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Abstract

Deuterium NMR spectroscopy is widely applicable to studies of the structure and dynamics of molecular solids,
liquid crystals, and thin films of membrane lipids. The properties of soft nanomaterials are also accessible on the
mesoscopic length scale intermediate between the molecular and bulk dimensions. For membrane lipids in the
liquid-crystalline state, rapid axial averaging occurs about the director axis (the membrane normal). One can then
relate the profiles of the order parameters �SCD� of the individual C–2H labeled segments to average bilayer properties.
These include the mean area per molecule and projected acyl chain length, the area compressibility modulus, and the
radius of curvature for reverse hexagonal (HII) phase nanotubes. In addition, measurements of the relaxation rates for
Zeeman order, R1Z, and quadrupolar order, R1Q, enable one to investigate the mean-squared amplitudes and
time-scales of the fluctuations that underlie the thermodynamic properties. A unified interpretation is provided by a
composite membrane deformation model, which fits simultaneously the frequency dependence and the angular
anisotropy of the R1Z and R1Q relaxation rates. The results suggest the bilayer dynamics in the MHz regime can be
modeled in terms of nematic-like deformations of the membrane hydrocarbon interior, together with axial rotations
of the lipid acyl chains. A small contribution from internal segmental motions is found, which implies the bilayer
microviscosity is comparable to that of a liquid hydrocarbon. Finally, the 2H-NMR relaxation rates of lipid bilayers
containing cholesterol in the liquid-ordered phase suggest a dynamically more rigid bilayer, involving fast axial lipid
rotations together with a reduction in collective bilayer deformations. Possible future applications include studies of
liquid crystals and thin films of membrane lipids and surfactants, as well as lipid-protein systems. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction and motivation

‘Oil and water do not mix’ [1]; the hydrophobic
effect leads to the self-organization of am-
phiphiles, including surfactants and membrane
phospholipids, into various microstructures. In
this regard, deuterium nuclear magnetic resonance
(2H-NMR) spectroscopy is valuable as it yields
knowledge of molecular solids, liquid crystals,
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gels, and thin films of amphiphilic molecules at
the atomic level of individual C–2H bonds. More-
over, the properties of soft nanomaterials are
accessible on the mesoscopic length scale, which is
intermediate between the molecular dimensions
and the macroscopic bulk properties. As a rule
the 2H-NMR spectral line shapes are pertinent to
the equilibrium microstructure at the molecular
level; whereas dynamical properties are related to
the 2H-NMR relaxation rates and associated spec-
tral densities of motion. By combining the results
of 2H-NMR line shape studies with relaxation
studies, one can arrive at a more comprehensive
understanding than in either case alone.

What can be said regarding amphiphiles in
different aggregation states, including smectic liq-
uid crystals and thin films of membrane lipids,
from 2H-NMR spectroscopy? In this article, we
shall focus mainly on smectic A lyotropic liquid
crystals and phospholipids in the lamellar, liquid-
crystalline phase, as well as non-lamellar phases
of membrane lipids. The use of 2H-NMR spec-
troscopy to study soft materials is described in
pedogogical terms, for which knowledge of both
the equilibrium structure and dynamics are of
interest. We then discuss the dynamical properties
of phospholipids in the liquid-crystalline state, as
well as lipid bilayers containing cholesterol, which
are interpreted within the framework of a new
composite membrane deformation model [2].

2. Equilibrium and dynamical properties of liquid
crystals and membrane lipids

A clear advantage of 2H-NMR spectroscopy is
that one can introduce non-perturbing site-specific
2H-labels, corresponding to individual C–2H
bonds. It is natural to interpret the information
from 2H-NMR using a molecular perspective, as
suggested by the spectroscopic observables. How-
ever, an alternative is to recognize that one is
dealing at present with liquid crystals and thin
membrane films. For instance, one can consider
the membrane film as a continuous material, and
treat its properties in a manner analogous to a
bulk macroscopic substance, i.e. on the meso-
scopic length scale which approaches the molecu-

lar dimensions. (The mesoscopic distance scale is
intermediate between the segmental or molecular
dimensions, on the one hand, and the macro-
scopic sample size on the other [3].) According to
such a viewpoint, the microscopic information
from 2H-NMR can be used to better understand
the properties of the material.

2.1. A6erage properties of liquid crystals and thin
films of membrane lipids

In the planar lamellar state of surfactants and
membrane lipids, the structural properties of in-
terest include the average thickness �L� of the
bilayer hydrocarbon region, together with the
thickness of the interfacial and head group layers
and the mean aqueous distance separating the
lamellae [4–6]. These quantities are in turn related
to the mean interfacial area �A� in the planar
lamellar state. Similarly, in the hexagonal (HI)
and reverse hexagonal (HII) phases comprising
elongated worm-like rods of amphiphiles, with an
inner core of hydrocarbon or water, the radius of
curvature Rc of the cylinders is an important
parameter [7,8]. The above structural quantities
are of fundamental significance, because they are
related to the balance of forces that govern the
microstructures of assemblies of lyotropic liquid
crystals and amphiphiles.

Moreover, there are material constants that
characterize the deformation of the material away
from the equilibrium state. Consideration of a
generalized expansion of the Gibbs free energy [9]
indicates that a thin film can be characterized
under isothermal conditions by four material con-
stants. These are: (i) the surface tension g (which
is zero for a thin surfactant film or a membrane
bilayer at equilibrium); (ii) the area expansion
modulus Ka, or alternatively the lateral compress-
ibility C1/Ka; (iii) the bending rigidity k ; and
finally (iv) the spontaneous film curvature H0.

2.2. Dynamical properties of liquid crystals and
membrane lipids on the molecular and mesoscopic
length scales

Clearly, the dynamics of soft materials are im-
portant in the case of liquid-crystalline thin films
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and membrane lipid bilayers. In general one can
consider local segmental motions of the flexible
amphiphilic molecules, as well as molecular mo-
tions and collective excitations of the assembly
[6,10–16].
1. For the case of segmental motions, the ener-

gies of the trans-gauche rotameric states as
well as the rates of isomerizations about the
C–C bonds are related to the bond rotational
potentials [17]. In addition, there may be inter-
molecular influences due to coupled rotational
isomerizations involving the various surfactant
or lipid molecules.

2. One can also consider the rotational dynamics
of the whole molecules, e.g. in the case of rigid
or semi-rigid molecules in liquid-crystalline
media, or thin membrane films. Rapid motions
of the flexible molecules can lead to averaging
of the moment of inertia tensor, whose princi-
pal axes and principal values are related to the
off-axial and axial diffusion constants DÞ and
D. Both the equilibrium and dynamical prop-
erties would then correspond to the potential
of mean torque acting upon the molecules.
The issue of whether such a formalism can be
applied to flexible molecules is open to discus-
sion [10].

