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Angular dependence of deuterium spin-lattice relaxation rates 
of macroscopically oriented dilauroylphosphatidylcholine 
in the liquid-crystalline state 

Theodore P. Trouard,a) Todd M. Alam,b) and Michael F. Brown 
Department of Chemistry, University of Arizona, Tucson, Arizona 85721 

(Received 5 April 1994; accepted 6 May 1994) 

Deuterium eH) NMR relaxation plays a major role in the study of lipid reorientational dynamics, 
with the angular dependence of the relaxation rates providing a novel and critical test of proposed 
motional models. Spin-lattice relaxation rates (R 1z) were measured for macroscopically oriented 
bilayers of 1,2-diperdeuteriolauroyl-sn-glycero-3-phosphocholine (DLPC-d46) in the 
liquid-crystalline (La) phase. The results for different positions along the chain (index i) were 
dependent on the angle () between the macroscopic bilayer normal and the static external magnetic 
field, and allowed the anisotropy of R~~ to be determined for nine resolved quadrupolar resonances. 
Angular-dependent relaxation data were evaluated using simple models of anisotropic rotational 
diffusion within an odd or even potential of mean torque as a framework for describing (i) segmental 
reorientations of the chains, or alternatively (ii) noncollective molecular motions within the bilayer. 
Moreover, (iii) a simple quasi-hydrodynamic formulation involving collective fluctuations of a local 
director axis was considered (continuum model). For segmental motions the static electric field 
gradient (EFG) tensor due to the electronic structure of the C-2H bond is averaged by local 
reorientations of the acyl chains, e.g., due to trans-gauche rotational isomerizations and/or torsional 
oscillations. The second and third formulations assume the static EFG tensor is preaveraged by local 
motions, yielding a residual EFG tensor which is further modulated by order fluctuations due to 
relatively slow motions of larger amplitude; separation of time scales is implicit. The latter 
treatments differ in that the molecular model allows for variation in both the principal values and 
principal axes of the residual EFG tensor, and includes the possibility of a nonzero effective 
asymmetry parameter rJeff' By contrast, the collective model considers an axially symmetric residual 
EFG tensor (rJeff=O), in which the relatively slow motions are described in terms of continuum 
fluctuations of a local director axis within the small-angle approximation. Each of the three models 
can account for the observed angular anisotropy of the R~~ relaxation rates along the chains to a 
greater or lesser degree of success, depending on the number of adjustable parameters. The 
collective formulation has the fewest parameters and may be an oversimplification for description of 
the relaxation anisotropy. In addition, for each bilayer orientation, profiles of the relaxation rates Rl~ 
and order parameters Isgbl as a function of acyl position exhibited a square-law functional 
dependence within experimental error. This observation points to an influence on the relaxation 
arising from relatively slow fluctuations in the order gradient set up along the chains by faster 
internal motions, viz. order fluctuations due to non collective molecular motions or collective 
excitations of the bilayer. Finally, the rather small contribution from local internal motions suggests 
that the micro viscosity of the bilayer interior corresponds to essentially liquid hydrocarbon. These 
new results illustrate the utility of R~il angular anisotropies of phospholipids having perdeuterated 
acyl chains in experimental and theoretical investigations of molecular dynamics in 
liquid-crystalline bilayers. The implications of the findings in relation to previous biophysical 
studies of membranes are discussed. 

I. INTRODUCTION 

The investigation of equilibrium and dynamical proper
ties of phospholipid bilayers and their role in the biochemical 
activities of membranes has witnessed increased interest over 
the years. I -

7 Membranes are examples of soft materials8 as 
evinced by nuclear magnetic resonance (NMR)9 studies,lo in 
which deuterium eH) NMR spectroscopyll-13 plays a key 
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part in elucidation of the phase behavior14 and molecular 
mobilitylS of lipid membranes. If the rate of the motions is 

near the inverse of the quadrupolar interaction (=u Q = 3 X14, 
where X is the quadrupolar coupling constant), then line 
shape analysis can yield insight regarding the time scales and 
mechanisms of the lipid dynamics. 16 In the liquid-crystalline 
(La) phase, however, a majority of the reorientational rates 
occur within the fast-limit regime (pu Q)' allowing only 
equilibrium bilayer properties to be accessible through study 
of motionally averaged 2H NMR line shapes. The elucidation 
of dynamical properties in La phase bilayers is then possible 
through measurement and interpretation of their nuclear spin 

relaxation rates, which are sensitive to these faster motions. 
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Spin-lattice relaxation rate (R IZ) measurements have pro
vided the major source of dynamical information, and have 
encompassed investigations of phospholipid lamellar phases 
as a function of temperature, 17-22 magnetic field 
strength, 10,23,24 and acyl chain positionY-22,25-27 A variety of 
dynamical models have been proposed to interpret such re
laxation experiments, which include (i) segmental or internal 
fluctuations,19,20,22,27-35 (ii) molecular reorientation (noncon
tinuum model),22,27-38 (iii) collective fluctuations of the bi
layer (continuum model),24,28,29,39-42 and (iv) vesicle 
tumbling?4,43 Internal reorientations have been formulated in 
terms of discrete jumps,16,44 isomerization between different 
trans-gauche rotamers,20,22,27,30,34,45 or segmental 
diffusion;19,28,33 likewise molecular motions have been ana
lyzed in terms of anisotropic rotational 
diffusion,26,28,29,3I,32,43 or alternatively hopping among dis-
crete sites.27

,44 Molecular and Brownian dynamics computer 
simulations3l ,35,46-48 as well as master equation methods32 

have provided extension of the above approaches. In addi
tion, collective fluctuations have been treated in terms of 
reorientation of an instantaneous director axis using a hydro
dynamiclike formalism28,39,40,42 as originally presented for 
liquid crystals.49-51 Yet the interpretation of experimentally 
observed relaxation rates within these different conceptual 
frameworks has been problematic, with several key ques
tions concerning the nature of lipid dynamics still remaining. 

In the analysis of experimental relaxation studies of 
membrane constituents it may thus be desirable to investi
gate general aspects before embarking on more specific 
formulations.52 Present knowledge indicates the 2H nuclear 
spin relaxation is governed by fluctuations in the orientation 
of the electric field gradient (EFG) tensor associated with the 
c-2H bonds of the labeled molecules with respect to the 
main external magnetic field.26,53,54 These fluctuations are in 
tum related to the forces which underlie the physical prop
erties of assemblies of phospholipids in the lamellar phase. 
In terms of time-dependent perturbation theory, the relax
ation is governed by the irreducible spectral densities of mo
tion in the laboratory frame which correspond to temporal 
fluctuations of the EFG tensor.55,56 The relaxation rates de
pend on the amplitUdes, rates, and types of motions within 
the membrane bilayer, namely the mean-squared amplitudes 
and reduced spectral densities characterizing the dynamics. 
Both the mean-squared amplitudes and reduced spectral den
sities, i.e., motional correlation times, depend on the degree 
of orientational ordering. It follows that in ordered media 
comprising thin films of amphiphiles, one must disentangle 
the above influences as a means of investigating their equi
librium and dynamical properties?6 One viewpointl9 is that 
the mean-squared amplitudes largely reflect the static EFG 
tensor associated with the C-2H bonds. In this case the re
laxation rates along the lipid acyl chains are mainly governed 
by the reduced spectral densities,26 which can be interpreted 
in terms of local segmental motions, e.g., segmental reorien
tations involving the C-2H-Iabeled groups due to trans
gauche isomerizations. An alternative28 is that the local mo
tions pre average the static tensor to yield a residual EFG 
tensor, whose principal values and principal axes vary with 
the acyl segment position.33 Here, the local mean-squared 

amplitudes influence the relaxation profile along the chains, 
whereas the reduced spectral densities are due to relatively 
slow motions in the MHz range which modulate the residual 
tensor left over from the faster motions. These relatively 
slow order fluctuations can arise from molecular reorienta
tions, or alternatively collective excitations of the hydrocar
bon chains within the bilayer assembly can be important. 

How can one further distinguish between the above in
terpretations of the NMR relaxation rates of lipid bilayers in 
the liquid-crystalline (La) state? One quantity that may help 
differentiate among reorientational models is the dependence 
of the relaxation on the angle (J between the director axis 
(i.e., the macroscopic bilayer normal) and the static external 
magnetic field. 15,26,27.33,34,36-39,42,57-61 Such measurements of 
the angular anisotropy of the relaxation rates can provide 
novel information regarding the orientation of the coupling 
tensor within the frame modulated by the motion. Hence one 
can investigate the correspondence of the principal axes and 
principal values of the coupling tensor to either the segment, 
molecule, or bilayer as a means of further identifying the 
origin of the relaxation. Knowledge of the motional mean
squared amplitudes can then be combined with parallel stud
ies of the relaxation frequency dependence lO

•
24 to obtain fur

ther information about the functional form of the reduced 
spectral densities. Paradoxically, early studies of the angular 
dependence of R IZ revealed little appreciable anisotropy for 
oriented26 and randomly oriented25,57 multilamellar lipid dis
persions in the L a phase. For random dispersions the above 
was attributed to orientational averaging of the anisotropy by 
lateral diffusion of lipid molecules about the curved surfaces 
of liposomes during the time scale of the NMR experiment. 57 
However, subsequent investigations of cerebroside27 and 
phospholipid/cholesterol bilayers36.37 revealed angularly an
isotropic R IZ relaxation rates, due presumably to a change in 
the rate of lateral diffusion and/or the liposome size or shape. 
Macroscopically oriented bilayers have also been studied 
where the averaging due to lateral diffusion is largely elimi
nated. Investigations of specifically deuterated 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) oriented 
on planar substrates have indicated a weak or negligible an
gular anisotropy of the 2H spin-lattice relaxation,34,58 consis
tent with earlier work?6 Moreover, 2H NMR measurements 
of oriented lipid/cholesterol bilayer mixtures have demon
strated a significant angular anisotropy of the R IZ rates for 
the acyl chains in contact with the rigid sterol frame, as well 
as the 2H-Iabeled cholesterol molecule itself. 15.34.59.6o These 
angular-dependent 2H NMR studies of oriented phospholipid 
bilayers have been recently extended to include determina
tions of both the spin-lattice (R IZ) and quadrupolar order 
(R IQ) relaxation rates of lipid lamellar phases. 15.34,61 The 
relatively weak angular dependence of the R lZ relaxation 
rates of pure lipid bilayers within the MHz regime26,34,39.58 is 
compatible with a model in which the major contribution to 
the relaxation comes from local segmental motions or non
collective molecular motions. By contrast, the anisotropy 
predicted by an approximate continuum model for relatively 
slow collective fluctuations in terms of a single elastic 
constant28 does not explain the data as well, indicating that 
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such a formulation may be an oversimplification. Finally, 2H 
transverse relaxation rate (R 2) measurements for DMPC with 
specifically deuterated acyl chains utilizing the Carr
Purcell-Meiboon-Gill sequence have been interpreted in 
terms of collective order-director fluctuations as the domi
na1lt relaxation mechanism within the kHz regime, whereas 
the spin-lattice relaxation (R IZ) at MHz frequencies is gov
erned by molecular motions.42 

