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1 INTRODUCTION

NMR spectroscopy affords a unique and powerful ana-
lytical tool which can be used to investigate matter in its
various states, particularly inasmuch as it provides informa-
tion pertinent to both average and dynamical properties. By
contrast, with reference to disordered systems, X-ray and
neutron-scattering techniques yield information of a relatively
low-resolution nature, and atomic level data are not obtained.
Because NMR spectroscopy provides knowledge at the micro-
scopic level regarding liquid crystalline materials, it plays a
unique and vital role in their investigation. The application of
NMR methods to membrane bilayers builds upon the follow-
ing: 1H NMR studies by the groups of Bloom,1 Chan,2 – 4 and
Klein;5 the introduction of 2H NMR spectroscopy by Seelig
and co-workers;6 natural abundance 13C NMR studies by the
group of Metcalfe;7 and finally the ground-breaking EPR spin
label work of McConnell and colleagues.8,9

It is known that biomembranes comprise a bilayer of lipids,
containing proteins which span the bilayer or are associated
with the aqueous interface. In the biologically relevant liquid
crystalline phase, the constituents of membranes are highly
disordered, and considerable motion occurs. The lipid bilayer
represents the fundamental permeability barrier to the passage
of ions and polar molecules, whereas the distinctive functions
of biological membranes are carried out by proteins. In this
contribution we briefly describe the advances made during
the past few decades in the application of 2H and 13C NMR
methods to the investigation of lipid bilayers in the fluid (Lα)

phase. (i) First we review multinuclear MR lineshape studies
of lipid bilayers; (ii) the use of 2H and 13C NMR relaxation
methods is described as a means of obtaining information
regarding the spectral densities of motion and dynamical
properties of liquid crystalline materials; and, finally, (iii) we
provide a summary of the application of NMR relaxation
methods to lipid bilayers in the liquid crystalline phase.

2 IRREDUCIBLE REPRESENTATION OF THE

NUCLEAR SPIN HAMILTONIAN

With regard to molecular solids and liquid crystalline
materials, the information provided by NMR spectroscopy
includes the motionally averaged NMR lineshapes due to
the dipolar, quadrupolar, or chemical shift tensors, together
with the relaxation rates which are due to fluctuations
of the tensors about their equilibrium values. The above
information is manifested in the correlation functions Gm(t)
corresponding to the various second-rank quantities, i.e. the
dipolar, quadrupolar, or chemical shift tensors, or equivalently
their Fourier transform partners, the spectral densities J m(ω).
By combining lineshape and relaxation studies one can gain
considerable insight regarding equilibrium and dynamical
properties of bilayers. How can liquid crystalline bilayers be
investigated at the molecular and atomic levels?

In general, the coupling of a spin I = 1 system is described
by the Hamiltonian operator10

Ĥλ = Cλ

2∑
m=−2

(−1)mT̂
(2)lab
−m V (2)lab

m (1)

where C λ is a constant and λ refers to a specific interaction,
e.g. the dipolar (D) or quadrupolar (Q) coupling. All symbols
have their customary meanings, where T̂

(2)
m and V

(2)
m are

second-rank irreducible spherical tensors, corresponding to
the nuclear spin angular momentum operators Î and the
coupling tensor V, respectively. The spin angular momentum
is quantized in the main external magnetic field (denoted
‘lab’), where the corresponding irreducible tensor operators
are defined by11

T̂
(2)lab
0 =

√
1
6 (3ÎZŜZ − Î ·Ŝ) (2a)

T̂
(2)lab
±1 = ∓ 1

2 (ÎZŜ± + Î±ŜZ) (2b)

T̂
(2)lab
±2 = 1

2 Î±Ŝ± (2c)

in which Î ± ≡ Î X ± iÎ Y and likewise for Ŝ ±. (For the
heteronuclear magnetic dipolar coupling Î �= Ŝ ; whereas for
the homonuclear dipolar coupling or the electric quadrupolar
coupling Î = Ŝ .) By contrast, the irreducible components of
the coupling tensor V m

(2) are expressed in a molecule-fixed
principal axis system (PAS) as discussed by Häberlen11 and
Spiess:10

V
(2)PAS
0 =

√
3
2 δλ (3a)

V
(2)PAS
±1 = 0 (3b)

V
(2)PAS

2
1
2δληλ (3c)
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2 BILAYER MEMBRANES: DEUTERIUM AND CARBON-13 NMR

Here the asymmetry parameter ηλ ≡ (V yy − V xx)/V zz
describes the deviation of the Cartesian principal values from
axial symmetry, where ηλ [0, 1], and δλ ≡ V zz specifies
the largest Cartesian principal component. The coupling
parameters for the magnetic dipolar interaction and the electric
quadrupolar interaction are summarized below:

Dipolar coupling: Quadrupolar coupling (I =1):
C D = −2γ Iγ S� CQ = eQ/2�

δD = 〈r−3
IS 〉 δQ = eq

ηD = 0 ηQ

For the dipolar coupling the internuclear distance cubed is
averaged over fast vibrational coordinates, such that 〈r−3

IS 〉−1/3

can be greater than the equilibrium internuclear distance;12,13

similar considerations apply to the quadrupolar coupling.14

Note that the above irreducible tensors are expressed in
different coordinate frames; the spin operators Î and Ŝ
correspond to the laboratory frame defined by the main
magnetic field, whereas the dipolar or quadrupolar couplings
involve the molecule-fixed frame. To express the Hamiltonian
in a single frame, e.g. that of the laboratory, one must
employ the transformation properties of irreducible tensors
under rotations.15 The irreducible components of the coupling
tensor in the laboratory frame and the principal axis system
are related by

V (2)lab
m =

2∑
s=−2

V (2)PAS
s D(2)

sm(�PL) (4)

In the above expression, �PL = (αPL, βPL, γ PL) are the Euler
angles which describe active transformation15 of the irre-
ducible components from the principal axis system (P) to the
laboratory frame (L). The definitions of Brink and Satchler15

are used for the Wigner rotation matrices, D
(j)

m′m(�) =
e−im′αd

(j)

m′m (β)e−imγ ; where (m ′, m) are generalized pro-
jection indices, j is the angular momentum, � ≡ (α, β,
γ ) are generalized Euler angles, and the elements of the
reduced rotation matrix are indicated by d

(j)

m′m(β) . [Note that

D
(j)

00 (�) = d
(j)

00 (β) = Pj (cos β) , where Pj is a Legendre poly-
nomial of rank j .]

