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NMR study of translational and rotational dynamics in monoolein-water mesophases:
Obstruction and hydration effects
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Using a variety of NMR methods~magnetic field gradient echo decays,2H one- and two-dimensional
spectra, spin-lattice relaxation rates!, both translational and rotational dynamics of the constituents of mo-
noolein MO/H2O mesophases have been studied. The experiments lead to the following conclusions. The
translational dynamics of the lipid molecules is essentially dominated by obstruction effects due to the topolo-
gies of the diverse mesophases. On the other hand, water dynamics—in the regime of small water
concentrations—is strongly influenced by hydration of the lipid head groups. Hydration is seen in diffusion
data, in spectra and in spin-lattice relaxation of the water molecules. This work represents an involved exten-
sion of our recently published work@Chem. Phys. Lipids106, 115 ~2000!#.

PACS number~s!: 68.45.Kg, 76.60.2k, 87.15.2v
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I. INTRODUCTION

In a recent paper@1#, we studied the temperature depe
dence of the translational diffusion of the neutral amphiph
molecule monoolein~MO! and water in solutions of varying
water content. Although most lipids in excess water exis
lamellar bilayer phases, certain lipids, including monoacy
lycerides, can form a nonbilayer hexagonal (HII) and/or cu-
bic liquid-crystalline phases as well. Most of the cub
liquid-crystalline phases are now known to consist of bico
tinuous regions of water and hydrocarbon, which can be
scribed by infinite periodic minimal surfaces~IPMS’s!. An
IPMS is an intersection-free surface periodic in three dim
sions with a mean curvature that is everywhere zero.
surface, formed by the lipid bilayer midplane, separates
interpenetrating but not connected water networks. N
lamellar phases, which occur for a number of membrane
ids, probably play an important functional role in some c
processes as local and transient intermediates. For exam
cubic structures seem to be involved in membrane fusion
fat digestion, and might occur in intracellular organelle
There is also considerable evidence that microorgani
control the lipid composition of their membranes so as
maintain them close to a composition where nonlame
structures would begin to appear. The monoacylglycer
1-monoolein~C18:1c9, Fig. 1! was chosen for investigatio
because it exhibits mesomorphic phases with different lat
dimensionality at different levels of hydration and at rath
moderate conditions of temperature and pressure. Furt
more, its physicochemical properties have received consi
able interest due to their importance as intermediates in
digestion and metabolism, and because of their applicat
in the food industry. It is a neutral lipid and thecis double
bond of MO is located at the 9, 10 position of its acyl cha
The temperature-water concentration phase diagrams of
have been established by several authors@2,3,4# ~Fig. 1!.

In our studies we use deuterated water, which enable
PRE 621063-651X/2000/62~6!/8182~13!/$15.00
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to look at lipid diffusion (1H-NMR) and at water diffusion
(2H-NMR) using the very same samples. The results
tained in our previous work@1# may be briefly reviewed as
follows.

~1! By applying static magnetic field gradient1H-NMR,
we see the lipid diffusion in the two cubic phasesQ

II

G and

QII
D and in the inverse hexagonal phase HII. The ‘‘effective’’

diffusion coefficientDeff reflects the local mesophase topo
ogy ~obstruction effect!. It is found that the transition be
tween the two cubic phases does not alter the obstruc
factor, while the transition from the cubic to the HII phase
significantly reducesDeff .

~2! In the cubic phases, the diffusion time independen
of the 1H echo decays is consistent with the isotropicity
these phases on length scales comparable to the diffu
length.

~3! In the inverse hexagonal phase, the time depende
of the 1H decay behavior is very weak. This can only b
understood by assuming a value of less than about 1mm for
the upper limit of the correlation length of the tube directo

~4! The analysis of the2H gradient NMR echo decay
curves reveals the existence of two deuteron species. A c

FIG. 1. Monoolein ~right! and phase diagram~left! of the
MO/H2O system after Hyde and Anderson@2#.
8182 ©2000 The American Physical Society
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PRE 62 8183NMR STUDY OF TRANSLATIONAL AND ROTATIONAL . . .
parative17O NMR study proves that this isnot due to two
water species but rather caused by a slow exchange~on a
time scale of a few ms! of the deuterons between the wat
and the lipid headgroup. Application of an exchange mo
quantifies the deuteron residence time in the water phase
the effective water diffusivity.

~5! The effective water diffusion coefficient~fast compo-
nent of the2H echo decay curves! is reduced by roughly an
order of magnitude as compared to that of bulk water, wh
cannot be explained by pure obstruction effects.

These results represent the starting point for our pre
study. In summing up once again, our NMR probe, wh
studies the lipid and watertranslational dynamics over a
mesoscopic length scale, has been indicative of the cha
teristic structure-dynamics relationships expected in th
mesomorphs. However, a few open questions as addre
above need further consideration. These questions have
further pursued by2H NMR spectroscopic experiments o
water in the same samples as those used in our precee
study. The experiments lead us to the present paper, whi
organized in the following way. We start with a review
what can theoretically be expected from the diverse2H NMR
methods involving water in lyotropic phases~Sec. II!. Then,
we turn to the presentation of our new experimental resu
Here, we first discuss one-dimensional~1D! and two-
dimensional2H NMR spectra which we measured with th
goal of getting information on the waterrotational dynamics
~Sec. III A!. Although this kind of spectroscopy is usual
considered a local probe, we already anticipate at this p
that in our structured mesophases the experiments will y
information about dynamical processes over length sc
comparable to those studied by gradient NMR. A seco
motivation for our present work has been our desire to co
pare, as far as the water dynamics is concerned, transla
and rotation. Such a comparison will shed new light on o
previous diffusion results@1#. Another kind of experiment
requires spin-lattice relaxation rates as a true local pr
~Sec. III B!. We then turn to a concerted discussion of
three observables,~i! diffusion, ~ii ! spectral line shapes, an
~iii ! spin-lattice relaxation rates in terms of obstruction~Sec.
IV A ! and hydration~Sec. IV B! effects. Finally, we presen
our conclusion~Sec. V! and a summary of open question
which call for further investigations~Sec. VI!.

