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Solid-state NMR spectroscopy is widely applicable to
the investigation of non-crystalline or amorphous ma-
terials, e.g. polymers, glasses, protein precipitates, and
membrane proteins. Rather than being mainly an alterna-
tive to X-ray crystallography, solid-state NMR is virtu-
ally unique among current analytical and spectroscopic
methodologies in that it provides both structural and dy-
namical information at an atomically resolved level. In
solid-state NMR, the structural information is obtained
from the static or motionally averaged coupling tensors
due to dipolar, chemical shift, or quadrupolar interactions
[1,2]. Corresponding dynamical information is acquired
from the tensor fluctuations, which depend on the mean-
squared amplitudes and rates of the motions and affect the
NMR lineshapes and relaxation times. For these reasons,
solid-state NMR is finding increasing applicability in the
chemistry of materials, structural biology, and genomics
research, and this trend can be expected to continue well
into the future.

One area of solid-state NMR spectroscopy that has
proven fruitful with regard to the investigation of mem-
branes is 2H NMR spectroscopy. Previous detailed re-
views of 2H NMR as applied to membrane lipids are
available [3–7]. Recently, 2H NMR has been used to in-
vestigate raft-like lipid mixtures implicated in membrane
signaling functions [8–10], and moreover 2H NMR stud-
ies of membrane proteins [11–15] and DNA fibers [16]
have also been conducted. The present chapter is focused
on the liquid-crystalline state of membrane lipids as inves-
tigated from combined 2H NMR lineshape and relaxation
studies. A related aspect entails the correspondence of
2H NMR studies to molecular dynamics simulations [17].
The salient aspects of 2H NMR are that it enables both
membrane lipids and membrane proteins to be studied by
substitution of 2H for 1H; the structural data are highly
complementary to X-ray [18–21] and neutron diffraction
studies [22,23], and virtually unique information regard-
ing the functional dynamics of membrane constituents can
be acquired.

Equilibrium and Dynamical Properties of
Membrane Lipids are Studied by Solid-State
Deuterium NMR

Phospholipid bilayers are classified as smectic A lyotropic
liquid crystals, and an illustration of the liquid-crystalline
lamellar phase is shown in Figure 1. The hydrophobic ef-
fect leads to a sequestering of the nonpolar acyl chains
within the bilayer interior, whereas the polar head groups
interact with water at the membrane surface. The nanos-
tructure of a membrane lipid aggregate is the result of a
delicate balance of forces acting at the level of the po-
lar head groups and hydrocarbon regions of the mem-
brane [24–27]. Representative glycerophospholipids are
depicted in Figure 2, in which the polar head groups
differ in their size, capacity for hydrogen bonding, and
charge, whereas the nonpolar acyl chains vary in their
length and degree of unsaturation. The phase equilibria
of phosphatidylcholines in excess water include three re-
gions as temperature increases, a lamellar gel phase with
tiled chains (Lβ

′), an intermediate ripple phase (Pβ
′),

and a lamellar liquid-crystalline phase (Lα) [25]. Other
types of phospholipid nanostructures are possible, for in-
stance unsaturated phosphatidylethanolamines form the
reverse hexagonal (HII) phase, and cubic phases can also
be present [25]. Moreover, when cholesterol is present
lipid mixtures can form condensed complexes [28], mi-
crodomains [29], or undergo phase separation [30] which
may be associated with rafts and caveloae in cellular mem-
branes [31].

An important feature of 2H NMR spectroscopy is that
one introduces site-specific 2H labels, corresponding to
the individual C–2H bonds, and in this way obtains atom-
ically resolved information for liquid-crystalline systems.
In liquid-crystalline membranes, the residual quadrupolar
couplings correspond to the segmental order parameters
of the flexible molecules—they can be directly measured
as experimental observables. Moreover, the nuclear spin
relaxation rates can be determined, e.g. the relaxation of

Graham A. Webb (ed.), Modern Magnetic Resonance, 1–12.
C© 2006 Springer. Printed in The Netherlands.



2 Part III Chemistry

Part
III

Fig. 1. Nanostructure of a lipid bilayer in the fluid, liquid-
crystalline (Lα) phase. Reprinted with permission from Ref.
[54]. c© 2002 American Chemical Society.

Zeeman order (R1Z) or quadrupolar order (R1Q), which
depend on the molecular mobility. By combining 2H NMR
order parameter measurements with relaxation studies,
one can probe the structural fluctuations of fluid mem-
brane lipids that give rise to averaging of the coupling
tensors in solid-state NMR spectroscopy.

Deuterium NMR Spectroscopy Allows Direct
Observation of Coupling Tensors Related to
Molecular Structure and Dynamics

Besides the Zeeman interaction of the nuclear spin with
the external magnetic field, additional perturbations are

Fig. 2. Chemical structures of represen-
tative glycerophospholipids. The polar
head groups vary in their size, capacity
for hydrogen bonding, and charge. Rep-
resentative examples are indicated for the
zwitterionic head groups phosphocholine
(PC) and phosphethanolamine (PE), and
the anionic head group phosphoserine
(PS). The non-polar acyl chains vary in
their length and degree and position of
unsaturation.

due to magnetic interactions (dipolar coupling, chemi-
cal shift) and electric interactions (quadrupolar coupling).
These couplings provide a wealth of information re-
garding both the structure and dynamics of biomolecu-
lar systems. Generally speaking the principal values and
principal axis systems (PAS) of the various coupling ten-
sors yield structural knowledge, whereas their fluctuations
give rise to spectral transitions, and are related to the dy-
namics of the system of interest.