One can then use the closure property of the rotation group15

to express the Wigner rotation matrix elements for the overall
transformation, D

(2)
sm (�PL), in terms of various intermediate

frames (Figure 1). This gives

D
(2)
sm(�PL; t) = ∑

r

∑
q

∑
p

∑
n

D
(2)
sr (�PI; t)D

(2)
rq (�IM; t)

D
(2)
qp (�MN; t)D

(2)
pn (�ND; t)D

(2)
nm(�DL)

(5)

where all summations run from −2 to 2. The Euler angles �PI
specify active rotation of the irreducible components from the
principal axis system (P) of the static tensor to the internal
(I) motional frame; �IM correspond to transformation from
the internal frame to the molecular (M) axis system; �MN
to rotation from the molecular frame to the instantaneous
director n(t), an axis of local cylindrical symmetry; �ND to
transformation from the instantaneous director to the average
director n0, the macroscopic bilayer normal; and finally the
angles �DL describe the fixed transformation from the average

director (D) to the laboratory frame (L) corresponding to the
static external magnetic field. In the last transformation the
spherical polar angles characterizing the orientation of the
magnetic field within the frame of the bilayer are denoted by
(αDL, βDL) ≡ (φ, θ). The Euler angles describing the various
transformations may be either time-dependent as in Figure 1 or
fixed; whereas the �DL transformation is fixed. The expansion,
equation (5), can be further generalized to encompass an
arbitrary number of transformations; alternatively, closure
enables those transformations not relevant for a given motional
description to be collapsed.16

In the liquid crystalline state of lipid bilayers a hierarchy
of motions exists as indicated by the frequency dependence
of the 1H, 2H, and 13C nuclear R1Z and R1ρ relaxation
rates.17 – 21 Thus, one can expect contributions from segmental
motions, as well as molecular motions and possibly collective
fluctuations of the bilayer. The general types of motional
models considered in this work are represented by Figure
1. In the case of segmental motions the dynamics involve
the angles �PD(t) between the frame of the coupling tensor
and the director; the remaining transformations are collapsed.
Likewise, molecular motions are formulated in terms of
the angles �MD(t) between the molecular frame and the
director. Finally, collective motions involve fluctuations of the
instantaneous director relative to the average director and are
described by the angles �ND(t).

Now in general the transition frequencies are governed by
the eigenvalues of the motionally averaged Hamiltonian, in
which secular terms (m = 0) are considered. For the different
models investigated, the observed lineshape is dependent on
the equilibrium distribution of the tensor orientations. In the
case of 2H NMR the coupling is due to the quadrupolar
interaction of the 2H nucleus with the electric field gradient of

Ω IM(t)

D

Molecular
motions

Director
fluctuations

Molecular
frame

Internal
frame

Segmental
motions

Static EFG

n (t)

n0

B0

ΩMN(t)

ΩND(t)

ΩDLΩPI(t)

C

Figure 1 Schematic illustration of transformations employed in
dynamical models for membrane constituents as described in the text
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the chemical bond. One can then write that

〈ν±
Q〉 = ± 3

4χSCDD
(2)
00 (�DL) (6)

where the doublet components ν±
Q are separated by the

quadrupolar splitting, �νQ ≡ ν+
Q − ν−

Q , and the angular
brackets denote a time or ensemble average. The segmental
C–2H order parameter is then defined by

SCD ≡ 〈D(2)
00 (�PD)〉 = 1

2 〈3 cos2 βPD − 1〉 (7)

A similar formalism can be used for the homonuclear dipo-
lar interaction in the case of 1H NMR, and the heteronuclear
13C–1H dipolar interaction in the case of 13C NMR spec-
troscopy.

3 NMR LINESHAPES FOR DIPOLAR AND

QUADRUPOLAR INTERACTIONS

3.1 Proton NMR Spectroscopy

In order to obtain information about residual anisotropic
interactions, e.g. dipolar interactions, it is necessary to study
unsonicated bilayer systems. Perhaps the simplest approach
entails investigation of the 1H NMR spectral lineshapes.1 – 3,22

Due to lateral self-diffusion of the lipids, the intermolecular
1H–1H dipolar interactions are averaged to zero,1 and one
observes the intramolecular part. However, because the
motions are restricted in their angular range, one still has
dipolar interactions among the different groups on the chain
and between the two acyl chains, so that pairwise dipolar
couplings are not resolved.1 – 3,22 In this case the moments of
the lineshapes contain useful information, and can be analyzed
in terms of a superposition of dipolar order parameters
corresponding to the various 1H–1H pairs.1 (See also Bilayer
Membranes: Proton and Fluorine-19 NMR.)

One avenue to simplification is to study small sonicated
vesicles where the rapid tumbling averages the dipolar
interactions to zero. Here the lineshape is due to modulation
of the residual dipolar couplings by the overall vesicle
reorientation.1,22 Alternatively, one can employ magic angle
spinning (MAS) to narrow the spectral lines.23 But in either
case knowledge of the residual dipolar interactions may be
difficult to extract in a model-free manner,4,24 and there may
be influences due to curvature of the interface.2,25 Another
strategy involves complete deuteration of the lipid molecule,
with the exception of individual proton–proton pairs, which is
a challenging synthetic task. However, a simpler alternative
is to recognize that the Hamiltonian for the quadrupolar
interaction of the 2H nucleus is isomorphous to the pairwise
dipolar interaction between like spins; both comprise spin I
= 1 systems! It is synthetically much easier to incorporate
deuterium into a lipid than to deuterate the entire molecule.

3.2 Deuterium NMR Spectroscopy

In discussing NMR observables in relation to the equilib-
rium and dynamical properties of bilayers, it is useful to focus

20 10 0 –20–10
Frequency (kHz)

Figure 2 Representative 2H NMR spectrum (de-Paked) of a mul-
tilamellar dispersion of 1-perdeuteropalmitoyl-2-docosahexaenoyl-sn-
glycero-3-phosphocholine (PDPC) obtained at 55.4 MHz and 30 ◦C in
the liquid crystalline (Lα) phase

on 2H NMR spectroscopy.6,26 Here the electric quadrupolar
interaction is by far the largest coupling, and dominates over
the chemical shift or homo- or heteronuclear dipolar interac-
tions. The great value of 2H NMR is that one can study the
properties of an isolated spin I = 1 system without the com-
plication of additional interactions of comparable magnitude.
Moreover, as noted above, the quadrupolar interaction is iso-
morphous to the dipolar coupling, so that the formalism and
conceptual approach can be extended to other nuclei such as
1H and 13C.

Figure 2 depicts a representative 2H NMR spectrum of
a lipid bilayer in the fluid, liquid crystalline state.27,28 If
all the segments were equivalent then a single quadrupolar
splitting would be observed. However, this is clearly not the
case; rather, a family of splittings is found which indicate
variations in motional averaging among the different chain
segments. Although the static quadrupolar coupling is the
same everywhere along the chain, the residual quadrupolar
couplings of the various segments are clearly inequivalent.
Now for significant motional averaging to occur the rate of
the fluctuations must be greater than about 9χ /8 = 1.9 × 105

s−1, corresponding to the full angular anisotropy of the single
quantum transitions of the I = 1 nucleus. It is remarkable that
well-defined residual quadrupolar interactions are observed,
corresponding to the order parameters S CD of the various
chain segments.6 The 2H NMR spectrum clearly shows that
the system can be quite fluid and still give rise to distinct
quadrupolar splittings. Thus, one obtains information at the
atomic level in the disordered, liquid crystalline state. (See
also Membranes: Deuterium NMR.)