3. Alternatively, fluctuations in the material
properties can occur on the mesoscopic length
scale. For instance, one can treat the mem-
brane bilayer as a deformable elastic material,
having a continuous distribution of wave-like
disturbances [18]. Collective fluctuations of the
lipids over different length and frequency
scales can then be modeled in terms of splay,
twist, and bend deformations of the membrane
film [10]. Depending on the wavelengths of the
elastic disturbances in relation to the lamellar
separation, one can distinguish two limiting
regimes of distance. At short length scales the
free membrane limit is applicable; whereas
over longer scales the coupled membrane limit
applies and the fluctuations can give rise to
undulation forces [19].

Furthermore, in the case of biomembranes, the
equilibrium and dynamical bilayer properties may
govern characteristic membrane functions via
lipid–protein interactions [20–23].

3. Application of deuterium NMR spectroscopy to
molecular solids, liquid crystals, and membrane
lipids

Here we are interested in various spectroscopic
observables, and how these are related to the
properties of organized soft materials. Nuclear
magnetic resonance is a beautiful example of
quantum mechanics in action—it allows one to
apply fundamental physical laws to problems in
colloid and interface science, as well as biophysics.
Besides the Zeeman interaction of the nuclear spin
with the external magnetic field, there are various
perturbations due to magnetic interactions (dipo-
lar coupling, chemical shift) and electric interac-
tions (quadrupolar coupling). These couplings
provide information regarding both structure and
dynamics. For instance, the principal values and
principal axis systems of the various coupling
tensors yield structural knowledge. (Only in the
simplest case of isotropic motions in liquids is the
coupling tensor completely averaged to its trace.)
By contrast, fluctuations of the coupling tensors
give rise to spectroscopic transitions, and are re-
lated to the dynamics.

3.1. Energy le6els and allowed nuclear spin
transitions

Deuterium NMR spectroscopy is very useful as
a pedagogical illustration of the principles of
NMR as applied to molecular solids and liquid
crystals [24]. This is because a single coupling is
very large—the electric quadrupolar interaction
dominates over the magnetic dipolar couplings of
the 2H and 1H nuclei, as well as the 2H chemical
shifts. The 2H nucleus has a spin of I=1, and
hence there are three Zeeman energy levels corre-
sponding to the nuclear spin angular momentum,
as given by the Hamiltonian H. Z. According to
quantum mechanics, transitions between the adja-
cent spin energy levels are allowed, which results
in two allowed nuclear spin transitions (Fig. 1). In
the case of 2H-NMR spectroscopy, the degeneracy
of the transitions is removed by the quadrupolar
coupling, as described by the Hamiltonian H. Q.
The perturbing Hamiltonian is due to the cou-
pling of the quadrupole moment of the 2H nucleus



M.F. Brown, A.A. Ne6zoro6 / Colloids and Surfaces A: Physicochem. Eng. Aspects 158 (1999) 281–298284

with the electric field gradient (EFG) of the C–2H
bond. (An electric quadrupole interacts with an
electric field gradient analogously to the interac-
tion of an electric dipole with an electric field.)
This is illustrated in Fig. 1, together with a repre-
sentative 2H-NMR spectrum of a solid polymer,
PMMA-d8 (deuterated plexiglass), which will be
discussed shortly (Fig. 1).

3.2. Calculation of deuterium NMR spectral
frequencies

A general strategy with regard to calculating
the 2H-NMR spectral line shapes is the following.
First one starts with the perturbing Hamiltonian;
secondly the energy levels shifts are obtained from
the expectation values; and finally one introduces
the spectroscopic selection rules to calculate the
frequencies of the spectral lines. This gives as a
final result for the quadrupolar frequencies (nQ

9)
that [24]
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Here xQe2qQ/h is the ‘static’ quadrupolar cou-
pling constant, hQ is the corresponding asymme-
try parameter of the EFG tensor, and VPL (aPL,
bPL, gPL) are the Euler angles relating the princi-
pal axis system of the EFG tensor (P) and the
laboratory frame (L). The experimentally ob-
served 2H-NMR quadrupolar splitting (Fig. 1) is
then given by the difference in the frequencies of
the spectral lines, DnQnQ

+−nQ
−. One should

note that the development is also applicable to
other second-rank tensors; e.g. due to the mag-
netic dipolar interaction and the chemical shift
[24,25].

4. Deuterium NMR line shapes in relation to the
equilibrium properties of soft materials

The above discussion indicates that measure-
ment of the 2H-NMR line shapes yields knowl-
edge of the average structure through the
principal values of the coupling tensor, as well as
the principal axis system (PAS). Of course, if it
were possible to obtain only the principal values
and principal axes of the static coupling tensor
from 2H-NMR spectroscopy, then it might be
viewed mainly as an adjunct to X-ray crystallog-
raphy. The advantage of solid-state 2H-NMR
spectroscopy is that besides knowledge of struc-
ture, information is also obtained regarding
molecular motions.

4.1. Static powder-type distribution

First one can consider a static oriented sample,
e.g. a single crystal in the absence of motions,
which can be rotated with respect to the labora-
tory frame as described by Häberlen [25]. Discon-
tinuities are observed in the NMR spectrum,
corresponding to the main external magnetic field
aligned along each of the three principal axes of
the coupling tensor. The case of a liquid-crys-
talline system such as phospholipid bilayers

Fig. 1. (Top) Energy levels and resonance lines in 2H-NMR
spectroscopy. The quadrupolar splitting DnQ corresponds to
the difference in the transition frequencies (nQ

9) of the single
quantum transitions, and is due to the perturbing interaction
of the 2H nuclear quadruple moment with the electric field
gradient (EFG) of the C–2H bond. (Bottom) Representative
2H-NMR spectrum of unoriented solid sample of deuterated
plexiglass, PMMA-d8 (courtesy of S. Moltke). Contributions
from both the C2H2 groups and C2H3 groups are observed (cf.
the text).
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aligned on planar supports is exactly analogous.
Here one has a residual or effective coupling
tensor, which is pre-averaged by the motions. In
either case, the principal axes and principal values
of the static or residual tensor can be obtained
from the rotation pattern according to Eq. (1).

On the other hand, one often does not have an
oriented sample, but rather a polycrystalline sam-
ple with a spherical distribution of the various
C–2H bond orientations. For instance, this is the
case if a single crystal is ground up into a powder.
A spherically averaged distribution corresponding
to a powder (or powder-type) spectrum is then
obtained, from which one can ‘read off’ the prin-
cipal values from the discontinuities [25]. But a
drawback is that knowledge of the orientation of
the PAS of the coupling tensor within the crystal
frame is unavailable, since the spectral discontinu-
ities correspond to the laboratory system.

4.2. Example of a spherical
distribution—polymers and molecular solids

We are now in a position to consider an illus-
trative experimental example, involving both
methylene and methyl groups. In the case of
plexiglass or PMMA-d8, both static C2H2 groups
as well as rapidly rotating C2H3 groups can be
observed. An experimental 2H-NMR spectrum of
a randomly oriented, powder-type sample of
PMMA-d8 is shown at the bottom in Fig. 1 [26].
Here the outer splitting (960 kHz) of the pow-
der-pattern is due to the C2H2 groups of PMMA-
d8. For the C2H2 groups, motion is essentially
absent on the 2H-NMR time scale, and the static
coupling tensor is observed. The experimental 2H-
NMR splitting corresponds to the u=90° orien-
tation, for which 3xQ/4= +127.5 kHz in the case
of immobile methylene groups. (Weaker shoul-
ders are also evident, corresponding to the u=0°
orientation with a splitting of 3xQ/2= +255
kHz).