Clearly further experimental measurements of the depen
dence of the relaxation rates on bilayer orientation and fre
quency (magnetic field strength) are needed as a means of 
testing various paradigms for the dynamics of membranes. 
The majority of investigations of the orientational anisotropy 
of the relaxation have utilized specifically labeled lipids, en
abling the head group or acyl chain dynamics to be probed at 
one or only a few segments within the acyl chains. This 
paper reports the first complete angular dependence of the 2H 
spin-lattice relaxation rates R IZ as a function of chain posi
tion for macroscopicaIIy oriented liquid-crystaIIine phospho
lipid bilayers, viz. 1,2-diperdeuteriolauroyl-sn-glycero-3-
phosphocholine (DLPC-d46). By utilizing lipids having 
perdeuterated acyl chains, the spin-lattice relaxation rates for 
essentially the entire hydrocarbon region can be obtained 
simultaneously. We have obtained new evidence suggesting 
the relaxation is governed by fluctuations in the order gradi
ent set up along the chains by faster segmental motions, that 
is by order fluctuations due to molecular motions or coHec
tive thermal excitations of the bilayer.28 These results yield 
information regarding the molecular dynamics and equilib
rium properties of the entire hydrocarbon region of membra
nous phospholipids. Aspects of the theoretical formulation 
and analysis have appeared in preliminary form. 15,33 

II. THEORY 

A. Quadrupolar Hamiltonian 

The coupling between the quadrupolar moment and the 
electric field gradient for a spin I = I nucleus is described by 
the Hamiltonian operator,62 

2 

if = eQ " (_ 1 )myi2) lab0 2)lab 
Q 21z ,L., -m m ' 

m=-2 

(2.1) 

where eQ is the nuclear quadrupole constant. Here the di
mensions correspond to angular velocity and all symbols 
have their customary meanings; yi,;) and 0';) are second
rank irreducible spherical tens~rs, corresponding to the 
nuclear spin angular momentum I operators and the electric 
field gradient (EFG) tensor V, respectively. The spin angular 
momentum is quantized in the static external magnetic field 
(denoted lab), and the corresponding irreducible tensor op
erators are defined by63 

(2.2a) 

(2.2b) 

(2.2c) 

in which i2=ii+n+i~ and i"!:.=ix"i:.iiy . By contrast, the 
electric field gradient tensor V;';) is expressed in the 
molecule-fixed principal axis system (PAS) where its Carte
sian components are diagonal. Following Spiess62 the irre
ducible spherical components of the EFG tensor are related 
to the Cartesian principal values by 

V(2)PAS=0 
:t 1 ' 

(2.3a) 

(2.3b) 

(2.3c) 

In the above expressions, the asymmetry parameter 
17=(Vyy - Vxx)IVzz describes the deviation of the EFG ten
sor from axial symmetry, and o=Vzz=eq specifies the larg
est principal component of the electric field gradient. We 
have adopted the convention in the classic review of 
Haberlen64 that IVzzl~lVxxl~lvYYI, where LkVkk=O so 
that 17E[O,l]. 

In what foHows the definitions of Brink and Satchler65 

are used for the Wigner rotation matrices, D~~m(n) 
= e-imlad~!m(f3)e-im'Y; here (m' ,m) are generalized pro
jection indices, j is the angular momentum, n=(a,/3,y) are 
generalized Euler angles, and the elements of the reduced 
rotation matrix are indicated by d~! m (/3). Note that 
D~6(n)=d~6(f3)=Pj(cos /3), where Pj is a Legendre poly
nomial of rank j. The irreducible components of the EFG 
tensor in the laboratory frame and the PAS are related by 

2 

V:;)lab= 2: V~2)PASD~;;;(nPL), (2.4) 
s=-2 

where n PL = (a PL ,/3 PL , y PL) are the Euler angles describ
ing active transformation65 of the irreducible components 
from the principal axis system (P) to the laboratory frame 
(L). The observed quadrupolar frequencies vQ and vQ cor
respond to the allowed single-quantum 10)-+1-1) and 
1 + 1)-+10) transitions, respectively. They are given to first
order in terms of the expectation values of the secular part 
(m =0) of the static quadrupolar Hamiltonian55,56.66 in 
dimensions of energy liil Q' defined in Eqs. (2.1)-(2.4), 
yielding 

V3 ="i:.~ x{ Db~(npd - ; [D~~o(nPL) + D~~)(nPL)]}' 
(2.5) 

Here, x=e2qQlh is the static quadrupolar coupling constant, 
equal to 170 kHz for aliphatic C-2H bondsY It foHows that 
the doublet components are separated by the quadrupolar 
splitting, A v Q = v Q - v Q' Assuming the static EFG tensor is 
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1 static EFG 1-D t:>-

FIG. 1. Schematic illustration of transformations employed in dynamical 
models for membrane constituents. Overall active transformation of the 
static electric field gradient (EFG) tensor from its principal axis system 
(PAS) to the laboratory frame through generalized Euler angles 
fl. PL == (a PL ,f3 PL , "I PL) is accomplished by the indicated sequence of rota
tions. Note that the time dependencies are specific to the model employed. 
The Euler angles fl.p/(t) describe influences of local motions in terms of 
transformation from the PAS of the static EFG tensor to an internal coordi
nate system; angles fl.IM(t) transform from the internal frame into the 
molecule-fixed system of the rotational diffusion tensor; angles fl.MN(t) 
specify rotation from the molecular frame to the coordinate system of the 
instantaneous director n(t); angles fl.ND(t) represent transformation from 
the instantaneous director frame to the average director or macroscopic bi
layer normal no; and finally angles fl.DL indicate the fixed transformation 
from the average director to the laboratory coordinate frame, i.e., static 
external magnetic field, in which (aDL ,f3DL)==(q,,8). With use of an irre
ducible representation together with properties of the group of rotations, one 
can analyze multiple motions in a relatively straightforward manner. 

axially symmetric (1]=0) only the tensor element V&2)PAS is 
nonzero, allowing the first-order quadrupolar frequencies to 
be written as 

(2.6) 

In Eq. (2.6), one has that D&2Jeo'PL)=P2(cos fiPL) 
= H3 cos2 fiPL -1) where P 2 is the second Legendre polyno
mial. 

B. Motional averaging 

When motion is present, the irreducible components of 
the electric field gradient tensor as expressed within the labo
ratory frame become time dependent, such that 
V<,;)lab _ V<';)lab(t). It is convenient to describe the reorienta
tional dynamics of membrane constituents in terms of a se
quence of individual coordinate frame transformations, in 
which the overall rotation angles flPL in Eq. (2.4) are re
placed by various Euler angles using the closure property of 
the rotation group.65 A set of intermediate frames which has 
proven useful in the description of lipid bilayer dynamics28 is 
illustrated schematically in Fig. 1, and is expressed by 

=~ ~ ~ ~ D~;)(flPl;t)D~!)(flIM;t) 
q p n 

x D~~(flMN ;t)D~2J(flND ;t)D~2(flDd, (2.7) 

where all summations run from -2 to 2. The Euler angles 
flPl(t) specify active rotation of the irreducible EFG com
ponents from the principal axis system (P) of the static ten
sor to an intermediate or internal (I) motional frame; flIM(t) 
define the transformation from the internal motional frame to 
the molecular (M) axis system; flMN(t) express rotation 
from the molecular frame to the axis system of the instanta
neous director n(t); flND(t) represent transformation from 
the instantaneous director to the average director no (i.e., the 
macroscopic bilayer normal); and finally the angles flDL de
scribe the fixed transformation from the average director 
(D) to the laboratory frame (L) (i.e., the static external mag
netic field).67 In the latter transformation (aDL,fiDL)=(CP,() 
are the spherical polar angles characterizing the orientation 
of the magnetic field relative to the bilayer frame. The Euler 
angles describing the various transformations may be either 
time-dependent or fixed depending on the specific model em
ployed; whereas the flDL transformation of the EFG between 
the macroscopic bilayer normal and the static external mag
netic field is time independent and can be controlled experi
mentally. Note the expansion in Eq. (2.7) can be further gen
eralized to include an arbitrary number of coordinate 
transformations. Alternatively, closure enables those transfor
mations in Eq. (2.7) not relevant for a given motional de
scription to be absorbed through collapse of the summations, 
as illustrated below. 

Motions that are fast compared to the inverse of the qua
drupolar frequencies as given by Eq. (2.6) can then be ex
pressed in terms of averaged components16 of the EFG ten
sor (002)lab). The observed quadrupolar frequencies are then 
governed by the eigenvalues of the motionally averaged qua
drupolar Hamiltonian, where secular terms (m =0) are con
sidered. Assuming that 1]=0 only the s=O term in Eq. (2.7) 
is nonzero; substitution into Eq. (2.6) yields 

in which the angular brackets denote a time or ensemble 
average. For the different motional models investigated, the 
observed line shape is thus dependent on the equilibrium 
distribution of molecular orientations considered in Eq. (2.8), 
as detailed below. Given that the last of the bracketed rota
tions is axially symmetric enables one to write 

< 
±)_+3 S _n(2)(f'\ ) 

JlQ - - 4' X CD'-'OO HDL , (2.9) 

where the segmental C_2H order parameter is defined as 

(2.10) 

and the closure property is used to collapse the summations. 

J. Chern. Phys., Vol. 101, No.6, 15 September 1994 
 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.196.212.145 On: Mon, 28 Oct 2013 00:06:22



Trouard, Alam, and Brown: Angular dependence of R1Z in oriented DLPC bilayers 5233 

1. Local segmental motions 

For the case of segmental reorientation described in 
terms of continuous small-step diffusion, it is the transforma
tion from the internal frame (I) to the director (D) that is 
time dependent. The internal frame is identified with the 
principal axes of the rotational diffusion tensor D, which 
describes segmental motions relative to the director frame; 
fluctuations of the latter are neglected. 19,Z8 Using the closure 
relation65 the summations over q and p in Eq. (2.8) collapse, 
so that the time dependence is described in terms of the Euler 
angles 0/D(t). If one assumes rotational symmetry (threefold 
or higher) about the diffusion z axis and the director DO, then 
only the r = n = 0 terms survive, allowing one to define the 
C_2H order parameter SeD for segmental motions by 

S CD= (Db~)( ° PD» = Db~( 0 PI)(Dfc/( OlD»' (2.11) 

Now for the case of a methylene group, the z axis of the 
internal frame can be taken as the normal to the plane 
spanned by the two C_2H bonds, i.e., f3PI= 7T/2; the factor 
(Db~)(O/D)=(db~)(f3/D) is designated68,69 as the molecu
lar order parameter Smol' Substituting Eq. (2.11) into Eq. 
(2.9) yields the averaged quadrupolar transition frequencies. 
Likewise, one can formulate the local motions in terms of 
jump models for the segmental reorientation (not shown). 