3.3 Carbon-13 NMR Spectroscopy

When the motion is restricted, so that the magnetic dipolar,
chemical shift, or electric quadrupolar tensors are not averaged
to their traces, then considerable broadening of the spectral
lines occurs. Thus, natural-abundance 13C NMR spectra of
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4 BILAYER MEMBRANES: DEUTERIUM AND CARBON-13 NMR

unsonicated bilayer membranes are dominated by unresolved
homo- and heteronuclear dipolar interactions, together with
the anisotropic chemical shift of the 13C nucleus.20 As
in the case of 1H NMR, the dipolar and chemical shift
tensors can be averaged to their traces by investigating
small sonicated vesicles; well-resolved 13C NMR spectra are
then obtained.7 However, information regarding the averaged
tensors is difficult to retrieve, and one is largely confined
to relaxation studies.17,18 (See also Sonicated Membrane
Vesicles.)

An alternative is to remove the chemical shift anisotropy
and 13C–1H dipolar interaction by MAS; high-power
dipolar decoupling is unnecessary in the fluid, liquid
crystalline phase.20,23,29 Figure 3 shows representative natural-
abundance MAS 13C NMR spectra of 1,2-dilauroyl-sn-
glycero-3-phosphocholine (DLPC) (Figure 3a) and a mixture
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/cho-
lesterol (1:1) (Figure 3b), each in the fluid phase.20,30 The
isotropic chemical shifts of both the flexible phospholipids
as well as the rigid cholesterol moiety are readily detected.30

(a)

(b)

80 70 60 50 40 30 20 10 ppm

CH3

CH2

C

N+Me3

Headgroup,
glycerol

CC
CCCC

C

Figure 3 Magic angle spinning (MAS) natural abundance 13C NMR
spectra at 50 MHz of multilamellar dispersions of (a) DLPC at ambient
temperature, and (b) DPPC/cholesterol (1:1) at 50 ◦C in the liquid
crystalline phase. Resonances are denoted; C refers to cholesterol

These results clearly illustrate the utility of MAS methods for
NMR studies of disordered lipid bilayer systems, as well as
other liquid crystalline systems and soft matter in general. (See
also Magic Angle Spinning.)

One can then reintroduce the dipolar interaction20,30 or the
chemical shift anisotropy (CSA)31 selectively by implementa-
tion of two-dimensional NMR techniques. Heteronuclear dipo-
lar interactions can be included by applying WAHUHA11 or
other suitable pulse sequences for decoupling of the homonu-
clei during the evolution period t1, with MAS during the
acquisition period t2 to obtain dipolar–chemical shift NMR
spectra.20,30 Alternatively, modulation due to the chemical
shift anisotropy can be included during the evolution period
t1 by variable angle hopping, followed by MAS during t2 to
yield CSA–chemical shift 13C NMR spectra.31 These natural-
abundance 13C NMR methods provide a potentially rich source
of knowledge about the average structural properties of lipid
bilayers. Such approaches have the advantage that informa-
tion regarding the entire lipid molecule is obtained without
isotopic labeling, but they have the drawback that appre-
ciable spectral overlap occurs within the acyl carbon region
(Figure 3). However, by combining the results of 2H NMR
with 13C NMR spectroscopy of lipid bilayers one can obtain
considerably more information than with either technique
alone! (See also Membranes: Carbon-13 NMR.)

3.4 Order Profiles from Deuterium and Carbon-13 NMR

Spectroscopy

In the case of 2H NMR spectroscopy the information
content can be reduced to a profile of the order parameters
S

(i)
CD as a function of chain position (index i ).6,32 Such a

representative plot of the order parameters versus the chain
position is shown for 1,2-diperdeuterolauroyl-sn-glycero-3-
phosphocholine (DLPC-d46) in Figure 4(a). The order profile
comprises a plateau in the S

(i)
CD values over the first part

of the chains, followed by a decrease as the chain terminus
is approached. The plateau in the order profile is associated
with tethering of the acyl chains to the aqueous interface.
It follows that beyond the plateau region the segments
are more disordered to fill in the free volume that would
otherwise be present, i.e. to maintain the density constant at
essentially that of liquid hydrocarbon. Analogous 2H NMR
studies of phospholipids have been carried out for lipids in
other physical states, including the normal hexagonal (HI)
and reverse hexagonal (HII) phases.25,33,34 (See also Lipid
Polymorphism.) In the case of 13C NMR spectroscopy, order
parameters, S CH, are obtained by comparing the residual
dipolar or chemical shift tensors to their static values, and
yield good agreement with previous 2H NMR results.20,31

4 NUCLEAR SPIN RELAXATION

In the fluid Lα phase, dynamical information can be
obtained from measurement and interpretation of the nuclear
spin relaxation rates.14 Analysis of the relaxation enables
one to disentangle the various types of motions which lead
to the averaging of the dipolar, quadrupolar, or chemical
shift tensors. Early 1H NMR2,5 and 13C NMR7 relaxation
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Figure 4 Profiles of (a) segmental order parameters, S
(i)
CD , and (b)

spin–lattice relaxation rates, R
(i)
IZ , as functions of acyl segment position

(i) for DLPC-d 46 oriented on planar substrates at 46.1 MHz and 40 ◦C in
the liquid-crystalline phase. •, sn-1 chain; ◦, sn-2 chain. (Reproduced
by permission of the American Institute of Physics from T. P. Touard,
T. M. Alam, and M. F. Brown, J. Chem. Phys., 1994, 101, 5229)

rate studies provided evidence for a liquid-like mobility of
the chains; however, separation of the contributions from
the statistical ordering and rate of motions2 was not always
considered.

As shown by Brown, Seelig, and Häberlen,35 a profile is
seen in the 2H NMR relaxation rates as a function of chain
position, which is markedly reminiscent of the profile seen
for the 2H NMR order parameters. A representative 2H NMR
relaxation profile for DLPC-d46 is shown in Figure 4(b). As
can be seen, the R

(i)
1Z profile parallels the order profile in

that a plateau is observed over the initial part of the chain,
followed by a decrease in the R

(i)
1Z relaxation rates as the acyl

chain terminus is approached. Similar relaxation profiles are
obtained for the 13C R1Z values of small vesicles,18 as well as
the R1Z and R1ρ values of unsonicated bilayer membranes.20 It
is noteworthy that few differences exist between the R1Z rates
of unsonicated bilayers and small vesicles.35 The relaxation
profile can be due to a profile of the motional amplitudes
along the chains, or alternatively it can represent the rate of
motion along the chains, viz. as a function of depth within the
bilayer hydrocarbon region. Which of the above interpretations
is correct?

Moreover, an inherent feature of the nuclear spin relaxation
is that there is a characteristic frequency (magnetic field
strength) dependence.17 – 19, 36 This was first extensively
investigated by Chan and co-workers;17 representative 1H

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

2.85 2.95 3.05

100 MHz

220 MHz

R
1Z

 (
s–1

)

220 MHz

100 MHz

T –1 × 103(K–1)

Figure 5 Proton spin–lattice relaxation rates R1Z for acyl segments of
DPPC vesicles in the liquid crystalline state versus reciprocal tempera-
ture at two different frequencies (magnetic field strengths); ◦, DPPC; �,
DPPC/DPPC-d 62 (2:8); •, DPPC/DPPC-d 62 (1:9). The results indicate
the presence of both intermolecular and intramolecular contributions.
(Reproduced by permission of Elsevier Science Publishers from P. A.
Kroon, M. Kainosho, and S. I. Chan, Biochim. Biophys. Acta , 1976,
433, 282)

NMR data from their work for DPPC at two different
frequencies are shown in Figure 5. The frequency dependence
of the relaxation suggests that slow motions of the lipids occur
within the bilayer, which are not found in simple fluids. These
experiments paved the way for subsequent investigations of
the relaxation frequency dependence using 13C and 2H NMR
techniques.18,19 In addition, investigations involving magnetic
field cycling have provided further valuable knowledge of the
relaxation frequency dependence.21 (See also Field Cycling
Experiments.)