II. METHODS

In our previous paper@1#, we essentially concentrated o
NMR echo decays in a static magnetic field gradient yield
information on lipid (1H NMR) and water (2H NMR) diffu-
sion. We will not go into the experimental details, althou
we will raise all of those results again for a more elabor
discussion~Sec. IV!. Here, we add results on2H free-
induction decay~FID! spectra and spin-lattice relaxatio
rates on~deuterated! water, both 1D and 2D. The hardwa
used for these experiments consists of an 8.5 T cryoma
and a homemade dedicated single-channel, high-po
spectrometer running at a2H NMR frequency of about 55
MHz. Further, lipid1H relaxation rates have been obtained
parallel with our previous@1# diffusion data; for details of
the 1H data, see also Sec. III B below. Great care has b
taken with the sample temperature variation and control
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using a commercial flow cryostat. In the following, som
basic information on the wealth of2H NMR spectroscopy in
our context is given.

A. One-dimensional„1D… 2H FID spectra on water
in lyotropic phases

The essential feature of2H NMR spectroscopy is the ex
istence of a quadrupole frequency

vQ~u!5d~3 cos2 u21! ~1!

with—to a very good approximation for a C-2H bond and
still reasonably approximative in the case of an O-2H ~e.g.,
water @5#!—u denoting the orientation of the tagged bon
direction with respect to that of the external magnetic fie
The quadrupole frequency adds to and subtracts from
Zeeman frequencyvZ , yielding a two-line spectrum at fre
quencies

v~u!5vZ6vQ~u!5vZ6d~3 cos2 u21!. ~2!

d denotes the strength of the electric quadrupole interact
In the case of solid powders~e.g., ice! the inhomogeneous
average due to all bond orientations leads to the famous P
spectrum with a frequency width between the two ‘‘sing
larities’’ of more than 100 kHz. In the presence of molecu
motion, it is well known@6# that 1D 2H spectra contain in-
formation on the residual orientation̂u&t which averages
over the history of orientations of the considered bond wit
the FID durationt. The best known case of dynamical ave
aging is that of isotropic reorientation in a bulk liquid. See
ing the angular probability distribution of meeting an orie
tation u, we arrive in this case at a probability densi
P(cosu)5const. In a fast motional limit~‘‘extreme motional
narrowing’’!, this implies an average resonance frequenc

^v&t5E
21

11

d cosu vQ~u!P~cosu!. ~3!

Let us now look at liquid molecules intercalated between t
parallel surfaces, as in the case for water in the lame
phase~Fig. 2, left!. Near the lipid surface a water molecule
expected to be aligned relative to the membrane director~hy-
dration!. If we assume that fast local rotational dynamics
hydrated water only partially averages over all possible q
drupolar frequencies and that, due to the symmetry of

FIG. 2. Schematic representation of a lamellar~left! and a hex-
agonal~right! phase. The polar anglea is defined by thez axis ~in

the laboratory frame! and the directordW . The path of a water mol-
ecule is indicated.
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topology, the principal axis of the residual anisotropy ten
points toward the director, we are led to a probability dens

P~cosu!5c@pd~cosu2cosa!1~12p!#. ~4!

Here,p denotes the excess probability of an orientation p
allel to the director and thereby accounts for the local an
tropic dynamics;d index is the Kronecker symbol, andc nor-
malizes the probability density. From Eq.~4! we obtain the
dependence of the averaged resonance frequency on
anglea between the director and the external magnetic fie

^v~a!&t5vZ6 1
2 pd~3 cos2 a21!. ~5!

A comparison with Eq.~2! indicates that in case of a powde
average of the director we will again get a Pake spectr
the width of which is reduced by a factorS5 1

2 p
5 1

2 ^(3 cos2 u21)&t as compared to that of a rigid powder.S
is often identified with an order parameter of the intercala
water molecules@7#.

In the hexagonal phase, the line shape is derived in
analogous way, except that we now deal with a somew
more involved geometry~Fig. 2, right!:

P~cosu!5cF p

2p E
0

2p

dFd~cosu2cosf sin a!1~12p!G .
~6!

The residual principal axis now points radially out from t
cylinder, i.e., it is oriented perpendicularly to the direct
with an azimutal anglef. The temporal average is then ca
culated as

^v~a!&t5vZ6
p

2

d

2
~3 cos2 a21!. ~7!

This is the same result as that for the case of a lamellar p
@Eq. ~5!# except for another width reduction by a factor of
@8#. Note that to obtain this straightforward result, we ha
assumed that the local dynamics and the degree of hydra
are identical in both the lamellar and hexagonal phases.

In the case of cubic topologies, no direction is preferr
As long as the diffusion length within the time intervalt
exceeds the elementary cell size, the water dynamics ca
considered to be isotropic. In consequence, we expect, ju
in the bulk case, a narrow line atv5vZ .

B. Two-dimensional 2H echo exchange spectroscopy

Starting off with basically a three-pulse stimulated ec
experiment,~pulse!-t1-~pulse!-t-~pulse!-t2-echo, we measure
a tagged particle correlation function@6#

S~t1 ,t2 ;t !5^e2 ivQ~0!t1e1 ivQ~ t !t2&, ~8!

the double Fourier transformF of which

S„vQ~0!,vQ~ t !…5F@F„S~t1 ,t2 ;t !…t1
#t2

~9!

is the so-called 2D-exchange spectrum. 2D spectra are in
preted as follows. The intensity at the coordina
@vQ(0),vQ(t)# stems from deuterons, the resonance f
quencies of which are determined before and after the m
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ing time t by principal axis orientationsu~0! and u(t), re-
spectively. For t→0 or in the absence of molecula
reorientations, we expect intensity exclusively at the dia
nal. For increasingt there will be a gradual increase~de-
scribed by some correlation time! of nondiagonal intensity,
the pattern of which will be indicative of the geometry
molecular reorientations. For instance, two important lim
ing ‘‘types’’ of isotropic reorientations, rotational diffusion
and random jumps, can be clearly distinguished from e
other @9,10#.

