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Theory of spin-lattice relaxation in lipid bilayers and 
biological membranes. 2H and 14N quadrupolar relaxationa) 

Michael F. Brown 

Department of Chemistry, University of Virginia, Charlottesville, Virginia 22901 
(Received 17 March 1982; accepted 21 April 1982) 

Based on a previous, more approximate treatment [M. F. Brown, J. Magn. Reson. 35, 203 (1979)], expressions 
are derived for the quadrupolar spin-lattice (T,) relaxation rates of 2H and 14N in lipid bilayers. Results are 
presented for the most general, anisotropic rotational diffusion model describing the segmental or molecular 
reorientation in lipid bilayers, and the analysis is extended to include relatively slow fluctuations of the local 
director with respect to the macroscopic bilayer normaL Numerically computed values of T, for the diffusion 
model suggest that, even for extremes of ordering and motional anisotropy, such a model cannot by itself 
quantitatively account for the observed 2H T, values of multilamellar dispersions of 1,2-dipalmitoyl-sn
glycero-3-phosphocholine (DPPC), in the liquid crystalline state, as a function of temperature and frequency. 
The contribution from relatively low frequency motions is modeled in terms either (i) a simple noncollective 
model in which the slow motions are described in terms of a single effective correlation time, or (ii) a collective 
model in which the relatively slow reorientation is described by a distribution of correlation times, 
corresponding to collective fluctuations of the instantaneous director. The experimentally observed 
dependence of the 2H T, relaxation rates on the acyl chain segmental order parameter S CD and the resonance 
frequency CiJo are most consistent with a collective model for slow molecular reorientations in lipid bilayers. 
The 'H T, data for the saturated DPPC bilayer, in the liquid crystalline state, can be quantitatively described 
by a relaxation law of the form T,-' = AT! + BS~D CiJO-"

2 as observed for simpler nematic and smectic liquid 
crystals. The first (A) term is suggested to correspond primarily to lrans·-gauch~ isomerizations of the lipid 
acyl chains, while the (B) term describes collective bilayer modes which predominantly influence the frequency 
dependence of the relaxation. In contrast to earlier conclusions [M. F. Brown et al., J. Chern. Phys. 70, 5045 
(1979)], the dominant contribution to the 2H T, relaxation rates of the saturated DPPC bilayer may arise from 
collective order fluctuations rather than fast local motions. The value of Tf -10-" s obtained by extrapolating 
T,-' to infinite frequency or zero ordering is consistent with the correlation times calculated from 'H or l3C 
T, data for n-alkanes of equivalent chain lengths, suggesting that the microviscosity of the bilayer 
hydrocarbon region is not appreciably different from that of paraffinic liquids. 

I. MOTIVATION 

Biological membranes are essential components of 
nearly all living organisms, from the smallest mem
brane encapsulated viruses to the eukaryotic cells which 
constitute higher organisms such as man. In recent 
years, tremendous interest has been engendered by the 
application of various physical tools to the study 
of the molecular properties of membranes. The vast 
majority of biological membranes are based on lipid bi
layers, which can be prepared by dispersion of synthetic 
or natural phospholipids in excess water. Such lipid 
bilayers represent attractive objects for physical re
search and are of potential commercial interest, since 
stable, unilamellar vesicles prepared by sonication may 
eventually become useful as highly specific drug de
livery systems. 1 In addition, membranes are involved 
in a plethora of human diseases. Thus, studies of the 
physical state and dynamics of lipid bilayers are of 
broad significance, not only in view of their fundamen
tal physical interest as smectic liquid crystals, but also 
in terms of their potential medical applications. 

During the past decade, nuclear magnetic resonance 
(NMR)2 has emerged in a central role as a physical tool 
in membrane biophysics. At present, the most signifi
cant progress has involved line shape analyses. 3-14 

a) A preliminary account of this work was presented at the Fifth 
Annual Conference on Molecular Structural Methods in Bio
logical Research, Stanford University, November, 1979. 

However, since the spectral line shapes of these sys
tems depend predominantly on residual or time-aver
aged magnetic quantities, i, e., on the zero-frequency 
spectral density of the fluctuating magnetic interactions, 
it is clear that line shape studies do not in principle 
address the question of extracting the more complete 
physical information contained in the motional frequency 
spectrum. Thus, while line shape studies have pro
vided details of molecular motions in the gel phase, 11,13,14 

where the molecular fluctuations are relatively slow, in 
the liquid crystalline state the motions are more rapid 
and the information obtainable from relaxation tech
niques is essential. In the liquid crystalline phase, in
formation regarding both the molecular ordering and 
dynamics is necessary-the spectral line shapes pro
vide information regarding the average molecular con
formation, whereas NMR relaxation, in principle, can 
establish the characteristic time scales and amplitudes 
of the fluctuations. 

Although considerable progress has been recently 
made in understanding the molecular dynamics of liquid 
crystals using NMR relaxation,15-35 studies of lipid bi
layers have not yet progressed to a similar extent, in 
spite of the vast literature which has accumulated. 36-6& 

Since there are relatively few anisotropic systems where 
the molecular dynamics have been studied in detail, 
such studies are of considerable fundamental interest. 
Detailed IH NMR studies of phospholipid vesicles were 
first reported in the early 1970s. 36,39,42,46-48 In this 
early IH NMR work, ordering effects were largely ig-
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nored and intuitive ideas based on anisotropic rotational 
diffusion in simple liquids87 were applied to the analysis 
of the IH spin-lattice (T 1) relaxation. A similar ap
proach was subsequently applied to IH NMR studies of 
vertebrate photoreceptor membranes containing the 
visual protein rhodopsin. 88-70 However, the interpreta
tion of these 1H NMR results is complicated by the pres
ence of intermolecular 1H relaxation effects, as well as 
the possibility of spin diffusion among the various dipolar 
coupled IH nuclei. 71 These problems are obviated by 
13C NMR studies, where the T1 relaxation is due pre
dominantly to intramolecular 13C_1H dipolar interac
tions. From 13C Tl studies, Metcalfe and co-workers4o 

concluded that there was an increase in the rate of mo
tion along the fatty acyl chains of lipid bilayers, cor
responding to the observed increase in T1• As will be 
shown subsequently, this interpretation may be in need 
of modification. Levine et al. 44,72,73 later applied a mul
tiple internal rotation model, due originally to Wallach, 74 in 
an attempt to determine the fatty acyl chain dynamics 
based on 13c Tl measurements. However, it should be 
noted that, since single resonances are resolvable only 
from those 13CH2 groups near the beginning and end of 
the fatty acyl chains, it is difficult to map out the depen
dence of T1 on chain position from such studies alone. 
The application of such multiple internal rotation models 
to the fatty acyl chain dynamics in lipid bilayers is fur
ther complicated by the fact that the various rotations 
are generally assumed to be statistically independent, 
which is unlikely to be the case for lipid bilayers. The 
multiple internal rotation model was improved by Lon
don and Avatabile,82 who treated the motional restric
tions in an ad hoc fashion, and it has since been further 
extended by Szabo and co-workers. 75 

More recently, additional T1 relaxation studies of var
ious lipid bilayers and their interaction with cholesterol 
have been reported; 78-82 in most cases the theoretical 
and experimental approaches are similar to the earlier 
studies mentioned above. In the majority of the above 
cases, detailed information regarding the dependence of 
T1 on chain position has been lacking, even for the most 
extensive 13C T1 studies currently by available. 57 In 
addition, the problem of separating motional versus or
dering effects in interpreting the T1 relaxation rates 
has, for the most part, been ignored. Furthermore, 
the most detailed 13C Tl studies currently available57 in
volve only a single resonance frequency of 25 MHz; by 
interpreting T1 results obtained at a single resonance 
frequency one is essentially fitting an unknown correla
tion function to a single data point. Except for the case 
of Simple fluids, where the correlation functions are 
well known,83 such a procedure can be extremely dan
gerous and can lead to erroneous conclusions. 

The use of quadrupolar nuclei such as 2H or 14N offers 
considerable potential in NMR studies of lipid bilayers 
and biological membranes, since both the ordering and 
rate of motion of the groups containing the quadrupolar 
nuclei can be investigated directly. 84 The first 14N NMR 
stUdies of lipid bilayers have been recently reported85- 87 

and suggest that 1~ NMR will become a useful tool in 
membrane biophysiCS. Reviews of previous 2H NMR 
studies of lipid bilayers and biological membranes can 

be found in Refs. 9, 12, and 88. 2H T1 studies of deu
terated lipid bilayers were first reported by the Van
couver NMR group for a lyotropic soap/water mesophase 
consisting of potassium palmitate-dSl in 30 wt% water, 89 
and by the group at Basel for multilamellar dispersions 
of specifically deuterated 1, 2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC).84 2H T1 studies of DPPC-d82 
(perdeuterated fatty acyl chains) have also been recently 
reported,90 and the above 2H Tl studies of speCifically 
deuterated DPPC have been extended to several addi
tional resonance frequencies. 91 These 2H T1 studies 
clearly reveal a characteristic plateau in the T1 re
laxat ion profiles as a function Of chain position, which 
is reminiscent of the profiles determined previously for 
the 2H quadrupolar splitting versus chain position.9,12.92 
Although a fairly extensive body of 2H T1 data are now 
available for lipid bilayers in the liquid crystalline state, 
however, as well as their biological membrane counter
parts,93-95 an appropriate theoretical paradigm for in
terpreting the T1 relaxation times has not yet emerged, 
and only highly approximate models have been discus
sed. 89. 90. 91. 96 

Further progress in membrane biophysics requires a 
better understanding of the nature and amplitudes of the 
fluctuations contributing to the ensemble averaged quan
tities determined, e. g., from NMR, EPR, or fluores
cence depolarization experiments. The lack of informa
tion on details of the bilayer dynamics may be one rea
son for the great popularity in recent years of employ
ing order parameters to describe the angular fluctua
tions in lipid bilayers and membranes-one relinquishes 
all hope of describing the dynamics of the averaging 
process and rather determines ensemble-averaged quan
tities over a time scale appropriate to the spectroscopic 
technique employed. Even in this case, however, in
terpretations have not been unambiguous, and argu
ments based on the time scales of the various spectro
scopic techniques have surfaced recurrently. 9. 70.95,97.98 
The dynamic information lost in the averaging process 
can, of course, be retreived by measuring fluctuations 
in the relevant physical parameters about their average 
values, or quantities related to these fluctuations. In 
the present case it is the strength of the fluctuating 
quadrupolar interaction that determines the efficacy of 
the T1 relaxation; by measuring the T1 relaxation times 
as a function of frequency, it is possible to obtain a 
more complete understanding of the types of motions 
leading to the averaging of the static quadrupolar cou
pling than is possible from 2H NMR line shape studies 
alone. 

In the present work, a range of fairly Simple, physi
cally plausible models for spin dynamics in lipid bi
layers are discussed. In addition, it is shown that the 
presently available 2H Tl data for DPPC bilayers in the 
liquid crystalline state appear best explainable in terms 
of (i) contributions from relatively high frequency mo
tions, probably arising from trans -gauche isomeriza
tions of the fatty acyl chains, and (ii) collective thermal 
modes corresponding to order fluctuations as observed 
in simpler liquid crystals. In contrast to a preliminary 
interpretation,84 collective order fluctuations may pro
vide the dominant contribution to the T1 relaxation of the 
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DPPC bilayer at the resonance frequencies employed. 
These results may have implications for studies of 
lipid-protein interactions, 12.69.70.94.95.98 and suggest that 
re-evaluation of previous TI investigations of dynamic 
fluctuations in lipid bilayers may be necessary. 

II. IRREDUCIBLE TENSOR REPRESENTATION OF 
THE aUADRUPOLAR HAMILTONIAN 

In aU cases investigated to date, the electrostatic field 
gradient of the C_zH bond has been found to be approxi
mately axially symmetric with an asymmetry parameter 
less than 0.05. 9 For the case of uN which, like 2H has 
a nuclear spin of 1, the electrostatic field gradient may 
deviate from axial symmetry due to the increased num
ber of bonding electrons; however, investigations of 
choline containing phospholipids such as DPPC and 
sphingomyelin suggest a small or negligible asymmetry 
parameter, due, presumably, to the Cs symmetry of 
the C-N+(CHsh group in these compounds. 85•87 There
fore, for simplicity, in the following the asymmetry 
parameter of the electrostatic field gradient will be taken 
as zero. 

For a spin-1 nucleus with an axially symmetric elec
trostatic field gradient tensor, the quadrupolar Hamil
tonian can be written in a spherical tensor representa
tion as83•96: 

Ho = Jf( eZ:Q)J¥ ~ (-0 Py1Z) (n ""')T~~), (2.0 

where y~2) (n ""') are second order spherical harmonics 
describing the orientation of the electrostatic field gra
dient eq in the laboratory coordinate frame, defined 
by the direction of the applied magnetic field Bo, and Q 
is the nuclear quadrupole moment. The Euler angle 
convention follows Ref. 99, as diagramatically illus
trated in Figo 1. The T12 ) are second rank irreducible 
tensor operators, quantized in the applied field, which 
are given below: 

T(Z) = {f (31 Z _ 12) (2.2a) o J"3 z , 

T!i) = :f (lzl± + 1,,iz) , 

T!~)=l;, 

where I denotes the spin angular momentum. 