Let us take a closer look at what can be learned from
combined NMR lineshape and relaxation studies. One can
apply the Bloch–Wangsness–Redfield treatment of the density
matrix37 to the relaxation of lipid bilayers,38 in which
fluctuations of the nuclear coupling with its environment yield
a time-dependent perturbation. (See also Relaxation Theory:
Density Matrix Formulation.) The residual or time-averaged
Hamiltonian 〈Ĥλ〉 is subtracted from the time-dependent
Hamiltonian to yield the fluctuating part Ĥ′

λ(t) , which is given
by2,35

Ĥ′
λ(t) ≡ Ĥλ(t) − 〈Ĥλ〉 (8)

Correlation functions of the coupling Hamiltonian can then be
written as

Gαβα′β′(t) (α ˆ ′
λ(0) β)(β ′ ˆ ′

λ(t) α′) (9)
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The Dirac bra–ket notation ( | and | ) is used, where α,
α′, β, and β ′ correspond to the eigenstates of the spin system,
and the angled brackets indicate a time or ensemble average.
Substituting for the Hamiltonian Ĥ′

λ(t) , one obtains for the
correlation functions due to the fluctuating part

Gαβα′β′(t) = 3

2
δ2
λC

2
λ

∑
m

(α|T̂ (2)lab
−m |β)∗(α′|T̂ (2)lab

−m |β ′)Gm(t)

(10)

Now according to equation (10) the correlation functions
contain products of the matrix elements of the irreducible
tensor operators due to the angular momentum, as well as
the irreducible correlation functions Gm(t) which describe
fluctuations of the coupling tensor. The matrix elements
encompass the selection rules and characterize the allowed
transitions; whereas the correlation functions Gm(t) describe
the time dependence of the fluctuating irreducible components
about their mean values. (It can be shown using group
theoretical procedures that cross-correlation terms involving
different values of the projection index m vanish rigorously
for the case of cylindrical symmetry.)

The correlation functions Gm(t) can be written as

Gm(t) = 〈[V (2)lab
m (0) − 〈V (2)lab

m 〉]∗[V (2)lab
m (t)

−〈V (2)lab
m 〉]〉/[V (2)PAS

0 ]2 (11)

For ηλ = 0 only the V
(2)PAS
0 irreducible component is nonzero,

so that one obtains39,40

Gm(t) = 〈D(2)∗
0m (�PL; 0)D

(2)
0m(�PL; t)〉 − |〈D(2)

0m(�PL)〉|2 (12)

In general, however, one needs to consider cross terms
involving the symmetric (δλ) and asymmetric (ηλ) components
of the coupling tensor.41 The corresponding irreducible
spectral densities are the Fourier transform partners of the
correlation functions, Gm(t), and are given by

Jm(ω) = Re
∫ ∞

−∞
Gm(t)e−iωt dt (13)

The spectral densities J m(ω) describe the density of the
fluctuations at the frequency ω, which produce the observed
nuclear relaxation. In what follows, it is useful to introduce
the following coupling constants:

χD ≡ (γI γSh/2π2)〈r−3
IS 〉 (14a)

χQ ≡ e2qQ/h (14b)

4.1 Proton and Deuterium NMR Spectroscopy

For the case that Î = Ŝ , e.g. due to the pairwise
magnetic dipolar interaction between 1H nuclei or the electric
quadrupolar interaction of the 2H nucleus, one obtains for the
various relaxation rates

R1Z ≡ 1

T1Z
= 3

4
π2χ2[J1(ωI ) + 4J2(2ωI )] (15a)

R1D, R1Q ≡ 1

T1D
,

1

T1Q
= 9

4
π2χ2J1(ωI ) (15b)

R2 ≡ 1

T2
= 3

8
π2χ2[3J0(0) + 3J1(ωI ) + 2J2(2ωI )]

(15c)

Here χ is the coupling constant for the dipolar or quadrupolar
interaction, i.e. χ ≡ χD or χQ; ωI is the nuclear Larmor
frequency; and J m(ωI) are the spectral densities of motion. The
relaxation rate for the longitudinal or Zeeman magnetization
(i.e. the spin–lattice relaxation rate) is denoted by R1Z, where
T 1Z is the corresponding relaxation time. The rates for the
decay of dipolar order and the decay of quadrupolar order
are denoted by R1D and R1Q, respectively, with relaxation
times T 1D and T 1Q. Finally, the relaxation rate for the decay
of transverse single quantum coherence (i.e. the spin–spin
relaxation rate) is denoted by R2, where the relaxation time
is T 2. The cylindrical symmetry about the bilayer normal
(director axis) means in general that the irreducible spectral
densities depend on the projection index m. In systems
undergoing isotropic averaging, e.g. phospholipid vesicles, the
dependence on the m index vanishes due to the spherical
symmetry, such that J m(ωI) → 〈J m(ωI)〉 ≡ J (ωI).

One should note that, as indicated above, R2 corresponds
to the transverse relaxation rate in ordered media, where the
|+1) → |0) and |0) → | − 1) single quantum transitions
are typically nondegenerate.38 In systems undergoing isotropic
averaging, the transverse cross-relaxation rate must also be
included, yielding

R2 = 3

8
π2χ2[3J (0) + 5J (ωI ) + 2J (2ωI )] (16)

(See also Deuteron Relaxation Rates in Liquid Crystalline
Samples: Experimental Methods Liquid Crystalline Samples:
Deuterium NMR.)

4.2 Carbon-13 NMR Spectroscopy

For Î �= Ŝ , e.g. the 13C–1H direct magnetic dipolar
interaction, the various observables are given by42

R1Z ≡ 1

NT1Z
= 3

2
π2χ2

D

[
1

6
J0(ωS − ωI ) + 1

2
J1(ωI )

+J2(ωS + ωI )] (17a)

ηIS =
(

γS

γI

) − 1
6J0(ωS − ωI ) + J2(ωS + ωI )

1
6J0(ωS − ωI ) + 1

2J1(ωI ) + J2(ωS + ωI )
(17b)

R2 ≡ 1

NT2
= 3

4
π2χ2

D

[
1

6
J0(ωS − ωI ) + 1

2
J1(ωI )

+J2(ωS + ωI ) + 2

3
J0(0) + J1(ωS)

]
(17c)

Here R1Z is the Zeeman (spin–lattice) relaxation rate with
relaxation time T 1Z; ηIS is the heteronuclear Overhauser effect
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due to the fluctuating dipolar interactions; and R2 is the
transverse (spin–spin) relaxation rate with relaxation time T 2;
N is the number of directly bonded 1H nuclei. For the case
of orientational averaging, the m index vanishes due to the
spherical symmetry as mentioned above, such that J m(ωI)
→ 〈J m(ωI)〉 ≡ J (ωI). (See also Liquid Crystalline Samples:
Carbon-13 NMR.)