At this point we wish to comment, most importantly fo
the sake of our present context, i.e., in the presence of c
fined geometries, on the enormously rich potential of
spectroscopy with some general considerations. Just as
spectra of confined and/or intercalated water should
longer be regarded as the powder average of the water
ecules but rather as the powder average of the directors~cf.
discussion in Sec. II A!, 2D spectra also inform us abou
reorientations of the residual principal axes. To be more s
cific, let us consider the lamellar phase. The occurrence
nondiagonal intensity could be interpreted in several wa
~i! by assuming the presence of water molecules that fol
a reorientational dynamics of the lamella as a whole;~ii ! by
assuming the occurrence of long-range water diffusion t
passes several lamellar crystallites; or~iii ! by assuming the
diffusion of water molecules along curved~static! lamellar
surfaces~e.g., in the interlamellar water layers of multilame
lar vesicles!. Case~ii !, where the director orientations of ad
jacent stacks of lamellae are expected to be uncorrela
would appear as an apparent random jump process. From
correlation time and the~known! diffusion constant, we
could infer the domain size. For spherical vesicles, case~iii !
implies rotational diffusion of the water molecules, an
analysis of the 2D spectra would yield an estimate of
mean vesicle diameter.

C. Samples

For most details of the sample preparation and charac
ization, we refer to our previous paper@1#. Here, we add a
few but very important remarks on the sample systema
since in the present work we will use the degree of hydrat
as an important parameter. The set of studied MO/2H2O
samples consists of two batches, prepared in different w
Table I shows all samples and their compositions.

For batch 1 the desired amounts of the two compone
are weighed and mixed/homogenizedoutside the NMR
sample tube as described in Ref.@1#. The preparation of the
batch 2 samples differ in that the two components are
into the sample tube, which is then sealed, before homog
zation. Mixing/homogenization of the dispersion alreadyin-
side the NMR tube is performed essentially by centrifu
treatment and freeze-thaw cycles. Ana posteriori compari-
son of the two procedures favors the second one, sinc
avoids homogenization under less precise open-air co
tions. However, even if a slight uncertainty in the water co
tent cannot thereby be excluded, we estimate the precisio
the water content to 2–3 wt%. The samples prepared w
2H2O have been compared with samples of equal water c
centration but prepared with H2O by differential scanning
calorimetry and small-angle x-ray scattering@1# to check for
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isotopic effects. No significant difference between the ph
transition temperatures of the systems MO/2H2O and
MO/H2O are observed within the accuracy of our measu
ments.

III. EXPERIMENT RESULTS

A. Water rotational dynamics

1. 1D spectra

Let us begin by presenting in Fig. 3~a! a typical set of2H
1D echo spectra as obtained from one of the MO/wa
samples~sample no. 3!. This figure contains plenty of valu
able information. We immediately note from inspection
the figure that at least qualitatively our expectations d
cussed in Sec. II A are fulfilled: At lowT ~lamellar phase! we
find a Pake spectrum, at intermediateT ~cubic phase! the line
is isotropically narrowed, at highT ~hexagonal phase! a Pake
spectrum reappears. The widths of the anisotropic spectra
reduced by roughly two orders of magnitude with respec
static solid state spectra, which may be expressed by an o
parameter of about 0.01@cf. Eq. ~5!#. Further, the width of
the hexagonal phase spectra is reduced as compared to
of the lamellar phase spectra. However, instead of the
pected factor of12 @Eq. ~7!#, we observe a ratio~width in the
hexagonal phase versus width in the lamellar phase! of about
0.36. This may be due to deviations from simple tubularII
topology or to an increased lipid head group dynamics in
high-temperature phase leading to a reduced order param
Finally, we note that the transition temperaturesT(La

→QII
G) andT(QII

G→H II), although experimentally precisel
determined within61 K, differ considerably from those in
Fig. 1.

A closer look at the lamellar phase spectrum reveals
existence of another weak Pake type spectral contribut
the singularities of which are indicated by the arrows in F
3~b!. The width of this spectrum is quantified by assigning
quadrupole coupling constant about three times larger
small contribution of less mobile deuterons, i.e., less pre
eraged O-2H bond orientations. On the time scale of the e
periment~inverse coupling constant'1 ms! there is no ex-
change between the two species. Undoubtedly, the ‘‘we
species is to be identified with those deuterons which,

TABLE I. Composition of the samples studied. The water
deuterated. Exception: Sample no. 11 contains 13 w
17O-enriched water and 10 wt %2H2O.

Sample no. Batch wt % water xwater nwater/nlipid

1 1 14 0.74 2.85
2 1 19 0.81 4.26
3 1 23 0.84 5.25
4 1 26 0.86 6.14
5 1 39 0.92 11.5
6 2 18 0.80 4.00
7 2 22 0.83 4.88
8 2 24 0.85 5.67
9 2 28 0.87 6.69
10 2 35 0.91 10.1
11 2 23 0.84 5.25
e
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cording to our earlier diffusion data in the cubic phases@1#,
are chemically attached to the lipid headgroups. This in
pretation is also consistent with high-resolution1H spectra
@11#. If we compare the ratio of the integrated intensities
the two subspectra with the~number! ratio of deuterons at
the two sites as expected from the sample preparations
find an agreement within a factor of about 1.5. In contras
the lamellar phase, the hexagonal-phase spectra do not s
comparable weak wings, which is indicative of an increas
exchange rate leading to homogeneously averaged spec

Except for the lowest hydrated sample~no. 1!, with 14
wt% 2H2O, the residual quadrupole coupling constants
water in the lamellar phase always slightlyincreasewith
temperature. In contrast, that of the lipid headgroup deu
ons decreases~Fig. 4!. There are two mechanisms whic
could qualitatively explain such a behavior. Increased d
teron exchange rates may gradually fall into the FID d
namic range, thus causing the Pake spectra singularitie
move toward each other. In addition, with increasing te
perature the lipid headgroup subspectrum will get narrow
due to a more pronounced headgroup local dynamics. Su
behavior is well known from infrared spectroscopy stud
@12#. This could then also nicely explain the exceptional d
crease ofDnQ of the water subspectrum in sample no.
where the water concentration is low enough that most w
molecules are subjected to the lipid headgroup dynamics

FIG. 3. ~a! A series of deuteron FID spectra taken from sam
no. 3 ~MO/23 wt% 2H2O! at different temperatures.~b! A more
detailed look at the spectrum obtained at 265 K. Arrows mark
singularities of a weak second contribution; see text.



a

me
ra is
g,
pic
the
e—

llar

or-
, the
ed
di-
the
a
the
ter

g
nal

o

8186 PRE 62FEIWEIER, GEIL, POSPIECH, FUJARA, AND WINTER
FIG. 4. Temperature dependence of the residual coupling c
stants in the lamellar and hexagonal phases of MO/2H2O. The level
of hydration increases from upper left to lower right.
Sec. V, we will revisit this latter point in the context of
layered hydration model.