2. Order fluctuations due to non-collective molecular 
motions 

It is also possible that fluctuations arise from molecular 
motions, for which the time dependence is described by 
transformation from the molecule-fixed diffusion tensor prin
cipal axes (M) to the average director frame (D). The 
slower molecular motions modulate the residual quadrupolar 
coupling remaining from faster internal motions.28

•
33 (Sepa

ration of time scales is assumed in analogy with the Born
Oppenheimer approximation in quantum mechanics.) Here 
the pre-averaging involves the Euler angles OPI' leading to 
an effective EFG tensor with principal values that are re
duced in comparison to the static EFG tensor, and whose 
orientation within the molecular frame is described by the 
time-independent Euler angles 0IM' Fluctuations of the di
rector are neglected, allowing the summation over p in Eq. 
(2.8) to be removed; consequently the Euler angles 0MD(t) 
describe the time dependence. 

The irreducible components of the residual EFG tensor 
within the internal frame are related to those of the static 
EFG tensor within its PAS by 

0 Z)int= ~ 0 2)PAS(D(2)(O » 
r L.J s sr PI, (2. 12a) 

= 0,Z)PAs(D(2)(O » o Or PI' (2. 12b) 

The latter relation follows from the assumption that the static 
EFG tensor is axially symmetric (1/=0) in which case s =0. 
Because the Cartesian components are diagonal in the PAS 
of the residual EFG tensor the averaged matrix elements 

(Db2±1(OPI»=0. The residual coupling parameters are then 
given by 

(2.13a) 

v~~- v~i 3 (sin2 f3PI cOS(2YPI» 
v~i = -2' (P 2(cos f3PI» 1/eff (2.13b) 

leading to 1/effE[O,l] where P 2(cos f3PI)=Db7](OPI)' It fol
lows that the motionally averaged quadrupolar interaction 
can be formulated in terms of the parameters 
Xeff= X(P 2(COS f3PI» and 1Jeff by analogy to the static case as 
described by Brown and Soderman.33 These relations enable 
one to evaluate the residual or average tensor resulting from 
various motions, which can be used in conjunction with the 
appropriate relaxation expressions (vide infra). For example, 
a model can be considered for a polymethylene chain in 
which the static EFG tensor is averaged by internal motions 
due to trans-gauche isomerizations between two equally 
populated sites.7o Equations (2.13) together with the relation 
(Db2±I(OPI»=O then yield that the PAS is oriented relative 
to the internal frame by OPI=(0°,90°,35.3°) or 
Op/=(O°,90°,144.7°), giving Xeff=-~X=-85 kHz and 
1/eff= 1 with a spectral breadth of (3/2)IXeffl = 127.5 kHz; i.e., 
the tensor is totally asymmetric. Note the residual EFG ten
sors of the two methylene deuterons are not congruent within 
the molecular frame; the PAS of one of the tensors is ori
ented at f3IM=O° whereas the other tensor is tipped by 
f3IM=60°. Additional diamond lattice orientations of the 
C-2H bonds can also be considered. 

Molecular reorientations can then be formulated in terms 
of anisotropic rotational diffusion subject to a potential of 
mean torque which characterizes the observed singlet distri
bution. If one assumes the internal segmental motions and 
the molecular motions are statistically independent, then the 
observed order parameter is given by the following product 
approximation, 

SCD= ~ (Db;)(OPI»D~~)(OIM)(Db7](OMD»' (2.14) 
r 

where the separation of time scales is implicit.28 Cylindrical 
symmetry has been assumed about the molecular diffusion 
tensor z axis and the director DO; in which case only the 
q = n = 0 components survive after motional averaging. 
However, axial symmetry is not imposed on the internal mo
tion (r*O), and consequently the preaveraging can produce 
an asymmetric effective tensor.33 If the internal motional 
frame is selected so that the average tensor resulting from 
the 0pI fluctuations is diagonal, then the r= ± 1 elements in 
Eq. (2.14) vanish.71 It follows that the segmental order pa
rameter can be written explicitly in terms of the products of 
internal and molecular order parameters, as indicated below, 

SCD= [(Db~(OPI) )Db~)(OIM) + (Db2~2(Op/) )D~~O(OIM) 

+ (Db~)(OPI) )Di~/(OIM)](Db~(OMD»' (2.15) 

The C-2H bond order parameter in the case of molecular 
anisotropic rotational diffusion can also be recast as lS 
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5234 Trouard, Alam, and Brown: Angular dependence of R1Z in oriented DLPC bilayers 

SCO=(Dw(a P/»){ DW(aIM ) 

"leff (2) (2)} «2) \ - .J6 [D-20(aIM)+D20(aIM)] DOO(a MD )/, 

(2. 16a) 

=(Db71(aPl»)[ [Db71(a IM ) 

2 "leff (2)] «2) \ - .J6 cos(2aIM)d2o(f3IM) DOO(a MD )/· (2. 16b) 

Substitution of Eqs. (2.16) into Eq. (2.9) then yields the av
eraged quadrupolar frequencies < v~) in tenns of Xeff and "leff' 
which are analogous to v~ in Eq. (2.5) for the static case. 
Note the observed order parameter S CD in Eqs. (2.16) is 
given by the product of three quantities: (i) the order param
eter for fast local motions with respect to an internal frame 
(Euler angles aPl) which is related to the effective quadru
polar coupling constant by (Di?d(aPl»)=XerrlX; (ii) a func
tion of the orientation of the internal axes with respect to the 
molecular frame (Euler angles aIM) together with the effec
tive asymmetry parameter for the local motions "leff; and 
finally (iii) the order parameter (Db71( a MD ») for slower non
collective molecular motions relative to the director frame 
(Euler angles aMD ). 

3. Order fluctuations due to collective motions 

Finally, one can consider a simple continuum model for 
collective fluctuations of the chain segments within the hy
drocarbon region,28 in which the time dependence is due to 
motion of an instantaneous director axis (N) relative to the 
average director (D). The above represents an alternative to 
considering more detailed or specific fonnulations in tenns 
of coupled oscillators, defect diffusion, and so forth. A quasi
hydrodynamic model is adopted for the chain fluctuations at 
higher frequencies within the MHz regime, whereas at lower 
frequencies the dynamics may involve smecticlike defonna
tions of the bilayer. IO The preaveraging involves the Euler 
angles apN , in which case the summations over r and q in 
Eq. (2.8) are collapsed; hence the temporal fluctuations are 
described by the Euler angles aND(t). In addition, the cylin
drical symmetry about the local director D(t) and the average 
director DO means that p = n = 0 in Eq. (2.8). Assuming the 
local motions with respect to the instantaneous director axis 
as well as the director fluctuations are statistically indepen
dent (vide supra), a simple product approximation can be 
made?8,72 The equilibrium orientational probability distribu
tion can be then be factored into individual components 
which reflect the ordering of the static EFG tensor with re
spect to the instantaneous director, (D&71(a PN»), and the or
dering of the local director itself, (D&71(a ND»). As a result 
the observed order parameter, SCD' is given by 

Sco= (Di?d( a PN) )(Db71( aND»), 

= (Db71( a PI) )Db71( aIN)(Db~)( aND»' 

(2.17a) 

(2.17b) 

Here, the internal frame is taken as coincident with the in
stantaneous director axis so that D&71(aIN)=I; in which 

case (D&1)(a pN») = (D&71(a Pl». Substitution of Eqs. (2.17) 
into Eq. (2.9) then yields the averaged quadrupolar frequen
cies <v~). This description shares a feature in common with 
the above noncollective model in that relatively slow order 
fluctuations modulate the effective EFG produced by fast 
motional averaging over internal coordinates. However, with 
regard to relaxation (vide infra) the treatments differ in that 
the noncollective model includes relatively large-amplitude 
angular reorientations, whereas the collective model is for
mulated in tenns of a small-angle approximation.28 

C. Relaxation and evaluation of spectral densities 

We now summarize the general theory of NMR relax
ation for spin 1= 1 nuclei within the Redfield 
approximation.26,28,53 For an isolated deuterium nucleus, 
fluctuations of the quadrupolar interaction yield a time
dependent perturbation which governs the nuclear spin relax
ation. To describe variations of the quadrupolar coupling 
about an average value of zero, the residual or time-averaged 
Hamiltonian (H Q) is subtracted from ~he time-dependent 
Hamiltonian to yield the fluctuating part HQ(t), assuring that 
the correlation functions vanish at infinite time, 12,28,72,73 

(2.18) 

Using Eqs. (2.1) and (2.4) the Hamiltonian for the quadru
polar interaction can be recast as 

HQ(t)= ~ 'lTX m~2 (_l)mr3~ab{ Db~(aPL ;t) 

-(Db~(aPL»)- ~([D<:im(aPL ;t) 

+ D~~(aPL ;t)] - ([D<:im(a PL ) 

+ D~~(aPL)]))}' (2.19) 

In the above expression, x=e2qQlh is the static quadrupolar 
coupling constant and "I is the asymmetry parameter of the 
static EFG tensor. 

The relaxation rate for the decay of transverse single
quantum coherence is obtained using standard NMR relax
ation theory,55,56,73,74 and is given by26 

(2.20) 

where Wo is the nuclear Larmor frequency, and Im(mwO) are 
,the spectral densities of motion corresponding to the irreduc
ible components of the quadrupolar Hamiltonian. Note that 
R2 corresponds to the transverse relaxation rate in ordered 
media, where the 1 + 1)---+10) and 10)---+1-1) single-quantum 
transitions are typically nondegenerate?6 The cylindrical 
symmetry about the bilayer nonnal (director axis) means in 
general that the irreducible spectral densities depend on the 
projection index m. By contrast, in systems undergoing iso
tropic averaging the m index vanishes due to the spherical 
symmetry, such that lm(mwo)---+(Jm(mwo»=l(mwo); 
moreover the transverse cross-relaxation rate must be in
cluded, yielding 
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(2.21) 

Similarly, the relaxation rates for the decay of quadrupolar 
order and the recovery of Zeeman magnetization (i.e., the 
spin-lattice relaxation rate) in ordered media are given by 

R 1 Q == ~ '1T2 X2] 1 (wo), (2.22) 

and 

(2.23) 

where as noted above ]m(mwO)-t](mwo) for isotropic av
eraging, e.g., for the case of phospholipid vesicles?4 In what 
follows only the spin-lattice relaxation rate R lZ is consid
ered. 