By contrast, the central component (920 kHz)
of the plexiglass 2H-NMR spectrum in Fig. 1 is
due to the methyl groups, which are rapidly rotat-
ing in the solid state. The three-fold rotation
about the methyl axes means that the static cou-
pling tensor is averaged to yield a residual cou-

pling tensor, which is axially symmetric (hQ
eff=0),

and whose largest principal value (xQ
eff) is corre-

spondingly reduced by a factor of −1/3. Hence
for the u=90° orientation, the C2H3 splitting is
(3xQ/4) (−1/3)= −42.5 kHz, which is in good
agreement with the experimental spectrum. (The
weaker shoulders correspond to the u=0° orien-
tation with a splitting of−xQ/2= −85.0 kHz.)
According to the example given in Fig. 1, one can
determine the coupling parameters and hence the
types of motions directly from the experimental
2H-NMR spectrum [25].

In passing we note that rather different, uniax-
ial powder-pattern line shapes are observed for
certain membrane proteins, such as bacteri-
orhodopsin [27], and for nucleic acid fibers [28].
From such 2H-NMR line shape investigations,
one is able to extract information about the
molecular structure, as well as the disorder (mo-
saic spread) within the sample in terms of the
appropriate distribution functions [29].

4.3. Case of uniaxially symmetric motions— liquid
crystals

In lyotropic liquid crystals and in membrane
lipid bilayers, rapid axial averaging occurs, for
which the normal to the membrane film surface is
referred to as the director axis. This cylindrical
symmetry about the director is a characteristic
signature of the liquid-crystalline state of mem-
brane bilayers. The reader should note that the
director axis is a property of the phase and refers
to a collection of molecules—it does not readily
correspond to the molecular frame. Consequently,
the axial symmetry does not imply that the
molecules are individually rotating about the
membrane normal. Rather, it is the effective rota-
tional motion of the collection of molecules that
is involved.

For such membrane films in the fluid state, the
quadupolar splittings correspond to the orienta-
tional order parameters of the individual C–2H
labeled groups, yielding a profile as a function of
acyl position. The segmental order parameter SCD

describes the orientational amplitudes of the mo-
tions in the case of an axially symmetric residual
interaction, and is given by [6]:
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SCD�D00
(2)(0,bPD,0)�=P2(cosbPD) (2a)

=
1
2

�3cos2bPD−1� (2b)

In the above expression, D00
(2)(VPD) is a Wigner

rotation matrix element, P2(x) is the second Leg-
endre polynomial, and bPD its the time-dependent
angle between the C–2H bond axis and the direc-
tor axis (perpendicular to the membrane surface).
The angular brackets denote an average over all
the motions that are faster than the inverse of the
anisotropy in the static quadrupolar coupling (B
10−5 s). The observed quadrupolar splitting is
then:

DnQ=
3
2

xQSCD
�3cos2bDL−1

2
�

(3)

in which bDL is the angle between the bilayer
normal (director) and the main external magnetic
field direction.

The segmental order parameters correspond to
the average structure of the system, and are re-
lated to the equilibrium properties in terms of the
configurational statistics of the molecules [6]. In
passing, we note that even if the static coupling
tensor for a C–2H bond is axially symmetric, due
to the effects of motional averaging the residual
coupling tensor can be biaxial, e.g. in the case of
low temperature lipid phases and other cases [30].

5. Deuterium NMR spectroscopy of membrane
lipids in the liquid-crystalline state

Representative examples of 2H-NMR spectra of
phospholipids can be found in the literature, in
which the saturated acyl chains are specifically
labelled by substituting deuterium for hydrogen at
the various methylene groups [31,32]. Comparison
of the observed quadrupolar splittings to the
static coupling constant (see above) indicates that
the acyl groups are considerably disordered in the
liquid-crystalline phase. This disorder is due to
the influences of trans-gauche rotational isomer-
ization of the acyl chains, possibly together with
the effects of molecular motions and collective
disturbances involving the entire bilayer [6].

5.1. Specifically deuterated phospholipids in the
lamellar phase–powder-type and de-paked spectra

Powder-type 2H-NMR spectra of specifically
deuterated phospholipids in the liquid-crystalline
(La) phase reveal a distribution of the splittings,
for which the largest values correspond to the
segments closest to the lipid polar head groups,
with a progressive decrease along the lipid acyl
chains [6]. Hence the residual couplings vary sub-
stantially, corresponding to a profile of the seg-
mental order parameters �SCD

(i ) � as a function of
chain position (index i ). This motionally-induced
inequivalence is due to the influences of tethering
the chains to the aqueous interface, together with
the effects of trans-gauche isomerizations. Very
similar information can be obtained in the case of
acyl chain perdeuterated phospholipids, so that a
far wider variety of systems can be investigated
than would be possible if specific deuteration were
necessary in each case. Furthermore, one can
deconvolute or de-pake the powder-type spectra
to obtain more highly resolved subspectra, corre-
sponding to the u=0° orientation [32,33]. In the
case of phospholipids having perdeuterated acyl
chains, one can observe the splittings of the vari-
ous individually C–2H labeled segments directly;
the majority of the inequivalent acyl segments are
resolved. This constitutes a useful alternative to
investigation of macroscopically aligned samples
(see below), and is particularly valuable for acyl
chain perdeuterated phospholipids in the liquid-
crystalline state.

5.2. Phospholipids ha6ing perdeuterated acyl
chains–oriented bilayers

In addition, studies of oriented samples of
phospholipid bilayers are often advantageous,
since knowledge of the principal axis orientation
of the coupling tensor is obtained, in addition to
the principal values. For acyl chain perdeuterated
phospholipids, the resolution is increased, so that
most of the acyl segments are individually re-
solved. In Fig. 2, representative examples of 2H-
NMR spectra of oriented bilayers of an acyl
perdeuterated phospholipid, 1,2-diperdeuteri-
omyristoyl-sn-glycero-3-phosphocholine, abbrevi-
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Fig. 2. Deuterium NMR spectra and observed segmental order
parameters for oriented bilayers of liquid-crystalline phospho-
lipids. The 2H-NMR spectra were obtained at 46.1 MHz and
T=40°C for multilamellar dispersions aligned on planar sub-
strates, at u=90° relative to the main external magnetic field.
(a) DMPC-d54:cholesterol (1/1 molar ratio) in the liquid-or-
dered phase, showing a large increase in the quadrupolar
splittings, versus (b) DMPC-d54 in the liquid-crystalline (La)
phase. (c) Profiles of the segmental order parameters �SCD

(i ) � as
a function of the acyl segment position (index i ) for DMPC-
d54:cholesterol (1/1 molar ratio) (	,�) and DMPC-d54 alone
(
,). Data for both the sn-1 chain (filled symbols) and sn-2
chain (open symbols) are indicated. (Reproduced from Ref.
[61] with permission from American Institute of Physics.)

systems [34], essentially complete order profiles
can be obtained (Fig. 2).