4.3 Correlation Functions and Spectral Densities for

Restricted Diffusion

Generally speaking, one can employ a simple diffusion
model to describe either segmental motions or molecular
motions. Let us define generic Euler angles as � ≡ (α, β,
γ ); i.e. � = �ID for segmental diffusion or � = �MD for
molecular diffusion, with generalized projection indices (m ′,
m) ≡ (r , n) or (q , n). The spectral densities for rotational
diffusion F

(2)

m′m (�; ω) are Fourier transform partners of the

correlation functions G
(2)

m′m(�; t) , as indicated below:

F
(2)

m′m(�; ω) = Re
∫ ∞

−∞
G

(2)

m′m(�; t)e−iωt dt (18a)

≡ [〈|D(2)

m′m(�)|2〉 − |〈D(2)

m′m(�)〉|2δm′0δm0]

j
(2)

m′m(�; ω) (18b)

where G
(2)

m′m(�; t) = G
(2)

m′m(�; 0)g
(2)

m′m(�; t) . As a rule,

F rn
(2)(�ID; ω) for segmental diffusion or F

(2)
qn (�MD; ω)

for molecular diffusion are a function of both even and
odd rank order parameters.16,41 Assuming a value of the
second-rank polynomial 〈D(2)

00 (�ID)〉 for segmental motions
or 〈D(2)

00 (�MD)〉 for molecular motions, the parameters of the
potential of mean torque can be determined.39,41

One can solve the rotational diffusion equation43 in the
presence of a uniaxial potential of mean torque to give for
the reduced correlation functions

g
(2)

m′m(�; t) = exp[−(D|| − D⊥)m′2t]

×
∞∑

k=1

c
(2,k)

m′m exp(−α
(2,k)

m′m D⊥t) (19)

Here α
(2,k)

m′m denotes the k th eigenvalue of the diffusion oper-

ator, and c
(2,k)

m′m and τ
(2,k)

m′m are the relative normalized weight
and correlation time for the k th relaxation component. (See
also Liquid Crystalline Samples: Relaxation Mechanisms.)
Solutions in closed form are obtained by making a single expo-
nential approximation in terms of a short time expansion,44

yielding for the mean of the eigenvalues

α
(2)

m′m =
∞∑

k=1

c
(2,k)

m′m α
(2,k)

m′m = µm′m

G
(2)

m′m(0)
(20)

The moments µm′m are given by their expansions16,44 in
terms of the order parameters D

(j)

00 (�) . Within the single

exponential approximation, the correlation times are denoted
by

1

τ
(2)

m′m
= [α(2)

m′m + (ηdiff − 1)m′2]D⊥ (21)

where ηdiff ≡ D ||/D⊥ and D is the rotational diffusion tensor.
The reduced correlation functions are then given by

g
(2)

m′m(�; t) = exp(−t/τ
(2)

m′m) (22)

and likewise the reduced spectral densities are given by

j
(2)

m′m(�; ω) = 2τ
(2)

m′m

1 + (ωτ
(2)

m′m)2
(23)

4.4 Segmental Motions

In the case of segmental motions the dynamics can
involve dihedral angle isomerizations together with torsional
oscillations. For simplicity and generality, one can assume a
diffusion model39 in terms of the angles �PD(t) between the
frame of the coupling tensor and the director; alternatively,
jump models can be considered.45 – 47 The result for the
irreducible spectral densities J m(ω) in the laboratory frame
can be expressed in general as41,48,49

Jm(ω) = ∑
r

∑
n

|D(2)
0r (�PI) −

√
1
6 ηλ[D(2)

−2r (�PI)

+D
(2)
2r (�PI)]|2F (2)

rn (�ID; ω)|D(2)
nm(�DL)|2

(24)

For either the dipolar or quadrupolar interactions, the asymme-
try parameter, ηλ, describes the deviation of the static coupling
tensor from cylindrical symmetry, as noted above. The squares
of the Wigner rotation matrix elements |D(2)

m′m(�)|2 > are given
in terms of their Clebsch–Gordan series expansions.15 Note
that in general the orientation dependence of the relaxation is
described by the factor |D(2)

nm(�DL)|2 .

4.5 Molecular Motions

Likewise, one can apply a diffusion model to restricted
molecular rotations within the potential of mean torque
of the bilayer. Here the molecular motions are formu-
lated in terms of reorientation of a single molecule in
the mean field due to all its neighbors. The slow motions
may be noncollective, i.e.‘molecular’ in nature, and involve
wobbling or rattling of the lipid as described by the
angles �MD(t) between the molecular frame and the direc-
tor. It is simple to show39 that the relaxation rates are
isomorphous to those for segmental motions,38 in which
χλ → χλ

eff and ηλ → ηλ
eff. The spectral densities

are scaled by the local order parameter squared, which
gives

Jm(ω) = |〈D(2)
00 (�PI)〉|2

∑
q

∑
n

|D(2)
0q (�IM)

−
√

1
6 ηeff

λ [D(2)
−2q(�IM) + D

(2)
2q (�IM)]|2

F
(2)
qn (�MD ω) D

(2)
nm(�DL) 2

(25)
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Here the two coupling parameters are χ eff
λ = χλ〈D(2)

00 (�PI)〉
and ηeff

λ = − 3
2 〈sin2 βPI cos(2γPI)〉/〈D(2)

00 (�PI)〉 . Because the

spectral densities are multiplied by |〈D(2)
00 (�PI)〉|2 , the

local order parameter squared, the static coupling constant
χ2

λ → (χ eff
λ )2 in the relaxation rate expressions, equations

(15)–(17). Now if the orientations of the residual tensor
principal axes, together with the mean-squared amplitudes and
reduced spectral densities of the slow motions as described
by F

(2)
qn (�MD; ω) , are nearly constant, then the dependence

of the relaxation on chain position is largely governed by
the two quantities χ eff

λ and ηeff
λ . Assuming the effective

asymmetry parameter ηeff
λ is nearly zero or constant along

the chain, then a square law functional dependence of the
spectral densities on the observed segmental order parameter
S CD results.18,39,50

4.6 Collective Motions

As an alternative to considering distinct rotational modes,
one can adopt a three-dimensional picture for the bilayer in
terms of a continuum of twist, splay, and bend deformations
as proposed by Brown.39 It is assumed that the various chain
segments reorient collectively, in which the key distinction
from the above molecular picture is that a broad distribution
of wave-like elastic modes is present.39,51,52 Here the shorter
wavelengths approach the molecular or chain diameter,
where of course the continuum description breaks down; the
longer wavelengths approach the macroscopic dimensions of
the bilayer and for simplicity are taken as ∞. The slow
motions are described by the angles �ND(t) between the
instantaneous (or local) director and the average director
(the bilayer normal), where a small angle approximation is
made.