The irreducible spectral densities the in the above ex
pressions are Fourier transform partners of the autocorrela
tion functions, Gm(t), where 

]m(mwo)==Re f:"" Gm(t)e-imwot dt. (2.24) 

Here the functions G mU) describe fluctuations of the irre
ducible components about their mean values, and are given 
by 

G m(t) == ([ V~)lab(O) - (V~)lab)]* 

X [V~)lab(t) - (V<,;)lab) ])/( VbZ)PAS)Z. (2.25) 

This leads to 

= "" "" 0 Z)PASv(Z)PAS([D(Z)(0 '0) ,LJ.L.J s s' sm PL, 
s' 

-(D~;;;(OPL»]* 

X[D(Z) (0 ·t)-(D(Z) (0 »J)/(0,Z)PAS)Z (226) 
s'm PL' s'm PL 0 ,. 

in which the angular brackets indicate a time or ensemble 
average (ergodic hypothesis). Note that in general the relax
ation depends on the symmetry of the EFG tensor as well as 
the symmetry of the motions. Z8,33 

Correlation functions for a variety of models for lipid 
dynamics are available,zZ,24,28-34,36,37,42,43,61,75 and it is within 

the above framework that different motional models are 
evaluated and compared to experimental results. Using Eq. 
(2.7) the correlation functions become 

Gm(t)== L L L L L L L L L L ~2)PASV;~)PAS([D~~)(OPl;O)D~~)(OlM;O)D~i(OMN;O) 
s' ,'q q' p p' n n' 

X D~~)(OND ;O)D~~(ODd - (D~~)(OPD»D~2(ODL)J*[D~~~,(OPI ;t)D~~:,(OIM ;t)D~~~,(OMN ;t) 

XD(Z) (0 ·t)D(2) (0 )_(O<Z) (0 »D(2) (0 )])/(V(2)PAS)2 
p'II' ND, n'm DL s'n' PD n'm DL 0 • (2.27) 

Without loss of generality, the above correlation functions 
can be expressed as linear combinations of individual contri
butions from the symmetric (designated here as 8) and asym
metric (designated TJ and TJ') components of the coupling 
tensor, plus a cross term (denoted X) as 

(2.28) 

The corresponding spectral densities are given by (cf. Ap
pendix A) 

] m(mwO) ==J<':)(mwo) +J~1/)(mwo) 

+J(1/')(mw )+lx)(mw ) mOm 0 . (2.29) 

In what follows, relatively simple models for anisotropic 
rotations and collective fluctuations of the membrane con
stituents are considered (cf. Fig. 1). The first two models 
describe the lipid dynamics in terms of anisotropic rotational 
diffusion within an ordering potential of mean torque. Here it 
is assumed that fluctuations of the instantaneous director are 
negligible, enabling one of the coordinate frame transforma
tions to be absorbed by removing the summations over p and 
p' in Eq. (2.27). The time dependence is contained entirely 
in the transformation from the principal axis system of the 
diffusion tensor to the macroscopic director. Consequently 

the dynamics are described in terms of reorientation of indi
vidual segments, or alternatively individual molecules, 
within the potential of mean torque of the membrane bilayer. 
In the former segmental case, the summations over q and q' 
are also suppressed, so that the treatment is the dynamic 
equivalentl9 of the Marcelja mean-field theory76-78 and its 
descendants46 used in the statistical interpretation of the acyl 
chain ordering in membranes. In the latter case the diffusion 
involves whole molecule rotations within the bilayer. Finally, 
the third model considers the time dependence in terms of 
fluctuations of a local director axis with respect to the aver
age director coincident with the bilayer normal, allowing the 
summations over r, r', q, and q' to be absorbed.65 

1. Local segmental motions 

For the case of segmental motions treated as continuous 
or small-step rotational diffusion,19,Z8 the time-dependent 
transformation involves the Euler angles 0ID(t) between the 
internal diffusion tensor frame and the average bilayer nor
mal; closure is applied allowing the summations over q and 
q' to be collapsed. In addition director fluctuations are ne
glected, leading to removal of terms with different p,p' in-
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dices. Utilizing Eqs. (2.3), (2.24), and (2.27), the resulting 
irreducible spectral densities in the laboratory frame can be 
expressed in general as 15.33 

lm(mwo) 

= ~ ~ IDb;)(OPI)-; [D~t(OPl)+D~;)(OPl)]IZ 

X [(ID~~)(OIDW)-I(D~~)(OID)W8ro8no] 

(2.30) 

for which terms in the first summations over sand s', i.e., Ls 
and LS', are displayed explicitly. Here, the asymmetry pa
rameter, 'YJ, describes the deviation of the static EFG tensor 
from cylindrical symmetry; (ID~~>COID)lz)=([d~~>C8ID)]Z) 
and j~~)COID ;mwo) are the mean-squared moduli of the 
Wigner rotation matrix elements and the reduced spectral 
densities, respectively, for the segmental anisotropic diffu
sion model (vide infra); and 8m I m indicates the Kronecker 
delta where Cm' ,m) are generalized projection indices. The 
assumption of rotational symmetry about both the diffusion 
tensor and the director z axes removes terms in Eq. (2.30) 
involving matrix elements with different r,r' indices and 
n,n' indices; however, cross terms (s*s') involving the 
asymmetry parameter TJ still remain.15.33 For segmental mo
tions of a deuterium nucleus bound to aliphatic or olefinic 
carbons, the static EFG tensor is nearly axially symmetric 
('YJ=0),1l·68 so that the asymmetric components vanish 
(s ,s' =0) with Eq. (2.30) reducing in closed form to 

_ (0) _" ,,[1 (2-rZ) (Z) 
lm(mwo)-lm (mwo)-",,-,",,-, 5" + 7 doo ({3P1) 

r n 

(72-155rz+35r4) (4) ] 
+ 140 doo ({3P1) 

X F~~)(OID ;mwo)ID~;,;(ODLW, (2.31) 

where 

F~~)(OID ;mwo) 

=[ (ID~~)(OID)12) -1(D~~)(OID)W8ro8no] 

(2.32) 

In general, the squared moduli of the Wigner rotation matrix 
elements can be expressed in terms of their Clebsch-Gordan 
series expansions,65 where the algebraic forms of the 
Clebsch-Gordan coefficients63 have been used in Eq. (2.31). 

2. Order fluctuations due to non-collective molecular 
motions 

In the case of molecular fluctuations, the fast internal 
motions produce a residual or effective EFG tensor that is 
modulated by the slower time-dependent 0MD(t) transfor
mation from the principal axes of the molecule-fixed diffu
sion tensor to the macroscopic bilayer normal.Z8

•
33 The time 

scale separation means that averaging over the various Euler 
angles in Eq. (2.27) can be carried out separately. An axially 
symmetric static EFG tensor ('YJ=O) is assumed so that sand 

s' =0, and given the absence of instantaneous director fluc
tuations the summations over p and p' in Eq. (2.27) are 
absorbed. The irreducible spectral densities then become 

=" " " "(D(Z)*CO )D(rZ)(O »D(Z)*CO ) 
""-' ""-' ""-'""-' 0 r PI 0 r'P I rq 1M 

r r' q n 

X D~~~( 0IM)[ (ID~~)( 0MD) IZ) -I(D~~)( 0MD» IZ 8q0 8nO ] 

Xj~2J(OMD ;mwo)ID~;,;(ODLW, (2.33) 

in which (ID~~)(OMD)IZ)=([d~~)({3MD)Z]) are the mean
squared moduli and j~~>COMD ;mwo) are the reduced spec
tral densities for molecular anisotropic diffusion (vide infra). 
The assumption of rotational symmetry about the z axes of 
both the diffusion tensor and the average director removes 
terms involving matrix elements with different q ,q' indices 
and n,n I indices in Eq. (2.33). If the internal motional frame 
is chosen such that the effective EFG tensor is diagonal, then 
the (D&zJICOPl» elements in Eq. (2.33) vanish, as discussed 
previously in Sec. II B. Using Eqs. (2.13) enables the spec
tral densities for anisotropic diffusion to be rewritten as 

lm(mwo)= I(Db~)(OPl)W~ ~ IDb~>COIM) 
q n 

_ TJeff [D(Z) (0 ) + D(Z)(O )]I Z ,j6 -Zq 1M 2q 1M 

X [(ID~2J(OMD)IZ) -I(D~~)(OMD) )IZ8q08nO] 

Xj~~)(OMD ;mwo)ID~;,;(ODLW, (2.34) 

where the terms in the first summations over rand r', i.e., Lr 
and Lr" are indicated explicitly. 

Now if an effective quadrupolar coupling constant for the 
motionally averaged EFG tensor is defined by 

(2.35) 

then replacing the static values of X and 'YJ in Eqs. (2.19) and 
(2.30) by Xeff and TJeff allows the correspondence between 
Eq. (2.30) for segmental motions and Eq. (2.34) for molecu
lar motions to be clearly seen. For molecular motions, the 
effective EFG tensor may be asymmetric as originally de
scribed by Brown and Soderman,33 requiring all cross-terms 
in Eq. (2.29) to be evaluated. From Appendix A these can be 
rewritten in closed form as 

(72-l55qZ+35q4) (4) ] 

+ 140 dOO ({3IM) 

XF~~)(OMD ;mwo)ID~~(ODdlz, (2.36a) 
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2 

J~71)(mwo) = I(Db~(npI)WL L 1];rr 
q n 

[
I (-2+q2) (2) 

X 5" + 7 doD ((31M ) 

(12-155q2+35q4) (4) ] 
+ 840 doD (131M) 

xF~~)(nMD ;mwo)ID~~(nDL)i2, (2.36b) 

2 

J~71')(mwo)= I(DW(npl»)lZL L 1Je~ COS( 4aIM) 
q n 36,,70 

X (12 -155q2+ 35q4)d~i1(,8IM) 

(2.36c) 

I( (2) )12'" '" 41]eff ) = - Doo (n pl ) £.J £.J 1£ cos(2alM 
q n 7 y6 

[ 

2 (2) (12-155q2+35q4) (4) 
X (-2+q )d2o (,8IM)+ r,;- d20 

8y15 

X({3IM) ]F~~)(ilMD ;mwo)ID~~(ilDdI2, 
where 

F~~)(nMD ;mwo) 

=[ (ID~)(ilMDW) -1(D~;,>(nMD»)i28qo8no] 

Xj~~)(ilMD ;mwo)· 

(2.36d) 

(2.37) 

Contributions from terms invariant to rotation about aIM 
(Le., rotationally symmetric with respect to the z axis of the 
effective EFG tensor) are given in Eqs. (2.36a) and (2.36b) 
and have been discussed previously.33 The rotationally asym
metric terms are given by Eqs. (2.36c) and (2.36d) and are 
evaluated in Appendix A. 

Note that each of the above spectral density contribu
tions is multiplied by I(Db7{(il PI»)i2, the local order param
eter squared, which scales the static quadrupolar coupling 
constant such that K-Keff in the relaxation rate expressions, 
Eqs. (2.20)-(2.23). If the orientations of the residual EFG 
tensor principal axes together with the mean-squared ampli
tudes and reduced spectral densities of the slow motions as 
described by F~~)(ilMD ;mwo) are nearly constant, then the 
dependence of the relaxation on chain position is largely 
governed by the two coupling parameters Xeff and 1]eff' Con
sequently, if the effective asymmetry parameter 1]eff is nearly 
zero or constant along the chain, then a square-law func
tional dependence of the spectral densities on the observed 
segmental order parameter Is cDI results. IO,2!,28 

3. Evaluation of spectral density functions for an 
arbitrary potential of mean torque 

We now tum to evaluation of the factors 
F~~)(nlD ;mwo) in Eq. (2.32) for the segmental diffusion 

model, or alternately F~2j(nMD ;mwo) in Eq. (2.37) for the 
molecular anisotropic diffusion model. As a rule, both the 
mean-squared amplitudes and reduced speCtral densities de
pend on the potential of mean torque, which can be expanded 
to yield7! 