5.3. Interpretation of segmental order profiles

For reference purposes, it may be helpful at this
point to consider some simple motional models as
limiting cases: (i) one limit involves the case of an
all-trans rotating polymethylene chain, for which
bPD=90°, leading to SCD= −1/2; (ii) on the
other hand, for a crankshaft model involving an
infinite polymethylene chain with fluctuating kink
configurations (g9tg�), a simple three-site jump
model gives �SCD�= −1/3; and (iii) finally, for
the classical oil-drop model, neglecting the tether-
ing of the acyl chains to the aqueous interface
leads to �SCD�=0. One can then compare the
experimental order profiles to the above cases as
benchmarks.

First let us consider the DMPC-d54 bilayer in
the presence of cholesterol. Due to interaction
with the rigid sterol frame, there is a substantial
reduction of the number of degrees of freedom of
the flexible phospholipids. The observation of a
plateau in the order profile (Fig. 2(c)) can be
explained in terms of preferred configurations in
which the chain elements are parallel to the mem-
brane normal. Here the segmental order parame-
ters for the initial part of the chains approach the
limiting value of SCD= −1/2 expected for an
all-trans rotating polymethylene chain. The addi-
tional disorder within the plateau region can be
due to internal degrees of freedom, e.g. rotational
isomerizations of the acyl chains, or to molecular
motions or collective thermal disturbances of the
bilayer lipids. For the case of DMPC-d54 in the
absence of cholesterol, the smaller �SCD

(i ) � values
(Fig. 2(c)) indicate additional degrees of freedom,
e.g. due to rapid C–C bond rotations or slower
molecular motions and thermal excitations of the
bilayer assembly. Assuming the disorder of the
DMPC-d54 bilayer is mainly due to rotational
isomerism of the acyl groups, then the hydrocar-
bon chains fall somewhere between the limiting
crankshaft model and the classical oil-drop
model. On the other hand, if slower motions are
significant [10,35] then the local order parameters
could be larger.

ated DMPC-d54, at T=40°C. Fig. 2(a) shows an
2H-NMR spectrum of oriented bilayers of
DMPC-d54 containing cholesterol (50 mol%) in
the liquid-ordered phase, whereas Fig. 2(b) shows
DMPC-d54 alone in the liquid-crystalline (La)
phase. For each of the samples, the macroscopic
bilayer normal is aligned at u=90° relative to the
main external magnetic field. Note that a distribu-
tion of the residual 2H-NMR quadrupolar split-
tings is evident in both cases. In addition, a large
increase in the 2H-NMR quadrupolar splittings is
observed for DMPC-d54 in the presence of choles-
terol, Fig. 2(a), compared to DMPC-d54 alone,
Fig. 2(b). Fig. 2(c) shows that the splittings can be
expressed in terms of the segmental order parame-
ters �SCD

(i ) �, which are plotted as a function of the
acyl position (index i ) for DMPC-d54 in the pres-
ence of cholesterol and for DMPC-d54 alone.
From the various splittings, and knowing the
assignments from studies of specifically deuterated
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Finally, beyond the plateau region, for
DMPC-d54 both in the presence and absence of
cholesterol the increased disorder of the chains
must involve additional types of acyl configura-
tions. Within the central hydrocarbon region of
the bilayer, the chains become more disordered
to fill in the free volume that would be present
otherwise due to chain terminations, approach-
ing the oil-drop limit for very long acyl
chain lengths. Moreover, the presence of an
order profile suggests that variations in the
degree of chain entanglement are likely as a
function of depth within the bilayer hydro-
carbon region. Consequently, it is doubtful that
the phospholipids rotate as a unit even when
cholesterol is present in the liquid-ordered
phase.

5.4. Equilibrium properties of phospholipids in the
lamellar phase

One can now treat in more detail the corre-
spondence of the observables from 2H-NMR
spectroscopy to the equilibrium properties of the
system. The reader should note that 2H-NMR
spectroscopy typically does not yield knowledge
of positional order or distance information.
Rather, orientational information is obtained
from the segmental order profile. One approach
involves the use of a simple diamond-lattice
model with rotational disorder [4,5,36–38] to re-
late the order profile to average bilayer proper-
ties. The mean projected length of the acyl
chains �L� along the bilayer normal is the sum
due to all the acyl segments neglecting backfold-
ing, and can be related to the profile of the
segmental order parameters �SCD

(i ) �. In addition,
one can relate the order profiles to the mean
area �A� and mean reciprocal length �1/L� [6].
Such 2H-NMR studies of an homologous series
of disaturated phosphatidylcholines indicate the
average bilayer thickness increases with the
number of acyl chain carbons [39–41]. On the
other hand, the mean interfacial area per
molecule is roughly constant for a phospholipid
bilayer in the fluid, liquid-crystalline phase.
These results suggest the balance of attractive

and repulsive forces involving the aqueous inter-
face of the bilayer is dominant with regard to
the organization in the fluid state. In addition,
studies of the lateral compressibility of phospho-
lipid bilayers have been carried out using 2H-
NMR methods [42].

5.5. Phospholipids in non-lamellar phases

A similar approach can also be applied to
lipids in non-lamellar phases, including the
hexagonal (HI) and reverse hexagonal (HII)
phases [8,38]. One can consider the balance of
attractive and repulsive forces involving the po-
lar head group region and the hydrocarbon re-
gion of an amphiphile film with regard to a
neutral surface, where the cross-sectional area is
roughly constant [43]. The force balance can be
described in terms of two material constants (see
above), viz. the spontaneous curvature H0 of the
amphiphile film and its bending rigidity k. If
the balance of forces within the head group
region and the acyl chain region favor different
cross-sectional areas, the curvature stress is
large and dominates the chain packing energy at
sufficiently high temperatures [7]. A ther-
motropic transition to the HII phase then oc-
curs, e.g. for phospholipids having two acyl
chains.

Experimentally, it is observed that for phos-
pholipids in the reverse hexagonal phase, the or-
der profiles reveal a substantial increase in
disorder towards the acyl chain ends versus the
lamellar phase [8,44]. This increased disorder
can be attributed to the influences of the nega-
tive curvature of the lipid/water interface. By
comparing the order profiles for the same phos-
pholipid, e.g. 1-perdeuteriopalmitoyl-2-linoleoyl-
sn-glycero-3-phosphoethanolamine, PLPE-d31, in
the lamellar La phase and in the HII phase, one
can estimate the average radius of curvature of
the hexagonally packed, worm-like reverse mi-
cellar aggregates [8]. Future work can address
the role of NMR in tuning the material proper-
ties of surfactants or biological lipids by altering
the polar head groups and acyl chain composi-
tion.
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6. Nuclear spin relaxation and the dynamical
properties of soft matter

Let us next turn to the topic of nuclear spin
relaxation. As noted above, NMR spectroscopy is
very powerful, because it yields information re-
garding both structural properties as well as
molecular motions. How can one interpret the
nuclear spin relaxation rates of lyotropic liquid
crystals and bilayer lipid systems to obtain more
complete knowledge of their dynamics?