For such a picture one obtains that

Jm(ω) = C|〈D(2)
00 (�PI)〉|2|ω|−1/2|D(2)

±1m(�DL)|2 (26)

in which C is a collection of various constants (a single elastic
constant approximation is made). The angular anisotropy is
described by the factor |D(2)

±1m(�DL)|2 and thus reflects the
assumption of small angle director fluctuations. Assuming
that the amplitude of the slow motions is nearly uniform
along the chain, a squared dependence on the observed
order parameter results as for the molecular model (vide
supra). Alternatively, a two-dimensional picture in terms of
fluctuations of the lipid/water interface can be considered,
in which the finite thickness of the bilayer is disregarded.53

Such a formulation is analogous to a smectic undulation
model, in which there is a large increase in the elastic
constants for the twist and bend modes.54 Hence only splay
is considered in terms of a single elastic constant K c; this
yields

Jm(ω) = C ′|〈D(2)
00 (�PI)〉|2|ω|−1|D(2)

±1m(�DL)|2 (27)

where C′ is similarly a collection of elastic and other const-
ants.

4.7 Observed Spectral Densities

Now the presence of a motional hierachy means that
the residual interaction due to an individual component is
further modulated by the slower motions of larger orientational
amplitude. Let us modify our notation and denote the observed
order parameter by S (2) ≡ S CD. The following product
approximation can be made if the fast and slow motions are
axially symmetric:55

S(2) = S
(2)
f S(2)

s (28)

One can then write for the spectral densities that

Jm(ω) = J f
m(ω) + J s

m(ω) (29)

where, in principle, both the fast and slow contributions
depend on the (i) degree of ordering, (ii) frequency, and (iii)
orientation.39,40

Further simplification is possible if one assumes that
orientational averaging of the relaxation occurs, e.g. as in the
case of vesicles and also multilamellar dispersions.36 We shall
denote S

(2)
f ≡ 〈D(2)

00 (�PI)〉 as the order parameter for the fast
motions, and S

(2)
s ≡ 〈D(2)

00 (�ID)〉 as the order parameter for
the slow motions. The spectral density for the fast motions is
given by39

J f(ω) = 1

5
[1 − S

(2)2
f ] j

(2)
f (ω) (30)

in which

j
(2)
f (ω) = 2τ

(2)
f

1 + [ωτ
(2)
f ]2

(31)

Here τ f
(2) is the correlation time for the motions with respect

to the local director axis (internal frame).
In the case of the spectral densities due to slow motions,

a molecular model can be considered, or alternatively a
collective model; the spectral densities are scaled by the
fast order parameter squared, viz. S f

(2)2. Assuming a single
correlation time, one obtains for the orientationally averaged
spectral density that39

J s(ω) = 1

5
S

(2)2
f [1 − S(2)2

s ] j (2)
s (ω) (32)

where

j (2)
s (ω) = 2τ

(2)
s

1 + [ωτ
(2)
s ]2

(33)

Note that if the correlation time for the slow motions is
sufficiently long so that [ωτ

(2)
s ]2 � 1 , then a ω−2 frequency

dependence results.55 However, in general the frequency
dependence is more complicated.39

It is worth noting that if the slow motion is unrestricted,
e.g. as occurs in globular proteins56 or detergent micelles,57

then there is no preferred symmetry axis (corresponding to the
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average director) and hence the slow order parameter S s
(2) →

0; this gives

J s(ω) → 1

5
S

(2)2
f j (2)

s (ω) (34)

One then immediately obtains as a limiting case the results
formulated independently by Lipari and Szabo56 as the ‘model-
free approach’, or by Wennerström and co-workers57 as the
‘two-step model’. (See also Protein Dynamics from NMR
Relaxation and Micellar Solutions and Microemulsions.)
Because the present treatment38 – 40 is more general, it is
referred to as the ‘generalized approach’.12

For the collective model, the orientationally averaged
spectral density due to the slow motions is given by

J s(ω) = 1

5
S

(2)2
f j (2)

s (ω) (35)

where

j (2)
s (ω) = Cω−1/2 (36)

Here C is a collection of elastic and other constants; a single
elastic constant approximation is made for the twist, splay,
and bend modes. Alternatively, a two-dimensional smectic-
like formulation can be considered.53,54 Such a treatment in
terms of splay only gives53,54

j (2)
s (ω) = C ′ω−1 (37)

where C′ is similarly a collection of elastic and other constants.

5 TESTING OF CONCEPTUAL FRAMEWORKS

As indicated above, the spectral densities J m(ω) and
associated relaxation rates depend on the segmental ordering,
frequency ω(magnetic field strength), temperature, and the
bilayer orientation.39 For the sake of illustration, let us again
consider the order and relaxation profiles depicted in Figure
4.16 One plausible interpretation is that the static interaction
constant is modulated by the motions; here the residual or
effective quadrupolar coupling (≈30–40 kHz) is smaller than
the static quadrupolar coupling (170 kHz), so that the mean

S(i)
CD

2

0.00 0.01 0.02 0.03

(a) θ = 0˚ (b) θ = 15˚

(c) θ = 40˚ (d) θ = 85˚

40

30

20

10

0

R
(i

)
1Z

(θ
)(

s–1
)

0.00 0.01 0.02 0.03

30

20

10

0
0.04

Figure 6 Plots of 2H R
(i)
IZ rates versus the corresponding values of |S(i)

CD|2 for acyl segments of DLPC-d 46 in the liquid crystalline phase at
46.1 MHz and 40 ◦C. (a)–(d) Results for bilayers aligned on planar substrates at different angles (θ) with respect to the main magnetic field.
(Reproduced by permission of the American Institute of Physics from T. P. Touard, T. M. Alam, and M. F. Brown, J. Chem. Phys., 1994, 101,
5229)
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squared amplitudes provide a relatively minor influence. As a
result the relaxation profile is governed by the local motional
rates along the chain. Another possibility is that the interaction
varies along the chain, and corresponds not to the static
coupling, but rather to an effective or residual coupling that
is preaveraged by faster motions of a more local nature,
e.g. dihedral angle isomerizations.48 Instead of the static
coupling being constant and the dynamical parameters varying
along the chain, the opposite holds. The coupling parameters
as reflected in the mean-squared amplitudes vary with the
chain position, and thus govern the shape and magnitude
of the relaxation profile, whereas the dynamical parameters
are essentially the same. What is the correspondence to
equilibrium and dynamical properties of bilayers in the fluid
phase?

To interpret further such relaxation profiles, it is necessary to
introduce motional models which encompass the key physics
of interest. As already noted, the angular anisotropy of the
relaxation for I = 1 nuclei is related to the orientation and
symmetry of the coupling tensor within the frame undergoing
the fluctuations, i.e. the segment, molecule, or bilayer.39 Fits
of the angular dependence of the R1Z rates of lipid bilayers in
the fluid (Lα) phase to the segmental, molecular, and collective
models can all explain the angular dependence for disaturated
phosphatidylcholines to a greater or lesser degree of success,
depending on the number of adjustable parameters.16 How can
one further distinguish among these different interpretations?