Deuterium NMR spectroscopy is particularly valu-
able as an illustration of the principles of solid-state
NMR as applied to molecular solids, liquid crystals, and
biomembranes [32]. This is because a single coupling
is very large—the electric quadrupolar interaction domi-
nates over the magnetic dipolar couplings of the 2H and
1H nuclei, as well as the 2H chemical shifts. The 2H nu-
cleus has a spin of I = 1, and hence there are three
Zeeman energy levels corresponding to the projection
of the nuclear spin angular momentum, with eigenstates
|m >= |0〉, |±1〉given by the Hamiltonian ĤZ.According
to quantum mechanics, transitions between the adjacent
spin energy levels are allowed giving two single-quantum
nuclear spin transitions. In 2H NMR the degeneracy is re-
moved due to the coupling of the quadrupole moment of
the 2H nucleus with the electric field gradient (EFG) of the
C–2H bond, as given by the Hamiltonian ĤQ. (An electric
quadrupole interacts with an EFG analogously to the in-
teraction of an electric dipole with an electric field.) This
is illustrated in Figure 3, part (a), together with a represen-
tative 2H NMR spectrum of a solid polymer, PMMA-d8,
as shown in part (b) which will be discussed subsequently.

A general prescription for calculating the 2H NMR
transition frequencies and spectral lineshapes is the
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Fig. 3. (a) Energy levels and resonance lines in 2H NMR spectroscopy. The Zeeman Hamiltonian ĤZ is perturbed by the quadrupolar
Hamiltonian ĤQ giving an unequal spacing of the nuclear spin energy levels, indicated by |m〉 where m = 0, ±1. The quadrupolar
splitting �νQ is the difference in the frequencies (ν±

Q) of the single-quantum transitions, and is due to the perturbing interaction of
the 2H nuclear quadrupole moment with the EFG of the C–2H bond. (b) Representative 2H NMR spectrum of an unoriented powder
sample of deuterated plexiglass, PMMA-d8. The contributions from the C2H2 groups differ from those of the C2H3 groups, which
undergo rapid threefold motion on the NMR timescale (cf. the text).

following. First one starts with the perturbing Hamilto-
nian; next Schrödinger’s equation is solved to obtain the
energy levels; and lastly one introduces the spectroscopic
selection rules to calculate the frequencies of the spec-
tral lines. This gives as a final result for the quadrupolar
frequencies (ν±

Q ) that

ν±
Q = ±3

4
χQ

{
D(2)

00 (�PL) − ηQ√
6

[
D(2)

−20(�PL)

+ D(2)
20 (�PL)

]}
. (1)

Here χQ ≡ e2qQ/h is the static quadrupolar coupling con-
stant, ηQ is the corresponding asymmetry parameter of
the EFG tensor, and �PL ≡ (αPL, βPL, γ PL) are the Eu-
ler angles relating the PAS of the EFG tensor (P) and
the laboratory frame (L). The experimentally observed
2H NMR quadrupolar splitting (Figure 3) is then given
by the difference in the frequencies of the spectral lines,
�νQ ≡ ν+

Q − ν−
Q . One should note that the development

is also applicable to other second-rank tensors; for in-
stance the magnetic dipolar interaction and the chemical
shift [1,2,32].

Molecular Structures and Motions are Revealed
by Deuterium NMR Lineshapes

Measurement of the deuterium (2H) NMR lineshapes
yields knowledge of the average structure through the
principal values of the coupling tensor, as well as the
PAS. For the sake of illustration, let us first consider a
static oriented sample, e.g. a single crystal in the absence
of motions. The crystal can be rotated with respect to

the laboratory frame, giving discontinuities in the NMR
spectrum, which correspond to the main external mag-
netic field aligned along each of the three principal axes
of the coupling tensor. The case of an aligned dispersion
of phospholipid bilayers deposited on a planar surface is
exactly analogous. Here one has a residual or effective
coupling tensor, which is pre-averaged by the motions of
the flexible lipid molecules in the Lα state, but otherwise
the transformation under rotations is identical. In either
case, the principal axes and principal values of the static
coupling tensor, or the residual tensor in the presence of
motions, can be obtained from the rotation pattern ac-
cording to Equation (1). But often one has a polycrys-
talline sample with a random or spherical distribution
of the various C–2H bond orientations. A powder (or
powder-type) spectrum is then obtained, from which one
can “read off” the principal values of the coupling tensor
directly from the spectral discontinuities [1]. In this case
a drawback is that the orientation of the PAS of the cou-
pling tensor within the crystal frame is unavailable, since
the spectral discontinuities correspond to the laboratory
system.

Returning to Figure 3, an experimental 2H NMR spec-
trum of a randomly oriented, powder-type sample of
deuterated plexiglass, PMMA-d8, is shown in part (b).
Here the outer splitting (±60 kHz) of the powder pat-
tern is due to the C2H2 groups of PMMA-d8. For the
C2H2 groups, motion is essentially absent on the 2H NMR
timescale, and the static coupling tensor is observed. The
experimental 2H NMR splitting (due to the large peaks)
represents the θ = 90◦ orientation, for which −3χQ/4 =
−127.5 kHz in the case of immobile methylene groups.
(Weaker shoulders are also evident, corresponding to the
θ = 0◦ orientation with a splitting of 3χQ/2 = 255 kHz.)
On the other hand, the central component (±20 kHz) of the
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2H NMR spectrum is due to the methyl groups, which are
rapidly rotating in the solid state. The threefold rotation
about the methyl axes means that the static coupling ten-
sor is averaged to yield a residual coupling tensor, which
is axially symmetric (ηeff

Q = 0), and whose largest princi-
pal value (χ eff

Q ) is correspondingly reduced by a factor of
−1/3. Hence, for the θ = 90◦ orientation, the C2H3 split-
ting is (−3χQ/4)(−1/3) = 42.5 kHz in good agreement
with the experimental spectrum. (The weaker shoulders
correspond to the θ = 0◦ orientation with a splitting of
χQ/2 = −85.0 kHz.) According to this example, one can
essentially “read off” the coupling parameters, and hence
the types of motions, directly from the experimental 2H
NMR spectrum [1].