6.1. Examples of the types of motions
contributing to nuclear spin relaxation

Clearly one expects a complex hierarchy of
motions to exist in the liquid crystalline state.
What are the possible types of motions that occur
in lyotropic liquid crystals and membrane lipid
bilayers? In general, one can distinguish the vari-
ous contributions based on their increasing time
scale. At the high frequency end, bond stretching
and bending vibrations are most likely too fast to
influence significantly the nuclear spin relaxation,
but rather lead to a pre-averaging of the coupling
tensor [35]. One can thus consider: (i) segmental
motions due to rotational isomerizations of the
flexible surfactant or lipid molecules; (ii) slower
effective rotations of the entangled molecules; and
(iii) collective deformations of the bilayer which
span a broad range, and can influence interactions
involving the aggregate [19,45]. Furthermore, the
above motions can be coupled to lateral self-diffu-
sion of the amphiphilic molecules within the film
or membrane bilayer. The problem at hand is thus
to identify the predominant contributions within
the various motional regimes, and to characterize
their energetic parameters.

6.2. Relaxation rates, correlation functions, and
spectral densities of motion

At this point, the reader should recall that
knowledge of the average structure of the system
is given in terms of the principal values and
principal axes of the coupling tensor (quadrupo-
lar, dipolar, chemical shift). On the other hand,
nuclear spin relaxation enables the motions giving

rise to the averaging to be further investigated.
The process of NMR relaxation is due to fluctua-
tions of the coupling Hamiltonian, due to the
various possible motions of the surfactant or lipid
molecules within the bilayer. According to time-
dependent perturbation theory, these fluctuations
give rise to transitions between the various adja-
cent energy levels [46].

Now in 2H-NMR spectroscopy of liquid crys-
tals and thin films of surfactants or membrane
lipids, one is often interested in the spin-lattice
relaxation (R1Z) and the relaxation of quadrupo-
lar order (R1Q). The relaxation rates R1Z and R1Q

are measured experimentally using a suitable
pulse sequence for perturbing the magnetization
away from the equilibrium value—we can think
of these as ‘magnetization jump’ experiments. One
can then follow the return to equilibrium by
‘reading out’ the remaining magnetization as a
transverse coherence, which is detected as an os-
cillating NMR signal.

The observable relaxation rates are related to
the spectral densities of motion in the laboratory
frame by:

R1Z
1

T1Z

=
3
4

p2xQ
2 [J1(vD)+4J2(vD)] (4)

R1Q
1

T1Q

=
9
4

p2xQ
2 J1(vD) (5)

In the above expressions, R1Z is the spin-lattice
(longitudinal) relaxation rate, where T1Z is the
corresponding spin-lattice relaxation time; R1Q is
the quadrupolar order relaxation rate, where T1Q

is the quadrupolar order relaxation time; and
Jm(v) are the spectral densities of motion, where
m=1, 2 and vD is the specific deuteron Larmor
(resonance) frequency.

The spectral densities Jm(v) describe the power
spectrum of the motions as a function of fre-
quency v in terms of fluctuations of the Wigner
rotation matrix elements for transformation of the
coupling (EFG) tensor from its principal axis
system to the laboratory frame. They are Fourier
transform partners of the orientational correlation
functions Gm(t) which depend on time, and char-
acterize the C–2H bond fluctuations:
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Jm(v)=Re
&�

−�

Gm(t)e− ivtdt (6)

where

Gm(t)=�D0m
(2)*(VPL;0)D0m

(2)(VPL;t)�
− ��D0m

(2)(VPL)��2 (7)

In the above expression D00
(2)(VPL) indicates a

Wigner matrix element (rank-2), and the symbol
VPL designates the three Euler angles (aPL, bPL,
gPL) for rotation from the principal axis system of
the EFG tensor to the laboratory frame [6]. The
temporal decay of the correlation functions of the
Wigner rotation matrix elements (generalized
spherical harmonics) is due to angular reorienta-
tions; whereas the plateau or long-time values
correspond to the average properties on the ap-
propriate time-scale (Fig. 3).

7. Model-free aspects of the nuclear spin
relaxation of membrane lipid bilayers

One can now consider a more detailed discus-
sion of those aspects of the relaxation that are
independent of the specific motional model. Here
our aim is to identify the major features of the
dynamics, leaving the details for subsequent
molecular mechanics computer simulations. For
illustrative purposes, representative profiles of the
order parameters �SCD

(i ) � and the R1Z
(i ) and R1Q

(i ) rates
are shown for the DMPC-d54 bilayer as a function
of the acyl segment position (index i ) in Fig. 3.
For each of the spectroscopic observables, a
plateau is observed over the first part of the acyl
chains, followed by a decrease towards the ends of
the chains within the central region of the liquid-
crystalline lipid bilayer. How can one further in-
terpret the experimentally measured quantities?

7.1. Model-free interpretation — general
comments

As a rule, contributions to the relaxation from
different motions with characteristic mean-
squared amplitudes and time-scales are possible:
(i) the static coupling tensor can be modulated by
rapid local segmental motions, such as trans-

gauche isomerizations of the hydrocarbon chains
of the surfactant or lipid molecules; and (ii) the
local motions can lead to pre-averaging of the
static coupling tensor, giving a residual coupling
tensor (left-over from the fast motions) that can
be further modulated by slower motions. These
can include whole molecule motions of the flexible
phospholipids, or alternatively collective thermal
excitations involving the entire bilayer. In what
follows, the various motional components are as-
sumed to be statistically independent—alterna-

Fig. 3. Profiles of the experimental observables from 2H-NMR
spectroscopy as a function of the acyl segment position [2].
Data are for bilayers of DMPC-d54 in the liquid-crystalline
(La) state, oriented at u=0° and T=40°C. (a) Segmental
order parameters �SCD

(i ) � for sn-1 acyl chain (�); (b) spin-lattice
relaxation rates R1Z

(i ) (
, 46.1 MHz; 	, 76.8 MHz); and (c)
quadrupolar order relaxation rates R1Q

(i ) (, 46.1 MHz; �,
76.8 MHz). Note that a characteristic profile is observed in
each case. (Adapted from Ref. [2] with permission from Amer-
ican Physical Society.)
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tively cross-correlations can be included in a more
detailed treatment.

Referring to Fig. 3(a), the reader can see that
the order parameters �SCD

(i ) � comprise a plateau
region of constant ordering over the first part of
the chains, followed by a decrease in the central
bilayer region (see above). Clearly the segmental
order parameters depend only on the amplitudes
of the C–2H bond fluctuations. On the other
hand, Fig. 3(b and c) show that similar profiles of
the corresponding relaxation rates are obtained,
R1Z

(i ) and R1Q
(i ) , respectively. The relaxation rates

depend on both the orientational amplitudes and
the rates of the C–2H bond fluctuations. There-
fore, the question immediately arises [47]: how to
separate the influences of the ordering (mean-
squared amplitude) from the rate of motions (re-
duced spectral density)?

