the final equation for the FID results:

G(n) = {G*()-expl(iw + m)}-1}R(8,,t + 27) (3d)
where
R(6,,1) = exp[—1%0%(6,)/2] (3e)
the width being:'s
0(8,) = a+b(|P;(cosb,)|—1) (39

where a and b are fitting parameters.
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Before applying Eqs. 3(a-f), a certain number of assumptions need
to be made. Normally when fitting the line shape obtained from
lyotropic systems, the sample is assumed to be composed of domains,
each corresponding to a well defined orientation. The chemical ex-
change of water between these domains can be neglected and the
powder patterns can usually be well fitted just by considering the
static overlapping of the spectra from various domains,’ that is to
say, by integration of Eq. (2) over the possible value of 8,. Only a
good approximation results, since in the time of the measurement a
certain number of molecules should exchange among two or more
different domains. Then, in the situation depicted in Figure 1, two
different exchange phenomena should be taken into consideration
when fitting the NMR powder patterns: i) exchange of water between
different domains, that is, among regions characterized by a different
0, angle; ii) exchange among different subdomains of different ag-
gregates, in the same domain, that is, among subdomains having in
common the same averaged principal axis for the quadrupolar inter-
action. Since normally the exchange among different domains does
not seem to be a determining factor in monophase systems,*> we did
not take into account the first exchange phenomena. In applying this
model, calculation of the water D-NMR powders can be done taking
into consideration the exchange between two possible sites which are
characterized by the two resonance frequencies:

ol = t% vy Py(cosh,) (4a)
for lamellar subdomains and

3 1
w® = =2 v§{Py(cosd,) +5 " sin’, cos2d,)} (4b)

for ribbons subdomains.

Once the free induction signal is calculated through Eq. (3d), the
FID for the powder can be obtained by integration over 0, and ¢,.

It must be emphasized that if the exchange of water among dif-
ferently aligned domains had been considered, a multi-site exchange
model would have been necessary. In this case the problem would
have been undetermined, because the number of sites corresponds
to twice the number of differently aligned domains through which a
molecule can travel.

Another important point is that even if one confines the possibility
of exchange only among ribbons and lamellae contained in the same
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domains, care must be taken in defining the principal axis systems
for the two types of aggregates. It was shown elsewhere® that the
averaged principal axis system of ribbons can coincide with that of
lamellar subdomains, but the axis must be rotated by 90° when the
ribbons become almost cylindrical.

Numerical calculations of theoretical powder patterns were done
by using a modified version of the program EXCHANGE.'¢ The
input parameters were: i) the population ratio of the two sites
WR = WL/WW®R; jj) the frequency of jumping between the two sites,
K, which is the only independent element of the matrix ; iii)
the quadrupolar couplings in the lamellar and ribbon mesophases
v and viP), respectively; and iv) the asymmetry parameter of the
ribbon mesophase nR. The broadening parameters (a) and (b) in Eq.
(3f) have been assumed to be 50 Hz and 150 Hz which are reasonable
values usually employed to fit spectra in the L, mesophase where the
spectral singularities are much sharper than in the spectra reported
in Figure 4.

The theoretical spectra in Figure 4 were calculated by using
viy) = 1 KHz, oY = 0.78 KHz and m = 0.83. These values and the
line broadening parameters of Eq. (3f) were obtained from spectral
patterns recorded in the lamellar and ribbon phases. The only fitting
parameters used for the spectra of Figure 4 were K = 200 kHz and the
population ratio WR. The best values were WR(72°C) = 0.7 = 0.1,
WR(75°C) = 1 = 0.1, WR(78°C) = 1.4. = 0.1. The value of K (200
kHz) is responsible for rounding off the peaks of the patterns and
we believe that it is a very crude value which only gives a rough idea
of the physics of the system because of the restrictive assumptions
included in the calculation. Nevertheless this method can be used to
obtain valuable information which cannot be obtained by other tech-
niques. If the mean value of 1.5 x 1073 cm?sec is taken for the
diffusion coefficient of the water in the temperature range between
72° and 78°C (see Figure 3), and defining the time ¢+ = 1/K as the
averaged interval of time that a molecule spends in each subdomain,
then the mean dimension of subdomains d can be calculated according
to the relation d = V/2Dt. The resulting value of d = 4p. is probably
a value not far from reality, despite the rough model employed.

In conclusion, diffusion measurements and line shape analysis of
D,O0 spectral profiles in KP/KL/water lyotropic mixtures confirm the
previously reported interpretation of the occurring mesophases. Fur-
ther, the experimental data allowed deriving a valuable even if quite
rough structural parameter concerning the spatial distribution of the
lyotropic aggregates.
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