In passing, we note that rather different, uniaxial
powder-pattern lineshapes are observed for certain mem-
brane proteins, such as bacteriorhodopsin [13,33] or
rhodopsin [15], and also for nucleic acid fibers [16]. From
such 2H NMR lineshape investigations, one is able to ex-
tract information about the molecular structure, as well
as the disorder of the sample in terms of the appropriate
distribution functions [15,34].

Our next example involves the case of membrane
lipid bilayers, where rapid axial averaging occurs about
the normal to the membrane film surface, referred to as
the director axis. For membranes in the fluid state, the
quadrupolar splittings are due to the orientational order
parameters of the individual C–2H-labeled groups, lead-
ing to a profile as a function of acyl position. The segmen-
tal order parameter SCD describes the amplitudes of the an-
gular excursions of the C–2H-labeled groups and is given
by [6]:

SCD ≡
〈
D(2)

00 (0, βPD, 0)
〉
= 〈P2(cos βPD)〉, (2a)

= 1

2

〈
3 cos2 βPD − 1

〉
. (2b)

In the above formula, D(2)
00 (�PD) is a Wigner rotation ma-

trix element, P2(x) is the second Legendre polynomial
where x ≡ cosβPD, and βPD is the time-dependent angle
between the C–2H bond axis and the director axis (per-
pendicular to the surface of the membrane). The angular
brackets mean an average over all the motions faster than
the inverse of the anisotropy in the static quadrupolar cou-
pling (<10−5 s). The observed quadrupolar splitting then
reads

�vQ = 3

2
χQ SCD

3 cos2 βDL − 1

2
, (3)

where βDL is the angle between the bilayer normal (di-
rector) and the main external magnetic field direction.
The segmental order parameters constitute experimental

obervables and are related to the equilibrium properties
and average structure of the system.

Deuterium NMR Provides Order Parameters
Related to Average Membrane Properties

2H NMR spectra of phospholipids in water allow the
quadrupolar couplings of the C–2H-labeled segments to
be observed directly, e.g. as in the case of the acyl chains
[3,5,21,35,36] and head groups [37,38]. What can be
learned about the micro- and nanostructures of membrane
lipids from 2H NMR spectroscopy? First we note that the
2H NMR spectra of multilamellar dispersions of randomly
oriented phospholipids reveal weak singularities arising
from the θ = 90

◦
orientation of the bilayer normal (di-

rector axis) relative to the main magnetic field, whereas
the weaker shoulders are due to θ = 0◦. A characteris-
tic profile of residual quadrupolar couplings is evident
for phospholipids having either specifically deuterated
[3,39,40] or perdeuterated [4,5,21,27,41–47] acyl chains
in the liquid-crystalline (Lα) phase. The largest values
correspond to the segments close to the lipid polar head
groups, with a progressive reduction along the lipid acyl
chains [6]. Comparison of the residual quadrupolar split-
tings to the static coupling constant (see above) indicates
that the acyl groups are considerably disordered in the
liquid-crystalline state.

In Figure 4, we show representative 2H NMR spectra
for mixtures of a representative acyl (chain) perdeuterated
phospholipid, 1,2-diperdeuteriomyristoyl-sn-glycero-3-
phosphocholine, abbreviated DMPC-d54, at T = 44 ◦C
containing cholesterol. For acyl chain perdeuterated phos-
pholipids, one can deconvolute or de-Pake the powder-
type spectra of random multilamellar dispersions to ob-
tain more highly resolved subspectra corresponding to
the θ = 0◦ orientation [4,48,49]. Upon de-Pakeing, the
majority of the acyl C2H2 and C2H3 groups give resolv-
able signals, and it can be seen that a progressive increase
in the splittings occurs with increasing mole fraction of
cholesterol. Interaction with the rigid sterol frame leads to
a substantial reduction of the number of degrees of free-
dom of the flexible phospholipids, as evinced by the larger
residual quadrupolar splittings, Figure 4.

Now according to Equation (3) the observed resid-
ual quadrupolar coupling �νQ is directly related to the
segmental order parameter SCD. The residual quadrupo-
lar couplings vary substantially, giving a profile of the
segmental order parameters |S(i)

CD| as a function of chain
position (index i). This inequivalence arises from the ef-
fects of the bilayer packing on the trans(t)–gauche(g)
isomerizations of the acyl groups. Figure 5 shows that
the splittings can be expressed in terms of the segmen-
tal order parameters S(i)

CD, which are plotted as a function
of the acyl position (index i) for DMPC-d54 alone and
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Fig. 4. Representative solid-state 2H NMR spectra for
(a) DMPC-d54 in the Lα phase and (b)–(d) DMPC-d54 contain-
ing increasing mole fractions of cholesterol in the liquid-ordered
phase. The samples contained 50 wt% 1H20 at 44 ◦C and the data
were acquired at 76.8 MHz (magnetic field strength of 11.7 T).
Powder-type spectra (light blue) of randomly oriented multil-
amellar dispersions were numerically inverted (de-Paked) (dark
red). Note that a distribution of residual quadrupolar couplings
is evident.

DMPC-d54 in the presence of cholesterol (1:1). Knowing
the assignments from studies of specifically deuterated
systems [50], essentially complete order profiles can be
obtained. This disorder manifests trans–gauche rotational
isomerizations of the acyl groups, together with the effects
of molecular motions or whole bilayer collective motions.