7.2. Square-law functional dependence of profiles
of relaxation rates and order parameters

Let us next consider whether model-indepen-
dent features of the relaxation can be identified,
before going on the formulate more specifically
the dynamics. According to the above develop-
ment (Eqs. (4)–(7)) the interaction strength (the
matrix element) is squared in the transition proba-
bilities that govern the relaxation rates (Fermi’s
Golden Rule). In the case of fast local motions, it
is the static coupling that is modulated, and the
dependence along the chains is governed by the
motional rates. However, for slow motions the
residual coupling tensor can vary along the
chains, e.g. as a result of pre-averaging due to
faster motions. Thus the relaxation profile can
depend on both the residual coupling parameters
as well as the rates of the motions. It follows that
if the slow motions are the same for the entire
lipid molecule, e.g. due to non-collective molecu-
lar rotations or collective order-director fluctua-
tions (ODF), then the relaxation rates depend on
the local order parameter squared. A simple
square-law functional dependence of the R1Z

(i ) and
R1Q

(i ) rates on the order parameter �SCD
(i ) � along the

chain would then result.
Is there any experimental evidence to support

such a square-law functional dependence? In Fig.

Fig. 4. Square-law functional dependence of spin-lattice relax-
ation rates, R1Z

(i ) , on order parameters, �SCD
(i ) �, for a ho-

mologous series of disaturated phosphatidylcholines in the
liquid-crystalline (La) state. Multilamellar dispersions of phos-
pholipids with perdeuterated acyl chains were employed: (a)
DLPC-d46; (b) DMPC-d54; (c) DPPC-d62; and (d) DSPC-d70,
with the temperatures as indicated [39].

4 the relaxation rates R1Z
(i ) are graphed versus the

corresponding values of the segmental order
parameters �SCD

(i ) � squared for an entire ho-
mologous series of phosphatidylcholines,
di(n :0)PC, with the number of acyl carbons rang-
ing from n=12 to n=18, in the liquid-crystalline
state [39]. It can be seen that a square law func-
tional dependence of the R1Z

(i ) rates versus the
order parameters �SCD

(i ) � along the entire acyl chain
is indeed observed, as first proposed by Brown
[10]. In these experiments, randomly oriented
multilamellar dispersions of the various phospho-
lipids have been employed; similar data have been
obtained more recently for aligned bilayers [2,48].
The reader should note that the square-law func-
tional dependence is a model-free correlation
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among the experimental observables, and does
not rest on any specific interpretation (Fig. 4).

8. Spectral densities and correlation functions for
simplified models in closed-form

We can next inquire: what are the slow motions
that produce the order fluctuations and yield the
square-law functional dependence? In principle,
these can involve non-collective molecular rota-
tions, or alternatively collective excitations of the
bilayer. One can assume the local structure of the
bilayer is set up by rapid isomerizations about the
various C–C bonds of the acyl chains, which
govern the packing of the molecules. The various
possible models for order fluctuations due to slow
motions then involve how the reduced spectral
densities are treated in detail. One possibility is a
non-collective, mean-field molecular model for the
order fluctuations. Yet another possibility is a
collective director fluctuation model, which char-
acterizes order-director fluctuations. More de-
tailed knowledge can be obtained from
measurements of: (i) the angular anisotropy in
aligned systems; and (ii) the frequency dependence
of the nuclear spin relaxation rates. A more de-
tailed discussion of the various possible motional
models is given below.

8.1. Non-collecti6e model for effecti6e rotations of
flexible phospholipids in the liquid-crystalline state

Here one typically invokes the idea of a time-
scale separation of the relatively fast and slow
fluctuations [10]. Within such a framework, an
‘average molecule’ produced by more rapid local
fluctuations is considered. That is to say, rapid
motions of the flexible molecules yield a reduced
moment of inertia tensor, for which the principal
axes and principal values correspond to the off-
axial and axial diffusion constants DÞ and D.
Similarly, the rapid local fluctuations average the
static coupling tensor to produce a residual cou-
pling tensor, whose principal values and principal
axis system depend on specific details of the
motions.

Thus, modulation of the average or residual
coupling tensor by rotations of the ‘average
molecule’ about its average principal axes would
produce the relaxation [10]. For the case of order
fluctuations due to molecular reorientations, the
spectral densities are given by [2,48]:

Jm
mol(v)= ��D00

(2)(VPI)��2%
q

%
n

)
D0q

(2)(VIM)

−
hQ

eff


6
[D−2q

(2) (VIM)+D2q
(2)(VIM)]

×
)2

[��Dqn
(2)(VMD)�2�

− ��Dqn
(2)(VMD)��2dq0dn0]j qn

(2)(VMD;v)

× �Dnm
(2)(VDL)�2 (8)

Here, hQ
eff is the effective asymmetry parameter of

the residual EFG tensor due to averaging by the
faster segmental motions. The various Euler an-
gles VPI, VIM, VMD, and VDL refer to transforma-
tion from the principal axis system (P) to an
intermediate frame (I), from the intermediate
frame to the molecular frame (M), from the
molecular frame to the director frame (D), and
finally from the director frame to the laboratory
frame (L). (See Nevzorov et al. [15] for further
discussion of the various coordinate transforma-
tions.) The quantities j qn

(2)(VMD; v) are Lorentzian
reduced spectral densities, with correlation times
tqn that correspond to the principal values of the
rotational diffusion tensor DÞ and D [48].

In Eq. (8), one should note the multiplication
by the factor ��D00

(2)(VPI)��2, where VPI refers to
the fast motions only—this is simply the fast
order parameter Sf

(2) squared. Thus a squared
dependence on the order parameter is predicted,
in accord with the experimental square-law func-
tional dependence (Fig. 4). However, a molecular
rotational diffusion model by itself does not
suffice to describe the frequency dependence of
the NMR relaxation in the MHz range for phos-
pholipid vesicles in the liquid-crystalline state,
since the distribution of correlation times is not
sufficiently broad [10]. One also needs to include a
significant contribution from slow motions such
as vesicle tumbling, as given from the 2H-NMR
spectral line width [49].
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8.2. Order fluctuations due to collecti6e
excitations of the membrane bilayer

An alternative is that the slow order fluctua-
tions manifest thermal excitations of the bilayer
which arise from the collection of interacting
molecules. According to this continuum theory,
fluctuations of the lipids over different length and
frequency scales are modeled in terms of splay,
twist, and bend deformations of the membrane
film [10]. The various collective modes undergo
elastic or first-order relaxation, each governed by
its own correlation time, which depends on the
elastic deformation constants and the correspond-
ing bilayer viscosity [10]. The expression for the
spectral densities Jm

col(v) due to collective excita-
tions of the bilayer is given by [50]

Jm
col(v)=

5
2

��D00
(2)(VPN)�

× �2Dv− (2−d/2)[�D−1m
(2) (VDL)�2

+ �D1m
(2)(VDL)�2] (9)

In this formula, D is a constant factor that de-
pends on the elasticity, viscosity, and temperature
of the bilayer, and d is the dimensionality of the
bilayer thermal excitations. The Euler angles VPN

transform the principal axis system of the C–2H
bond to the local (instantaneous) bilayer director
(N), and the angles VDL transform from the direc-
tor frame (D) to the laboratory (L).