(2.2b) 

(2.2c) 

In a liquid, the Y~) (n "'") are rendered functions of 
time by molecular reorientation, so that Ho is averaged 
over all space, whereas in solids by contrast, the quad
rupolar Hamiltonian is essentially static. Biological 
membranes and lipid bilayers are akin to liquid crys
tals in that they represent an intermediate and far more 
complex case, in which the molecular motions are rapid 
and highly liquidlike, but restricted in their amplitude. 
The modulus squared of the fluctuating part of the 
Hamiltonian is then reduced from (IHo(t) IZ) to (I Ho(t) IZ)_ 
1 (Ho(t»I Z, where (Ho(t» is the static or ensemble aver
aged Hamiltonian. In this case Eq. (2. 1) becomes: 

H'o(t)=HO(t) - (Ho(t» 

= Jf (eZ

:
Q

) f{ ~(-l)p[yJ,2\nll"';t) 
_ (y~Z) (nm" ;t» 1 T~~) • (2.3) 

In general, we wish to calculate autocorrelation func
tions Gp (r) of the second order spherical harmonics de
scribing the orientation of the molecule fixed electro
static field gradient tensor in the 'coordinate frame of 
the applied magnetic field, as indicated below: 

x ([ y~Z) (n II",; t) _ (y1Z) (n ,m,; t»J 

x[y~Z)(n"'"; t+T)_(y~Z)(n""'; t»]*) 0 (2.4) 

The spin energy level transition probabilities which de
termine the spin-lattice (T1) relaxation rate are related 
to the spectral densities of the second-rank tensor fluc
tuations at the resonance frequency wo and at 2wo, given 
by the Fourier transform of the autocorrelation func
tions in Eq. (2.4), i. e., by 

(2.5) 

The Tl relaxation rate is then given by the following ex
pression83•96 

(2.6) 

In Eq. (2.6) any energy level shifts due to removal of 
the Zeeman splitting degeneracy of the spin-1 nuclei by 
the quadrupolar interaction are neglected, since the 
quadrupolar coupling constants of the zH and l~ nuclei 
are generally small relative to the Larmor frequency. 
For the case of Tl this is expected to be a reasonable 
approximation. 

A. Transformation of the quadrupolar Hamiltonian 
under a general series of rotations 

The advantage of using the spherical tensor represen
tation of the quadrupolar Hamiltonian is that the irreduc
ible tensor operators T~Z) appearing in Eq. (2.1) trans
form under rotations as spherical harmonics of order 
two; thus it is simple to treat multiple transformations 
of coordinate systems, rather than transforming the ir
reducible tensor operators T~) directly from the prin
cipal axis system of the electrostatic field gradient ten
sor to the laboratory system as in Eq. (2.1). It should 
be recalled that an irreducible tensor of rank (L) trans
forms under rotations as T~)' == 'i,M.D~I;~ (a, (3, y)T1f), 
where the Wigner rotation matrix elements are given 
in terms of the three Euler angles a, (3, and y as 
exp(-iM'a)d1I;~({3)exp(-iMy); cf. Ref. 99. The coordi
nate system transformations of interest are represented 
in Fig. 1. 

In general, the molecular motions in lipid bilayers9 

and biological membranes93.101 have been found to be 
axially symmetric about the macroscopic bilayer nor
mal, henceforth termed the director by analogy to stUd
ies of nematic and smectic liquid crystals. 10Z.103 In the 
following we will allow for "local" molecular motions 
as well as for the possibility of fluctuations in the di
rector by transforming stepwise from (i) the coordinate 
system of the electrostatic field gradient tensor to thp. 
molecular system of the rotational diffusion tensor, (ii) 
from the rotational diffusion tensor prinCipal axis sys-
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FIG. 1. A schematic illustration of the coordinate frames used 
in the theory. Due to the cylindrical symmetry. only the z 
axes are indicated. The symbols Bo. no. n(tl, D(tl, and V in
dicate the reference frames of the external magnetic field, 
the average director (macroscopic bilayer normal), the instan
taneous director. the diffusion tensor, and the electrostatic 
field gradient, respectively. 

tem to that of the instantaneous director, (iii) from the 
instantaneous director to the coordinate system of the 
average or macroscopic director, and finally (iv) from 
the average director to the coordinate system of the ap
plied magnetic field. Each of these coordinate system 
transformations is accomplished using Wigner rotation 
matrices, 96.99 the elements of which can be found in Ref. 
9. The various Euler rotations then allow us to incor
porate the time scales and amplitudes of various physi
cally plausible motions in models for the molecular dy
namics of the systems of interest. In the following, for 
simplicity, the various angular transformations are as
sumed to be statistically independent. 

Expressed in the coordinate system of the external 
magnetic field, the quadrupolar Hamiltonian becomes 

where 0'" = (a"', (3"', 0) refers to the fixed rotation of 
the laboratory system to the coordinate system of the 
average director no, with the indicated Euler angles; 
0" (t) = (a", (3", 0; t) refers to rotation of the no system 
to the n coordinate system, i. e., to a particular orien
tation of the instantaneous director n; 0' (t) = (a', (3', 

')I' ; t) refers to transformation from the n reference 
frame to the principal axis system of the "local" motion, 
generally taken as that of the rotational diffusion ten
sor D; and 0 = (a, (3, 0) to the rotation from the coordi
nate system of the local motion to the prinCipal axis 
system of the electrostatic field gradient. The above 
results can, of course, be generalized to include an 
arbitrary number of rotational coordinate transforma
tions, although the physical significance of such multiple 
rotation models, particularly multiple internal rota
tion models, 62, 72 tends to become obscure. The present 
approach is aimed at arriving at the simplest physical 
model which can be applied to the results of experi
mental investigations. 84.91 

B. The time averaged quadrupolar Hamiltonian 

In the following, we will allow for the possibility of 
motional components differing in terms of their ampli
tudes and time scales by crudely considering the molec
ular motions to be either "fast" or "slow." As men
tioned previously, we will for simpliCity consider these 
motions to be stochastic processes which are statisti
cally independent; thus cross correlations between dif
ferent motional components will not be explicitly con
sidered in the present development. In a detailed model, 
it may be necessary to consider such cross correla
tions, but the available experimental data do not justify 
a more complex treatment at the present time. 

For the case of lipid bilayers such fast motions could 
include, e. g., molecular rotations, chain rotational 
isomerizations and torsional OSCillations, and bond 
stretching and bending. Any slow motions would, 
strictly speaking, have to occur at frequencies a factor 
of 10 or so lower than the fast components, and could 
include any molecular reorientations coupled to lateral 
diffusion, together with collective motions involving the 
lipid bilayer as a whole. It should be recognized that 
the separation of the molecular motions into two distinct 
classes, viz. fast and slOW, represents an approxima
tion to a complex physical situation, the justification 
for which is further discussed in Sec. V. 

Since the magnitude of the quadrupolar interaction 
(IHQ(t) 12) is a constant given by the area under the cor
responding spectral density function, it is clear that the 
average of HQ(t) over the relevant fast and slow time 
scales must playa crucial role in the analysiS of the 
relaxation behavior. In general, any fast motional com
ponents over the Euler angles O'(t) will average HQ(t) to 
a residual value (HQ(t»Q" with a relaxation Hamiltonian 
given by HQ(t)-(HQ(t»Q' as in Eq. (2.3). However, the 
time averaged Hamiltonian over the faster motional 
components can be further modulated by any independent 
slow motions over 0" (t), yielding an additional contribu
tion to the relaxation described by a Hamiltonian of the 
form (HQ)Q' -(HQ)Q" (where it is understood that the 
brackets refer to ensemble averages over the different 
time scales). The spectral densities Jp (pwo) appearing 
in Eq. (2.6) are then the sums of the spectral densities 
arising from the independent fast and slow fluctuations, 
and the observed relaxation rate is given by the sum of 
the fast and slow contributions. 

For lipid bilayers and biological membranes in the 
liquid-crystalline state, the time averaged Hamiltonian 
(HQ(t» is expected to be invariant to rotation about both 
the no and n axes (cf. Fig. 1). The cylindrical sym
metry of the time averaged, electrostatic field gradient 
about no, i. e., the macroscopic bilayer normal, is 
clearly shown from 2H and 31p NMR studies, 9, 100 and it 
is plausible to assume that any motions of the electro
static field gradient over the faster time scale are also 
cylindrically symmetric about the instantaneous director 
n. Since we further assume an axially symmetric dif
fusion tensor D, all coordinate systems depicted in Fig. 
1 have axial symmetry, which greatly simplifies the 
analysis. 

J. Chern. Phys., Vol. 77, No.3. 1 August 1982 

Downloaded 18 Apr 2013 to 128.196.212.144. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



1580 Michael F. Brown: Spin-lattice relaxation in lipid bilayers 

Considering first the time averaged Hamiltonian over 
the fast, local motions, characterized by the Euler 
angles S2' (t) = (a', 13', ')I'; f), we have as a consequence 
of the assumed axial symmetry about the nand Dz direc
tions that those Wigner rotation matrix elements con
taining a' (0 and y' (0 must be averaged to zero. 104,105 

Then, D<;~ (S2'; t) - (D~2d (S2'; t) D NO DQO and from Eq. 
(2.7) we have that 

x '""' D(2) (S2'" f) D(2) (S2 111 )T(2) L...J MO , PM p. (2.8) 
M,P 

In Eqo (2.8), the factor d\fo) (13) (d~20) (13'; t)) is simply the 
order parameter of the electrostatic field gradient sym
metry axis averaged over the fast motions, i. e., for 
the case of 2H NMR the C_2H bond order parameter9 

averaged over the fast motions, denoted here by (SCD)W' 
Since the D tensor is assumed to be axially symmetric, 
its orientation in the coordinate frame of the instanta
neous director can be specified by a single order pa
rameter S8' '" (dJ~)(j3';t» =t (3 cos2 j3'(t) -1). The re
laxation Hamiltonian for the fast motions is given by 
HQ(t)-(HQ(t»n' as in Eqs. (2.7) and (2.8). 

As mentioned above, the contribution from any slow 
motional components to the TI relaxation is obtained by 
considering the (slower) fluctuations of the time aver
aged Hamiltonian over the fast motions with respect to 
the longer time scale. The time averaged Hamiltonian 
over the slow motions is obtained by averaging Eq. (2.8) 
over the Euler angles S2"(t)=(a", 13",0; t). Since we 
assume that the motion of the instantaneous director n 
with respect to the average director no is cylindrically 
symmetric, those terms containing a" (t) go to zero; 
letting D<:J (n"; t) - (D<:J (n"; t)) DMO in Eq. (2.8) we ob
tain 

XL D<tJ (rI"')T~2) • (2.9) 
P 

In Eq. (2.9), the factor d~o) (13) (d~~) (13'; t» (d~20) (13"; t)) 
represents the order parameter of the electrostatic field 
gradient symmetry axis now further averaged over the 
slow motions; for the case of 2H NMR denoted here as 
(ScD)n", where (ScD)n" =(ScD)n,Sa" is the observed C-2H 
bond order parameter. 9 The relaxation Hamiltonian 
for the slow motions is given in terms of Eqs. (2.8) 
and (2.9) by (HQ(t)n' - (HQ(t»n" as noted previously. 

III. RELAXATION DUE TO FAST MOTIONS 

As shown in the preceding section, we wish to calcu
late the autocorrelation functions Gp (r) of the second 
order spherical harmonics which describe the time
dependent orientation of the electrostatic field gradient 
in the laboratory coordinate frame, defined by the direc
tion of the applied magnetic field Bo; cf. Eq. (2.4). 
Comparison of Eqs. (2.1), (2.7), and (2.8) shows that 
the spherical harmonics y~2) (n"'''; t) appearing in Eq. 

(2.1) can be expressed in terms of the Wigner rotation 
matrix elements corresponding to the various rotational 
transformations in Fig. 1 as 

J¥ Y~) (n""'; f) 

= (- 1f L D~J (S2) D(~b (n'; t) D<:~ (S2"; t)D~2~M(n"'), 
Q.N,M 

(3.la) 

= (-1)P d~o) (13) (d~o) (f3'; t» L D<:J (n"; t)D<:~M(S2"')· 
M 

(3. lb) 

In the following, it is assumed that, due to the axial 
symmetry, the autocorrelation functions of the Wigner 
rotation matrix elements corresponding to fast motions 
can be written as 

(lD<;~ (n' ; 0 - (D<;b (n'; t» J lD~~ )Q' (n' ; t +T) 

-(D~~)Q,(n'; t»J*)n' ={(ID~2J(n'; t)i2)- I(D~2d(n'; t))12 

(3.2) 

where T~d is the correlation time associated with fluc
tuations of the matrix element D~2J (n'; 0. Then, sub
stituting Eqs. (3. 1a) and (3. 1b) into Eq. (2.4) we obtain 
for the autocorrelation function of the relaxation Hamil
tonian corresponding to fast motions: 

(2 ) 

- (d~2J (13'; t»2 DNO DQol e- 1T1 
/T NQ D12~ (n"; t) 

XD~~)N* (n"; t) D~~)M (n"')D~~>;. (n"'). (3.3) 

At this point it should be noted that we still have cross 
terms (m *m') in the above Eq. (3.3) corresponding to 
the Bo- no transformation and for the no- n transfor
mation. However, any" slow" fluctuations of n will still 
be much faster than the measured spin-lattice relaxation 
times (msec or longer) in which case the contribution 
of "fast" motions to Tl will be averaged over the Euler 
angles a"(t) and 13" (t). Since we assume that the distri
bution of n with respect to no is cylindrically symmetric, 
the m* m' cross terms will vanish in the ensemble av
eraged Tl relaxation rate. We have, then, as a result 
that 

(3.4) 

In Eq. (3.4) we have made use of the fact that d~~~ (13/11)2 
=d~a,] (13"')2, which follows from the indistinguishability 
of the no and -no directions (vide in/ra).I02 

Since we have no means at present to estimate the 
amplitude of any additional slow relaxation components, 
and we do not wish to unduly complicate the analysis by 
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introducing additional parameters, we shall in the fol
lowing make the approximation of small amplitude fluc
tuations in the orientation of the instantaneous director 
n with respect to 110. This assumption of small ampli
tude director fluctuations is consistent with current 
theoretical models of director fluctuations in nematic 
and smectic liquid crystals, where only the linear terms 
in the expansion of d12J ({3"; t) can be handled at pres
ent, 1020103 as further discussed in Sec. IV, and leads 
ultimately to a self-consistent picture of lipid bilayer 
dynamiCS as described later in this paper. In practice, 
the above assumption would require that ,8" $15 -20 0, in 
which case we can set (d12) ({3"; t)2) ~ OliN in Eq. (3.4). 
Then, we obtain as our final result for the ensemble 
averaged autocorrelation function due to the fast mo
tional components that 

(Gp(T»o" ~ 3~ (e2qQ)2 L d~~) ({3)2l(d~2J ({3'; t)2) 
O.N 

(2 ) 

- (dW ({3'; t »2 0NO 000] d~2J ({3"')2 e- 1T 1/ T NO • 

(3.5) 

It should be noted that, in general, the dependence on 
the bilayer orientation with respect to Bo leads to dif
ferent autocorrelation functions for each value of the 
index P; if the orientation dependence is not included89•9o 

then the analysis is greatly Simplified. 