Referring to Figure 5, the plateau in the order pro-
files can be explained in terms of preferred configura-
tions of the acyl chains parallel to the membrane nor-
mal. For DMPC-d54 in the presence of cholesterol (1:1),
the segmental order parameters approach the limiting
value of SCD = −1/2 expected for an all-trans rotating
polymethylene chain. The additional disorder can be due
to internal degrees of freedom of the acyl chains, e.g.

rotational isomerizations, molecular motions, or thermal
disturbances of the bilayer lipids. In the absence of choles-
terol, the smaller |S(i)

CD| values for DMPC-d54 manifest
additional degrees of freedom. For a simple crank shaft
model, consideration of 3-site jumps together with the
statistical weights gives 〈SCD〉 = −1/3 for a mix of kink
(tg± tg∓) and jog (tttg± tttg∓) conformations, whereas
〈SCD〉 = −1/4 for kinks only. Assuming the disorder of
the DMPC- d54 bilayer is due mainly to rotational iso-
merism, the acyl chains fall somewhere between a limiting
crankshaft model with 〈SCD〉 = −1/4 and the classical oil-
drop model having 〈SCD〉 = 0. Lastly, for DMPC-d54 both
in the presence and absence of cholesterol, the increased
disorder toward the chain ends must involve further acyl
configurations. Within the hydrocarbon core the chains
are more disordered to occupy the free volume due to
chain terminations, approaching the “oil-drop” limit for
very long acyl chain lengths. Note that the presence of
an order profile suggests that variations in the degree of
chain entanglement are likely as a function of depth in the
bilayer.

Now in the lamellar state of membrane lipids, the struc-
tural properties include the average thickness 〈L〉 of the
bilayer hydrocarbon region together with the mean inter-
facial area 〈A〉 [6,19,27,51,52], which plays a key role
in molecular dynamics simulations of lipid bilayers and
membranes [53–55]. Starting with the experimental |S(i)

CD|
order profiles, one can calculate the bilayer structural pa-
rameters using a mean-torque model for the acyl chain dis-
tributions [21,27,46]. By interpreting the 2H NMR spectra
in terms of the distribution functions for the segment ori-
entations, one is able to gain insight into the intermolec-
ular interactions governing the nanostructures of various
membrane lipids. Very briefly, the mean-torque model re-
lates the experimental order parameters to the moments
〈cosβ〉 and 〈cos2β〉 [27]. For a disaturated phospholipid
such as DMPC-d54, the mean area per molecule at the
aqueous interface is given by 〈A〉 = 4VCH2q/DM, where
q ≡ 〈1/cosβ〉 ≈ 3− 3〈cosβ〉+ 〈cos2β〉. Here β is the an-
gle between the vector connecting the two neighboring
carbons of the i th methylene segment of a saturated acyl
chain and the bilayer normal, VCH2 is the volume per
methylene group, and DM is the projected length along the
all-trans reference axis (2.54 Å). The volumetric thickness
of the bilayer is then given by DC = 2VC/〈A〉 where VC

is the hydrocarbon chain volume. Chain packing profiles
can also be obtained which describe the accumulated seg-
mental projections along the membrane normal, proceed-
ing from the midpoint of the bilayer toward the aqueous
interface [27].

The above 2H NMR approach has been applied to
a homologous series of various phosphatidylcholines, in
which both or one of the acyl chains at the sn-1 and sn-2
positions of the glycerol backbone has been 2H-labeled
by perdeuteration [27]. The main effect of increasing the
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Fig. 5. Profiles of segmental order parameters S(i)
CD as a function of acyl chain position (i) for (�,♦) DMPC-d54 and (�,�) DMPC-

d54/cholesterol (1:1) at 44 ◦C. Filled and open symbols refer to the inequivalent sn-1 and sn-2 acyl chains, respectively. Reference
values of the order parameters for the limiting cases of an oil drop-model (〈SCD〉 = 0), a crankshaft model (〈SCD〉 = −1/4), and an
all-trans rotating chain (SCD = −1/2) are indicated for comparison. Bilayer dimensions are described in terms of 〈A〉, the interfacial
or cross sectional area per lipid molecule, and DC, the volumetric thickness of the bilayer (cf. the text).

acyl chain length is an increase in the bilayer hydrocarbon
thickness rather than the area per lipid at the aqueous in-
terface. The homologous series of phosphatidylcholines
exhibits a universal chain packing profile differing from
that of phosphatidylethanolamines. With increasing acyl
length the lipid area becomes smaller at a given temper-
ature, reflecting stronger van der Waals attractions for
longer lipid chains. Studies of the lateral compressibility
of phospholipid bilayers have also been carried out using
2H NMR methods [35]. Additional comparative investiga-
tions have focused on a homologous series of mixed chain,
saturated–polyunsaturated phosphatidylcholines [21,41–
43,45,46]. Highly polyunsaturated acyl chains yield sig-
nificant disordering of the bilayer, increasing the cross-
sectional area per lipid head group relative to disaturated
lipid bilayers. The resulting spontaneous curvature (or
equivalently the lateral pressure profile) may affect the
conformational energetics of membrane proteins such as
rhodopsin [56]. Lipids in non-lamellar phases have also
been investigated with 2H NMR, including the hexagonal
(HI) and reverse hexagonal (HII) phases [57–59], which
are implicated in protein-mediated functions of biomem-
branes [56].

Deuterium Spin–Lattice Relaxation Times
Reveal Dynamical Properties of
Lipid Membranes

Turning next to the topic of nuclear spin relaxation, for
membranes in the liquid-crystalline state a complex hi-
erarchy of motions is to be expected. How can NMR
relaxation help to disentangle the various types of mo-
tions that account for the statistically averaged membrane
properties? Generally speaking, one can separate the

motions into broad classes with characteristic mean-
squared amplitudes and timescales, which may be related
to the material or biological properties of the system of in-
terest. Examples of fast segmental motions include trans–
gauche isomerizations of the flexible phospholipids in
the liquid-crystalline state, whereas slower motions may
be due to non-collective rotational diffusion of the lipid
molecules or collective disturbances and excitations of the
bilayer itself [6,60–65].