In this regard, the magnitude of the 2H and 13C relaxation
times together with their dependence on frequency and
temperature renders it unlikely that an interpretation in

1.5
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0.5

1 2 3 4
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(d) 45.3 MHz

(e) 75.5 MHz

(f) 90.5 MHz

(g) 126 MHz

10× 2
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R
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)
1Z

(s
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)

Figure 7 Plots of natural-abundance 13C spin–lattice relaxation rates, R
(i)
IZ , for acyl chain segments of DPPC vesicles versus |S(i)

CD|2 from 2H
NMR studies at various temperatures in the liquid crystalline state. (a)–(g) Results obtained at different 13C frequencies (magnetic field strengths).
(Reproduced by permission of the American Institute of Physics from M. F. Brown, J. Chem. Phys., 1984, 80, 2808)
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terms of a single type of local motion can explain the
results.39,40 Such a formulation has been suggested as a
first approximation for describing the dynamics in fluid
Lα phase bilayers.35,38 However, subsequent studies have
indicated that a fundamentally different physical picture may
be involved.18,19,39 As a result, the possible influences of slow
motions which modulate the residual coupling left over from
faster local motions must be considered. Figure 6 shows that if
the 2H R

(i)
1Z rates are plotted versus the corresponding values

of the order parameters, S
(i)
CD , squared, a nearly straight line

results. The presence of such a square law dependence was
first recognized by Brown,39 and represents a hallmark or
characteristic signature of the fluid, liquid crystalline state of
disaturated lipid bilayers. The experimentally observed square
law functional dependence of R

(i)
1Z and S

(i)
CD is independent

of any motional model. It can be readily explained by Fermi’s
Golden Rule, in which the strength of the interaction depends
on the matrix elements squared, and thus varies with the
chain position; the motional parameters are largely constant.
Consequently, although the slow motions provide the dominant
contribution to the observed relaxation rates, the internal fast
motions govern the relaxation profile along the chains.

Further information can be obtained from 13C NMR studies,
in which the relaxation is due to the direct magnetic dipolar
interaction of the 13C nucleus with the directly bonded 1H
atoms. By carrying out 13C NMR R1Z studies of small
vesicles, it is possible to employ conventional high-resolution
NMR spectrometers to obtain relaxation data at different
magnetic field strengths. As noted above, 13C R1Z studies
of both small vesicles of phosphatidylcholines as well as the
corresponding multilamellar dispersions evince little difference
in their relaxation rates.18,20 Hence the motions governing
the relaxation in the megahertz regime in both cases must
be rather similar. In Figure 7 the natural-abundance 13C
NMR R1Z relaxation rates of DPPC small vesicles obtained
at seven magnetic field strengths,18 covering a range of 13C
frequencies from 15.0 MHz (1.40 T) to 126 MHz (11.7 T),
are plotted versus the square of the corresponding 2H NMR
order parameters, S CD. As in the case of the 2H NMR data,
evidence of a square law relation is found, as discussed above.
Moreover, a comparison of the data in Figure 7(a)–(g) reveals
a progressive decrease in the slopes of the square law plots
as the 13C frequency is increased from 15.0 to 126 MHz, i.e.
there is a characteristic frequency dependence of the relaxation
in agreement with earlier 1H NMR studies.17

At present, the most extensive frequency-dependent R1Z
relaxation data for lipid vesicles comprise 2H NMR stud-
ies of specifically deuterated 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC). The results encompass nine different
magnetic field strengths, ranging from 2.5 MHz (0.38 T) to
62.4 MHz (9.55 T), employing both electromagnets and super-
conducting NMR magnets.19 Figure 8 summarizes the results
of fitting the dispersion data for DMPC deuterated at the C-3
position to (i) the three-dimensional collective model involving
twist, splay, and bend deformations, (ii) the two-dimensional
interfacial collective model involving splay only, and, finally,
(iii) the noncollective molecular model formulated in terms
of a single Lorentzian plus a constant to account for internal
motions. It is noteworthy that vesicle tumbling is too slow to
influence appreciably the relaxation in the megahertz regime.19

As can be seen, the ωI
−1/2 dependence39,58 provides the best

fit to the data; fits to an ωI
−1 dependence in terms of splay
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Figure 8 Deuteron R1Z rates as a function of frequency for vesicles
of DMPC deuterated at the C-3 acyl segment at 30 ◦C in the liquid
crystalline state. Data are indicated at nine different frequencies
(magnetic field strengths) and are fitted to the various relaxation laws
described in the text. (Reproduced by permission of Taylor and Francis
Ltd. from M. F. Brown, A. Salmon, U. Henriksson, and O. Söderman,
Mol. Phys., 1990, 69, 379)

only53 or to a Lorentzian dispersion55 are clearly not as suc-
cessful. One should also note that a different interpretation of
these preliminary R1Z relaxation rate data has appeared.59

With regard to the various acyl chain positions, the 13C
NMR measurements for DPPC at the seven different mag-
netic field strengths are currently the most extensive data
available.18 The 13C R1Z rates can be plotted as a function of
ωC

−1/2 in accord with the three-dimensional collective model;
the slopes are seen in Figure 9 to decrease progressively
along the chain. This is to be expected since the relaxation
rates depend on the order parameter S CH (=S CD) squared.
Additional information is obtained from 13C–1H heteronuclear
Overhauser effect (NOE) studies of vesicles of disaturated
phosphatidylcholines. The predicted NOE = 1 + ηIS of 2.34
for the collective model40 is in good agreement with experi-
mental data, which reveal little dependence on the magnetic
field strength.60
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Figure 9 Plots of natural-abundance 13C spin–lattice relaxation rates, R1Z, for acyl chain segments of DPPC vesicles versus ωC
−1/2 at 50 ◦C in

the liquid crystalline state.40 Data are indicated at seven 13C frequencies (magnetic field strengths) and are fitted to a collective relaxation law. The
inset shows the contribution from fast local motions plotted against the spin–lattice relaxation rates of the corresponding segments of n-hexadecane,
where the dashed line indicates a slope of m = 1. (Reproduced by permission of the American Institute of Physics from M. F. Brown, J. Chem.
Phys., 1984, 80, 2808)

In fact, the entire body of 2H R1Z data for multilamellar
dispersions and 13C R1Z data for vesicles of disaturated
phosphatidylcholines are consistent with a relaxation law in
which the spectral densities due to slow motions have the
form of equation (35) and (36). Moreover, by subtracting the
local contribution and normalizing the various R1Z data by the
square of the 2H NMR order parameters, one can superimpose
all of the data for all of the nuclei, viz. including 1H, 2H,
and 13C on a common plot versus ωI

−1/2 as indicated in
Figure 10(a). Here it is necessary to assume12 a vibrationally
averaged 13C–1H dipolar coupling constant corresponding to
〈rCH

−3〉−1/3 = 0.114 nm rather than the equilibrium bond
length rCH = 0.109 nm as in Figure 10(b). This is in
agreement with independent estimates of the 13C–1H dipolar
coupling constant and the 13C–2H quadrupolar coupling
constant.13

6 EQUILIBRIUM AND DYNAMICAL PROPERTIES

OF LIPID BILAYERS

A summary of the currently available NMR results
for multilamellar dispersions and small vesicles of DPPC
is provided in Figure 11.18,39 The square law functional
dependence of the 2H R1Z relaxation rates and 2H NMR order
parameters is illustrated in the case of DPPC multilamellar
dispersions in Figure 11(a); in addition, the ω

−1/2
C frequency

dispersion found in 13CR1Z relaxation studies of small DPPC
vesicles is displayed in Figure 11(b). Both dependencies are
characteristic signatures of the fluid Lα phase of membrane
lipid bilayers.39 By contrast, Figure 11(b) shows that the
13C R1Z rates of liquid alkanes such as n-hexadecane are
essentially independent of frequency, i.e. magnetic field
strength, over the range investigated.18