The squares of the Wigner rotation matrix elements 
corresponding to each of the coordinate system trans
formations appearing in Eq. (3.5) are most simply eval
uated in terms of their Clebsch-Gordan series expan
sions,99 as indicated below: 

d12J. ({3)2 = (_1)M-ll' L C(2, 2, L; M, -M) 
L=O, 2, 4 

x C(2, 2, L; M', - M') d~~) ({3) , (3.6) 

where {3 is a generalized Euler angle and where the 
Clebsch-Gordancoefficients are denoted by C(2, 2, 
L; M, -M). Identical relations hold for each of the 
coordinate system transformations in Fig. 1. In Eq. 
(3.6), the summation is over only the even values of 
L due to the symmetry of the coordinate system trans
formations under inversion (DCh symmetry). 104.105 From 
Eq. (3.6), it is clear that the autocorrelation functions 
Gp (T) and the derived relaxation time expressions will, 
in general, contain both (d~~) ({3» and (d~) ({3» terms. 96 
Evaluation of the Clebsch- Gordan coefficients using the 
tables in Condon and Shortleyl06 leads to the following 
results for the squares of the Wigner rotation matrix 
elements: 

d~~) ({3)2 = "* d~V ({3) + t dW ({3) + t , 
dW ({3)2 = =if d~t) ({3) ++d~~ ({3) +t , 
dW ({3)2 = *d~t) ({3) +-fi d~~) ({3) +t , 
d~~) (f3)2 = -is d~t) ({3) - td\fo) ({3) +t , 
dW ({3)2 = if- d~t) ({3) - +d~~) ({3) + t , 
d~~) ({3)2 = -io- d~t) ({3) + t d~~) ({3) + t . 

(3.7a) 

(3.7b) 

(3.7c) 

(3.7d) 

(3.7e) 

(3.7f) 

In addition, the following relations should also be noted: 

d~~~(W =42J.({3)2 =d~~M'(W = d:J.!M' ({3)2 =d~~-M'(W. These 
relations hold only for those rotations which are symmet
ric under inversion through the origin [L = even in Eq. 
(3.6)], as in the present case. In Eqs. (3. 7) d~) ({3) 
=P2 (cos f3) and d~t) (f3)=P4 (cos {3), where P 2 and P 4 denote 
the second- and fourth-order Legendre polynomials. 

A. Anisotropic rotational diffusion model for molecular 
reorientation in lipid bilayers 

In the liquid crystalline state of lipid bilayers and 
biological membranes, the 2H and I~ NMR spectral 
line shapes are indicative of axially symmetric motion, 
rapid on the NMR time scale, involving an effectively 
continuous distribution of possible segment orientations. 
Consequently, it is reasonable to adopt a simple dif
fusional model as a first approximation for the segmen
tal reorientation due to rapid motions, in the belief that 
such a model is physically meaningful and that the re
sults are relatively free of model-dependent assump
tions. It should be noted, however, that in the gel state 
of lipid bilayers, the 2H NMR spectrall• 14 are not gen
erally indicative of axial symmetry and can be inter
preted in terms of discrete models for chain segmental 
isomerization. 14 Thus, a rotational diffusion model, 
involving small jumps among a large number of possible 
orientations, is probably most applicable to the liquid 
crystalline state of lipid bilayers and biological mem
branes, or to those instances where discrete motion is 
not observed. 

The problem of rotational diffusion in the presence of 
an ordering potential is a difficult mathematical task 
which has been treated by Nordio et al. 105.107 and by 
Freed et al. 25.108 According to Nordio and Segre, 105 the 
autocorrelation functions for the Wigner rotation matrix 
elements describing the diffusive reorientation of an 
ellipsoid of revolution, for the present case taken to 
approximate a segment in a lipid bilayer, subject to an 
ordering potential of the simple Maier-Saupe form 
- U({3')/kT=A2P2(COS{3'), are given to a rather good de
gree of approximation by Eq. (3.2) with 

(3. B) 

(The autocorrelation functions are actually summations 
of decreasing exponentials, but the dominant contribu
tion is usually given by the first term in the expan
sion105 .) In the above expression T/= DII/D~, where D is 
the diffusion tensor, and Ci~J= ({3~2J)-I, where the latter 
parameters are not to be confused with the Euler angles 
Ci and {3. The values of {3~2J are computed numerically 
as a function of the order parameter (P2 (cos {3'; t» in 
Fig. 2 of Ref. 105. Thus, for the diffusion model, the 
ordering affects both the correlation times as well as 
the ensemble averaged rotation matrix elements, and 
in addition each Wigner matrix element relaxes with 
its own time constant T~2J, i. e., there is a distribution 
of correlation times. However, the correlation times 
T~2J are not independent, since they depend on the ele
ments of D through Eq. (3. B). We can then express the 
correlation times T~2J in terms of a single correlation 
time T~~), T/=D,,/D~, and the values of Ci~2J given by 
Nordio and Segre, 105 as indicated below: 
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T(2)-I_T(2)-I[aW + (17- 1 )q2] (3.9) 
NO - 00 a~o) • 

Equation (3.9) will prove useful in our later discussion. 

For the anisotropic rotational diffusion model, the 
spin-lattice relaxation rate can be calculated directly 
from Eqs. (2.5), (2.6), and (3.5). The result is 

(l/TI)o" = ~ ( e~Q r ~ d'JJ (13)2{t[ (d~2J (13'; t)2) - (d~2d ({3'; t))2 000] d\~) ({3"')2 j~2d (wo) 

+ 2( (d~2J (J3' ; t )2) - (d~d ({3'; t )2 000] d~~) (f3'" )2 j ~2J (2wo) 

+ (d(fd ({3'; t )2) dIN ({3'" )2 j\2J (Wo) + 4 <aW({3' ;t)2) d~~)({3''')2 jW(2wo) 

+(d~J ({3'; t)2) d\~) ({3"')2 j~2d (wo) +4 (d~2J ({3'; t)2) d~Z2) ({3"')2 j~2d (2wo)), (3.10) 

where the squares of the Wigner rotation matrix ele
ments are given in terms of the Legendre polynomials 
P2 and P 4 in Eqs. (3.7), and where j1ZJ (pwo) indicates 
reduced spectral densities defined by 

2T(2) 
J'N(20) (pwo) = N~ 

1 + (pwo) T}JJ Z 
(3.11) 

i. e., a single Lorenztian corresponding to each corre
lation time T}JJ is obtained. 

Equation (3.10) is fairly simple when its structure is 
studied carefully, and readers should not be frightened 
by its initial appearance. For example, it is reassur
ing to find that Eq. (3.10) reduces directly to familiar 
results for quadrupolar and dipolar relaxation of sim
ple fluids, 67.83 as will be shown subsequently. If the 
C-zH bond vector is constrained to be parallel to n, so 
that rotation about the director axis is the only degree 
of freedom, then {3 = 0, 7P=.d'Jri ({3) = 0'10' and 13' = 0, rr 
=>(d~~) ({3'; t) =(d~~) ({3'; t) =1; in this case it can be 
verified that there is no relaxation, as expected. 96 Thus 
Eq, (3.10) has the proper limiting behavior. In addi
tion, Eq. (3,10) contains a relatively small number of 
parameters and leads to definite experimental predic
tions, from which conclusions regarding the molecular 
dynamics of the systems of interest can be drawn. 

B. Strong collision model for rotational diffusion 

The strong collision model can be employed as an ap
proximation to the rotational diffusion model in some in
stances, and leads to further simplification of the re
laxation time expressions. The strong collision model 
differs from the diffusion model in that the molecular 
or segmental orientation is assumed to change by any 
amount due to sudden variations in the torque experi
enced by the molecule (segment), such that the orienta
tion after a collision is independent of the orientation 
before a collision, and the time taken for a transition is 
negligible. Thus, the orientation after a collision is 
given by the orientational probability distribution. For 
the strong collision model, the correlation times are 
independent of the ordering, so that the anisotropic fea
tures of the motion are contained solely in the ensemble 
averaged squares of the Wigner rotation matrix ele
ments. The strong collision model is useful in that the 
interpretation of the correlation times of the rotation 
matrix elements is not obscured by detail; rather the 
correlation times can be chosen to resemble those of 
simple fluids. 87.109 

If it is assumed, for simpliCity, that the correlation 
times of the Wigner matrix elements parallel those of 
a cylindrically symmetric molecule undergoing aniso
tropic rotational diffusion, 104, lOS then it is possible to 
eliminate the N index corresponding to rotation about 
the instantaneous director n, i. e., T~2J - T~). At this 
point it should be noted that if the degree of ordering is 
relatively low, both the strong collision and diffusion 
models can yield essentially similar results. 96 As
suming that (Pz(cos{3'; t»:S0.4-0.5, which is the case 
for most lipid bilayer systems investigated to date, then 
a}Jd ~ 2(2 + 1) ~ 6 in Eqs. (3.8) and (3.9) and we would 
have for either model that 

(3.12) 

Thus, for weak ordering, it is reasonable to assume a 
strong collision model for rotational diffusion, where 
the correlation times are given approximately by Eq. 
(3,12). For higher degrees of ordering, however, sig
nificant differences exist between the two motional mod
els; also, it should be recognized that the correlation 
times for the strong collision model are not strictly re
lated to the elements of the rotational diffusion tensor 
as in Eq. (3.12).105 

The autocorrelation functions for the strong collision 
model are given by Eq. (3.5) and the derived expression 
for TI by Eq. (3.10), with T~zd-I- T~2)-1 as in Eq. (3.12) 
and 

2T(2) 
J'N(2~(pWO)-J'~) (pwo)= 'I 

.. .. 1 + (pWO)2 T~2)2 (3.13) 

If we assume that 17= D,,/D~ ~ 1, i. e., that the rate of 
motion is approximately isotropic over the accessible 
angular range, then considerable simplification and col
lection of terms in the autocorrelation function, Eq. 
(3.5), and derived TI expression, Eq. (3.10), is pos
sible. Since for 17=1 there is no D tensor symmetry 
axis, we can take 13=0 in Eq. (3.5), in which case 
d ~~) (13) - 0'10, and, since the correlation times of the 
various rotation matrix elements are now assumed to 
be equal, i.e., T1ZJ-I_ T 'J)-I_ T(2)-I, we can collect 
terms corresponding to the products of the various 
matrix elements. After some lengthy algebra the fol
lowing expressions for the autocorrelation functions ap
pearing in Eqs. (2.4) and (2.5) are obtained, where the 
Euler angle between the electrostatic field gradient and 
the instantaneous director n is denoted as (3""(t) (cf. 
Fig. 1): 
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(GO(T»O" ="*" (e2qQ)2 [ *" (d~~) (/3""; t» d~~) ({3"') 

+ -i (d~o) ({3""; t» d~) ({3'" ) - (d~~) ( {3"" ; t»2 

X d~~) ({3,")2 +t] e- 1T1 /T(2) , (3. 14a) 

(G 1 (T»o" = 3\-(e2qQ)2 [~ (d~~) ({3""; t» d~~) ({3"') 

+ + (d~20) ({3""; t» d~o) ({3"') - (d~o) ({3""; 0)2 

Xd(fo) ({3',,)2 +t J e- 1T I/T(2) , (3. 14b) 

(G2 (T»o" ="*" (e 2qQ)2 [* (d~~) ({3""; t» d~~) ({3'" ) 

- .;- (d~o) ({3 ""; 0) d~o) ({3"' ) - (d~20) ({3'"'; t»2 

(3. 14c) 

Substituting Eqs. (3. 14b) and (3. 14c) into Eqs. (2.5) 
and (2.6) the following expression for T1 is obtained: 

-4(d~o) ({3""; t»2d'to) ({3''')2 +t J j(2) (2wo)} , 

(3.15) 
where /2) (pwo) = 2T(2) III + (pwO)2 T(2)2]. 

Equation (3.15) is a general expression for T1 in which 
a single correlation time T(2) is assumed, and where 
the degree of ordering is characterized by the ensemble 
averaged Legendre polynomials (P2(cos {3""; t» 
=(tfo~)({3'"'; t» and (p.(cos {3""; t»=(dM)({3"I; t». If, in ad
dition, the short correlation time limit in Eq. (3.15) is 
assumed, i.e., (pwo)2T(2)2«1, then/2 ) (PWO)-2T(2) 
and Eq. (3.15) further simplifies to: 

(3.16) 

The above result, Eq. (3.16), has been reported pre
viously. 8~96 It should be noted that in Eq. (3.16) the 
dependence of T1 on (P4(cos {3""; t» is eliminated and 
only (Pa (cos /3""; t» appears. 96 At present only 
(Pa (cos 13m

'; t» is experimentally obtainable from aH 
NMR spectra,9 and model-dependent assumptions are 
necessary to calculate (P4 (cos {3""; t»; vide infra. 

In the limit of zero ordering, (Pa(cos {3""; t» 
= \P.(cos{3"";t»=O, and Eq. (3.15) reduces immediate
ly to the well-known result that83 

(3.17) 

In the short correlation time regime we obtain the sim
plest form: 

(3. 18) 

Thus, depending on the type of motional model one may 
wish to consider, relaxation expressions are available 
for the most general anisotropic rotational diffusion 
model, Eq. (3.10), and its various limiting forms, 
Eqs. (3.15), (3.16), (3.17), and (3.18). 