2. 2D spectra

The question of what kind of dynamics takes place at ti
scales above the one which is accessible with 1D spect
answered by 2D NMR exchange spectra. In the followin
we will therefore reconsider three cases where anisotro
2H spectra have been found—the lamellar phase,
lamellar/cubic two-phase region, and the hexagonal phas
and proceed with the discussion of 2D spectra.

Let us start with a series of spectra taken in the lame
La phase~Fig. 5!. At the shortestt value the intensity is
found at the principal diagonal axis and the line shape c
responds to the 1D spectrum as described above. Again
narrow line width indicates that the Pake pattern is form
by a powder average over the membrane directors. In
vidual molecular rotations are already averaged out on
time scale of a few hundredms. And also again we observe
two-component spectrum. The singularities arising from
lipid headgroup deuterons are clearly visible in the ou
diagonal part of the spectrum. With increasingt, the intensity
flows into the off-diagonal parts of the spectrum formin
characteristic box-shaped patterns known from diffusio

n-
FIG. 5. 2H exchange spectra of MO/23 wt%2H2O ~sample no. 3! taken at 270 K~La phase! at different mixing timest.
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FIG. 6. 2H exchange spectra
and corresponding contour plot
of MO/23 wt% 2H2O ~sample no.
3! at 284 K~coexistence regime o
the La—and QII

G—phases! at two
mixing timest.
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~small-angle! reorientation mechanisms. This rotational d
fusion of the membrane director can be understood in te
of Sec. II B if the translational diffusion of the water deute
ons is restricted to 2D layers in between asmoothly curved
membrane stack. Thus, the reorientation of the membr
director is directly caused by the translational water dif
sion. Fitting this series of spectra with computer simulatio
of ‘‘rotational diffusion spectra’’ allows one to estimate
correlation timetD>2 ms. Together with a rough extrapola
tion of the translational water diffusion coefficientD0
>10210m2 s21—using the fast deuteron component in t
MO/water system, Fig. 6 of Ref.@1#—we obtain a mean
lamella curvature radius of̂r 2&1/2>(4D0tD)1/2>1 mm.

A closer look at the outer parts of these spectra, where
lipid headgroup deuteron intensity is found, reveals an ad
tional weak but distinct exchange between both deute
species, best visible in the cross section area of the two P
spectrum singularities. From the time evolution of the
cross section intensities we can estimate a mean resid
time of the deuterons at the lipid headgroup site of ab
5 ms.

A second series of 2D exchange spectra was taken in
two-phase regime between the lamellar and the cubic ph
s

ne
-
s

e
i-
n
ke
e
ce
t

he
es

~Fig. 6!. Again, the short time spectrum is restricted to t
principal diagonal axis and reveals the corresponding
spectrum in Fig. 3. The overall line shape is a superposi
of a ~narrow! Pake spectrum~powder average of the mem
brane director of the lamellar phase! with a liquidlike contri-
bution ~arising from the deuterons in the cubic phase!. Even
at thet51 ms spectrum in Fig. 6 we observe a characteris
crosslike exchange pattern which becomes the dominant
tribution in the spectrum att520 ms. If we assign some 1
ms as a correlation time for this exchange process, we
again use the translational water diffusion coefficient to m
the diffusion lengtĥ r 2&1/2>(4D0tD)1/2 onto an average do
main size in this heterogeneous two-phase regime of
proximately 5mm.

Finally, we turn to the hexagonal phase spectra~Fig. 7!.
In contrast to the other cases just mentioned, we do not
off-diagonal intensity up to a few hundred ms. In the pictu
developed above, one must assume that the translationa
fusion of the water molecules is restricted to regions of c
stant tube director for at least more than 600 ms. Again m
ping the diffusion times on a length scale, one must concl
that the water molecules are found inside noncurved ‘‘pipe
s

FIG. 7. 2H exchange spectra

and corresponding contour plot
of MO/23 wt% 2H2O ~sample no.
3! at 350 K~hexagonal phaseH II!
at two mixing timest.
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of lengths not below some 10mm. At first sight this result
represents a contradiction to our previous diffusion data@1#,
as summarized in Sec. I. On the other hand, the outcome
both experiments are reliable enough~and have been verified
by many careful experiments! that we need to find a struc
tural model that can explain translational correlation tim
that are much shorter than the corresponding reorientati
correlation times. Developing such a model will require fu
ther experimental data and is far beyond the goal of
paper.

Note that all time scales obtained from the time evolut
of 2D spectra should be considered very rough estima
Future investigations performed in the time domain@13#
should generate more quantitative numbers for these
change processes.

B. Spin-lattice relaxation rates

In addition to the study of slow modes, i.e., translation
diffusion @1# and rotational dynamics~Sec. III A!, we present
spin-lattice relaxation rates on both lipids (1H-NMR) and
water (2H-NMR). Spin-lattice relaxation, being insensitiv
to diffusion along mesoscopically scaled curved surfaces
a truly local probe. Since our work does not seek an und
standing of fast local molecular dynamics, we will not a
tempt to interpret absolute relaxation rates. Instead, we
pursuing the question of to what extent spin-lattice relaxat
rates reflect the interaction between water and lipids. An
portant control parameter for such a study is given by
relative amount of hydration. Because of the fast excha
of the water molecules between lipid surface sites and liq
bulk sites, the spin-lattice relaxation rate is expected to
hydration dependent only for water but not for the lipids th
reside in monomolecular ‘‘sheets’’ placed at the surface
the water channels/layers.