The mechanism of NMR relaxation originates from
fluctuations of the coupling Hamiltonian arising from the
various possible motions of the lipid molecules within
the bilayer. In applying 2H NMR spectroscopy to mem-
brane lipids, one is often interested in the relaxation of
the Zeeman order (R1Z) or the quadrupolar order (R1Q).
Experimentally, the spin–lattice relaxation rates R1Z and
R1Q are measured by a pulse sequence designed to per-
turb the magnetization away from the equilibrium value—
effectively we can think of these as “magnetization jump”
experiments. The subsequent return to equilibrium can
then be followed by “reading out” the remaining mag-
netization as a transverse coherence, which is detected
as an oscillating NMR signal and picked up by the radio
frequency coil of the spectrometer probe.

An example is provided in Figure 6, which depicts
an inversion-recovery measurement of the R1Z values for
a random dispersion of DMPC-d54/cholesterol (1:1) in
the liquid-ordered phase. The partially relaxed 2H NMR
spectra in part (a) correspond to superposition of Pake
doublets due to the various motionally inequivalent C–2H
bonds (vide supra). Following the inverting π pulse, the
z-magnetization appears negative and gradually recovers
to equilibrium as the delay increases. In part (b) of Fig-
ure 6, the various partially relaxed 2H NMR spectra have
been numerically inverted (de-Paked) to yield the spectra
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Fig. 6. Example of partially relaxed 2H NMR spectra of DMPC-d54 multilamellar dispersion in the liquid-crystalline (Lα) state
at 44 ◦C. Panel (a) shows the experimental 2H NMR spectra, and panel (b) the numerically inverted (de-Paked) 2H NMR spectra
(θ = 0◦) as a function of the variable delay between the inversion pulse and the spectral acquisition. Data were obtained at 76.8 MHz
(magnetic field strength of 11.7 T) using an inversion-recovery pulse sequence, (πp)x − t1− (π /2)x− τ1− (π/2)±y − τ2 – acquire,
with the variable delay t1 ranging from 5 ms to 3 s [87].

corresponding to the θ = 0◦ orientation. The increased
resolution allows a more accurate determination of the
R1Z rates. It can be seen that the magnetization recovery
becomes progressively faster as the residual quadrupolar
splittings increase. This behavior points to the influences
of order fluctuations, in which the pre-averaged or residual
coupling tensor remaining from the local segmental mo-
tions is modulated by slower membrane motions, e.g. due
to molecular fluctuations or whole bilayer disturbances
(vide infra).

According to time-dependent perturbation theory, the
relaxation is due to orientational fluctuations of the indi-
vidual C–2H bonds, which induce transitions between the
various energy levels of the 2H nuclear spin system. The
observable relaxation rates are related to the spectral den-
sities of the various motions within the laboratory frame.
According to theory, the R1Z and R1Q rates are given to
second order by:

R1Z ≡ 1

T1Z
= 3

4
π2χ2

Q[J1(ωD) + 4J2(2ωD)], (4)

R1Q ≡ 1

T1Q
= 9

4
π2χ2

Q J1(ωD). (5)

In these formulas R1Z is the spin–lattice (longitudinal) re-
laxation rate, where T1Z is the corresponding spin–lattice
relaxation time; and R1Q is the spin–lattice relaxation rate
for the decay of quadrupolar order, in which T1Q is the
quadrupolar order relaxation time. The symbols Jm(ω) de-
note irreducible spectral densities of motion, where m =
1, 2 and ωD is the deuteron Larmor (resonance) frequency.

The spectral densities Jm(ω) express the power spec-
trum of the motions as a function of frequency ω. They

correspond to the fluctuations of the individual Wigner
rotation matrix elements which transform the coupling
(EFG) tensor from its PAS to the laboratory frame, and
are given by the Fourier–Laplace transform:

Jm(ω) = Re
∫ ∞

−∞
Gm(t)e−iωt dt, (6)

The autocorrelation functions Gm(t) depend explicitly on
time and characterize the C–2H bond fluctuations; they
read

Gm(t) =
〈
D(2)∗

0m (�PL; 0)D(2)
0m(�PL; t)

〉
−

∣∣∣〈D(2)
0m(�PL)

〉∣∣∣2
,

(7)

where D(2)
0m(�PL) denotes a Wigner matrix element (rank

2). Here the symbol �PL indicates the three Euler angles
[66] (αPL, βPL, γ PL) which rotate the PAS of the EFG
coupling tensor to the laboratory frame [6]. Note that the
temporal decay of the correlation function is due to the
angular reorientations of the C–2H-labeled molecular seg-
ments, whereas the long-time values correspond to the
average bilayer properties.

Model-Free Analysis Suggests that Collective
Membrane Motions Govern the Relaxation

Let us next turn to consider those aspects of the relax-
ation that are independent of a specific motional model.
We would like to identify the major features of the dy-
namics in a more or less coarse-grained fashion, leaving
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Fig. 7. Dependence of relaxation rate R(i)
1Z and order parameter |S(i)

CD| profiles for DMPC-d54/cholesterol mixtures at 44 ◦C. Data for
randomly oriented (powder-type) samples were acquired at 76.8 MHz (magnetic field strength of 11.7 T) and numerically inverted
(de-Paked). In panel (a) logarithmic plots are shown for three different cholesterol mole fractions XC . The data are compared to
the slope of n = 2 predicted for order fluctuations in the limit of a small constant contribution. Panel (b) assumes a square-law
functionality of the corresponding relaxation and order profiles for the different values of XC. Reprinted with permission from Ref.
[86]. c© 2002 American Physical Society.

the details for subsequent atomistic computer simulations
[53–55,67]. We naturally make recourse to relatively fast
and relatively slow motions, which successively yield fur-
ther averaging of the coupling interaction on down to
the final residual value. The segmental order parameters
clearly depend on the amplitudes of the C–2H bond fluc-
tuations, whereas the relaxation rates depend on both the
orientational amplitudes and the rates of the C–2H bond
fluctuations. As a result, the ordering and rate of motion
must be distinguished in explaining the relaxation of lipid
bilayers [68].