C. Orientational averaging of the T1 relaxation rates 

In many types of lipid samples, the orientation depen
dence of T1 is lost due to angular reorientation. For 
the case of small, unilamellar phospholipid vesicles 
prepared by sonication, rapid tumbling in solution oc
curs with a rotational correlation time of - 10-6 s. The 
vesicle tumbling is too slow to provide a significant 
spin-lattice relaxation contribution at the resonance fre· 
quencies typically employed, but does lead to averaging 
of T1 over all bilayer orientations with respect to Bo. 
In addition, as shown in Ref. 91, rapid lateral diffusion 
of phospholipids in unsonicated multilamellar disper
sions can also lead to orientational averaging of T 1• 

If orientational averaging occurs, then the reorienta
tion leads to isotropiC averaging of the Wigner rotation 
matrix elements corresponding to the Ilo - Bo coordinate 
transformation in Fig. 1. As a consequence, the auto
correlation functions and spectral densities appearing 
in Eqs. (2.4)-(2.6) become independent of the index P 
and the T1 analysiS is greatly Simplified. Averaging 
over the Euler angle {3"' (t) we have that (Gp(T»o" 
-(Gp(T»om in Eq. (3.5), where d~2o)({3m)-(d~2d({3'''; t» 
= 0 and d~~) (f3 III) - (d~~) ({3'. ; t» =0; thus d~2J({3",)2 
- (rf}J,({3'"; t)2) = 1/5. The corresponding T1 relaxation time 
expressions are then obtained from those already given 
in Eqs. (3.10) and (3.15) by replacing d~2~({3111)2 -1/5. 
In general, (P4(cos {3';t» terms still remain in the 
general T1 expression, Eq. (3.10). However, for the 
case of a single effective correlation time correponding 
to the rapid motional components, i. e., for the more 
approximate strong collision model for rotational dif
fUSion, the T1 expression given in Eq. (3.15) can be 
further simplified to yield the result 

(3.19) 

That is, vis -a-vis the corresponding isotropiC result, 
Eq. (3.17), each reduced spectral density term is sim
ply multiplied by the factor [1 - (d~20) ({3''''; t»2]. In the 
short correlation time limit, replacing /2) (pwo) - 2T(2) 
we obtain as a simplest limiting case the previously 
published result8~ 89, 91 

(3.20) 

D. Comparison with previous work 

The present analysis represents an extension of ear
lier work, 96 in which the autocorrelation functions ap
pearing in Eq. (2.4) were expressed directly in terms 
of the Euler angles which rotate the coordinate frames 
of the director and the electrostatic field gradient into 
coincidence. This approach is justified since all trans-
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formations in Fig. 1 are assumed to be axially sym
metric, and leads to simplification of the resulting ex
pression for Gp (T), since the Wigner matrix elements 
d<J~ (13) corresponding to the fixed transformation from 
the principal axis system of the diffusion tensor D to 
that of the electrostatic field gradient are eliminated. 
The autocorrelation functions in Ref. 96 correspond to 
a slightly different model than presently employed, in 
which the correlation times are identified with axially 
symmetric rotation about the director axis, and with 
rotation against the director. 

In terms of the present analysis, the autocorrelation 
functions Gp (T) employed in Ref. 96 are given by Eq. 
(3.5) with the substitution 

(3.21) 
where, as mentioned above, the index N on the right
hand side corresponds to rotation about the director, 
which is assumed to be parallel to the D tensor prin
Cipal symmetry axis; i. e., for the strong collision 
model as an approximation to the diffusion model we 
would have that T~d-l_T~)-1~6DL+(DII-DL)n2. If rela
tively small amplitude director fluctations are assumed, 
as in Eq. (3.5), the results of ReL 96 are good approxi
mations to the contribution of fast motions to T 1 , and 
any contributions from director fluctuations or other 
slow motions can be accounted for by generalization of 
the results of Ref. 96 as described further in Sec. IV. 

E. Woessner's results for dipolar relaxation as a 
limiting case of the present analysis 

The above results for anisotopic rotational diffusion 
in the presence of an ordering potential, Eqs. (3.5) and 
(3.10), are general and can be shown to reduce to pre
viously calculated results for quadrupolar or dipolar 
relaxation due to unrestricted anisotropic rotational dif
fusion of ellipsoids of revolution, 67.110 i. e., in the ab
sence of an ordering potential. In the past, it has been 
common to apply the Woessner mode167 for dipolar re
laxation as an approximation for lipid bilayers, 46.47.50 
thereby ignoring ordering effects, which under certain 
conditions can be very important. 96 Thus, it is desir
able to examine the relationship of the present treat
ment to the earlier results obtained for anisotropiC ro
tational diffusion in the absence of an ordering potential. 

For the limiting case of unrestricted, but anisotropic 
motion, we wish to express Tl in terms of 13, the fixed 
angle between the D tensor principal symmetry axis and 
the C-2H bond direction, and 13' (0, the time-dependent 
angle between the D tensor symmetry axis and a fixed 
coordinate system which in the preceding results is ful
filled by the instantaneous director n. To correspond 
to previous results for anisotropic rotational diffusion 
in simple fluids we choose Do parallel to Bo (cf. Fig. 1), 
i. e .• S'" =0, rr, in which case d~) (13",)2 = 1, 
ct1~i (13",)2 =~~) ({3"')2 =t, and all other rotation ma-
trix elements dlj~(f3"')2 are zero in Eq. (3.5). Since the 
rotation matrix elements corresponding to the n - D ten-

sor principal axis system transformation are now aver
aged over all space, (d~o) (13'; t» =(d~t) (13'; t» =0; and 
thus (d~b(f3'; 0 2) =t in Eq. (3.5) to correspond to the 
unrestricted anisotropiC diffusion model. Then, from 
Eq. (3.5) we obtain that 

Gp(T) = 12 (e2qQ)2 ~ L d~ri ({3)2 e-ITI/T(~), 
o 

(3.22) 

where the autocorrelation functions are now independent 
of the index P, and where 

db2
0) (13)2 = t (3 cos2 {3 - 1)2 , 

d~21b(f3)2 =~ sin2 (3cos2 13 = i sin2 (213) , 

d~%(f3)2 = % sin4 13 • 

(3. 23a) 

(3. 23b) 

(3.23c) 

Since for the present case there are now no ordering ef
fects on the correlation times, T~b-l- T~)-l =6DL + (DII 
-DL)q2 in Eq. (3.22) above. 

Substituting Eq. (3.22) into Eqs. (2.5) and (2.6), for 
unrestricted anisotropic rotational diffusion, without 
assuming the short correlation time limit, we obtain 
the following result for T 1 : 

11Tl = 8~ ( e;Q ) 2 {d~o) (f3)2[j~) (wo) +4j~2) (2wo)J 

(3.24) 

where j~) (pwo) '" 2 T~) / [1 + (pwo)2 T~) 2]. Woessner's 
equations for dipolar relaxation of a two-proton spin 
system undergoing anisotropic reorientation67 are ob
tained from the above limiting result, Eq. (3024), by 
replacing the factor 3/8 (e 2qQI1l)2 by 3/2(y 21l/r 3 )2, as 
can be verified directly. If the motion is assumed to be 
isotropic, then T~) - T(2), i. e., all correlation times 
are assumed to be equal, and since there is now no sym
metry axis for the motion, we choose f3=0 in Eq. (3.24). 
Then d~~ (13 = 0) - 00 0 and the familiar isotropiC result of 
Eq. (3.17) is obtained. 83 The reduction of the more gen
eral treatment described here to the proper limiting re
sults for isotropic83 and anisotropic67•110 rotational dif
fusion supports the essential correctness of the present 
approach. 

F. Numerical results 

The effect of the various parameters appearing in 
Eq. (3010) and its limiting forms can be most readily 
seen from plots of Tl vs the correlation time T~o) in 
Eq. (3.9), similar to those found in standard texts. 111.112 
At this point is should be recalled that at present only 
the ensemble averaged second order polynomial 
(p2(cos (3';t) can be determined from 2H or 1~ NMR 
studies9,65; thus values of (P4 (cos f3'; t) appearing in 
Eq. (3.10) must either be estimated or obtained from 
theory using the experimental value of (P2). If it is first 
assumed, for simplicity, that the various lipid segments 
in a bilayer are subject to a simplified ordering poten
tial of the Maier-Saupe form - U (13' )/kT = A2PZ (cos 13' ), 
then the desired values of (P4) can be obtained from the 
experimental (P2> values as discussed by Luckhurst and 
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14~~--~--------~~--~-'r-~--~--------~~--~-' 
c) (P2)= 0.4 

7) = 50 

12 

10 

FIG. 2. Effect of choice of 
(P4{cos!3 '; t) on the values of T j 

calculated for the diffusion model 
from Eq. (3.10). (In Figs. 2-5 the 
T j values have been scaled by multi
plying by i (i qQ 1m2 = 4. 278 x 1011 , 
so that the results are applicable to 
the dipolar interaction between two 
identical spin-1 nuclei as well). The 
Tl plots are calculated for a 2H reson
ance frequency of 55 MHz with!3 = 90" 
and!3 '" = 90°; cf. Fig. 1. (-), (P4) cal
culated from (P2 ) using Maier-
Saupe potential as in Ref. 113 or 
(P 4)=(P2); (---), (P4 ) =0. The 
values of the order parameter (P2) 
and the diffusion tensor anisotropy 
1) =D"ID J. are indicated in the figure. 

8L------_-�o-------.8--~---·6-------~12--~---~10--~---~8--~--~-6--~---~4 

LOG TAUOO (SEC) 

Yeates. 113 However, it should be noted that some evi
dence does exist from angular dependent linewidth mea
surements of spin-labels dissolved in lyotropic liquid 
crystals that the truncated Maier-Saupe form may be 
an oversimplification for description of the orientational 
order in these systems. 114 Experimentally, (P;; has 
been determined to be rather small for 5-doxyl and 12-
doxyl stearic acid probes in soaplike bilayers consisting 
of decanol/decanoic acid/water. 114 Although local per
turbation of the bilayer cannot be ruled out, these re
sults employing spin-labels suggest as a second pos
sibility that (P;; may be rather small and can be neg
lected. Finally, as a third limiting extreme, Ukleja 
et al. 23 have suggested that (P4> can be approximated by 
setting <F4>~(P~. Therefore, Tl was calculated ac
cording to Eq. (3.10) taking (i) (P;; =0, (ii) the inter
mediate case of (P;; calculated from (P2> assuming the 
Maier-Saupe potential, and finally (iii) (P4> = <F2>. 

The results of such calculations, for the diffusion 
model, are shown in Fig. 2 as logarithmic plots of Tl 
vs T~o). [In Figs. 2-5, the Tl values have been multi
plied by i(eZqQ/n)Z, so that the results are also applic
able to the dipolar interaction between two identical 
I =t nuclei.] The Tl plots are calculated for a 2H reso
nance frequency of 55 MHz (8.4 T), with ,9=90° corre
sponding to the C_2H bond direction at right angles to 
the axis of motional averaging (for a C 2Hz group, taken 
as the normal to the plane spanned by the three atoms), 
and ,9'" = 90 0, i. e., for bilayers oriented perpendicularly 
with respect to the applied field Bo (corresponding to 
the sharp edges of the 1=1 powder pattern spectra). As 
can be seen from Fig. 2, Tl does not depend strongly 
on the choice of (P;; for degrees of ordering up to (P~ 
=0.9 and degrees of motional anisotropy up to 1)=50. 

In the following, T1 was calculated using the values of 
(P4> calculated from the Maier-Saupe theory as in Fig. 
4 of Ref. 113; very similar results are obtained for 
each method of choosing (P;;. In particular, it should 
be noted that choosing (P4> = (Pz> provides a very close 
approximation to the results obtained using the Maier
Saupe potential. 

The effect of the order parameter (P2> on Tl calcu
lated for both the small jump diffusion and strong col
lision models is shown in Figs. 3 and 4, respectively. 
Figure 3 shows the effect of (Pa> on Tl calculated from 
Eq. (3.10) as a function of T~o) for 1)=1 [Fig. 3(a)) and 
1) = 50 [Fig. 3 (b)]' with (P4> calculated from the Maier
Saupe theory. Figures 4 (a) and 4 (b) show similar plots 
of Tl vs T~d for the strong collision model, calculated 
from Eq. (3.10) with Ci<:b =6. In general, for values of 
{P2> ~ O. 5, the calculated T j values do not depend greatly 
on whether the small jump diffusion model or the strong 
collision model for rotational diffusion is employed, as 
mentioned previously; however for (P2> greater than 0.5 
significant differences exist, as can be seen from a 
comparison of Figs. 3 and 4. For values of (P~ ~ 0.5, 
typical of many lipid bilayers in the liquid crystalline 
state, with ,9=90° the effect of ordering is rather 
small, 84,96 with Tl differing by less than 30% from the 
values in the absence of ordering. 67, 83 For <Fa> > 0.5, 
e. g., lipid bilayers containing cholesterol, 115 the order
ing effects are larger and must be taken into considera
tion in properly analyzing the relaxation behavior. If 
the motion is anisotropic (1) ¢ 1), it should also be noted 
that the ordering influences the various motional com
ponents differently, as can be expected. In Figs. 3(b) 
and 4(b), for the case of 1)=50, the plots of Tl vs T~o) 
show two characteristic minima; the left-hand minimum 
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FIG. 3. Effect of the order parameter (P2(coS{3 '; tl) onthe 
values of TI calculated for the diffusion model from Eq. (3.10). 
scaled by multiplying by i (e2qQ/lii. with (p4) calculated from 

diffusion model is fairly narrow, as pointed out in 
Ref. 96. 

IV. RELAXATION DUE TO SLOW MOTIONS 

1f additional slow motions contribute significantly to 
the Tl relaxation, then the results of the preceding sec
tions must be modified by including an additional re
laxation term, as mentioned in Sec. lIB. In this case, 

(4.1) 

where T if is the relaxation rate due to fast motions and 
T~ is that due to slow motions. (In the following, the 
subscripts f and s are employed to distinguish fast and 
slow motions.) In Eq. (4.1) it is assumed that cross
correlation terms between the fast and slow motions 
are small and can be neglected to a first approximation. 