1. Monoolein

Figure 8 showsT-dependent1H spin-lattice relaxation
rates for several differently hydrated samples.~The measure-
ments have been carried out in parallel with the diffus
data@1# in a magnetic field of 1.2 T and a field gradient
22.4 T/m.! It is obvious from the figure that in the entir
covered temperature range the relaxation is governed by
one thermally activated process which is not altered b
phase change. Further, we find within our experimental
curacy that the rates are essentially independent of the w

FIG. 8. Temperature dependence of1H spin-lattice relaxation
rates of lipid molecules in MO/water dispersions at different lev
of hydration.
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content. All of these results are reasonable and in harm
with the literature@14#, and we can thus safely assume th
the spectral density at a frequency as high as the Lar
frequency of about 53 MHz is essentially given by fast lip
rotations about the principal molecular axis. Also, the obs
vation that phase transitions, i.e., different local topologi
in particular between fluid mesophases, have no influence
the local lipid dynamics has been pointed out for oth
amphiphil-water systems@15#. The hydration independenc
supports our previous@1# conclusion that even in the samp
with the lowest water content~sample no. 1, three wate
molecules per lipid!, the membrane is fully hydrated. Th
activation energies for all samples scatter around 18 kJ/
with a high relative precision of about 1%. A compariso
with activation energies obtained from lateral diffusion co
ficients @1# is misleading since, as already suggested abo
the underlying processes might be different from each oth
Finally, we wish to state that the relaxation curves are ess
tially monoexponential. Slight but systematic deviatio
from monoexponentially in the cubic phase, parametrized
a Kohlrausch stretching parameter of 0.9060.03, may be due
to either inherent inhomogeneities or a mobility gradie
along the lipid acyl chain@16#. We leave this question unre
solved in our present context. We will perform detailed fie
cycling experiments in the future.

2. Water

The measured2H relaxation rates~Fig. 9! yield analogous
information about water dynamics. Here, we find systema
discrepancies between the two batches. The rates of bat
turn out to be systematically smaller than those of batch
Since this kind of systematics is not found in the2H spectra,
we assign this systematic shift to paramagnetic impurit
e.g., incomplete oxygen degassing, which differ among
two batches. What is relevant for our present purpose, h

s

FIG. 9. Temperature dependence of2H spin-lattice relaxation
rates of water in samples of batch 1~left! and batch 2~right!.

FIG. 10. Hydration dependence of2H spin-lattice relaxation
rates at 295 K. Open symbols, batch 1; solid symbols, batch
Lines are fits of the Volke hydration model@17# to the data.



it
a

ve
ra
i
l
1
o

he
e
e

e
in

re
th
hy
l i
.
w
f

on

ta
2
s

ee

he

es

e

y-
s
lt
in

p

as

, t
si
ge

e
In

een
g. In
oes
ion
e,
all
n-

,
ing

l

d

ic
u-
ra-
to-

n
he

e
ete
dy
al
or
e-

ta
ll
ion

in

PRE 62 8189NMR STUDY OF TRANSLATIONAL AND ROTATIONAL . . .
ever, is a trend within each batch towards lower rates w
increasing level of hydration. This trend consistently appe
in both batches~Fig. 10!. We will return to this remarkable
trend in the discussion below. Moreover, we note that~like
the lipid relaxation! the water relaxation rates are insensiti
to phase transitions. The temperature dependence of the
can again be described by a simple Arrhenius behavior w
activation energies that gradually decrease from 28 kJ/mo
24 kJ/mol as the hydration is increased from about 3 to
2H2O molecules per lipid. The activation energies do n
show any systematic deviations between the two batc
Finally, we note that according to our expectations the m
sured2H relaxation curves have always been monoexpon
tial.

IV. DISCUSSION

In this section we will not only discuss the above pr
sented spectra and relaxation rates, but also take up aga
diffusion coefficients dealt with in our previous paper@1#.
Our goal is to arrive at a unified understanding of the th
observables—diffusion, spectra, and relaxation rates—
focusing on two key properties, namely obstruction and
dration. Obviously, this has already been done at severa
stances in our first paper@1# and in the preceding sections

Let us therefore very briefly summarize, in terms of a fe
key words, where obstruction effects have been seen so

~1! Lipid diffusion coefficients ‘‘jump’’ when the system
undergoes a phase transition from a cubic to a hexag
phase.

~2! In both the lamellar and the hexagonal phases,2H 1D
water spectra retain, according to the system’s phase s
some well defined anisotropy. On a longer time scale,
spectral shapes further reflect the curved mesostructure
these topologies.

We summarize as well where hydration effects have b
noticed.

~1! There is a slow2H exchange between water and t
lipid headgroups.

~2! The effective water diffusion coefficient increas
with the level of hydration.

~3! The width of 2H spectra slightly decreases with th
hydration level.

~4! So does the2H relaxation rate.
Let us, in the following, look at both obstruction and h

dration effects more closely and quantitatively. Empha
will be placed on the hydration dependence of our resu
The discussion will include the diffusion data published
our previous paper@1#.

A. Obstruction effects

Even if locally lipid diffusion differs from water diffusion
in its dimensionality, both look the same on a mesosco
length scale as it is accessed by gradient NMR@1#. Thus,
translational dynamics ofboth components can be treated
free 1D ~H II-phase! and 2D ~La-phase! dynamics and as
quasi-free 3D dynamics in the cubic phases. In all cases
boundaries can be considered as inpenetrable barriers,
finite permeabilities are not relevant in our time ran
@18,19#.
Free 1D~along a tube, director parallel to tube axis! and 2D
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~within in a plane, director normal to plane! diffusion is de-
scribed by a diffusion tensor@20#

D5S D' 0 0

0 D' 0

0 0 D i

D , ~10!

with D i andD' denoting the diffusion coefficients along th
director and perpendipular to the director, respectively.
dealing with powdered samples we must distinguish betw
two cases, inhomogeneous and homogeneous averagin
the inhomogeneous case, where the diffusing particle d
not leave its crystallite and/or where the director orientat
does not vary during the experimental NMR evolution tim
the gradient echo decay curves consist of a sum to which
director orientations contribute. This results in a distinct no
Gaussian-shaped echo decay curve. In the MO/H2O system,
however, the experiments carried out in theH II phase verify
the homogeneous scenario@1#. In this case, the molecules
both lipid and water, average over all orientations, result
in an effective diffusion coefficient.

~a! 1D diffusion ~H i phase!:

D'50; Deff5
1
3 Tr~D !5 1

3 D i . ~11a!

~b! 2D diffusion ~La phase!:

D i50; Deff5
1
3 Tr~D !5 2

3 D' . ~11b!

In many cases,D i and D' can be identified with the loca
diffusion coefficientD0 . The reduction factor,13 in the hex-
agonal phase and23 in the lamellar phase, is commonly calle
an ‘‘obstruction factor,’’ denoted byl ~lH andlL , respec-
tively!.

Translational dynamics within the bicontinuous cub
phases are much more difficult to quantify in terms of diff
sion coefficients. Again, for long observation times the t
jectory of the diffusing particle averages over the local
pology, thus leading to an effective diffusion coefficient.