Note that the above result is applicable to both
2-D (splay) and 3-D (splay, twist, bend) collective
thermal excitations [50]. For such collective bi-
layer excitations, one can distinguish between two
limiting regimes, depending on the wavelengths of
the fluctuations versus the thickness of the mem-
brane lipid film, corresponding to a two-dimen-
sional flexible surface model, or alternatively a
three-dimensional membrane deformation model.

8.3. Two-dimensional collecti6e order
fluctuations—flexible surface model

First, there is the strongly coupled limit, in
which the wavelengths of the fluctuations are long
with respect to the bilayer thickness, so that a
two-dimensional picture is appropriate, e.g. in

analogy with smectic liquid crystals. One can then
neglect the finite thickness of the membrane bi-
layer (flexible surface model). According to Eq.
(9), for a two-dimensional collective model (d=2)
the spectral densities Jm

col(v) have an v−1 fre-
quency dependence [14,51,52]. However, such a
dispersion law fails to describe the frequency de-
pendence of the 2H and 13C R1Z rates in the MHz
range for the case of phospholipid vesicles
[50,53,54], in which case a 2-D collective model is
disfavored.

8.4. Three-dimensional collecti6e order
fluctuations—membrane deformation model

An alternative is the free membrane limit, for
which the wavelengths of the fluctuations are
small in relation to the separation between the
bilayers, leading to the absence of a high degree of
bilayer coupling. Thus, one might consider a con-
tinuum elastic approximation at shorter wave-
lengths (mesoscopic length scale), and model the
dynamics of the bilayer hydrocarbon region in
analogy with a nematic liquid crystal [18]. Exam-
ples of the splay, twist, and bend modes formu-
lated in terms of distortion of the local director
are depicted in Fig. 5. Now for a model involving
three-dimensional director fluctuations, according
to Eq. (9) an v−1/2 dependence of the spectral
densities Jm

col(v) is expected (d=3), in good

Fig. 5. Illustrations of the types of collective membrane defor-
mations that can influence the nuclear spin relaxation rates of
membrane lipid bilayers. Splay, twist, and bend deformations
are depicted in terms of distortion of the director axis [10,53].
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agreement with experimental 2H and 13C data
[50,53,54]. Although a 3-D director fluctuation
model accounts for the frequency dispersion of
the 2H R1Z rates for DMPC vesicles [54], however,
it does not fit the orientation dependence of the
2H R1Z and R1Q relaxation data [55]. Inclusion of
higher-order director fluctuations does not appre-
ciably alter the fits to the collective model, and
constitutes mainly a refinement [2]. Comparison
to the rotational diffusion model (see above) then
suggests that the neglect of axial rotations may
influence the large angular anisotropy for the 3-D
collective model (Fig. 5).

8.5. Composite membrane deformation model—a
new paradigm

How can one simultaneously explain both the
orientational anisotropy of the relaxation and the
frequency dependence in a unified manner? This
leads to a composite model, in which the effective
axial rotations of the flexible phospholipid
molecules are superimposed onto collective mem-
brane excitations in the fluid phase. Within this
framework, information about the bilayer dynam-
ics including lipid reorientation rates, degree of
molecular ordering, relative contributions from
collective and non-collective motions, and direc-
tor-frame spectral densities of motion can be ob-
tained. For such a composite stochastic process,
the laboratory-frame spectral densities can be
written as:

Jm(v)=Jm
mol(v)+Jm

col(v)+Jm
mol−col(v) (10)

The spectral densities Jm
mol(v) and Jm

col(v) have
already been given above (Eqs. (8) and (9)). The
cross-term Jm

mol−col(v) is geometrical in origin,
and depends on the individual spectral densities
Jqn

mol−col(v). Here cross-correlations between the
molecular fluctuations and the collective fluctua-
tions are neglected as a simplifying approxima-
tion, giving [2]

Jqn
mol−col(v)

= [��Dqn
(2)(VMN)�2�− ��Dqn

(2)(VMN)��2dq0dn0]

×
5
3

D
'tqn [1+
1+ (vtqn)2]

1+ (vtqn)2 (11)

This yields a new framework for analyzing the
dynamical structure of the bilayer in terms of
simple physical ideas.

8.6. Simultaneous fitting of angular and frequency
dependent data to composite model

In Fig. 6 we show representative examples of
fitting the angular and frequency dependencies of
the R1Z and R1Q relaxation rates for a representa-
tive saturated phospholipid, 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), in the
liquid-crystalline state [2]. The angular dependen-
cies of the R1Z and R1Q rates are shown in Fig. 6(a
and b), for the C3 acyl segment of DMPC-d54 at
46.1 and 76.8 MHz (i.e. the plateau region com-
prising segments C2–C6 which have similar relax-
ation rates). Fig. 6(c) shows the frequency
dependence of R1Z for vesicles of DMPC deuter-
ated specifically at the C3 acyl segment, compris-
ing fifteen (15) different magnetic field strengths.
Notice that the R1Z values are frequency depen-
dent over the entire range considered (2.5–95.3
MHz). In other words, there is no plateau at
either low or high frequency, so that it is not
possible to identify a regime where a single type of
effective motion contributes. The corresponding
data for the C7 acyl segment are shown in Fig.
6(d–f), and exhibit similar dependencies on the
bilayer orientation and resonance frequency.

Fig. 6 also includes the results of simultaneous
fits of the angular anisotropies of the R1Z and R1Q

rates at the two different frequencies (46.1 and
76.8 MHz) for DMPC-d54 bilayers, together with
the frequency dependencies of the R1Z rates for
vesicles of specifically deuterated DMPC. For the
first time, the combined frequency dependence
and angular anisotropy of the relaxation from
bilayer films of phospholipids have been explained
simultaneously in terms of a composite membrane
deformation model [2]. The results suggest that, in
the liquid-crystalline state, the bilayer dynamics in
the MHz regime can be modeled in terms of
collective nematic-like deformations of the mem-
brane hydrocarbon interior, together with the ad-
ditional influences of effective axial rotations of
the lipid chains. Moreover, the small contribution
from internal motions of the acyl chains matches
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Fig. 6. Angular and frequency dependence of 2H R1Z and R1Q relaxation rates for DMPC in the liquid-crystalline state. The data
are fit simultaneously to the composite membrane deformation model, including collective bilayer deformations and effective axial
rotations of the lipid acyl chains. (a–c) Data for the C3 acyl segment, and (d–f) data for the C7 acyl segment at the indicated
frequencies and T=40°C. The fitting parameters are: xQ=170 kHz; hQ=0; l1=21.993.4 kT for (odd) potential of mean torque;
Ss

(2)=0.869; DÞ=0.52390.171×107 s−1; D=1.8290.12×109 s−1; and D=1.0290.09×10−5 s1/2 for 3-D collective fluctua-
tions [2]. Note that the combined orientational anisotropy and frequency dependence of the data for both segment positions can be
fit simultaneously to a good degree of accuracy. (Reproduced from Ref. [2] with permission from American Physical Society.)

the frequency independent relaxation rates of liq-
uid n-alkanes [53]. It follows that the bilayer
microviscosity, where a bulk viscosity cannot be
measured, is comparable to an n-paraffin such as
n-hexadecane [53].