As discussed in Sec. lIB, the relaxation Hamiltonian 
corresponding to slow motions is given by (HQ)o' 
- (HQ)o-, where (HQ)O' is the quadrupolar Hamiltonian 
averaged over the fast motions only, and (HQ)o" is the 
quadrupolar Hamiltonian further averaged by any slow 

14r---~--~----~--~----~--~----~---' 

(P2) assuming the Maier-Saupe potential. The TI plots are 10 
calculated for a 2H resonance frequency of 55 MHz with {3 = {3'" 
= 90". The values of (p 2) are indicated in the figure for (a) 
1]=1. (b) 1]=50. 

corresponds to motions perpendicular to the director 
axis, i. e., DL , whereas the right-hand minimum rep
resents primarily motions about the principal symmetry 
axis of the rotational diffusion tensor [cf. Eqs. (3.8) 
and (3.9)]. The effect of ordering is to damp out the 
DL component; thus Tl becomes longer as (p;; is in
creased. 

The effect of the Larmor frequency on Tl calculated 
for the diffusion model using Eq. (3.10) is shown in 
Fig. 5 for (p2 ) = 0.4 with T/ = 1, and (p2 ) = 0.9 using 
T/ = 50. The values of (pz ) and T/ have been chosen to 
correspond approximately to the acyl chain segments of 
a saturated lipid bilayer in the liquid crystalline phase 
[Fig. 5( a)], and to cholesterol when incorporated into a 
lipid bilayer [Fig. 5(b)]. Although the restricted diffusion 
model is characterized, in general, by a distribution of 
correlation times corresponding to the various rotation 
matrix elements, in the short correlation time limit 
(wg T~)2« 1) Tl is independent of the Larmor frequency, 
as found for simple fluids, i. e., in the absence of an 
ordering potential. This is a cOAsequence of tile fact 
that the correlation time distribution for the rotational 

u 
w e 14~--~----+----+----+----+----~--~----~ 
..=
C> 
o 
..J 

-10 -8 
LOG TAUOO (SEC) 

-6 -4 

FIG. 4. Effect of the order parameter (P2(cos{3 '; 0) on the 
values of TI calculated for the apprOXimate strong collisional 
model from Eq. (3.10) with T~J- T~2) as in Eq. (3.12). (P4) 
was calculated from (P 2) assuming the Maier-Saupe potential. 
and the T 1 values have been scaled by multiplying by i(e2 qQ ;102 . 
Tbe T 1 plots are calculated for a 2H reaenaooe frequency 0f 
55 MHz with {3 ={3'" =90". The values of (P 2) and 1] are indicated 
in the figure. 
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FIG. 5. Effect of the resonance frequency Vo on the values of 
T\ calculated for the diffusion model from Eq. (3.10), scaled 
by multiplying by ~ (e2qQ/1d, with (P4) calculated from (P2) 
assuming the Maier-Saupe potential and {3 = {3 ", = 90". The 
values of the resonance frequency (MHz) are indicated in the 
figure for (a) (P2)=0.4andT)=l, (b) (P2)=0.9andT)=50. 

motions. From Eqs. (2.8) and (2.9), the relaxation 
Hamiltonian for slow motions is given by 

x L [D~~) (0"; t) - (D12o) (0"; t)oMoJD~2J(0'" )T~), 
M,P 

(4.2) 

where the factor d~~) (f3) (d~20) (f3'; t)) == (Scdo" and the fac
tor d~)(f3) (d~~)(f3';t» (df}}(f3";t) == (SCD)O" = (SCD)O' S8", 
as mentioned in Sec. lIB. Comparison of Eq. (4.2) 
with Eq. (2. 1) shows that 

N [ (Y~) (0"'"; 0)0' - (Y~) (0'''''; 0)0- J 

= d~20) (f3) (d~o) (13'; t» (- 1)P 

x L: [D~J (0"; t) - (D~ri (0"; t»oMoJD~~~(O"'). 
M 

(4.3) 

By analogy to Eq. (2.4) we then have for the autocorre
lation function due to slow motions that 

G P (T) = !- (e2qQ)2 d~~) (13)2 (d~o) (13'; t))2 

X L ([D~J (0"; t) - (D~J (0"; t)OMOJ 
M 

X[D~~ (0"; t + T) - (D(~J (0"; t»oMoJ*)d~k(f3m )2, 

(4.4) 
where axial symmetry of the slow motions is assumed. 
At this point it should be noted that, irrespective of the 
model for slow motions, the autocorrelation functions 
will depend on the square of the order parameter over 
the fast motions, i. e., (SCD )~. for 2H NMR. 

To further evaluate Eq. (4.4), a model for the lower 
frequency motions must be assumed. In the following, 
we shall consider (i) a simple one correlation time mod
el for the slow motions, and (ii) a director fluctuation 
model characterized by a continuous distribution of cor
relation times. Although both models predict that Til 
is proportional to (SCD )~" they can in principle be 
distinguished by their frequency dependences, since in 
the slow motion regime model (i) predicts that Til cc W'02, 
whereas model (ii) predicts that Til cc wii lf 2 (vide infra). 

A. Noncollective model for slow motions 

In this model, the slow motions are characterized in 
the Tl frequency regime by a single effective correla
tion time, so that the results are particularly simple 
and directly related to the fast motion analysis. In us
ing a single effective correlation time for slow motions, 
it is impliCitly assumed that the motions of the individ
ual lipid molecules in the bilayer are essentially un
correlated, so that their lower frequency motions can 
be viewed as" rigid body" angular displacements. 63 Un
fortunately, such a model is rather nll.ive, as will be 
discussed shortly. 

At this point it should be recognized that Eqs. (2.8) 
and (2. 9) of Sec. II Bare direc tly analogous to the re
sults of Ref. 96, in which the static quadrupolar cou
pling constant is replaced by the residual quadrupolar 
coupling constant, i. e., (e 2qQ/4) is multiplied by (SCD )0' 
in Eqs. (6) and (9) of Ref. 96 and SCD in Eq. (9) is re
placed by S8'" Then, the results of this previous work 
can be immediately generalized to include an arbitrary 
number of statistically independent motions, 96 although 
explicit expressions were not presented at that time. 
Thus, from Ref. 96 we immediately obtain in the short 
correlation time limit that 

(3.16) 

x d~d (f3 '") - (d~o) (f3"; t »2 [1 - d~o) (f3 II' )]} T~2) , 

(4.5) 
where, as mentioned above, the subscripts f and s re
fer to fast and slow motions, respectively. For vesicles 
or multilamellar dispersions where orientational aver-
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1588 Michael F. Brown: Spin-lattice relaxation in lipid bilayers 

aging occurs due to rapid tumbling and/or lateral dif
fusion (Sec. m C), 91 d~o) (/3"' ) - (d~~) (/3"'» = 0, and we 
have that 

(l/Tu)om = ~(e:Q r [l-(d~o)(f3l11'; t»2] T~2), (3.20) 

(4.6) 

The above results have been derived independently by 
Bloom and co-workers. 89 Note that the above model 
predicts that Tl is independent of frequency, since the short 
correlation time limit is assumed to apply to both mo
tional components; thus only an effective or average 
correlation time can be determined. This prediction is 
in contrast to experimental observation,91 as will be 
discussed subsequently. 

The general result without assuming the short corre
lation time limit can likewise be obtained by analogy to 
the results of Sec. IIIB, where a single correlation 
time for fast motions is assumed. Substituting (e 2qQ/4) 
- (e 2qQ/4) (d~) (/3""; t»2 and f3""(t)- /3"(t) into Eq. (3.15) 
we obtain 

x d~t) (/3"') - +(d~d (/3"; t» d~d (tJ''') 

- 4(d~20) (/3"; [»2 d~o) (13''')2 + t] j;2) (2wo)}, (4.7) 

where j~2) (pwo) '" 2T~2) /[1 + (p WO)2 T~2)2 J and (Tii>ou is 
given by Eq. (3.15). Equation (4.7) reduces to the re
sult of Eq. (4.5) in the short correlation time limit. In 
the long correlation time regime appropriate to slow 
motions, (pWO)2 T~)2» 1 and we obtain from Eq. (4.7) 
that 

l/Tls = 1~ ( e~qQ ) 2 (d\:o) (13''''; t»)2 

4} 1 
+5 un 2 • 

Ts Wo 
(4.8) 

The above equation predicts that T i; <X wr/, so that this 
model can be experimentally tested by measuring the 
relaxation frequency dependence. For the limiting case 
of no slow motions, d~~) (/3"; t) =d~t) (/3"; t) = 1 and there 
is no relaxation contribution, as can be verified from 
Eqs. (4.7) and (4.8). 

For vesicles and multilamellar dispersions where 
orientational averaging occurs (cf. Sec. mC), Eq. (4.7) 
reduces to the result 

X j~2) (wo) +4[1 - (d\fo) (13"; t»2J j;2) (2wo)}, 

(4.9) 
which should be compared to the analogous result in 
Eq. (3.19) for (Tii)o.'. Equation (4.9) reduces to the 
result of Eq. (4.6) in the short correlation time limit. 
In the long correlation time limit, we obtain from either 
Eq. (4.8) or (4.9) the result that 

(l/T1B)om = 2~ ( e
2;Q r (d~20) (/3""; t»2 

x [1_(d(2)(j3". 0)2) 1 (4.10) 
00 , T~2) W5 ' 

where (Tii)o'" is given in Eqs. (3.19) or (3.20). 

B. Collective model for slow motions 

A more realistic model than that given in Sec. IV A 
assumes any slow motions of the bilayer are collective 
in nature, with different "normal modes" present which 
can relax independently. As noted previously, the col
lective model predicts that Til <X wol/2, in contrast to 
the noncollective model for slow motions63 which pre
dicts that Til <X wo

2• The characteristic Wol/2 frequency 
dependence of the collective model arises from the fact 
that the relaxation modes lead to a continuous distribu
tion of correlation times, in contrast to the noncollec
tive model where a single correlation time correspond
ing to the low frequency motional components is as
sumed. 63 

For the present, we consider only small fluctuations 
of the instantaneous director n with respect to the aver
age director no, characterized by the Euler angle /3" (0 
in Fig. 1, since current theories of liquid crystal order 
fluctuationsl02.103 can handle only the linear terms in the 
expansion of sin j3" (t) and cos /3" (t) at present. Thus, 
sin 13" (t) "" 13" (0, sin2 /3" (t) "" 0, and cos /3" (t) "" cos2 13" (t) 
"" 1; in which case we have for small order fluctuations 
that 

d~20) (/3"; 0 =d~22~ (13"; t) "" 0 , 

d\20) (/3"; 0 = - d~2l~ (13"; t) "" - JI 13" (t), 

d\:o) (/3"; t) "" 1 . 

(4.lla) 

(4.llb) 

(4.llc) 

That is, the slow director fluctuations predominantly 
affect the d~21~ (13"; t) terms, to first order. Then, from 
Eq. (4.4) we obtain 

x 2: (d~J (13"; t)d~J (j3"; t + T» d~1 (13",)2 , 
.\I=±l 

(4.12) 

where for simplicity the distribution of n about Do is 
assumed to be axially symmetric. 

Following Refs. 102 and 103, the autocorrelation func
tion for the Euler angle fJ" (0 can be approximated as23 
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(fJ"(t)fJ"(t+T»~(on(r, I). on(r, t+T)*) • (4.13) 

In the above equation, on(r, t) is the time-dependent 
linear displacement of the instantaneous director n from 
the average director no, where n and Do are unit vec
tors. The linear displacement of n with respect to Do 
can be expanded as a superposition of plane wave dis
turbances, each of which undergoes highly damped, 
viscous relaxation with a characteristic correlation 
time T(q). Expanding the displacement 1in(r, 0 in a 
Fourier series we have that 

( 
1 )3/2f 1in(r, t) = 27T on(q, t)e1q

'
r dq , (4.14) 

where q denotes the propagation vector of the plane 
waves and dq = 41Tq2dq is a volume element in q space. 
According to de Gennes,102 the viscous relaxation of the 
modes corresponding to the various wave vectors q is 
given by 

~ on(q, t) = -( 1) on(q, t) , (4.15) 
at T q 

where T(q) is the relaxation time constant for the qth 
mode; i. e., each mode relaxes with its own time con
stant, and the corresponding power spectrum is a single 
Lorentzian. From Eqs. (4.14) and (4.15) we then ob
tain that 

(on(r, t) 0 on(r, t + T)*) 

_ V foe=-o (Ion(q, t)l~ e-ITI/To41Tq2dq, (4.16) 
- (21T)3 0 V 

where the limits of the integration are chosen in the con
tinuum description as q~O and qe~oo. The value of 
q ~ 0 corresponds to the longest wavelength modes (po
tentially on the order of the macroscopic bilayer dimen
sions) and accordingly very low frequencies outside the 
present regime of interest. The choice of qe = 21T/-\, 
~ 00 as the high frequency cutoff appears reasonable as 
a first approximation for the case of a lipid bilayer, and 
allows evaluation of the definite integral in Eq. (4.16) 
without the introduction of further parameters in the 
theory. (Strictly speaking, the continuum description 
is expected to break down for wavelengths on the order 
of the molecular or segmental dimenSions.) The ther
mal amplitudes of the various q modes have been cal
culated by de Gennes102 to be equal to kT/Kq2 by apply
ing the equipartition theorem from statistical mechanics 
to the eigenmodes of the distortion free energy, where 
K is the average elastic constant. 27,103 In the one-elastic 
constant approximation T(q)-1_ T;1 =Kq2/ Tj, where Tj is 
the viscosity. 102 Since each plane wave has two indepen
dent polarization directions, 116 the thermal amplitudes 
must be multiplied by a factor of 2 in the integral over 
q.23 The desired spectral density functions correspond
ing to the relatively low frequency collective fluctua
tions are then given by23 

i~ (on(r, t). on(r, t + T)*) e-l!>woT dT 

=( 1T:~2 ft) Ipwol-1
/

2
;: (C)lp wol-1/2 

, (4.17) 

where the characteristic W;//2 frequency dependence 
arises from the continuous distribution of correlation 
times. In the following, we define the constants in 
parentheses in Eq. (4.17) as equal to an undetermined 

parameter (e), since little data exist at present regard
ing the size of the elastic constants of lipid bilayers. 