Deff5lCD0 . ~118!

The obstruction factorlC is again a measure of the reductio
of the diffusion coefficient and depends on details of t
topology of the phase under consideration@21,22#. In most
cases, however,lC cannot be determined analytically. In th
Appendix we present our numerical simulations of a discr
random-walk model, which includes information alrea
known from literature and from the few existing analytic
solutions. The most important results are as follows: F
both lipids and water, the obstruction factor gradually d
creases from2

3 towards 1
3 as the lipid volume fraction is in-

creased~Fig. 14, Appendix!.
Figure 11 is a summarizing plot of the lipid diffusion da

from our previous work@1#. We can now understand a
~present and absent! features. The observed sudden reduct
in Deff at the phase transition from theQII

G to theH II phase is
easily rationalized. In the hydration range of the samples
this study~lipid volume ratioFLP@0.61,0.86#! the obstruc-
tion factor in the cubic phase is aboutlC>0.45̄ 0.5. In the
hexagonal phase we havelH5 1

3 . Thus, we can expect—in
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accordance with the experiment—a reduction by a facto
(lC2lH)/lC>0.3 which slightly increases with hydration
We also understand the absence of a jump in the diffus
coefficient at the transition between two cubic phases:
corresponding obstruction factors do not change.

Diffusion data interpolated from five samples at a selec
temperature are also plotted versus the hydration level~Fig.
11, upper right! and compared to the curve expected from
water concentration dependence of the obstruction fac
We note that the observed behavior can indeed be tra
back to obstruction effects.

If we perform the same analysis on the fast-diffusing w
ter component~Fig. 12, data again taken from Ref.@1#! and
compare the concentration dependence of the diffusion c
ficient with the expected behavior due to obstruction effe
~Fig. 12, upper right, dotted line!, we note a pronounced
disagreement. Obstruction effectsdo notaccount for the ob-
served concentration dependence of the effective water
fusivity.

B. Hydration effects

One hydration effect already previously described@1# is
the tendency that with increasing hydration, the water dif

FIG. 11. Summarizing representation of lipid diffusion da
~taken from Ref.@1#! of MO/water dispersions~sample nos. 1 to 5!.
Upper right: hydration dependence of interpolated diffusion coe
cients at 325 K@dashed line in theDeff(T) plot#. Solid line denotes
the expectation due to obstruction effects; see text.

FIG. 12. Temperature dependence of the water diffusion co
cients of MO/2H2O taken from@1#. Upper right: experimental hy-
dration dependence at 325 K; that of the simulated obstruction
fect is indicated by the dotted line, the hydration effect due to
Volke model@17# by the solid line.
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sion coefficient activation energy converges toward that
pure 2H2O, which is 18.2~6! kJ/mol. At the other edge, fo
decreasing hydration the value for diffusive lipid dynami
~of about 32 kJ/mol! is approached. A close correlation o
the dynamics of the water molecules with the translatio
dynamics of the lipids at these low levels of hydration
found in other lipid dispersions as well@23#.

The strong concentration dependence of water diffus
qualitatively anticipates the conclusions of the following d
cussion: The data can be best understood if we assume
idly exchanging lipid hydration shells. Such models a
widespread in the literature, ranging from the models of t
rapidly exchanging water components@24,25# to those of a
gradual decreasing interaction between the lipid surface
the water molecules as their distance to the surface incre
@26,27,17#.

Let us demonstrate the relevance of such models by
plying the approach of Volkeet al. @17# which, as we will
see, explains not only the hydration effect on the effect
water diffusion coefficients but also that of the residual wa
2H quadrupole splittings in the anisotropic phases and tha
the water2H spin-lattice relaxation rates.

~a! Water diffusion coefficients. Within the NMR time
scale, each water molecule traverses many unit cells s
that we can safely assume that it also averages over all
tances from the lipid surface. The control parameter of
Volke model is the numbern of water molecules per lipid,
n5nH2O/nMO . This numbern can be considered a measu
for the ~exponentially! decreasing influence of the lipid
membrane on the water dynamics. Volke introduces t
more adjustable parameters, a decay constantNc,d of the
surface influence~Nc,d can be interpreted as the number
slow water molecules per lipid! and a ratiof t5ts

0/t f of cor-
relation times of the slow~strongly interacting! waterts

0 and
fast~bulk! watert f . With D f denoting the known bulk wate
diffusion coefficient, the effective water diffusion coefficie
is then derived as

D5D f1
Nc,d

n
D f lnF11 f te

2n/Nc,d

11 f t
G . ~12!

A fit of the data in the~upper right! inset of Fig. 12 with Eq.
~12! is plotted as a solid line. The fitted numberNc,d
52.7(3) of strongly interacting water molecules per MO, t
correlation time of which is increased by a factor off t
55.6(5), is ingood agreement with results obtained fro
phospholipid membranes@17#.

~b! Residual quadrupole coupling constants. As can be
seen from Fig. 13, the hydration dependence of the2H spec-
tral widths~frequency splitting between the two Pake sing
larities! in the anisotropic phases diminishes, i.e., the infl
ence of the surface on an average water molecule
smaller with increasing hydration. From the viewpoint of t
Volke model@17#, the residual quadrupole splitting,Dnq , is
reduced with respect to the~hypothetical! splitting at vanish-
ing degree of hydration,Dnq

0, according to

Dnq5
1

n
Dnq

0Nc,q~12e2n/Nc,q!. ~13!

-

-

f-
e
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A simultaneous fit of Eq.~13! to the data from both the
lamellar and hexagonal phases yields an~at least qualita-
tively! reasonable result. The fitted value ofNc,q52.3(1.3)
turns out to be consistent withNc,d gained from the water
diffusion data.

~c! Spin-lattice relaxation rates. A hydration dependence
of the 2H water relaxation rates has already been noted fr
inspection of Fig. 9. Also for this observable the Volk
model @17# offers a prediction, namely,

1

T1
; btS

0e2n/Nc,r1t f~12e2n/Nc,r !c. ~14!