Recall that in 2H NMR of membranes, the spectro-
scopic observables essentially comprise the order param-
eter and the relaxation rate profiles—thus it is useful to
inquire as to the existence and nature of their functional
dependence [60]. According to the foregoing develop-
ment, Equations (4)–(7), the interaction strength (the ma-
trix element) is squared in the transition probabilities that
govern the relaxation rates (Fermi’s golden rule). Now the
fast or local motions modulate the static coupling con-
stant, in which case the relaxation profile along the chains
is governed essentially by the motional rates [39]. But for
slow motions, the residual coupling tensor varies along
the chains due to the pre-averaging by the faster segmen-
tal motions, giving a profile of the interaction strength. If
the slow motions affect the lipid molecules to nearly the
same extent, e.g. due to molecular rotations or whole bi-
layer lipid excitations (called order-director fluctuations,
ODF), then the relaxation rates depend on the local order
parameter squared.

In Figure 7 representative examples of such a square-
law dependence of the relaxation and order parame-
ter functions from 2H NMR spectroscopy of fluid lipid

bilayers are depicted. In part (a) double-logarithmic plots
of R(i)

1Z against |S(i)
CD| are summarized for different molar

ratios of the DMPC-d54/cholesterol bilayers. (Note that
the individual acyl positions are not distinguished.) The
approximately linear region has a slope of nearly n = 2,
consistent with a simple square-law functional depen-
dence of R(i)

1Z on |S(i)
CD|. Part (b) of Figure 7 shows the

corresponding square-law plots for the multilamellar dis-
persions of DMPC-d54/cholesterol having different molar
ratios of the two lipid components. It can be seen that
a square-law functional dependence of the R(i)

1Z rates vs.
the order parameters |S(i)

CD| along the entire acyl chain is
indeed observed [60]. Moreover, as the cholesterol mole
fraction XC increases, the slopes of the plots are system-
atically reduced, paralleling the macroscopic stiffening
action of cholesterol [5,69].

Spectral Densities and Correlation Functions are
Derived for Simplified Models in Closed Form

The next question we can ask is: what are the slow motions
that yield the order fluctuations and produce the square-
law functional dependence? First we can consider a simple
non-collective model as a description of the effective rota-
tions of the flexible phospholipids in the liquid-crystalline
state [60,70,71]. In the case of phospholipids, rapid mo-
tions of the flexible molecules yield a reduced moment
of inertia tensor, whose principal axes and principal val-
ues correspond to the off-axial and axial diffusion con-
stants D⊥ and D‖. Modulation of the average or residual
coupling tensor by rotations of the “average molecule”
about its average principal axes would then produce the
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relaxation. For such a non-collective molecular model, the
spectral densities then read

J mol
m (ω) =

∣∣∣〈D(2)
00 (�PI)

〉∣∣∣2 ∑
q

∑
n

∣∣∣∣∣D(2)
0g (�IM)

−ηeff
Q√
6

[
D(2)

−2q (�IM) + D(2)
2q (�IM)

]∣∣∣∣∣
2 [〈∣∣∣D(2)

qn (�MD)
∣∣∣2〉

−
∣∣∣〈D(2)

qn (�MD)
〉∣∣∣2

δq0δn0

]
j (2)
qn (�MD; ω)

∣∣∣D(2)
nm(�DL)

∣∣∣2
.

(8)

where ηeff
Q is the effective asymmetry parameter of the

residual EFG tensor due to averaging by the faster seg-
mental motions. In Equation (8) the Euler angles �PI,
�IM, �MD, and �DL denote transformation from the PAS
(P) of the EFG tensor to an intermediate frame (I ), from
the intermediate frame to the molecular frame (M), from
the molecular system to the director frame (D), and lastly
from the director to the laboratory axes system (L) [65].
The symbols j (2)

qn (�MD; ω) indicate Lorentzian reduced
spectral densities, whose correlation times τ qn depend on
the principal values of the rotational diffusion tensor, viz.
D⊥ and D‖[72].

Note that in Equation (8) the spectral densities are
pre-multiplied by the quantity |〈D(2)

00 (�PI)〉|2, where �PI

has to do with only the fast motions. This is merely the
square of the fast order parameter S(2)

f —hence a squared
dependence on the order parameter is predicted in agree-
ment with the experimental finding (Figure 7). However,
a molecular rotational diffusion model alone does not de-
scribe the NMR relaxation in the MHz range for phospho-
lipids in the liquid-crystalline state, since the distribution
of correlation times is not sufficiently wide [60]. Rather a
significant contribution from slow motions such as vesicle
tumbling is also needed, as obtained from the 2H NMR
spectral line width [71].

Yet another possibility is to model the relatively slow
order fluctuations in terms of collective thermal distur-
bances of the bilayer arising from the ensemble of in-
teracting molecules [60]. The bilayer is approximated as
a continuous material, and the relaxation is assumed to
be due to a distribution of modes, each undergoing over-
damped or viscous relaxation. Within this framework, the
spectral densities J col

m (ω) due to collective excitations of
the bilayer are given by [73]

J col
m (ω) = 5

2

∣∣∣〈D(2)
00 (�PD)

〉∣∣∣2
Dω−(2−d/2)

[∣∣∣D(2)
−1m(�DL)

∣∣∣2

+
∣∣∣D(2)

1m(�DL)
∣∣∣2

]
, (9)

where D is a viscoelastic constant that depends on the
elasticity, viscosity, and temperature of the bilayer, and d
is the dimensionality of the bilayer thermal excitations.
Here the Euler angles �PD rotate the PAS of the C–2H
bond to the director frame, and the angles �DL transform
from the bilayer director to the laboratory system. Accord-
ing to Equations (2) and (9) the spectral densities Jm(ω)
depend on the square of the observed order parameter SCD,
and the slope of the square-law plot is inversely related to
the softness of the membrane.