The presence of a hierarchy of motions in lipid bilayers
was first recognized by the Chan17 and Klein5 groups, and
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Figure 10 Plots of normalized contribution from slow motions to
1H, 2H, and 13C R1Z rates versus ωI

−1/2 for various acyl chain
segments of DPPC at 50 ◦C in the liquid crystalline state (ω0≡ωI).
In (a) a vibrational averaged 13C–1H distance (rCH

(0)≡〈rCH
−3〉−1/3)

of 0.114 nm is used; whereas in (b) the equilibrium bond length of
0.109 nm is assumed. (Reproduced by permission of the American
Institute of Physics from M. F. Brown, J. Chem. Phys., 1984, 80, 2832)

subsequently interpreted in terms of collective dynamics by
Brown.39 (See also Slow and Ultraslow Motions in Biology.)
One can model the proposed bilayer order fluctuations in terms
of twist, splay, and bend deformations in the high-frequency
or free membrane limit, and possibly by smectic undulation
modes involving splay only in the low-frequency or strongly
coupled limit.18 Figure 12 shows a schematic illustration from
a 1979 conference at Stanford University, which indicates the
types of collective excitations that can explain the frequency-
and ordering-dependent relaxation enhancement of membrane
bilayers.18 For such a continuum picture, the higher-frequency
modes have smaller amplitudes, whereas the lower-frequency
modes have larger amplitudes; the high- and low-frequency
cutoffs are neglected for simplicity. Following Blinc et al.,54

there are two limits for a smectic A mesophase such as a
bilayer dispersion, depending on the repeat distance d between
the layers relative to the wavelength λ. First there is the
high-frequency regime where λ � d , corresponding to the
free membrane limit where coupling between the bilayers
is negligible; in this case the relaxation is similar to the
nematic phase. Secondly, there is the low-frequency regime
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Figure 11 Summary of NMR results for DPPC at 50 ◦C in the liquid
crystalline state. (a) Plot of 2H spin–lattice relaxation rates R

(i)
IZ versus

|S(i)
CD|2 for acyl segments of multilamellar dispersions; (b) plot of 13C

spin–lattice relaxation rates, R1Z, for (CH2)n resonance versus ωC
−1/2

for small vesicles

where λ � d . In this case there is the possibility of smectic
undulation waves having a constant interlamellar distance,53,54

in which the restriction to splay only leads to an ω−1 frequency
dependence over the entire range; other modes are possible.

Thus at higher frequencies in the megahertz regime,
within the free membrane limit, a nematic-like behavior is
found comprising relatively short-wavelength twist, splay,
and bend modes, yielding the experimentally observed ω−1/2

dependence.39,51,54,61 On such a length scale, no direct cor-
respondence exists between the microscopic elastic constants
and the bulk elastic constants that are experimentally mea-
sured. Because the R1Z rates for vesicles and multilamel-
lar dispersions are nearly the same,35 the megahertz disper-
sion most likely does not arise from two-dimensional surface
fluctuations.53 However, at lower frequencies in the kilohertz
regime, the properties of the membrane lipid/water interface
become increasingly important, and a transition occurs to the
strongly coupled limit involving interactions among the dif-
ferent layers. There may now be a correspondence with the
bulk elastic constant as experimentally measured; additional
research is necessary. The restriction to splay only for the
lower-frequency modes leads to an ω−1 frequency dependence
in the kilohertz regime.54 (See also Molecular Motions: T1
Frequency Dispersion in Biological Systems.)
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(a)

(b)

Figure 12 Examples of the types of collective bilayer excitations
leading to ω−1/2 frequency dependence. (a) Twist. (b) Splay

Finally, the contribution from local internal motions is
obtained by extrapolating the ordering- and frequency-
dependent relaxation enhancement for a fluid lipid bilayer to
zero ordering or infinite frequency (see Figure 11). As a result,
one can conclude that the microviscosity of the bilayer hydro-
carbon region, where a bulk viscosity cannot be measured,
is essentially equivalent to liquid n-alkanes having a macro-
scopic viscosity on the order of a few centipoise! It follows
that the membrane lipid/water interface may be very important
with regard to lateral diffusion of membrane lipids and pro-
teins. These previous conclusions18,39 are now supported by
detailed molecular mechanics studies of membrane bilayers in
the fluid phase.62,63 With the advent of more powerful com-
puters, one can expect the availability of longer timescales, so
that the motional distribution proposed on the basis of NMR
spectroscopy can be further addressed.
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Phys., 1990, 69, 379.

20. M. D. Sefcik, J. Schaefer, E. O. Stejskal, R. A. McKay, J. F.
Ellena, S. W. Dodd, and M. F. Brown, Biochem. Biophys. Res.
Commun., 1983, 114, 1048.

21. E. Rommel, F. Noack, P. Meier, and G. Kothe, J. Phys. Chem.,
1988, 92, 2981.

22. H. Wennerström and G. Lindblom, Q. Rev. Biophys., 1977, 10,
67.

23. E. Oldfield, J. L. Bowers, and J. Forbes, Biochemistry , 1987, 26,
6919.

24. Y. I. Parmar, S. R. Wassall, and R. J. Cushley, J. Am. Chem. Soc.,
1984, 106, 2434.

25. R. L. Thurmond, G. Lindblom, and M. F. Brown, Biochemistry ,
1993, 32, 5394.

26. J. H. Davis, Biochim. Biophys. Acta , 1983, 737, 117.

27. A. Salmon, S. W. Dodd, G. D. Williams, J. M. Beach, and M. F.
Brown, J. Am. Chem. Soc., 1987, 109, 2600.

28. A. Salmon and M. F. Brown, Unpublished, 1987.

29. R. A. Haberkorn, J. Herzfeld, and R. G. Griffin, J. Am. Chem. Soc.,
1978, 100, 1296.

30. M. D. Sefcik, J. Schaefer, E. O. Stejskal, R. A. McKay, and M.
F. Brown, Unpublished, 1983.

31. M. Hong, K. Schmidt-Rohr, Y. K. Lee, C. Husted, and A. Pines,
Proc. 35th Experimental Nuclear Magnetic Resonance Conference,
Pacific Grove, California, 1994, p. 201.

32. A. Seelig and J. Seelig, Biochemistry , 1974, 13, 4839.

eMagRes, Online © 2007 John Wiley & Sons, Ltd.
This article is © 2007 John Wiley & Sons, Ltd.
This article was previously published in the Encyclopedia of Magnetic Resonance in 2007 by John Wiley & Sons, Ltd.
DOI: 10.1002/9780470034590.emrstm0023



BILAYER MEMBRANES: DEUTERIUM AND CARBON-13 NMR 15

33. M. Lafleur, P. Cullis, B. Fine, and M. Bloom, Biochemistry , 1990,
29, 8325.

34. R. L. Thurmond, D. Otten, M. F. Brown, and K. Beyer, J. Phys.
Chem., 1994, 98, 972.

35. M. F. Brown, J. Seelig, and U. Häberlen, J. Chem. Phys., 1979,
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