9. Comparative deuterium nuclear spin relaxation
studies of membrane lipid bilayers

As a final topic, the application of 2H-NMR to
the structural biophysics of thin membrane films
composed of mixtures of biological lipids can be

considered. Two of the major lipid constituents of
biomembranes are glycerophospholipids and
cholesterol [3]. In what follows, the phospholipid
and cholesterol components of bilayer mixtures
have been studied in a comparative fashion [56–
61]. This represents one of the first studies of the
coupled dynamics of two interacting membrane
components, and can yield new insights regarding
the role of cholesterol in membrane films
[3,62,63]. Moreover, comparative studies of differ-
ent bilayer systems can enable one to further test
the basic tenets of the dynamical models em-
ployed. That is to say, a minimally sufficient
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theory should explain in a simple manner the
differences among various systems in term of
parameters of the model and the associated bi-
layer properties.

9.1. Phospholipids in bilayer mixtures with
cholesterol

The case of DMPC:cholesterol mixed bilayers
constitutes an important system having a reduc-
tion in the number of internal degrees of freedom
[58,61]. Here the sterol has a rigid ring system,
and there is a large increase in the degree of order
of the phospholipid component, which simplifies
the dynamics accordingly. It is known that phos-
phatidylcholine:cholesterol mixtures comprise a
liquid-ordered phase, for which the off-axial order
of the phospholipids is high and approaches the
all-trans state [62]. The increased segmental order-
ing of the lipid acyl chains (Fig. 2) is associated
with the well-known condensing effect of choles-
terol, leading to a reduction in the mean bilayer
interfacial area. In recent studies, spin-lattice
(R1Z) and quadrupolar-order (R1Q) 2H-NMR re-
laxation rates have been measured at 46.1 and
76.8 MHz for macroscopically oriented bilayers of
DMPC-d54 containing cholesterol (1/1 molar ra-
tio) at 40°C in the liquid-ordered phase [61].
Quantitative information is obtained about the
relative contributions from collective and non-col-
lective motions; the results are consistent with
rapid axial rotations of the phospholipids as de-
scribed in further detail below [61].

9.2. Cholesterol in mixed membrane lipid bilayers

In addition, one can apply the same model to
the analysis of relaxation data for the rigid choles-
terol moiety in membrane bilayers [57]. Here we
have considered previously published data [56] for
cholesterol in mixed bilayers with 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), a disatu-
rated phosphatidylcholine (n=16) closely akin to
DMPC (n=14). Fig. 7 shows the results obtained
for the angular anisotropies of the 2H R1Z and
R1Q rates at four different positions of the fused
ring system of the cholesterol molecule. The data
have all been simultaneously fitted to the com-

posite membrane model, Eqs. (8)–(11). One
should note that the various C–2H labelled seg-
ments of cholesterol have different orientations
with respect to the molecular frame. Fig. 7(a–d)
show that the angularly dependent R1Z data for
the different segments can all be simultaneously
fitted to the composite membrane model (There is
a systematic deviation in the case of R1Q which is
currently unexplained).

One can then compare the dynamics of the
phospholipid and cholesterol components of
mixed bilayers, as obtained from simulation of the
data using the composite membrane deformation
model (Fig. 8). In the liquid-ordered phase, both
the DMPC and cholesterol molecules undergo
rapid rotational motion. Relative to bilayers of
DMPC alone, Fig. 8(a), there is an increase in the
rate of axial rotation of the DMPC molecules in
the liquid-ordered phase (Fig. 8 (b)), as reflected
in the axial diffusion coefficient D . This may
indicate a reduction in chain entanglement with a

Fig. 7. Angular dependence of 2H R1Z and R1Q relaxation
rates for cholesterol in DPPC:cholesterol bilayers (1/1 molar
ratio) fitted to the composite model. (a–d) Results for choles-
terol specifically deuterated at the indicated C–2H bonds. The
data were obtained at a resonance frequency of 30.7 MHz and
T=30°C [56]. The segmental order parameters are:
SCD(C7)= −0.377; SCD(C2, C4 ax)= −0.382; SCD(C2, C4
eq)= −0.263: and SCD(C6)= −0.039. The fitting parameters
are: xQ=170 kHz; hQ=0; Sf

(2)=1; l1=30 kT for (odd)
potential of mean torque; DÞ=4.28891.074×107 s−1; and
D=3.38390.157×108 s−1. Note that the R1Z angular de-
pendencies for all the C–2H segments of cholesterol can be fit
simultaneously [52].
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Fig. 8. Summary of dynamical parameters for phospholipids
and cholesterol obtained from fitting 2H-NMR relaxation data
to composite membrane deformation model. Values of the
slow order parameter Ss

(2), the rotational diffusion coefficients
DÞ and D, and the viscoelastic coefficient D for 3-D collective
fluctuations are indicated. (a) DMPC at T=40°C; (b) DMPC
in DMPC:cholesterol (1/1 molar ratio) bilayers at T=40°C;
and (c) cholesterol in DPPC:cholesterol (1/1 molar ratio)
bilayers at T=30°C. (Reproduced from Ref. [61] with permis-
sion from American Institute of Physics.)

bilayer. This could be associated with characteris-
tic cellular membrane properties, e.g. undulation
forces and surface forces which could affect the
interactions between membrane bilayers (Fig. 8).

10. Conclusion

In conclusion, this article has described from a
pedogogical viewpoint how equilibrium and dy-
namical properties of lyotropic liquid crystals and
membrane lipids can be investigated from com-
bined 2H-NMR line shape and relaxation studies.
Knowledge of the average structural dimensions
of lipids in the lamellar and reverse hexagonal
phases are obtained in terms of the acyl chain
configurational statistics. Angular and frequency
dependent 2H-NMR relaxation rate measure-
ments are described by a new composite mem-
brane deformation model, which includes both
effective lipid axial diffusion and collective defor-
mations of the bilayer. Finally, recent evidence
from 2H-NMR spectroscopy suggests an increased
dynamical rigidity of lipid bilayers containing
cholesterol.
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pp. 175–252.

[7] S.M. Gruner, J. Phys. Chem. 93 (1989) 7562–7570.
[8] R.L. Thurmond, G. Lindblom, M.F. Brown, Biochemistry

32 (1993) 5394–5410.
[9] D.F. Evans, H. Wennerström, The Colloidal Domain,

VCH, New York, 1994.
[10] M.F. Brown, J. Chem. Phys. 77 (1982) 1576–1599.
[11] E. Rommel, F. Noack, P. Meier, G. Kothe, J. Phys.

Chem. 92 (1988) 2981–2987.
[12] J.B. Speyer, R.T. Weber, S.K. Das Gupta, R.G. Griffin,

Biochemistry 28 (1989) 9569–9574.
[13] A. Ferrarini, P.L. Nordio, G.J. Moro, R.H. Crepeau, J.H.

Freed, J. Chem. Phys. 91 (1989) 5707–5721.
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