For such collective bilayer excitations, one can dis-
tinguish between two possible limits, depending on the
wavelengths of the fluctuations relative to the membrane
thickness and the interlamellar separation. Collective or-
der fluctuations in 2-D are described by a flexible sur-
face model, e.g. in analogy with smectic liquid crystals,
where the finite thickness of the membrane bilayer is
neglected. In keeping with Equation (9), for d = 2 the
spectral densities J col

m (ω) have an ω−1 frequency depen-
dence [64,74,75]. Alternatively, 3-D order fluctuations are
described by a collective membrane deformation model,
where the bilayer is modeled analogously to a nematic
liquid crystal. Equation (9) then predicts an ω−1/2 de-
pendence of the spectral densities J col

m (ω) (d = 3). Al-
though a 3-D director fluctuation model adequately de-
scribes the frequency dispersion of the 2H R1Z rates for
DMPC vesicles [73,76], by itself it does not explain the
orientation dependence of the 2H R1Z and R1Q relaxation
data [77].

How can one simultaneously account for both the ori-
entational anisotropy of the relaxation and the frequency
dependence of lipid bilayers in the fluid state? Here we are
struck by the fact that the collective membrane deforma-
tion model explains the frequency dependence, whereas
the non-collective molecular model best explains the an-
gular anisotropy. We are naturally led to consider a com-
posite membrane deformation model, in which collective
axial rotations of the flexible phospholipid molecules are
superimposed onto the collective bilayer excitations in the
liquid-crystalline state [78]. For such a composite process,
the laboratory frame spectral densities read

Jm(ω) = J mol
m (ω) + J col

m (ω) + J mol−col
m (ω) (10)

in which the small contribution from segmental mo-
tions is neglected and the spectral densities J mol

m (ω) and
J col

m (ω) are given above, Equations (8) and (9). The cross-
term J mol−col

m (ω) is geometrical in origin [78] and cross-
correlations between the molecular fluctuations and the
collective fluctuations are neglected as a simplifying ap-
proximation. Current data indicate that such a composite
model can explain the angular and frequency dependen-
cies of the NMR relaxation for lipid bilayers in the fluid
phase [78].
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Fig. 8. Experimental 2H R1Z relaxation rates plotted as a func-
tion of frequency for vesicles of DMPC deuterated at the C3

acyl segment in the liquid-crystalline state at 30 ◦C. Data were
acquired at 12 different frequencies (magnetic field strengths)
and are shown together with theoretical fits to various motional
models (cf. the text) [73].

In Figure 8 the frequency dispersion of the R1Z rates
is shown for vesicles of DMPC in the liquid-crystalline
state, comprising a total of 12 different magnetic field
strengths. Note that the R1Z values depend on frequency
over the entire range from 2.5 to 95.3 MHz—there is no
plateau value at either low frequency or high frequency.
One cannot identify a regime where a single type of effec-
tive motion dominates the relaxation. The non-collective
molecular model does not fit the low frequency end of the
relaxation dispersion, even if an extreme value of the dif-
fusion tensor anisotropy (η ≡ D‖/D⊥) is assumed [79].
Consequently an additional contribution from the vesicle
tumbling is needed to explain the lower frequency data
[71]. The 2-D flexible surface model is characterized by
an ω−1 dependence and provides a rather poor fit to the
data; it is probably most appropriate for interpreting the re-
laxation at very low frequencies in terms of collective un-
dulations [70]. By contrast the 3-D collective membrane
deformation model fits the frequency-dependent R1Z data
within the MHz range by an ω−1/2 dependence. Moreover,
one can extend the effective frequency range by consid-
ering the relaxation of the 13C nucleus, which has a larger
magnetogyric ratio than 2H [80]. In the case of 13C NMR
the relaxation is due to the magnetic dipolar interaction of
the nucleus with its directly bonded hydrogen. The com-
bined frequency-dependent data are described by a simple
relaxation law of the form R(i)

1Z = Aτ f + B|S(i)
CD|2, where

τ f is the fast correlation time and A and B are constants,
which is characteristic of ODF [81].

It follows that NMR results for soft membrane bilay-
ers, involving flexible lipid molecules with many degrees

Fig. 9. Examples of collective membrane deformations within
a continuum elastic approximation. (a) Planar bilayer, (b) splay,
(c) twist, and (d) bend deformations, together with axial rotations
about the local director [81,85].

of freedom, can be interpreted using fairly simple con-
cepts inspired by the physics of materials. The small con-
tribution from internal motions of the acyl chains matches
the frequency independent relaxation rates of liquid n-
alkanes [81] and agrees with more recent molecular dy-
namics simulations [82]. Thus the bilayer microviscosity,
where a bulk viscosity cannot be measured, is compara-
ble to an n-paraffin such as n-hexadecane [81]. The reason
why the relaxation is governed by collective order fluctu-
ations is that the local segmental motions of the lipids are
very fast (τ f ≈ 10 ps), with spectral densities extending
to very high frequencies. Basically the membrane lipids
are tethered to the aqueous interface via their polar head
groups, and the bilayer interior is essentially liquid hy-
drocarbon. The experimental findings imply that quasi-
coherent order fluctuations are already present in lipid
bilayers involving lengths on the order of approximately
the bilayer thickness and even less, i.e. the mesoscopic
length scale, as illustrated in Figure 9.