U(cos ,8)= L ajP/cos ,8). 
j 

(2.38) 

Here ,8 is a generalized Euler angle (colatitude), i.e., ,8=,8ID 
for segmental diffusion and ,8=,8MD for molecular diffusion; 
Picos,8) is a Legendre polynomial of rank j; and aj is the 
relative weight. In this paper, only the leading terms of Eq. 
(2.38) are kept (j = 1 or 2), depending upon the parity of the 
potential employed. Approximating the potential in this man
ner enables the order parameters of different rank j to be 
evaluated using the Boltzmann expression 

(D~J(n»=(P/cos ,8) 

foPj(cos (3)e- U(cos fJ)lkT sin (3 d{3 

Joe-U(cos fJ)/kT sin ,8 d,8 

(2.39) 

where il=(O,{3,O) are generic Euler angles; that is il=ilID 
for segmental diffusion and il=nMD for molecular diffu
sion. Given a value of the second-rank polynomial 
(Db7{(n ID» for segmental motions [or (Db~)(nMD» for 
molecular motions], the parameters of the potential of mean 
torque are specified by Eqs. (2.38) and (2.39), which can 
then be used to determine the additional rank polynomials. 
As a rule F~~)(nID ;mwo) for segmental diffusion [or alter
nately F~2j(ilMD ;mwo) for molecular diffusion] is a func
tion of both even and odd rank order parameters. Appendix B 
details the evaluation of the mean-squared amplitudes and 
reduced spectral densities for a general potential having the 
form of Eq. (2.38). 

The reduced spectral densities for restricted diffusion are 
given by an infinite sum of Lorenztians corresponding to the 
eigenvalues of the diffusion operator,75 and can be simplified 
using various single-Lorentzian approximations presented by 
Szabo.79 From Appendix B, the reduced spectral density in 
Eq. (2.32) for segmental diffusion subject to a potential of 
mean torque can be written as 

2T(2) 
.(2) • _ rn 
Jrn(ilID,mwo)-I+[ (2)]2' 

mWOTrn 
(2.40) 

in which the correlation times are given by 

(2.41) 

[Alternately for molecular diffusion the reduced spectral 
densities are given in Eq. (2.37) by j~2j(ilMD ;mwo) and the 
correlation times are denoted by fq~).] The above expression 
defines the effective correlation times /,.~), where a~~) is re
lated to the diffusion eigenvalues; 1]D=DI11D.L; and the prin
cipal values of the axially symmetric rotational diffusion ten
sor D are designated by DII and D.L' The various effective 
correlation times for segmental diffusion can be recast in 
terms of the correlation time fo~ according t028 
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(2.42) 

where i&= l/[a&~D.Ll These correlation times are functions 
of the segmental order parameter (D&t)(fl ID» in the case of 
the reduced spectral densities j~~)(flID ;mwo) [or alternately 
the molecular order parameter (Db~(flMD) for the reduced 
spectral densitiesj~:;;(flMD ;mwo)]. In Eqs. (2.41) and (2.42) 
the eigenvalues of the diffusion equation, a~~·k) -t a~~) for 
segmental diffusion [or alternately a<i,.·k) -t a~:;; for molecu
lar diffusion], have been previously calculated to varying 
degrees of accuracy for an even Maier-Saupe potential of 
the form U(cos /3)=A2P2(COS /3).72.75 Evaluation of the R 1Z 

angular anisotropy of DLPC-d46 for potentials of either odd 
or even parity is obtained using the approximations detailed 
in Appendix B. It is noteworthy that reorientation of phos
pholipids within a given monolayer is most accurately de
scribed by an odd ordering potential, since the head group is 
effectively tethered to the aqueous interface. 1S,43 Conse
quently, it is necessary to evaluate the influences of the parity 
of the potential of mean torque on the anisotropic relaxation 
behavior. An additional approximation is to neglect the ef
fects of the restoring potential on the correlation times and 
utilize the symmetric top limit, so that Eq. (2.41) for segmen
tal diffusion reduces to 

(2.43) 

[or alternately 11 7~:;;-t 11 7(2) for molecular diffusion] as 
previously discussed. 15,28,33.3~.75 Here, the effect of the restor
ing potential is retained in evaluation of the mean-squared 
amplitudes according to Eqs. (2.32) and (2.37). 

For a generalized potential of mean torque described by 
Eq. (2.38), the parity of the spectral density factors means 
that F~~)(fllD ;mwo) = F<.!~-n(fllD ;mwo) for the segmental 
model [or alternately F~~)(flMD ;mwo) = F<.!~-n(flMD; 
m wo) for the molecular model], thus reducing the number of 
distinct correlation times f,.~) [or equivalently ~:;;] for the 
reorientational modes described by Eq. (2.41) from a pos
sible maximum of 25 to 13 (cf. Appendix B). We note that 
the number of reorientational modes is important with regard 
to interpreting the frequency dependence of the 
relaxation.IO·24.28 However, the D"'h symmetry of a lipid 
bilaye~8 (or equivalently the even parity with respect to 
the static external magnetic field) leads to a further decrease 
to nine observable modes, where the symmetries of the 
spectral density factors are given by 
F(2)(fl 'mw )even=F(12111(fl 'mw )even [ or alternately rn ID, 0 r n ID, 0 

b F(2)( r. ) even -F(2) (r. . ) even] I th Y qn HMD ;mwo - Iqllnl HMD ,mwo . n e 
case of an isotropic diffusion tensor (TJD = 1) the number of 
distinct modes is additionaIIy reduced to six. As described 
above, use of the symmetric top approximation gives a~~) =6 
[or alternately a~:;;=6], thereby removing the dependence of 
the correlation times on the ordering potential and yielding 
three distinct reorientational modes as given by Eq. (2.43). 
Finally, for an isotropic diffusion tensor the symmetric top 
approximation results in only a single Debye-type reorienta
tional mode. Note that Eqs. (2.20)-(2.23) and Eqs. (2.31)
(2.32) or Eqs. (2.36)-(2.37) together with Eqs. (2.40)-(2.43) 
yield expressions in closed form for the quadrupolar relax-

ation of phospholipids due to anisotropic rotational diffusion, 
which are utilized in this paper to interpret the anisotropic 
spin-lattice relaxation observed for oriented DLPC-d46 bilay
ers. 

4. Order fluctuations due to collective motions 

As an alternative to the above rotational diffusion mod
els, one can simply assume the residual EFG tensor due to 
fast motions is axially symmetric about a local director axis; 
the time dependence is due to the transformation to the av
erage director as given by the Euler angles flND(t). (Recall 
that such director fluctuations are ignored in the above an
isotropic diffusion models). One can then consider formula
tions in terms of slow collective or continuum fluctuations of 
the instantaneous director with respect to the macroscopic 
bilayer normal.28 This type of model has been applied previ
ously to relaxation in nematic and smectic liquid 
crystals72.80-82 and lipid bilayers?8.40.42 An axially symmetric 
static EFG tensor is considered (s,s' =0) and the summations 
over r, r', q, and q' in Eq. (2.27) are collapsed. If it is 
assumed that the distribution about the instantaneous director 
is axially symmetric, then terms with different p,p' indices 
are removed. Utilizing the small-angle approximation the 
correlation functions for the irreducible components of the 
quadrupolar Hamiltonian are given by28 

Gm(t) = I(D6~)(flPN)W 

x ~ (D6;(*(flND ;0)D6;(flND ;t»ID~~(flDL)12. 
n=±l 

(2.44) 

The corresponding irreducible spectral densities are obtained 
from Eq. (2.24), and can be written as 

J m(mwO) = I(D6~)(flpN)W 

X ~l Re f~oo (D6~)*(flND ;0)D6~)(flND ;t» 

Xe-imwol dtID~~(flDLW, (2.45) 

where (D&t)(fl pN) = (Dbt)(fl pl) as discussed in Sec. lIB. 
Solutions to the integral in Eq. (2.45) have been obtained by 
expanding the displacement of the instantaneous director 
n(t) as a superposition of highly damped, Fourier modes 
each relaxing with a characteristic correlation time.28.51.80 
The irreducible spectral densities in the laboratory frame are 
then given by 

J m(mwO) = CI(D6~/(flPl) Wlmwol-1I2ID~lm(flDLW, 
(2.46) 

where C is a collection of constants.80 Here, the angular 
anisotropy is described by the factor ID~lm(flDL)12 and thus 
reflects the assumption of small-angle director fluctuations. 
Within this small angle approximation for collective order 
fluctuations,82.83 only the spectral density J1(wo) contributes 
to the spin-lattice relaxation at fl=/3DL =0°. Such a small
angle approximation probably constitutes an oversimplifica
tion and can be removed,83 which is not considered here 
explicitly. The spectral densities in Eq. (2.46) are obtained by 
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assuming zero and infinite cutoff frequencies for the modes 
of fluctuations, so that both small and large wavelengths are 
included in the formulation. More elaborate descriptions in
cluding variation in the cutoff frequencies42,84,85 and a 
higher-order approximation83 have been presented. While the 
specific formulation has been shown to influence the pre
dicted angular anisotropy, this was not pursued in the current 
work due to the necessity of introducing additional param
eters into the model. 

According to Eg. (2.46) the irreducible spectral densities 
Jm(mwo) are proportional to I<Db~>cnPl»12 for noncollec
tive molecular motions, Assuming the amplitude of the slow 
motions along the chains is the same, then a square-law func
tional dependence on the observed order parameter ISeDI re
sults as discussed above. Such a dependence in which RW. 
scales with the square of the observed order parameter 
Isgbl as a function of chain position (index i) has been ob
served previously, e.g., in experimental 2H NMR studies of 
disaturated phosphatidylcholines in the liquid-crystalline 
(La) state.IO.21.28 

5. Correspondence to experimentally observed 
spin-lattice relaxation rates 

It follows that the observed spin-lattice relaxation rate 
can be written as a sum of contributions from local segmen
tal motions, molecular motions, and director fluctuations, 

Robs _ Rseg+ Rmol + Rdir 
IZ- IZ IZ IZ' (2.47) 

in which cross terms between the different motional pro
cesses are neglected. Note the residual interactions from each 
motion are modulated by the subsequent motions of larger 
amplitude in the hierarchy. The first term on the right refers 
to segmental motions where the spectral densities are given 
in Egs. (2.31) and (2.32); the second term denotes molecular 
anisotropic diffusion with spectral densities defined by Eqs. 
(2.36) and (2.37); and the third term refers to director fluc
tuations and utilizes the spectral densities in Eq. (2.46). The 
observed angularly anisotropic relaxation rates can be inter
preted in several different ways. First, the observed relax
ation can be evaluated using each motional model individu
ally, assuming that contributions from the remaining 
dynamical processes in Eg. (2.47) are negligible-one sim
ply asks if a single predominant contribution can be identi
fied within the frequency range studied. The observed relax
ation can also be interpreted by a combination of segmental 
and molecular motions, with negligible contributions from 
director fluctuations, i.e., the first two terms in Eq. (2.47). In 
general, contributions from both of these motional processes 
may be angularly dependent. If one assumes for the com
bined case of segmental and molecular relaxation that the 
local contribution is frequency and angular independent, then 
R,(,l reduces to a constant fitting parameter Riti; arguments 
that the internal motion may have a small angular anisotropy 
have been presented.32.43 One can also consider a combina
tion of local segmental motions and director fluctuations, 
with the former relaxation contribution again described by a 
single frequency and angularly independent model fitting pa
rameter, Riti. Finally, all the dynamical processes in Eg. 
(2.47) can contribute to the observed relaxation, where each 

process including segmental, molecular, and director fluctua
tions, may be angularly and frequency dependent. Here, we 
have only pursued the first of the above approaches, since 
according to Occam's Razor we are interested in the simplest 
possible treatment of the relaxation. 