From Eqs. (4.11)-(4.13) and (4.16) the autocorrela
tion functions Gp(T) can be calculated, and from Eq. (2.5) 
the spectral densities Jp(pwo) can be evaluated with the 
aid of Eq. (4.17). The following expression for T1 is 
obtained: 

1/Tls ~ ~ (e~Q r d~2d (fJ)2 (d~20> (fJ'; t»2 

x [ t dW (fJ"')2 +3./2 d~2l (fJ'" )2]CWij1/ 2. (4.18) 

Equation (4.18) is consistent with recent 2H relaxation 
studies of nematic liquid crystals, where fJ"' = 0° and 
only J 1(wo) is found to contribute to the relaxation fre
quency dependence. 29 For the case of phospholipid 
vesicles of those multilamellar dispersions where ori
entational averaging of T1 occurs, substituting 
d~J (fJ'If)2_(d.W (fJIf')~ =t into Eq. (4.18), we obtain for 
the orientationally averaged relaxation rate that 

(1/ Tlo ) ~ ,/b- (1 + 2 y'2) (e~Q r d\:o> (13)2 

(4.19) 

It should be noted that Eqs. (4.18) and (4.19) are ap
proximations in the limit of small, but finite director 
fluctuations, where we have neglected the d~d (/3"; t) 
and d~22~ (fJ"; t) rotation matrix elements in the autocor
relation functions Eq. (4.4) as a consequence of our as
sumption of small fluctuations in fJ" (0. If we let fJ" (t) 
- 0, i. e., for the limiting case of no director fluctua
tions, then the previous approximations break down, of 
course, and all rotation matrix elements must be con
sidered in the autocorrelation functions for the slow mo
tions; cf. Eq. (4.4). In this case, T~ - 0 and there is 
no contribution to the relaxation from slow motions, as 
expected. It should also be emphasized that at present 
it is not possible to employ the above model to estimate 
the rms amplitude of the order fluctuations, since the 
two unknowns C and (SCD )~, ;:d\:o> (fJ)2 (d\:o> (13'; t})2 cannot 
be separated in the above expressions. However, the 
form of the frequency dependence of T1 predicted by 
Eqs. (4.18) and (4.19) is a characteristic signature of 
whether such fluctuations occur with significant ampli
tude in the T1 frequency regime. 

v. COMPARISON WITH EXPERIMENTAL DATA 

Spin-lattice relaxation time measurements of aN in 
lipid bilayers have been recently reported87; however, 
since detailed 14N T1 studies have not yet been per
formed, the present discussion will be confined pri
marily to interpretation of published 2H T1 results for 
bilayer dispersions of DPPC2 in the liquid crystalline 
phase. 65, 84, 90, 91 A review of the previously determined84 

profiles of the 2H bond order parameter I SCD I and the 
2H spin-lattice relaxation rate Til is provided in Fig. 6 
as a function of chain position for the DPPC bilayer at 
51°C and 80 °C. The DPPC samples were selectively 
deuterated at the various chain methylene segments as 
indicated,92 and the 2H segmental order parameters 
were determined from the sharp edges of the 2H powder 
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FIG. 6. Plots of the 2H segmental order parameter, denoted 
by SCD' and the observed 2H spin-lattice relaxation rate liT! 
as a function of the fatty acyl chain segment position for speci
fically deuterated bilayers of DPPC at (a) 51°C, and (b) BO°C. 
At each temperature a characteristic plateau in the order and 
relaxation profiles is observed; cf. Ref. 84. (Measurements 
at 54.4 MHz. ) 

pattern spectra using the relation9 

(5.0 

where avo is the observed quadrupolar splitting, cor
responding to the /3.' =90 0 orientation (cf. Fig. 1). In 
Eq. (5.0, SCD is the observed 2H bond order param
eter, averaged over all motions occuring at frequencies 
greater than the static quadrupolar coupling constant 
(170 kHz), denoted by (SCD)O- in Secs. II-IV. Both the 
order profiles and the relaxation profiles are approxi
mately constant over the first part of the fatty acyl 
chains, from the C-3 segment to the C-9 or C-10 meth
ylene groups, decreasing montonically thereafter. The 
observation of such a characteristic "plateau" in both 
the order profiles and the relaxation profiles represents 
one characteristic signature of the lamellar, liquid 
crystalline state. 9,12,84,90,96 

Since Til depends on both the amplitudes and rates of 
the molecular fluctuations near the Larmor resonance 
frequency, i. e., on the spectral density of fluctuations,83 
the problem at hand is the proper separation of order
ing and rate effects in arriving at a correct interpreta
tion of the Tl relaxation profiles. That is, do the re
laxation profiles as a function of chain position repre
sent the segmental order profile, the profile of the rate 
of segmental motion as a function of chain position, or 

an admixture of both?96 The answer to this question is, 
of course, model-dependent; for the present, we shall 
be content with simply outlining in broad fashion the type 
of physical model anticipated to be useful in interpreting 
such relaxation data, and with comparing the theoretical 
predictions to the presently available experimental re
sults. 

A. Frequency dependence of the lH Tl relaxation times 
of the DPPC bilayer 

At all deuterated acyl chain segment positions investi
gated, the 2H Tl relaxation times of the DPPC bilayer 
are observed to increase with temperature, in agree
ment with previous IH and 13C Tl studies. 39,40,42 For 
the case of Simple fluids, 67,83,110 such an increase in T 1 
with temperature would normally imply that the molec
ular fluctuations fall in the short correlation time re
gime; thus the Tl relaxation times would be expected to 
be independent of the resonance frequency. However, 
as shown recently by Brown and Davis, 91 this is not the 
case for bilayers of DPPC, where the 2H Tl relaxation 
times increase Significantly with increasing frequency/ 
field strength. Thus, there must exist a distribution of 
motional components with different correlation times. 91 
In the following we shall consider two possible origins 
for this proposed correlation time distribution; (i) re
stricted anisotropiC rotational diffusion (Sec. III), and 
(ii) the presence of independent motional components 
differing in terms of their amplitudes and frequency 
ranges (Sec. IV). 

In Sec. III it was pointed out that rotational diffusion 
in the presence of an ordering potential is characterized, 
in general, by a distribution of correlation times. 105 
Therefore, the question which must first be addressed 
is: Can the restricted anisotropiC rotational diffusion 
model account for the observed dependence of the T 1 
relaxation times of the DPPC bilayer on frequency and 
temperature? The answer appears to be no, as can be 
seen by reference to Fig. 5. For the DPPC bilayer at 
51 DC, the shortest TIS are observed in the plateau 
region from the C-3 segment up to about the C-9 or 
C-10 segments, where the relaxation rate is approxi
mately constant as a function of chain position. 84 Con
sidering the C-4 position, for example, Tl is measured 
to be 21. 0, 28.7, and 32.7 ms at 13.8, 34.4, and 54.4 
MHz, respectively. 91 Then, multiplying the above Tl 
values by 3/8 (e2qQ/nY =4. 278 x 1011 and taking their 
logarithms to facilitate comparison with Fig. 5 we see 
that, given the magnitudes of the observed Tl values, 
the restricted diffusion model predicts Tl to be indepen
dent of the resonance frequency, in the short correla
tion time regime, even for extremes of ordering «P2 > 
- O. 9) and motional anisotropy (ry- 50). Similar con
clusions hold for the strong collision model (Sec. nI). 

Since the above prediction is contrary to experimen
tal fact,91 the Tl relaxation is most likely influenced by 
different motional components; i. e., in addition to any 
high frequency motions, which for generality are mod
eled here as stochastic rotational diffusion (Sec. III), 
there must also exist a contribution from lower fre
quency motions of larger amplitude, as discussed in 
Sec. IV. Since the fast motions are assumed to lie in 
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FIG. 7. Plots of the observed 2H spin-lattice relaxation rate 
liT! vs (a) wii1l2, and (b) wii2 for specifically deuterated DPPC 
bilayers at 51 ·C, where Wo is the resonance frequency in rads-! 
(Data from Ref. 91). The position of the deuterated methylene 
segments in the fatty acyl chains is indicated in the figure. The 
solid lines indicate least-squares fits to the data. 

the short correlation time regime, and thus details of 
the motion are not inferrable from Tl measurements at 
the resonance frequencies presently employed, it is 
reasonable to assume that 1)~ 1 with a Single, effective 
correlation time for the fast motions affecting the Tl 
relaxation. 98 Then, the contribution from the fast mo
tiODS would be given approximately by Eq. (3.16) of 
Sec. Ina [i.e., Eq. (19) of Ref. 96), as discussed in 
Sec. IV. For I SeD I $ 0.2, typical of many lipid bilayers 
in the liquid crystalline state, the effect of ordering on 
Til given by Eqs. (3.16) and (3.20) is relatively small 
and can be neglected. 8"88 The above conclusions as
Nme that tile .... itioAal amplitude contributed by any 
slow fluctuatlons is relatively small, i.e., (:3"$15-20 0 

in Fig. 1. For larger amplitude fluctuations (/3" > 20 0), 

the above approximations leading to the results of Sec. 
nl become progressively worse, but we have no strong 
reasons to expect low frequency fluctuations of larger 
amplitude at the present time, in spite of claims to the 
contrary.63 Thus, the results of Ref. 96 are most sim
ply extended by adding a term T ~ to account for any 
low frequency fluctuations, as required by the results 
of Brown and Davis. 91 

What types of slow motions provide the characteris
tic frequency dependence of the T 1 relaxation? In Sec. 
IV two models for these low frequency motional compo
nents were discussed: (i) a rather approximate model 
in which the contribution of slow motions to Tl is char
acterized by a Single effective correlation time, i. e. , 
hope is relinquished of a detailed description of the slow 
motion dynamiCS, and (ii) a model in which the rela
tively slow director fluctuations are described in terms 
of collective disturbances of the bilayer. In Figs. 7 (a) 
and 7(b) are shown plots of the observed relaxation rate 
Til vs wijl/2 and wo2 for the C-4, C-B, and C-14 seg
ment positions of the palmitoyl chains of the DPPC bi
layer. The dependence of Til on wo2 corresponds to 
the simplest noncollective model for low frequency 
fluctuations in lipid bilayers (Sec. IV A), in which it is 
assumed that the motions fall into the long correlation 
time regime as proposed by Chan and coworkers. 63 The 
wr/12 dependence corresponds to the collective model 
(Sec. IV B). Since 2H Tl data are currently available 
at only three resonance frequenCies, it is not possible 
at present to distinguish unequivocally between the 
above two alternate models solely on the basis of the 
observed frequency dependence. For both the C-4 and 
C-B segment pOSitions, as well as the C-14 position 
near the end of the chain (w - 2), the three points fall 
approximately on a straight line when Til is plotted 
vs WOl/2 [Fig. 7(a)], or alternating when Til is plotted 
vs wo2 [Fig. 7(b»). However, on theoretical grounds the 
collective model is favored at present, and is supported 
further by the interpretation of the experimental data 
given below. 

At this point it should be noted that, for either model, 
extrapolation of Til to infinite frequency (cf. Fig. 7) 
yields Til as the intercept, assuming that Til = Ti: 
+ T~, i. e., that cross terms are small and can be neg
lected to a first approximation. From the extrapolated 
value of Til =5-10 S-l in Fig. 7(a), it can be seen that 
the collective model predicts substantial contributions 
to the observed relaxation rate Til from both the fast 
and slow relaxation terms over the frequency range 
studied, with T~ providing the dominant contribution 
for those methylene segments in the plateau region of 
the acyl chains. The Simple noncollective model, on 
the other hand, predicts a much smaller contribution 
from Ti! to the observed Til [cf. Fig. 7(b»)' such that 
at 54.4 MHz the relaxation would be essentially domi
nated by the higher frequency contribution, with Til 
~ 30 S-l for the C-4 and C-B segment pOSitions and 
Til ~ 10 S-l for the C-14 position. That is, at 54.4 
MHz, where the most extensive 2H Tl data are avail
able,84 the collective model predicts Til to be dominated 
by the lowjrequency contribution T~, whereas the sim
ple noncollective model would predict Til to be domi-
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TABLE I. Nonlinear regression fitting parameters of 2H TI data for DPPC multilamellar dis
persions to the function Til = 1'1 (SCD)Y2 +1'3' 

Data 1'1 1', 1'3 

Specifically deuterated 
DPPC over temperature 
range 45_80°Ca 649.1 ±67. 9 2.012 ± 0.068 1. 62LI- O. 254 

DPPC-ds2 

at 37°Cb 903.5 ± 728.5 1. 872 ± O. 373 7.232 ± 3. 663 

DPPC-ds2 at 45°Cb 1227 ± 401 1. 660;- 0.158 11.94;- 1. 26 

aWeighted fit using standard deviations from experimental inversion recovery plots; data obtained 
at 54.4 MHz (Ref. 84). 

honweighted fits; data obtained at 34.4 MHz (Ref. 90). 

nated by the high frequency contribution Til. In addi
tion' the noncollective model predicts that Til would 
vary Significantly along the chain, since the C-4 and 
C-8 Tl data extrapolate to a rather different value from 
the C-14 data (cf. Fig. 7(b»). 