Deuterium NMR Relaxation Allows Detailed
Comparison of the Structural and Dynamical
Properties of Membranes

Clearly an illuminating new aspect of the work described
above is the extension of the concept of membrane elas-
ticity to relatively short distances. This work provides
striking evidence that membrane deformational fluctua-
tions occur over a wide range of length and timescales,
which depend on the bilayer lipid composition. Indeed,
the current results give evidence for a connection between
emerger properties on the mesoscopic scale, as studied
by NMR relaxation, and macroscopic properties of the
bulk material. According to the foregoing development,
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by combining the 2H NMR relaxation data with the order
parameters, we obtain a more comprehensive picture of
the biophysical properties of membrane lipids than would
be otherwise the case. Using 2H NMR relaxation, the in-
fluences of the acyl length (bilayer thickness), polyun-
saturation, lipid polar head groups (interfacial area per
molecule), addition of a cosurfactant, and incorporation
of sterols have been studied and interpreted in terms of the
bilayer viscoelastic properties [21,83–87]. The rotational
dynamics of the phospholipid and cholesterol components
in binary mixtures have also been studied as a probe
of their intermolecular interactions [79,88–92]. A scale
of bilayer softness is evident, ranging from highly de-
formable, surfactant or polyunsaturated bilayer systems,
to systems containing phosphatidylethanolamine with an
increased bilayer stiffness, and ultimately the very rigid
yet fluid bilayers containing cholesterol [85]. The the-
oretical interpretation of the NMR relaxation data cor-
relates well with previous macroscopic studies of mem-
brane bending deformations. Future applications of 2H
NMR spectroscopy include studies of membrane lipid
nanostructures and lipid-protein interactions, as well as
investigations of the structure and dynamics of membrane
proteins in relation to their characteristic biological modes
of action.
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39. Brown MF, Seelig J, Häberlen U. J. Chem. Phys.

1979;70:5045.
40. Seelig J, Seelig A. Q. Rev. Biophys. 1980;13:19.
41. Salmon A, Dodd SW, Williams GD, Beach JM, Brown MF. J.

Am. Chem. Soc. 1987;109:2600.
42. Barry JA, Trouard TP, Salmon A, Brown MF. Biochemistry.

1991;30:8386.
43. McCabe MA, Griffith GL, Ehringer WD, Stillwell W, Wassall

SR. Biochemistry. 1994;33:7203.



12 Part III Chemistry

Part
III

44. Barry JA, Gawrisch K. Biochemistry. 1994;33:8082.
45. Huster D, Arnold K, Gawrisch K. Biochemistry.

1998;37:17299.
46. Petrache HI, Salmon A, Brown MF. J. Am. Chem. Soc.

2001;123:12611.
47. Binder H, Gawrisch K. Biophys. J. 2001;81:969.
48. Sternin E, Bloom M, MacKay AL. J. Magn. Reson.

1983;55:274.
49. McCabe MA, Wassall SR. Solid State Nucl. Magn. Reson.

1997;10:53.
50. Oldfield E, Meadows M, Rice D, Jacobs R. Biochemistry.

1978;17:2727.
51. Thurmond RL, Dodd SW, Brown MF. Biophys. J.

1991;59:108.
52. Jansson M, Thurmond RL, Barry JA, Brown MF. J. Phys.

Chem. 1992;96:9532.
53. Saiz L, Klein ML. J. Am. Chem. Soc. 2001;123:7381.
54. Pastor RW, Venable RM, Feller SE. Acc. Chem. Res.

2002;35:438.
55. Huber T, Rajamoorthi K, Kurze VF, Beyer K, Brown MF. J.

Am. Chem. Soc. 2002;124:298.
56. Botelho AV, Gibson NJ, Wang Y, Thurmond RL, Brown MF.

Biochemistry. 2002;41:6354.
57. Thurmond RL, Lindblom G, Brown MF. Biochemistry.

1993;32:5394.
58. Thurmond RL, Otten D, Brown MF, Beyer K. J. Phys. Chem.

1994;98:972.
59. Lafleur M, Bloom M, Eikenberry EF, Gruner SM, Han Y, Cullis

PR. Biophys. J. 1996;70:2747.
60. Brown MF. J. Chem. Phys. 1982;77:1576.
61. Rommel E, Noack F, Meier P, Kothe G. J. Phys. Chem.

1988;92:2981.
62. Speyer JB, Weber RT, Das Gupta SK, Griffin RG. Biochem-

istry. 1989;28:9569.
63. Ferrarini A, Nordio PL, Moro GJ, Crepeau RH, Freed JH. J.

Chem. Phys. 1989;91:5707.
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1990;69:379.
77. Jarrell HC, Smith ICP, Jovall PA, Mantsch HH, Siminovitch

DJ. J. Chem. Phys. 1987;88:1260.
78. Nevzorov AA, Trouard TP, Brown MF. Phys. Rev. E.

1998;58:2259.
79. Trouard TP, Nevzorov AA, Alam TM, Job C, Zajicek J, Brown

MF. J. Chem. Phys. 1999;110:8802.
80. Brown MF. J. Chem. Phys. 1984;80:2832.
81. Brown MF, Ribeiro AA, Williams GD. Proc. Natl. Acad. Sci.

U.S.A. 1983;80:4325.
82. Venable RM, Zhang Y, Hardy BJ, Pastor RW. Science.

1993;262:223.
83. Otten D, Brown MF, Beyer K. J. Phys. Chem. B.

2000;104:12119.
84. Brown MF, Thurmond RL, Dodd SW, Otten D, Beyer K. Phys.

Rev. E. 2001;64:010901.
85. Brown MF, Thurmond RL, Dodd SW, Otten D, Beyer K. J.

Am. Chem. Soc. 2002;124:8471.
86. Martinez GV, Dykstra EM, Lope-Piedrafita S, Job C, Brown

MF. Phys. Rev. E. 2002;66:050902.
87. Martinez GV, Dykstra EM, Lope-Piedrafita S, Brown MF.

Langmuir. 2004;20:1043.
88. Bonmatin J-M, Smith ICP, Jarrell HC, Siminovitch DJ. J.

Am. Chem. Soc. 1990;112:1697.
89. Brown MF. Mol. Phys. 1990;71:903.
90. Trouard TP, Alam TM, Zajicek J, Brown MF. Chem. Phys.

Lett. 1992;189:67.
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