III. EXPERIMENT 

The synthesis of 1,2-diperdeuteriolauroyl-sn-glycero-3-
phosphocholine (DLPC-d46) was carried out as previously 
described.21 Perdeuterated lauric acid was prepared by cata
lytic exchange with deuterium gas over a 10% Pd-charcoal 
catalyst (Aldrich, Milwaukee, WI) at 195°C. The phospho
lipid was synthesized from the anhydride of perdeuterated 
lauric acid plus the cadmium chloride adduct of sn-glycero-
3-phosphocholine, and was purified by column chromatogra
phy on silica gel (Bio-Sil A; Bio-Rad, Richmond, CA) using 
an elution system comprising CHCI3 with increasing 
amounts of MeOH. Purity was assessed by thin-layer chro
matography (solvent system CHCI/MeOHlH20, 65:35:5), 
which yielded a single spot upon visualization both by expo
sure to 12 vapor and charring with 40% H2S04 at 270°C. The 
dry lipid was dispersed in 20 mM Tris buffer, pH=7.5, con
taining 0.1 mM EDTA, using deuterium depleted IH20 (99.5 
at % lH; Aldrich, Milwaukee, WI) (=75 wt % H20). Light 
vortexing and freeze-thawing of the samples several times 
ensured the homogeneity of the resulting multilamellar dis
persions. The bilayers were oriented macroscopically by ap
plying a small amount of the aqueous dispersion to each of 
approximately 25 dry slides (5 mmX20 rom XO.l6 mm), cut 
from glass cover slips (Coming Glass Works, Coming, NY), 
which were cleaned previously by successive washing with 
HCI, EDTA, EtOH, and finally double-distilled H20. The 
glass slides were stacked and placed in a rectangular glass 
container (5 mmX5 mm LD.) that served as the sample 
chamber. Several dehydration/rehydration cycles58 at 45°C 
under nitrogen resulted in greater that 90% alignment of the 
sample. The hydrated bilayer sample together with cotton 
plugs containing excess deuterium depleted IH20 was sealed 
in the sample chamber, and the degree of alignment was 
monitored via 2H NMR spectroscopy. 

All 2H NMR spectra were obtained on a modified Gen
eral Electric (Fremont, CA) GN-300 spectrometer operating 
at 7.058 T (46.13 MHz 2H frequency). The instrument was 
equipped with an external high-power amplifier (Tempo 
2006, Henry Radio, Los Angeles, CA), an external 2 MHz 
digitizer (Nicolet Instruments, Madison, WI), and a home
built high-power probe containing an 8 rnm inner-diameter 
coil as the inductor. Temperature control was maintained to 
within ::!:0.5 °C by passing heated air over the sample con
tained within a Dewared chamber, and monitored before and 
after spectroscopy with a thermistor inserted through the 
magnet bore directly above the radiofrequency coil. 2H NMR 
spectra were collected with the quadrupolar echo method86 

using 1T12 pulse lengths of 1.8 J.LS duration, a 30 J.Ls interpulse 
spacing, a 2 J.Ls digitization rate, and a I s recycle time. 
Quadrature phase detection was employed and typically 
2048 scans were averaged, then multiplied by a decaying 
exponential corresponding to a 100 Hz line broadening in the 
frequency domain to apodize the spectra. Fourier transforma-
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tion was initiated at the top of the quadrupolar echo in all 
cases. The 2H NMR spectra were then transferred to a Micro
Vax cluster (Digital Equipment Corporation, Maynard, MA) 
where further data analysis was performed. In the case of 
random multilamellar dispersions, the 2H NMR spectra were 
numerically deconvoluted or de_Paked87,88 to obtain subspec
tra corresponding to the (}=Oo orientation of the bilayer nor
mal DO relative to the static magnetic field Bo. For oriented 
samples the carbon-deuterium bond order parameter IScol 
and the angle () were determined by fitting the observed qua
drupolar splittings dVQ at various sample orientations using 
Eq. (2.9) of Section II B. Nine individual resonances were 
simultaneously fit in the case of DLPC-d46 ; initial estimates 
of ISeoi were obtained from multiple measurements of the 
quadrupolar splittings at (}=OO and 90°. 

Spin-lattice relaxation (R IZ) rates were obtained with a 
32 pulse phase_cycled73,89 inversion-recovery sequence for 
quadrupolar nuclei; the magnetization was sampled at vari
ous intervals l' after the inverting 'TT pulse using the quadru
polar ech086 as described above. Experiments were carried 
out as a function of the angle () (== (3DL) between the macro
scopic bilayer normal and the static external magnetic field. 
The relaxation rates were calculated with the NMR 1 spectral 
analysis program (New Methods Research, Inc., Syracuse, 
NY), and employed a three-parameter fit to the recovery 
curve90 

(3.1) 

The estimated errors in the relaxation times T1z== lIR 1Z cor
responded to the standard deviation and assumed random 
statistical fluctuations in the data; systematic errors were not 
considered. A Fortran program (ASYMODD), incorporating 
the Simplex method91 and expressions detailed in Sec. II was 
utilized to obtain theoretical fits of the angular dependence of 
the spin-lattice relaxation rates. In addition, the orientational 
anisotropy was calculated using the relation 73 

R IZ( ()= 0°) - R d ()= 90°) 
dR 1z= R 1z«(}=00)+Rd(}=900) , (3.2) 

with bounds of ± 1. The above ratio is different from the 
anisotropy of the spin-lattice relaxation times defined by 
Speyer et al.,27 which has an infinite range and typically pro
duces values larger than those obtained using Eq. (3.2). Nor
malization of the relaxation rates by the values at the magic 
angle «(}=54.7°), as previously utilized by Brown and 
Soderman,33 cannot be employed with perdeuterated samples 
due to overlap of the quadrupolar splittings. 

IV. RESULTS 

A. Deuterium NMR spectra and spin-lattice relaxation 
rates of oriented membrane bilayers 

Studies were carried out at a magnetic field strength of 
7.05 T CZH frequency of 46.1 MHz) and employed macro
scopically oriented dispersions of 1,2-diperdeuteriolauroyl
sn-glycero-3-phosphocholine (DLPC-d46) , in the liquid
crystalline (La) state at 40°C. The deuterium CZH) NMR 
experiments were performed at different values of the angle 
() (==(3DL) between the macroscopic bilayer normal and the 

8/deg ~ 
85° 

- ----
600 A II ~ 
~J\lYfl_ 

42° • II I 

_AtJ1Jl~ 

40 30 20 10 0 ·10 ·20 ·30 -40 

frequency / kHz 

FIG. 2. 2H NMR spectra obtained at vo=46.1 MHz for macroscopically 
oriented bilayers of DLPC·d46 in the liquid·crystalline (LJ state. The 
sample contained 20 mM Tris buffer, pH 7.5, at 40 ·C. Values of the angle 
8 ("'PDL) between the director axis, i.e., macroscopic bilayer normal, and 
the static magnetic field are indicated. The bilayer orientations were deter· 
mined by simultaneously fitting the individual quadrupolar splittings to the 
function t1vQ(8)=(312)XScDP2(cos 8). 

static external magnetic field. Representative 2H NMR spec
tra of macroscopically oriented DLPC-d46 as a function of () 
are shown in Fig. 2. Nine individual quadrupolar splittings 
are resolved, which can be assigned to specific carbon seg
ment positions of the perdeuterated acyl chains based on 
comparison to previous workY2 Upon rotation of the sample 
with respect to the magnetic field (Fig. 2), the quadrupolar 
splittings vary with the characteristic P2(COS (}) dependence 
expected from Eq. (2.9). Near the magic angle «(}=54.7°), 
the individual quadrupolar splittings approach zero and be
come unresolvable. A weakness of using lipids with perdeu
terated acyl chains is that information near the magic angle is 
unobtainable, due overlap of the resonances. However, Fig. 2 
indicates that a total of nine individual spIittings are still 
resolvable at bilayer orientations of (}=42° and 60°. 

Quadrupolar splittings similar to those observed for ori
ented samples were also obtained by deconvoluting (de
Pakeing) the 2H NMR spectra obtained for a multilamellar 
dispersion of DLPC-d46 in the La phase containing excess 
water (50 wt%), as shown in Fig. 3. The experimental 2H 
NMR spectrum in part (a) corresponds to an essentially ran
dom bilayer distribution, in which the sharp features of the 
superposed powder patterns due to the perdeuterated chains 
(Pake doublets) arise from the (}=35.3° and 90° orientations, 
and the weak shoulders with twice the quadrupolar splittings 
represent the (}=Oo orientation. The de-Pakeing algorithm 
numerically removes all but the 8=0° orientation from the 
powder patterns.87,88 Deconvolution of the powder-type 2H 
NMR spectrum in part (a) yields the de-Paked 2H NMR 
spectrum in part (b), which is seen to resemble very closely 
the 2H NMR spectrum of the aligned sample at (}=Oo in part 
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c) oriented (9 _ 0°) 
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frequency / kHz 

FIG. 3. 2H NMR spectra of DLPC-d46 in the La state acquired at vo=46.1 
MHz. The samples contained 20 mM Tris buffer, pH 7.S, at 40°C. (a) 
Randomly oriented multilamellar dispersion of DLPC-d46 containing excess 
Hp (50 wt %); (b) the corresponding de-Paked subspectrum (8=0°); and 
(cl macroscopically oriented dispersion of DLPC-d46 aligned at 8=0°. The 
similarity bet,,:,een the de-Paked sub spectrum (8=0°) and the 2H NMR spec
trum of the onented sample at 8=0° indicates the dispersions are in a similar 
physical state, i.e., comprising the La phase plus excess water. 