Again, the experimental data have been fitted with Eq.~14!
under the assumption that—regardless of the shift in the
solute rates of the two batches~cf. Sec. III B 2!—the hydra-
tion dependences in the two batches are identical. A sim
taneous fit of the two data sets~Fig. 10! then yields for the
number of closely attached water molecules~per MO! Nc,r
52.8(1.2), a value which is in excellent agreement with
counterpartsNc,d ~diffusion! andNc,q ~quadrupole spectra!.

V. CONCLUSIONS

This work is the direct extension of previous work@1# on
translational diffusion of water and lipid molecules
MO/H2O mesophases. The richness of this work stems fr
the combinationof three different NMR methods: diffusion
spectroscopy, and relaxation. The analysis of our previ
gradient NMR diffusion data is improved by interpretin
them in terms of obstruction effects in the mesophases u
study. In particular, the jumplike change of the lipid diffu
sion coefficient at the transition from theQII

G to the HII phase
as well as the hydration dependence of diffusion can be
fectly understood by comparison with numerical results. T
same holds for the hydration effect of the diffusivity. In co
trast to the lipids, water diffusion cannot be understood
terms of obstruction effects alone. Here, the pure topolog
effects are screened by the water-lipid surface interactio
The hydration dependence of the diffusion constant can
understood in terms of a fast exchange of molecules betw
a surface layer and a more bulklike volume. If we go beyo
such a bimodal model and interpret the data in terms of
exponentially decreasing influence of the surface on the
ter dynamics, we arrive at about two to three strongly int
acting water molecules per MO. Here we avoid the te
‘‘bound’’ ~which reflects too much on the two-state mod!

FIG. 13. Hydration dependence of the residual quadrupole c
pling constant of the water deuterons in the lamellar and hexag
phases. Solid lines represent the Volke hydration model@17#.
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in favor of ‘‘strongly interacting.’’ Still, this latter term
should not be misinterpreted, since from our data we ded
a slowing down of the molecules close to the surface only
roughly a factor of 5 as compared to bulk water molecule

Deuteron spectroscopy shows close correlations betw
the ~an!isotropy of topology and spectra. In the lamell
phase, the existence of two subspectra supports the p
ously seen@1# evidence of a slow~ms range! deuteron ex-
change between water and the lipid headgroup. From
temperature dependence of the residual quadrupole split
we can confer on a headgroup mobility that strongly
creases with temperature and, analyzing its concentration
pendence in terms of hydration layers, we obtain further s
port for the existence of two to three water molecules
MO that strongly interact with the lipid surface. The numb
is well supported by the exceptional behavior of the wa
dynamics in the lowest hydrated sample~sample no. 1,
which, by preparation, contains'3 water molecules pe
MO!. Here, the 1D spectra unambiguously show that
water dynamics is strongly coupled to the lipid headgro
dynamics.

Two-dimensional deuteron exchange spectroscopy yie
evidence that in the lamellar phase the water molecules
fuse along the membranes which are curved with a m
curvature radius of the order of onemm. In the region of
coexistence of lamellar and cubic phases, the domain s
can be estimated from 2D exchange spectra to measure a
mm. In the hexagonal phase no spectral exchange is fo
which sets a lower bound for a correlation length of t
water tubes of about 10mm. This remains in contradiction to
MO diffusion results@1#, which set an upper domain siz
limit of about 1mm.

Spin-lattice relaxation probes local processes. Theref
in our present context we discard the absolute relaxa
rates. From the temperature and hydration dependen
however, we obtain valuable information complementi
and supporting some previous results. The MO relaxat
shows essentially no dependence on the water content
the other hand, the water relaxation rates are much m
sensitive to the degree of hydration and support the ab
scheme of a strong water-surface interaction which invol
some two to three water molecules per MO.

VI. OPEN QUESTIONS AND FURTHER OUTLOOK

We are left with a couple of open questions, the m
serious one of which concerns the apparent contradiction
tween diffusion and 2D spectral data on the tube correla
length in the HII phases. There are two possible pathways
of this dilemma. In one of the measurements~on sample no.
2! a pronounced orientation occurred in the hexagonal ph
which was absent in a~one year! earlier measurement on th
same sample. This is inferred from the clear tendency of
deuteron spectra to change from a Pake-like shape towa
linelike shape. These spectral changes are to be interpret
terms of a macroscopic tube director orientation paralle
the external magnetic field. It is unclear to date whether
ing effects or just the sample thermal history just befo
reaching the hexagonal phase is responsible for this no
producibility. The second observation has been the dra
reduction~of about 30 K! of the phase transition temperatu

u-
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T(QII
G→HII) of the sample inside a magnetic field as co

pared to the calorimetry~zero field! value. In any case, the
phase behavior seems to be correlated with the applied m
netic field. In fact, correlations of this kind are known, e.
from liquid-crystalline nematic phases@28#. Here, diffusion
and spectral measurements in different magnetic fields
needed.

Higher magnetic fields may also be useful in another
plication. For intensity reasons, so far water diffusi
(2H NMR) experiments have had to be restricted to Ha
echo decays. What would really be desirable is stimula
echo data. Such experiments in the stray field of a very h
field magnet are planned.

As far as deuteron exchange spectroscopy in the an
tropic phases is concerned, we have so far only looked a
spectra at a few selected mixing times. This allowed us
estimate correlation times, but no more. We know from o
own experience@13# that 2D echos in the time domain wi
take us much further in determining the geometric and te
poral characteristics of the water dynamics along curved
faces. Such experiments are very time consuming and re
sent a separate project.

We have addressed spin-lattice relaxation rates but h
avoided the interpretation of absolute rates. Presently
stated, we are working on a field-cycling spectrometer t
will be of use in determining the local modes.

Finally, let us mention our desire to perform quasielas
neutron scattering experiments to learn about thelocal water
diffusion coefficient. Unfortunately, the most straightforwa
way of proceeding, which would be the screening of the lip
by deuteration, is an extremely difficult task in the case
MO. We would have to separate the scattered intensity c

FIG. 14. Obstruction factors resulting from random-walk sim
lations of water~left side! and lipid ~right side! in cubic topologies
as a function of lipid concentration. For comparison, literature d
from finite element calculations are also shown@22#. Lines are
guides to the eyes.
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tributions of the diverse components, a possible but not e
task.
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APPENDIX: RANDOM WALKS AND OBSTRUCTION
FACTORS

Principally, the obstruction factors describing the qua
free three-dimensional diffusion of lipid and water molecu
in cubic topologies may be obtained by solving the diffusi
equation

P~rW,t !
]

]t
5DDP~rW,t ! ~A1!

with appropriate boundary conditions. But only a few spec
cases allow for analytical solutions; all others call for n
merical methods. In the literature, the method of finite e
ments has been used to obtain obstruction factors for som
the topologies under consideration here@22#. Our approach is
based on random-walk simulations. We will present resu
for the restricted diffusion of water molecules and the s
face diffusion of lipid molecules in the context of two mod
els for theIm3m, Pn3m, andIa3d cubic phases.