B. Dependence of the :2H Tl relaxation times on the 
order parameter 

The dependence of the observed Til on the C_zH bond 
order parameter determined from the experimental zH 
NMR spectra9 can allow us to further discriminate be
tween the above two motional models, since the T i; 
term is predicted to depend on (SeD)~' in both cases 
(Sec. IV), whereas the Til term appears relatively in
sensitive to the ordering. 84,96 Early in the course of 
this work, it was observed that if the experimental Tl 
data for the various specifically deuterated DPPC bi
layers are plotted as In Til vs In I SeD I, the data for all 
acyl chain segment positions (except the C-2 and C-w 
positions) fallon a straight line (not shown), irrespec
tive of the temperature at which the measurements were 
made (Let phase). Therefore, it was decided to fit the 
Tl data to the following general function using the pro
gram CURFIT described in Bevington117: 

(5.2) 

where the Yi are adjustable parameters. For the case 
of the zH Tl data recently obtained for specifically deu
terated bilayers of DPPC, at 54.4 MHz, the nonlinear 
regression fits were weighted using the standard devia
tions of the zH Tl values. 117 The proper weighting of 
both the inversion recovery plots84 as well as the fits 
to the above theoretical function is essential if one is to 
have confidence in the results, since the zH Tl measure
ments are rather difficult and prone to error. The re
sults of the regression fits to the zH Tl data for the 
specifically deuterated DPPC bilayers at all the chain 
methylene segment positions investigated, over the tem
perature range 45-80 °c, are shown in Table I, as are 
the results of similar fits to the zH Tl data available for 
bilayers of DPPC-dsz (i. e., with perdeuterated acyl 
chains).90 For the case of the specifically deuterated 
DPPC multilamellar dispersions, the value of '1'2 =2. 012 
± O. 068 is, within experimental error, equal to two and 
suggests that the relaxation of the deuteromethylene 
chain segments can be described by a law of the form 
Til <X (SeD )2. With regards to the zH Tl data of Davis90 

for multilamellar dispersions of DPPC-d6Z' obtained at 
34.4 MHz, an unweighted nonlinear regression fit to 
Eq. (5.2) was used, since no errors are reported for 
the Tl values of the individual chain deuteromethylene 
segments. In this case, the results are somewhat less 
certain than for the specifically deuterated DPPC bi
layers. Nevertheless, at both 37° and 45°C, where 
the DPPC-d6Z bilayer is in the liquid crystalline state, 90 
the results are believed consistent with a relaxation law 
of the form Til eX (SCD )Z, within experimental error, as 
can be seen from the values of 'Yz in Table I. It should 
be emphasized that the suggested dependence of Til on 
(SeD)2 is a characteristic of the liquid crystalline state 
and appears to be obeyed at temperatures up to at least 
40°C above the main thermal transition (gel to liquid 
crystalline phase transition). (Due to isotopic substitu
tion effects, the phase transition temperature of DPPC
d6Z , at -37°C, 90 is lower than that of DPPC, which oc
curs at 41°C.) 

Plots of Til vs the square of the observed deuterium 
order parameter are shown in Fig. 8 for the zH Tl data 
currently available for the DPPC bilayer. Since Til is 
observed to depend on (SeD )2, within experimental er
ror, we shall assume in the following that (SeD)(j' 
<X (ScD)O", i. e., that the high frequency fast motions 
set up an order profile along the saturated acyl chains 
which is averaged to approximately the same extent by 
any lower frequency motions of larger amplitude. In 
Fig. 8(a) the observed spin-lattice relaxation rate Til 
is plotted vs (SCD)2 using the data of Brown et a1. 84 for 
selectively deuterated multilamellar dispersions of 
DPPC, in the liquid crystalline phase, at 45°, 51°, and 
80 DC, and various intermediate temperatures, obtained 
at a resonance frequency of 54.4 MHz. (Due to the 
rather large number of data points, the various seg
ment positions are not distinguished at each tempera
ture.) In Fig. 8(b), Til is plotted vs (SCD)Z for bilayers 
of DPPC-d62 at 37° and 45°C, obtained at a resonance 
frequency of 34.4 MHz. 9o Excepting the terminal methyl 
group (Fig. 8(b»), the approximately linear dependence 
of Tl on (SCD)Z suggests that the dominant contribution 
to the relaxation rate of the methylene deuterons arises 
from relatively low frequency (slow) motions at the res
onance frequencies employed. This conclusion is con
sistent with the collective model for slow motions, but 
is in disagreement with the simple noncollective model; 
also, the above interpretation differs from earlier con-
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FIG. 8. Plots of the 2H spin-lattice relaxation rate l!T! vs S~o 
for (a) specifically deuterated DPPC bilayers at the indicated 
temperatures (Ref. 84) and (b) bilayers of DPPC-d62 (per
deuterated fatty acyl chains) at 37 and 45°C (Ref. 90). The 
solid lines indicate least-squares fits to the data (excepting the 
w-CH3 group in (b)l. 

clusions. 84,96 The relatively minor differences between 
the plots of Til VS (Sco)2 for the DPPC and DPPC-d62 

samples may be due to the possibility of systematic er
rors in the latter data, as well as the small differences 
observed in the quadrupolar splittings and derived order 
parameters of the two systems. 90 Alternatively, the 
differences between Figs. 8(a) and 8(b) could be due to 
the different resonance frequencies employed. For the 
purposes of a quantitative analYSiS, such as described 
here, the 2H T I data for the specifically deuterated DPPC 
bilayers8~.9l are believed most reliable at present. 

From the above discussion, then, it appears that the 
collective director fluctuation model is most capable of 
explaining the 2H TI data in terms of a correlation time 
distribution at present. The contribution of slow mo
tions to the 2H Tl relaxation rate is then given approxi
mately by Eqs. (4.18) or (4.19) of Sec. IV. The ap
proximately linear dependence of Til on (Sco)2 suggests 
our assumption that (Sco)o,a::(Sco)n" is at least approxi
mately fullfilled; i. e., that the order profile along the 
chain averaged over the fast motions is modulated to a 
similar extent at all pOSitions by the collective bilayer 
disturbances. It is very interesting to note that a simi
lar dependence of Til on (Sco)2 has been independently 
observed by Ukleja et al. 22 for liquid crystals with 

deuterated alkyl chains. The value of Ti} obtained 
from Fig. 8(a) and 8(b) of -2-14 S-l is within the range 
of that determined in Fig. 7(a) for the collective direc
tor fluctuation model, - 5-10 sot, but disagrees with that 
determined in Fig. 7(b) for the noncollective model, 
where Til extrapolates to Ti} ~ 30 S-I for the C-4 and 
C-8 segment pOSitions. Given the approximations in
volved, the agreement of the Ti} values determined for 
the collective model by extrapolating Til to infinite fre
quency or zero Sco appears satisfactory at present. 
Nevertheless, further experimental studies are clearly 
desirable. 

C. Temperature dependence of the lH Tl relaxation 
At this point it should be noted that the results of Fig. 

8 (a), in which the data at the various temperatures ap
pear superimposable when Til is plotted vs (Sco)2, im
ply that the temperature dependence of TI could be de
termined in large part by the temperature dependence 
of the order parameter Sco' Thus, a comparison of the 
temperature dependence of Til with the temperature 
dependence of the 2H order parameter may serve as a 
further diagonostic test for the influence of order fluc
tuations on the 2H Tl relaxation rates. In general, the 
IH, 2H, and 13C T 1 relaxation rates of lipid bilayers 
have been observed to increase with increasing tempera
ture, as noted above. This behavior has been typically 
interpreted using an Arrhenius-type expression, in 
which the temperature dependence is ascribed to the 
magnitude of the activation barrier for rotational iso
merizations of the fatty acyl chain segments. Thus, 
Arrhenius plots of In Til vs l/T have been convention
ally interpreted in terms of an activation energy of about 
14.6 kJ/mol (3.5 kcal/mol),84 generally taken as evi
dence for the influence of trans-gauche isomerizations 
on the TI relaxation rates. If in fact it is assumed that 
Til is determined largely by order fluctuations, how
ever, with a relaxation law of the form Til a:: (Sco)2 , 
then the results of Fig. 8 (a) would suggest as an alter
native that the temperature dependence of Til could be 
due, rather, to the temperature dependence of Sco' For 
example, if the quantity 21n I SCD I is plotted vs 1/T using 
the 2H TI data for the specifically deuterated DPPC bi
layers of Brown et al. , 84 nearly the same slope is ob
tained as when In Til vs l/T is plotted (not shown). 
Therefore, it is unclear at present whether the tempera
ture dependence of Til can be taken as evidence sup
porting an interpretation in terms of trans-gauche iso
merization, and the agreement of the H activation energy" 
obtained with the rotational isomeric model1l8 may be 
fortuitous, or not a sufficiently stringent test. For the 
case of the DPPC-d62 multilamellar dispersions, the 
observation that the plots of the 2H Til data vs (Sco)2 
[Fig. 8(b)] are not superimposable at the two tempera
tures investigated, 1. e., 37 ° and 45°C, may be related 
to the fact that the gel to liquid-crystalline phase tran
sition occurs at - 37 °c in this case. 90 Clearly it would 
be desirable to have further 2H TI data for the DPPC-
d62 bilayer system at several additional temperatures 
in the liquid crystalline (La) phase. 

D. Empirical relaxation law for the DPPC bilayer 
At the present time, then, it would appear that the 

available TI results for the DPPC bilayer (cf. Figs. 7 

J. Chern. Phys., Vol. 77, No.3, 1 August 1982 

Downloaded 18 Apr 2013 to 128.196.212.144. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



1594 Michael F. Brown: Spin-lattice relaxation in lipid bilayers 

and 8) are most consistent with a relaxation law of the 
form 

(5.3) 

where Wo denotes the nuclear Larmor frequency and SeD 
the segmental order parameter. The first term on the 
right-hand side of Eq. (5.3) would then correspond to 
Eqs. (3.16) or (3.20) of Sec. III; the second term, which 
accounts for the relaxation frequency dependence, cor
responds to Eqs, (4.18) or (4,19) of Sec. IV, It should 
be noted, however, that order fluctuations are not the 
only type of motion capable of influencing the relaxation 
frequency dependence, and further experiments are re
quired to test the validity of the above model. A char
acteristic relaxation law of the form of Eq. (5.3) was 
first observed in lH Tl studies of nematic and smectic 
liquid crystals, 27 and has been recently proposed by 
Jeffrey et al. 119 to be applicable to lamellar soap bi
layers, i. e., lyotropic mesophases (cf. following sec
tion). Compared to lH NMR studies, however, 2H nu
clear relaxation is advantageous in that Tl is overwhelm
ingly determined by intramolecular motions; thus the 
interpretation in terms of molecular dynamics is not 
complicated by intermolecular effects, as is the case 
for lH relaxation. 120 

In prinCiple, either or both of the (A) and (B) terms 
of Eq. (5.3) could influence the temperature dependence 
of the Tl relaxation, depending on their relative mag
nitudes. The (A) term corresponds to local motions, 
e. g., trans-gauche isomerizations; from the extrap
olated value of Tj}2E. 2-14 sol a correlation time for 
these effective motions of T~2) 2E. o. 5-3x 10-11 s would be 
obtained using Eqs. (3.16) or (3.20). Since this value 
lies well within the short correlation time regime at 
the resonance frequencies employed, the fast motional 
components probably exert only a minor influence on the 
2H relaxation for the case of the DPPC bilayer. This 
suggestion is supported by the observation that the 2H 
and lSC Tl relaxation times of paraffinic liquids12l-l23 
are substantially longer than those of the DPPC bilayer, 
even if compared at similar" reduced" temperatures, 12 
consistent with an additional contribution from lower 
frequency motions in the latter case. The (B) term of 
Eq. (5.3) describes collective slow motions which are 
not characterized by a single correlation time, but 
rather by a distribution of correlation times, leading to 
the W01/2 frequency dependence. No single parameter 
characterizing this correlation time distribution can be 
obtained from the presently available 2H Tl data. The 
collective modes described by the (B) term are not be
lieved to be strongly temperature dependent, 27,102 but 
rather depend only linearly on the absolute temperature 
[assuming that the elastic constant is temperature-in
dependent; cf. Eq. (4.17»). Thus, the temperature de
pendence of Tl could be largely influenced by the tem
perature dependence of SeD through the (B) term of Eq. 
(5.3) for the case of the DPPC bilayer, as discussed 
above. The temperature dependence of SeD is, in turn, 
related to the thermal expanSion coefficient of the 
bilayer through the Boltzmann distribution for trans 
and gauche rotational isomers of the fatty acyl chain 
segments. 9,92 Thus, the temperature dependence of Til 

could primarily be a consequence of equilibrium proper
ties of the bilayer, i. e., its coefficient of thermal ex
pansion or elasticity, or alternatively related to a dy
namic parameter such as an activation energy. No 
unequivocal distinction can be made at present between 
these two possibilities. 

E. Lyotropic systems 

2H Tl measurements similar to those discussed above 
have been recently reported for potassium palmitate-dSl 
(Perdeuterated) in the lamellar La phase (30 wt% H20),89 
and it is instructive to compare the Tl results as a func
tion of chain position for the DPPC bilayer84 to those ob
tained for this lyotropic mesophase. The quantitative 
interpretation of the 2H Tl relaxation times for potas
sium palmitate-d3l in the La phase appears more com
plex than for the case of the DPPC bilayer, however, 
since (1) plots of log Tl vs log I SeD I (Fig. 8 of Ref. 89) 
are not observed to be linear for all the chain seg
ments, i. e., over the entire length of the palmitoyl 
chains, and (ii) experimentally, Tl is observed to vary 
with the acyl chain order parameter as Ti l a: (SCD)!·" 
rather than as (SCD)2 as shown here for bilayers of 
DPPC. Thus, the molecular dynamiCS of potassium 
palmitate-d31 , a structurally Simpler molecule, in the 
La phase appear somewhat more complex than for the 
case of bilayers composed of the corresponding phos
pholipid, i. e., DPPC. Further NMR relaxation stud
ies will probably be required to unravel the complex be
havior exhibited by this lyotropiC system, and to es
tablish the correspondence to the DPPC bilayer, where 
the molecular dynamics in the Tl frequency regime ap
pear simpler. 