(c). (The minor intensity variations are most likely a conse
quence of the de-Pakeing procedure.) Hence the oriented 
sample is in nearly the same physical state as the multilamel
lar dispersion containing excess water (50 wt %); Le., the 
sample is fully hydrated and alignment of the membranes on 
glass substrates does not affect the local orientational order
ing of the phospholipids. The resolved quadrupolar splittings 
are indicated for purposes of reference in Fig. 4, which de
picts the high-frequency (left-hand) side of the symmetric 2H 
NMR spectrum. The smallest quadrupolar splitting corre
sponds to the terminal methyl groups which is seen in Fig. 4 
to comprise two components. Two methyl components are 
also observed in de-Paked 2H NMR spectra of multilamellar 
dispersions of phospholipids having perdeuterated acyl 
chains (not shown), and can be attributed to inequivalence ll 

of the two perdeuterated acyl chains rather than to the de
Pakeing routine. 

Nonselective inversion recovery experiments were per
formed for DLPC-d46 aligned on glass substrates at different 
values of the angle (J between the bilayer normal and the 
main magnetic field direction. Representative partially re
laxed 2H NMR spectra for DLPC-d46 in the liquid-crystalline 
state oriented at 0=85 0 are shown in Fig. 5, and illustrate 

I 

A 

30 25 20 15 10 5 o 
frequency / kHz 

FIG. 4. High-frequency side of 2H NMR spectrum of macroscopically ori
ented (8=0°) sample of DLPC-d46 in the La state obtained at vo=46.1 MHz 
and 40°C. The sample contained 20 mM Tris buffer, pH 7.5, at 40°C; all 
experimental conditions were identical to those in Fig. 2. The spliuings are 
labeled in order of decreasing absolute magnitude, where A represents the 
segments giving rise to the limiting plateau value, and I the terminal methyl 
groups at the ends of the chains. 

typical experimental data; the corresponding C-zH bond or
der parameters ISCDI are given in Table I. Spin-lattice relax
ation times T1z;; lIR lz for each of the nine resolved split
tings were determined at five different values of the angle () 
between the bilayer normal and the main magnetic field di
rection. The T lZ relaxation times are reported in Table I, 
along with the orientational anisotropy of the spin-lattice re
laxation rates I1R IZ defined by Eq. (3.2). Values of I1R lZ 

were negative for each of the resolved splittings, and differed 
in magnitude with the chain segment position. These 
anisotropies are in contrast to the positive values reported 
previously for 2[4',4,-ZH2]DMPC (I1R 1Z =0.019±0.033)58 
or 2[6',6' -2Hz]DMPC (I1R lz=0.05).34 However, the ob
served negative orientational anisotropy is consistent with 
that obtained for 2[3',3' _zHz]DPPC (I1R lZ= -0.075 
±0.038)58 and for all of the chain segments of aligned 
DMPC-d54 .

93 Profiles of the C_zH bond order parameters 
Isgbl and the spin-lattice relaxation rates R\il «(}=OO) as a 
function of chain position (index i) summarize the experi
mental observables from zH NMR spectroscopy, and are 
given in Fig. 6 for DLPC-d46 in the liquid-crystalline (La) 
phase at 40°C. This information represents the primary out
come of data reduction in the case of the experimental zH 
NMR studies conducted at present-further analysis requires 
the introduction of motional models. 

B. Theoretical interpretation of relaxation rates in 
terms of dynamic models 

The relaxation data in Table I can be interpreted using 
Eq. (2.23) together with the models described in Sec. II by 
assuming the relaxation arises from (i) local segmental mo
tions, (ii) whole molecular motions formulated in terms of 
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FIG. 5. Representative partially relaxed 2H NMR spectra obtained at 
vo=46.1 MHz for bilayers of DLPC-d46 macroscopically oriented at 8=85° 
in the La state. The sample contained 20 mM Tris buffer, pH 7.5, at 40°C. 
Note the relaxation rates increase progressively as a function of the quadru
polar splitting. 

anisotropic rotational diffusion (noncontinuum models), or 
(iii) collective director fluctuations (continuum model). For 
the segmental model, fluctuations of the quadrupolar interac
tion are due to motions of the individual acyl chain 
segments,19 and may include trans-gauche isomerizations or 
librational motions within the various potential minima.31,32 
One description of the segmental motions involves rotational 
isomerization due to large angular jumps on a diamond lat
tice as discussed elsewhere,30,34 which is probably most ap-
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FIG. 6. Summary of 2H NMR observables for macroscopically oriented 
(8=0°) bilayers of DLPC-d46 in the lamellar La phase. Profiles are shown of 
(a) the segmental order parameters Isgb/, and (b) the spin-lattice relaxation 
rates RW as a function of segment position (i) for the sn-1 (e) and sn-2 
(0) acyl chains at 40 °C. A plateau is observed in both the order parameters 
and relaxation rates at the beginning of the chains near the aqueous inter
face, with a progressive decrease towards the bilayer center. 

plicable to solids and solidlike materials_ Another possibility 
is to relinquish a detailed motional picture and formulate the 
fast segmental dynamics in terms of a diffusive (small
angular step) mechanism, which is perhaps most relevant to 
liquid-crystalline materials and phospholipid membranes. 19 

For reasons of simplicity and generality, the segmental mo
tions are modeled here by rotational diffusion within a cylin
drically symmetric potential of mean torque (cf. Sec. II C). 
This description is analogous to the freely jointed chain in 
polymer statistics, or alternatively the individual segments 
correspond to nematogens within an anisotropic fluid?6 In 
the case of segmental dynamics, the reorientations modulate 

TABLE 1. Experimental 2H spin-lattice relaxation times (T1z) at 46.1 MHz as a function of bilayer orientation for DLPC-d46 in the La phase (T=40 0C)a. 

T 1z(8) (ms) 

Splitting ISCDlb 8=0° 8=15° 8=42° 8=60° 8=85° !:;.R 1z 
C 

A 0.178 35.9:±: 1.0 36.0:±: 1.8 33.3:±: 2.4 31.7:±: 1.6 28.4:±: 0.5 -0.1l7:±:0.016 
B 0.159 56.5:±: 4.2 56.5:±: 1.9 46.9:±: 15 38.4:±: 1.9 40.6:±: 1.7 -0.163:±:0.039 
C 0.146 69. I:±: 11.0 69.8:±: 2.9 46.9:±: 1.1 52,4:±: 2.7 47.0:±: 0.9 -0.188:±:0.067 
D 0.125 78.7:±: 6.8 82.7:±: 3.4 56.7:±: 1.9 63,4:±: 3.2 57.3:±: 4.9 -0. 156:±:0.063 
E 0.118 114 :±: 12 113 :±: 9 59.8:±: 1.8 63,4:±: 3.2 65.6:±: 3.9 -0.267:±:0.055 
F 0.106 119 :±: 7 114 :±: 5 86.5:±: 8.2 91.2:±: 5.0 68.0:±: 6.9 -0.273:±:0.071 
G 0.0927 105 :±:14 123 :±:11 106 :±:23 114 :±: 7 87.9:±: 3.9 -0.086:±:0.067 
H 0.0768 124 :±: 8 146 :±:30 163 :±:32 149 :±: 9 114 :±: 8 -0.036:±:0.047 
I 0.0210 478 :±:23 466 :±:64 423 :±:35 418 :±:35 366 :±:41 -0. 125:±:0.066 

"Data refer to 1,2-dilauroyl-sn-glycero-3-phosphocholine in the liquid crystalline (Lal phase at a sample temperature of 40 °C and resonance frequency of 
vo=46.1 MHz. The values of 8 denote the angle between the bilayer nonna! and the static external magnetic field. 

bSegmental C-2H order parameter determined from experimental quadrupolar splitting at 8=0° using Eq. (2.9) with x= 170 kHz (Ref. 1 I). 
CAngular anisotropy ratio defined by Eq. (3.2) utilizing relaxation rates for 8=85° in lieu of 8=90°. 
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FIG. 7. Theoretical fits of spin-lattice (R 1z) relaxation rates (e) as a function of the angle () between the bilayer nonnal and static magnetic field to an 
anisotropic rotational diffusion model for segmental motions (cf. the text). Data are for DLPC-d46 in the La phase at T=40 °C and 110=46.1 MHz. For the 
segmental model. the principal values of the static EFG tensor are identical whereas dynamical parameters. viz. the correlation times. vary as a function of 
chain po~ition: experimental data for the resolved splittings are fit independently. Results are shown for both an even potential. U(cos f:31D}=A2 cos2 f:31D(------}. 
an odd restoring potential. U(cos f:31D}=AI cos f:31D(-}. and the corresponding symmetric top approximations, in which effects of ordering on the correlation 
times for the el'en ( ....... ) and odd (----) potentials are ignored. The different panels correspond to the splittings labeled A through I in Fig. 4. where the 
fitting parameters are summarized in Table II. Note the different vertical scale in the bottom three panels. The fits for the even and odd potentials are 
indistinguishable in the figure; nearly the same results are obtained for the diffusion models and the symmetric top approximations. The results indicate that 
both the sign and magnitude of the R 1z anisotropy along the chains can be accounted for to within experimental accuracy. 

the static EFG tensor with its principal symmetry axis paral
lel to the C-2H bond. The spectral densities J m(mwo) are 
given by Eqs. (2.31)-(2.32) and (2.39)-(2.41) and utilize an 
axially symmetric static EFG tensor (1]=0). Theoretical fits 
for the segmental model are shown in Fig. 7 for different 
forms of the potential of mean torque and various levels of 
approximation. The segmental order parameters 
SCD=(Db~\flpo» are determined experimentally from 
the quadrupolar splittings, and are summarized in Table I. 
For each segment three independent fitting parameters 
are involved, viz. f3P!, i-&, and 1]0' where 
(Db~)(fllD»=(db~)(f3m» is obtained using Eq. (2.11) and 
the observed value of ISCDI. Given that the z axes of the 
diffusion tensor and the static EFG tensor are mutually per
pendicular (f3PI=900), only two variable parameters remain 
for each of the individual segments, viz. i-& and 1]0' In the 
case of DLPC-d46 having nine resolvable splittings, a total of 
2X9= /8 adjustable parameters thus describes the relaxation 
anistropy along the chains. The fitting parameters and good
ness of fit for an even Maier-Saupe potential, U(cos f3lD) 
="2 cos2 13m. an odd U(cos f3lD)=Al cos 13m potential, and 
the corresponding symmetric top approximations are pro
vided for the segmental model in Table II. The resulting fits 
(Fig. 7) predict the magnitude of the relaxation rates and the 

orientational anisotropy for each of the segments to a good 
degree of approximation. The diffusion tensor anisotropy 1]0 

tends to decrease for methylene segments towards the chain 
terminal end, and may reflect the increased disorder. An ex
ception to this trend is the high anisotropy 1]0 observed for 
the terminal methyl groups, which is a consequence of the 
rapid stochastic spinning about the methyl C 3 axis. The cor
relation times for the segmental model are in the range of 
hundreds of picoseconds, and are somewhat larger than those 
reported earlier for specifically deuterated DPpc. 19 

In the case of the non-collective molecular model, the 
slow dynamics modulate the effective EFG tensor preaver
aged by faster internal motions, thereby reducing its princi
pal values and/or changing the orientation of the principal 
axes within the director frame.28,33 The spectral densities 
J m(m wo) are given by Eqs. (2.34)-(2.37) and (2.39)-(2.41) 
where the effective or residual EFG tensor which governs 
the order fluctuations may be asymmetric as first pointed out 
by Brown and Soderman.33 For each segment a total of six 
adjustable parameters are employed; viz. Xeff, 1]eff, aiM' 

131M' (Db2J(fl MD», ~~, and 1]0' where Eqs. (2.16) and 
(2.35) are used together with the experimentally determined 
value of ISCDI. The resulting theoretical fits are shown in Fig. 
8, with the parameters for the molecular model summarized 
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TABLE II. Segmental model fitting parameters for angular dependence of 2H R lZ relaxation rates of DLPC-d46 in the La phase.' 