The interconnected rod model@29# assumes that the wate
component is restricted within tubes of equal length that
semble bicontinuous networks of simple cubic (Im3m), dia-
mond (Pn3m), and Laves (Ia3d) type @30#. The tubes are
bounded by lipid molecules with the hydrophillic headgro
oriented towards the water. Today, infinite periodic minim
surfaces~IPMS! are most often used to describe lyotrop
cubic phases@31#. Within this model, the ends of the hydro
phobic chain meet at the Schwarz primitive (Im3m) or dia-
mond (Pn3m) surface@32#, or at the Schoen gyroid surfac
(Ia3d) @33#.

Before turning to the simulations, we will consider ava
able analytical results. Anderson and Wennerstrom h
shown that the obstruction factor of lipid molecules for t
Im3m-IPMS model in the limit of vanishing lipid conten
(FL→0) is 2

3. A semiquantitative solution for the water dif
fusion in the case (FL→1) in the interconnected rod mode
of each of the three cubic phases may be obtained as follo
The diffusion path of a water molecule consists of connec
tubes~diameter small compared to their lengthd! and may
be written as

RW 5(
i 51

n

rW i , ~A2!

which gives a mean-square displacement of

^RW 2&5(
i 51

n

^rW i
2&5nd2. ~A3!

The cross terms equal zero since for them base vectors of
each of the three labyrinths the equation( i 51

m rW i50 holds. It

-
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takes the mean timet15d2/2D0 to diffuse through a single
one-dimensional tube with the local diffusion coefficientD0 .
For the whole path ofn tubes, we then find

^RW 2&56Defft, ~A4!

with the effective diffusion coefficientDeff5
1
3 D0 and the

obstruction factorl5 1
3 .

1. Principles of random walks

The basic principle of a random walk is the approxim
tion of the continuous diffusive motion as a discrete hopp
process governed by the master equation

P~ lW,tu0W ,0!/
]

]t
5G(

lW8
@P~ lW8,tu0W ,0!2P~ lW,tu0W ,0!#.

~A5!

P( lW,tu0W ,0) denotes the conditional probability of finding
walker at positionlW and timet if it has been at the coordinat
rW50 at t50, G denotes the transition probability, and th
sum runs over all neighboring positions@34,35#. In general,
the simulation runs on a cubic lattice, which models the
propriate boundary conditions by allowing the walker
move only on selected fields. Since the simulation is reali
as a computer program, the evaluation of the mean-sq
displacement averaged over an ensemble of such walke
rather simple. From this, the obstruction factorl
5^RW 2&/6D0t with local diffusion coefficientD05Ga2, step
lengtha and step numbert may be directly obtained.

There are two important points concerning the implem
tation of random-walk algorithms. First, an appropriate ra
dom number generator has to be chosen. We employ the
invented by L’Ecuyer@36#. The more critical point is the
strategy of moving a walker when it approaches a bound
especially if the ratio of surface to volume gets large. Here
is necessary to distinguish between the three-dimensi
volume diffusion of water molecules and the tw
dimensional surface diffusion of the lipid. For the water d
fusion, we have run test simulations with several walk str
egies in selected labyrinth types~tubes and sheets o
different width and oriented in several directions! whose ob-
struction factors are known~1

3 for tubes, 2
3 for sheets inde-

pendent of width and orientation!. The algorithm that shows
the best results with deviations of less than 5% runs as
lows:

~1! choose one of the six neighbor fields at random;
~2! if that field is accessible, move the walker; finished

FIG. 15. Comparison of lipid obstruction factors inIa3d and
Pn3m topologies.
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~3! if it is not, see if the field in the opposite direction
accessible;

~4! if it is, move the walker; finished;
~5! if it is not, do not move the walker at all; finished.
The two-dimensional lipid diffusion is modeled by th

following strategy:
~1! choose a random vector on a unit sphere;
~2! if a move in that direction ends on an accessible fie

move walker; finished;
~3! if not, repeat step 1.
Again, test simulations have been successfully perform

on sheets and tube surfaces with a width of one field.

2. Simulations

All simulations are performed with 10 000 walkers and
least 100 000 steps in labyrinths of size 15031503150 for
volume and 20032003200 for surface diffusion. As ex-
pected, all data show a linear relationship between^RW 2& and
t, allowing the direct determination of the effective diffusio
coefficient and the obstruction factor.

Figure 14 shows the results of our simulations as well
data from the literature for comparison. With the excepti
of water diffusion in theIm3m-IPMS labyrinth, they are in
good agreement. The observed deviation may be due to
finer discretization of the random-walk labyrinths, which a
fects the concentration level where bottlenecks begin to p
a role. Both analytical results, an obstruction factor of2

3 for
lipid diffusion in the Im3m-IPMS labyrinth at high water
content and1

3 for water diffusion in interconnected-rod laby
rinths at low water content, are obtained numerically.

Only the water diffusion inIm3m andPn3m phases ex-
hibits a dependence on the chosen labyrinth model. This
is an effect of the previously mentioned bottlenecks, wh
may by definition only occur in the IPMS model.

In further data analysis, we concentrate on the two cu
phases relevant to the monoolein-water system, namely
Pn3m and theIa3d phases. We investigate whether a tran
formation between these topologies may be observed exp
mentally by diffusion measurements. From Fig. 15 it b
comes obvious that the obstruction factors of lipid diffusi
are independent of the phase for both labyrinth models. T
implies that we cannot expect to observe a change in
system topology in lipid diffusion coefficients. Figure 16 in
dicates that this is also true for water diffusion
interconnected-rod labyrinths. Only in the limit of very lo
water content and within the IPMS model do the water o
struction factors of thePn3m and Ia3d phases differ and
possibly allow the identification of a phase transition.

FIG. 16. Comparison of water obstruction factors inIa3d and
Pn3m topologies.
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