F. Unsaturated lipid bilayers 

For the case of unsaturated lipid bilayers, e. g., com
posed of 1, 2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC), considerably less experimental Tl data exists 
than for the saturated DPPC bilayer or potassium pal
mitate in the lamellar phase. 2H Tl relaxation times 
have been recently published for multilamellar disper
sions of DOPC deuterated at the 9, 10 double bond(s) at 
resonance frequencies of 46.1 and 54.4 MHz, 84,94 and 
13C Tl values for DOPC vesicles are available from the 
earlier work of Levine et al. 40 at 25.2 MHz. Compared 
to the Tl values of the saturated acyl chain CH2 seg
ments of the DPPC bilayer, the 2H and 13C Tl relaxation 
times of the CH=CH segment of the DOPC bilayer are 
substantially shorter. The relatively short 2H and l3C 
TIS of the CH=CH segment, i. e., the relatively large 
relaxation rate Til, favor a greater contribution from 
"local" segmental motions to the Tl relaxation in this 
case. Although further work involving unsaturated 
phospholipids is clearly necessary, any frequency de
pendence observed for the CH=CH segment would prob
ably have to be ascribed to local segmental motions; 
a collective fluctuation model for slow motions, such 
as described here, would probably not be able to ac
count for the relatively short Tl values of the CH=CH 
segment. This assumes that the bilayer elastic con
stants are similar to the DPPC bilayer, which mayor 
may not be the case. The presently available 2H Tl data 
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for the C-9 and C-10 deuterons of the DOPC bilayer at 
46.1 and 54.4 MHz84• 94 are too close in frequency to de
termine if a significant frequency dependence of the zH 
TIS exists for the CH=CH segment, as found for the CHz 
segments of the DPPC bilayer. 91 However, if we as
sume, for the sake of argument, that the rms amplitude 
of the order fluctuations of the CH=CH segment is simi
lar to that of the CHz segments in the" plateau" region 
of the DPPC bilayer, and that the elastic constants are 
similar, then the contribution from order fluctuations 
to the Tl relaxation rate of the CH=CH segment can be 
roughly estimated from Eq. (5.3). From Eq. (5.3) it 
follows that 

(1/T ls ) (CH=CH) ~ S~D(CH=CH) 
(l/T1.) (CHz) = S~D (CHz) 

(5.4) 

According to Seelig and waespe-Sarcevic, lZ4 the seg
mental order parameters, SCD' of the C-9 and C-10 
deuterons are - 0.10 and +0.02, respectively; then, 
substituting these values together with the value of 
I SCD(CHz) I ~ 0.2 in Eq. (5.4) we calculate that Ti; 
(CH=CH)~ o. 25 Ti;(CHz)' Since the extrapolated value 
of Ti} for the CHz segments of the DPPC bilayer lies 
somewhere in the range of (2-14) s-1, it follOWS from 
the average Tl value for the plateau region (34.4 msS4

) 

that Ti;(CHz)~ (15-27)s-l, at 54.4 MHz and 51 aC, 
which implies that T~(CH=CH) 5 (4-7) S-l. Then, given 
the Tl value of 21 ms obtained for the CH=CH segment 
of the DOPC bilayer at 54.4 MHz and 51 aC, 84 we have 
that Til ~ 50 S-l, and thus the contribution to Til from 
order fluctuations is predicted to be small or negligible 
in this case, given the preceding assumptions. Of 
course, we have no real justification at present for 
supposing that the elasticity of the unsaturated DOPC 
bilayer is similar to that of the saturated DPPC bilayer
the forgoing argument serves merely to illustrate the 
factors involved in the analysis, and points to the types 
of experiments necessary in the future. 

From the above reasoning, it is clear that the shorter 
zH and 13C Tls of the CH=CH segment could then lead to 
a larger contribution from local segmental motions in 
this case; i. e., as opposed to cooperative bilayer fluc
tuations, which appear to influence the acyl chain Tl re
laxation behavior of the saturated DPPC bilayer in the 
liquid crystalline state. This conclusion is a conse
quence of two facts: (i) the larger molecular volume of 
the CH=CH segment vis-a-vis the CHz segments, so that 
its local motions are slower8 .. 96 leading to a larger 
spectral density contribution near the Larmor fre
quency, and (ii) the smaller order parameters (i. e., 
quadrupolar splittings) of the CH=CH segment, believed 
to be a consequence of geometric effects. l24 The above 
would conveniently explain the lack of a dependence of 
the CH=CH 2H TIS on the order parameter SCD (cf. Ref. 
96); since both the C-9 and C-10 deuterons are attached 
to the same rigid segment, yet have different quadrupo
lar splittings, 1Z4 the correlation time(s) for their mo
tion must be the same. Thus the essentially identical 
2H T1 relaxation times rule out, experimentally, a sig
nificant ordering contribution for the case of this seg
ment, as mentioned previously. 84. 96 The similar T 1 
values of the inequivalent C-9 and C-10 deuterons of the 
unsaturated DOPC bilayer have been previously used to 

argue for the lack of a significant ordering contribution 
to the T1 relaxation times of lipid bilayers in general84

•
96

; 

however, from the above it is clear that this is not 
necessarily a valid conclusion. 

VI. BIOPHYSICAL CONCLUSIONS 

In the liquid crystalline state of a lipid bilayer, it is 
clear that a hierarchy of molecular motions with differ
ent characteristic amplitudes and time scales can be 
expected. Can we hope to identify those motions ex
pected to be physically most important and which may 
(or may not) be related to biomembrane function? Given 
the physical complexity of the systems of interest, viz. 
lipid bilayers and biological membranes, the present 
treatment is not as detailed as similar analyses of nu
clear spin relaxation in liquid crystals, 15.23.Z5.27 but ap
pears capable of explaining many of the current experi
mental observations. Previous studies of spin relaxa
tion in lipid bilayers have relied on multiple internal 
rotation models. 44.53,57. 6Z or treatments of relaxation 
more appropriate for simple liquids42• 47. 50; in both cases 
the presence of an ordering potential is either ignored 
or treated in an ad hoc fashion. The present model 
represents the simplest possible treatment of segmental 
motions in lipid bilayers and membranes, in which the 
ordering is explicitly taken into consideration. 

A number of Simplifying approximations have been 
made, among which are the following: (il distinct mo
tional components are assumed such that their time 
scales are sufficiently different to separate them as 
fast or slow; (ii) for mathematical Simplicity, these 
motions are assumed cylindrically symmetric over 
their respective time scales; finally, (iii) the fast 
and slow motional components are assumed to be statis
tically independent and cross-correlation terms in the 
relaxation expreSSions are ignored. Each of these ap
proximations may represent an overSimplification, and 
thus future studies may point to the necessity of a more 
refined model. For example, although cylindrical sym
metry about a preferred director axis is evident from 
both 2H NMR9 and spin-label EPR125 studies, whether 
the effective motions over the fast time scale are axi
ally symmetric is not as clear, since restricted trans
gauche isomerizations in the absence of fast axial dif
fusion would lead to axially asymmetric 2H NMR spec
tra. 14 Nevertheless, the results of Figs. 7 and 8 do 
provide evidence for fast effective motions in these 
systems, capable of projecting the quadrupolar inter
action onto a local axis of approximately cylindrical 
symmetry, which can then be modulated by any lower 
frequency motional components. Therefore, the present 
model may represent a useful starting point for the 
interpretation of future Tl studies. 

It should be stressed that cooperative order fluctua
tions as discussed here do not necessarily represent 
"rigid body" motions of entire phospholipid molecules 
in the bilayer. On the contrary, the phospholipid mole
cules are very flexible and thus the presence of coopera
tive motions among the various hydrocarbon chain seg
ments does not require that these fluctuations are highly 
coupled to motions of the glycerol and headgroup seg
ments, although this is a possibility. Further Tl stud-

J. Chem. Phys., Vol. 77, No.3, 1 August 1982 

Downloaded 18 Apr 2013 to 128.196.212.144. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



1596 Michael F. Brown: Spin-lattice relaxation in lipid bilayers 

ies are necessary to unravel the types of motions which 
may influence the relaxation at other segment positions 
in the bilayer, e. g., in the headgroup and glycerol back
bone regions. The 2H Tl results of Figs. 7 and 8 for 
the bilayer hydrocarbon region probably cannot be ex
plained solely in terms of trans-gauche isomerization, 
although it is plausible to identify any fast effective mo
tions as arising in large partfrom such processes. The 
rotational isomerization of the fatty acyl chain segments 
could then set up an order profile along the chain, which 
according to Dill and Flory126 would arise largely as a 
consequence of chain termination effects, together with 
the space-filling requirements associated with short
range repulsive forces in the bilayer. The rotationally 
symmetric order profile over the fast chain isomeriza
tions could then be modulated by any lower frequency 
cooperative motions of the bilayer, perhaps associated 
with lateral pressure or density fluctuations. Such low
er frequency motions are not expected to be strongly 
temperature dependent, and may be analogous to the 
twist, splay, and bend modes found in nematic or smectic 
liquid crystals. 102,103 Thus, the molecular dynamics of 
lipid bilayers such as DPPC, and possibly native bio
logical membranes as well, may share certain common 
features with simpler nematic and smectic liquid crys
tals; viz. their characteristic symmetry about a pre
ferred director axis, as well as collective fluctuations 
of the director leading to a continuum of elastic relaxa
tion modes. The presence of such cooperative fluctua
tions in lipid bilayers may be rather important-
e. g., such motions could provide a means of lipid medi
ated protein-protein interactions, or could be involved 
in the permeability of membranes to nonelectrolytes 
such as water. 

While the largest contribution to the angular reorien
tation of the C _2H segments in the hydrocarbon region 
of a saturated lipid bilayer, in the liquid crystalline 
phase, is viewed to arise from the higher frequency 
motional components, 84,96 the spectral density near the 
resonance frequency from these high frequency compo
nents may, in fact, be relatively small. The local 
segmental fluctuations, e. g., due to trans-gauche iso
merization, are proposed to be very fast-much faster 
than proposed in any previous study. As a result, the 
additional spectral density contributed near the reso
nance frequency due to any slower, collective fluctua
tions could provide the dominant relaxation contribution 
at the magnetic field strengths employed, even though 
the additional amplitude contributed to the C_2H re
orientation may be rather small, i. e., vis-a-vis the 
reorientation arising from high frequency motions. 
Since the spectral density of the slow motions is not con
voluted with that of the fast motions, the slow fluctua
tions can span a smaller frequency range, thereby lead
ing to a relatively large incremental contribution near 
the resonance frequency. 

Assuming a director of fluctuation model for low fre
quency motions of the bilayer hydrocarbon region, the 
value of T~2) -10- 11 s, estimated by extrapolating the ob
served relaxation rates to infinite frequency or zero or
dering, appears very similar to the correlation times 
which can be calculated127 from previously published 

2H and 13C Tl data for n-alkanes of similar chain 
lengths.121-123 Therefore, the" microviscosity" of the 
hydrocarbon region of a saturated lipid bilayer such as 
DPPC is probably comparable to that of the equivalent 
n-alkanes, e. g., hexadecane. This conclusion dis
agrees with the results of fluorescence depolarization 
studies, where microviscosities -102_103 fold higher 
have been reported. 128,129 A possible origin of the dis
crepancy is that ordering effects 96, 130-132 have been ne
glected; however, the differences may also arise from 
limitations in the use of extrinsic probe molecules to 
study the molecular dynamiCS of a lipid bilayer. The 
observation that the Tl relaxation times of lipid bi
layers differ from those of the equivalent hydrocar
bons121-123 may be due to the additional relaxation con
tributions provided by cooperative order fluctuations in 
the former case, rather than any large differences in 
the rate of trans-gauche isomerizations or microvis
cosity. The possibility of such cooperative order fluc
tuations represents a feature of the molecular dynamics 
of lipid bilayers potentially not found in the equivalent 
n-alkanes and other hydrocarbons-thus the relaxation 
can be more efficient and T1 substantially shorter. The 
possible contribution of such slow motions has been pre
viously ignored in determining segmental microviscosi
ties from 2H T1 relaxation time measurements l2,94,133; 
consequently the reported values probably represent 
only an upper limit to the true microviscosity of the bi
layer hydrocarbon region. 

For reasons of space, a detailed comparison with 
spin-label EPR97,125 and fluorescence depolarization ex
periments130-132,134 will not be attempted here; in gen
eral, the present results are relevant to any studies 
aimed at determining static or dynamic quantities re
lated to lipid bilayer structure. In comparison to fluo
rescence or spin-label EPR methods, NMR relaxation 
is unparalleled in the level of detailed information which 
can be obtained, without recourse to introduction of 
probe molecules which may perturb the bilayer. It is 
possible that the fluorescence depolarization of rodlike 
probes such as diphenylhexatriene (DPH) or parinaric 
acid in lipid bilayers could include a contribution from 
cooperative motions as discussed here. Such collective 
fluctuations are characterized in general by a contin
uous distribution of correlation times, whereas only a 
single correlation time, or at most two correlation 
times, 134 can be extracted from fluorescence depolariza
tion experiments. Therefore, such fluorescence studies 
may represent a rather rough approximation to the de
tailed molecular dynamics of lipid bilayers. 

With regards to spin-label EPR studies, a long stand
ing question has been whether the existence of "tilting" 
motions of the phospholipid molecules occurring at fre
quencies intermediate between the EPR and 2H NMR 
regimes could explain the different order profiles de
termined using the two methods, as suggested by Mc 
Connell. 97 seelig9 has correctly pointed out that this 
explanation cannot quantitatively account for the dis
crepancy in DPPC bilayers. Nevertheless, the present 
results provide evidence for the existence of collective 
bilayer fluctuations in the appropriate time regime, 
which probably should be considered in any future de-
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tailed comparison of EPR and zH NMR results, includ
ing studies of lipid-protein interactions. 93-95,98,135 The 
exact nature and amplitude of any collective bilayer dis
turbances is a challenging question which can in the 
future be approached using spectroscopic techniques 
sensitive to lower frequency motions, such as satura
tion transfer EPR and rotating frame spin-lattice (T 1P ) 

relaxation. T1 measurements, however, are advanta
geous in that they appear to encompass the appropriate 
frequency regime,96 and it will be interesting to see 
whether T1 studies of unsaturated lipid bilayers and 
native biological membranes138 yield results similar to 
those found for the DPPC bilayer. 
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