Potential Splitting X (kHz)b if f3PJ (deg)d (4iJ(f3ID»e fJ] (10- 10 s) 7JD D 1. (109 S-I) DU (1010 S-I) i/ 
A 170 0 90 0.356 2.82 15.8 0.58 0.91 0.82 
B 170 0 90 0.318 2.41 44.0 0.69 3.05 2.13 
C 170 0 90 0.292 2.00 46.0 0.85 3.91 4.47 
D 170 0 90 0.250 1.57 37.5 1.10 4.13 2.77 

U(cos f31D)= E 170 0 90 0.236 1.32 30.08 1.32 3.95 9.65 
A2 cos2 f31D F 170 0 90 0.212 1.00 20.0g 1.75 3.51 3.30 

G 170 0 90 0.185 0.80 15.3 2.20 3.36 1.24 
H 170 0 90 0.154 0.47 7.1 3.74 2.66 1.47 
I 170 0 90 0.0420 0.23 lO00h 7.43 743 <0.01 

A 170 0 90 0.356 2.85 18.1 0.59 1.06 0.81 
B 170 0 90 0.318 2.16 44.0i 0.77 3.40 2.13 
C 170 0 90 0.292 1.79 46.0i 0.93 4.28 4.52 

U(cosf3d= D 170 0 90 0.250 1.42 37.5; 1.17 4.40 2.79 
A2 COS

2(f3ID) E 170 0 90 0.236 1.19 30.0i 1.40 4.21 12.08 
Symmetric top F 170 0 90 0.212 0.90 20.0i 1.84 3.69 4.72 
approximation G 170 0 90 0.185 0.73 15.3i 2.28 3.49 1.34 

H 170 0 90 0.154 0.51 11.0 3.27 3.59 1.47 
I 170 0 90 0.0420 0.22 l000h 7.58 758 0.05 

A 170 0 90 0.356 2.45 16.2 0.50 0.81 0.76 
B 170 0 90 0.318 2.14 47.0 0.69 3.26 2.15 
C 170 0 90 0.292 1.80 49.0 0.85 4.17 4.49 
D 170 0 90 0.250 1.46 39.3 1.09 4.30 2.78 

U(cos f31D)= E 170 0 90 0.236 1.22 30.08 1.32 3.97 9.75 
Al cos f31D F 170 0 90 0.212 0.94 20.08 1.76 3.52 3.35 

G 170 0 90 0.185 0.76 15.5 2.20 2.53 1.24 
H 170 0 90 0.154 0.46 7.1 3.69 2.62 1.47 
I 170 0 90 0.0420 0.23 l000h 7.41 741 <0.01 

A 170 0 90 0.356 2.85 18.3 0.59 1.07 0.81 
B 170 0 90 0.318 2.14 47.0i 0.78 3.66 2.15 
C 170 0 90 0.292 1.81 49.0i 0.92 4.51 4.52 

U(cos f31D)= D 170 0 90 0.250 1.43 39.3i 1.12 4.58 2.79 
Al coS(f3ID) E 170 0 90 0.236 1.19 30.0i 1.40 4.21 12.08 
Symmetric top F 170 0 90 0.212 0.90 20.0i 1.84 3.69 4.72 
approximation G 170 0 90 0.185 0.73 15.5i 2.28 3.54 1.34 

H 170 0 90 0.154 0.51 11.0 3.27 3.59 1.47 
I 170 0 90 0.0420 0.22 l000h 7.58 758 0.05 

'Experimental R lZ data are for DLPC-d46 bilayers at a sample temperature of 40 °C and resonance frequency of "0=46.1 MHz. 
bStatic quadrupolar coupling constant having a value of X= 170 kHz for the case of aliphatic C_2H bonds (Ref. 11). 
C Assumes a zero static asymmetry parameter. 
dparameter frozen at indicated value. 
eDetermined from experimentally observed segmental C_2H order parameter ISeDI using Eq. (2.11) where (D&7}(D. lD l) = (dht)(f3ID»' 
fReduced chi-squared (Ref. 107) for N data points and n variable parameters defined by X; = ~f~ I[R~~c(i) - Rf~(i)F/(N - n), where n =2 for segmental 
fits. Note that the values refer to individual quadrupolar splittings and that parameters with frozen or fixed values are neglected in the calculation. 

8Multiple solutions to experimental angular anisotropy; parameter fixed arbitrarily. 
hUpper limit of value allowed in theoretical fits. 
iMultiple solutions to experimental angular anisotropy; parameter fixed to value obtained without symmetric top approximation. 

in Table III. On account of the paucity of experimental data, 
several assumptions are necessary to reduce the number of 
variable parameters. For the entire molecule, if the effective 
EFG tensor is axially symmetric (17eff=O) with 131M held con
stant, and the molecular ordering potential is frozen29,61,94,95 

at <D67?(nMD»=<d6~\,BMD»=O.65, then a total of three 
adjustable parameters results, viz. ,BIM' fo~, and 17D' Values 
for these parameters were chosen to optimize the fit in the 
plateau region (splitting A), and are given 
in Table III for an even restoring potential, 
U(cos ,BMD)=A2 cos2 ,BMD' an odd U(cos ,BMD)=Al cos ,BMD 
potential, plus the corresponding symmetric top approxima
tions. The remaining data were fit by assuming that -1& and 
17D were invariant from those observed for the plateau re-

gion. This premise corresponds to freezing the above param
eters for the other acyl chain segments at the values found 
for the molecular motion involving the plateau methylene 
groups. With these assumptions, the data for the additional 
eight splittings were fit by only slight variation of the addi
tional parameter ,BIM' Data for all the segments are ad
equately described, except the terminal methyl groups (split
ting I) due to neglect of the contribution from fast internal 
motions (vide infra). The reorientational correlation times for 
DMPC given in Table III are comparable to those of Mayer 
et at. 34 and are somewhat larger than found by Speyer 
et at. 27 for molecular reorientation combined with trans
gauche isomerization. In addition, the values of D.l are simi
lar to that obtained by Halle43 using our data for 
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FIG. 8. Theoretical fits of spin-lattice (R lZ) relaxation rates (e) as a function of the angle () to an anisotropic rotational diffusion model for order fluctuations 
due to molecular motions (cf. the text). Experimental data are for DLPC-d46 in the La phase at T=40 °C and vo=46.1 MHz. For the molecular model, the 
principal values and orientations of the residual EFG tensors vary as a function of segment position; the dynamical parameters are identical along the entire 
acyl chain and are used to fit the data simultaneously. Results are shown for both an even potential, U(cos f3MD)=A2 cos2 f3MD (----), an odd restoring potential, 
U(cos f3MD)=Al cos f3MD (-), and the corresponding symmetric top approximations, in which effects of ordering on the correlation times for the even 
( ....... ) and odd (----) potentials are neglected. The various panels correspond to the splittings labeled A through I in Fig. 4 and the fitting parameters are 
summarized in Table III. Note the different vertical scale in the bottom three panels. Fits for the even and odd potentials are nearly indistinguishable in the 
figure; similar results are obtained for the diffusion model and symmetric top approximation. The sign and magnitude of the R lZ anisotropy along the chains 
are reproduced, except for the terminal methyl groups having the smallest quadrupolar splitting. 

1,2[3 t,3 t -2H2]DMPC; whereas the values of DII are about an 
order of magnitude smaller. The latter is due to inclusion of 
an additional modeling parameter corresponding to a rather 
large angular- and frequency-independent constant term 
(R;n,i = 21.4 S-I) from internal motions.43 Clearly by intro
ducing further parameters into the analysis the quality of the 
fits can be improved significantly. As pointed out by Halle,43 
reference to an internal frame can be relinquished by utiliza
tion of the three order parameters (Db~eOpM»' In the case 
of an asymmetric tensor this reduces the total number of 
fitting variables per segment from six to five adjustable pa
rameters, but the possibility of investigating the orientation 
of the internal frame is sacrificed. For an axially symmetric 
effective EFG tensor ('7eff=O), the above three order 
parameters reduce to a single order parameter 
(Db~)eOpM»=(Db~\OpI»DWeOIM)' which is related to 
the experimental value of SCD=(Db7fe 0 PD» according to 
Eqs. (2.16). The relaxation anisotropy along the chain is then 
described by a minimum of three adjustable variables, viz. 
(DW(OPM», -1J], and '7D' However, formulation in terms 
of the residual coupling parameters Xeff and '7eff enables a 
correspondence of the treatments in terms of either a static or 
residual EFG tensor,33 and thus perhaps is intuitively most 

appealing. Since a goal of future studies of chain
perdeuterated phospholipids involves comparison of the 
magnitUde and orientation of the effective EFG tensor be
tween the different acyl chain positions, an internal frame of 
reference is retained. 

Finally, the collective model assumes the observed relax
ation arises entirely from director fluctuations, i.e., collective 
fluctuations in the local ordering formulated in terms of a 
local director.28 For the entire molecule the spectral densities 
J m(mwo) are given by Eq. (2.46) in which one adjustable 
parameter, C, describes the relaxation anisotropy along the 
entire chain. It is assumed that the angular fluctuations of the 
instantaneous director as described by 0ND(t) are small, al
lowing the ordering due to preaveraging motions to be 
approximated by the observed order parameter 
SCD=(DWCOPD»=(Db7feOPl»; cf. Eqs. (2.17). The theo
retical fits for the collective model are shown in Fig. 9, with 
the values for the resulting fitting parameters and goodness 
of fit presented in Table IV. It is most obvious for the plateau 
segments, i.e., panel (a) of Fig. 9, that the collective order 
fluctuation model substantially overestimates the observed 
angular anisotropy of R lZ' From Tables II-IV it is also evi
dent that this description of collective fluctuations yields a 
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TABLE III. Molecular model fitting parameters for angular dependence of 2H R IZ relaxation rates of DLPC-d46 in the La phase." 

Potential Splitting Xeff (kHz)b 

A 58.7 
B 49.8 
C 45.7 
D 41.3 

U(cos f3MO) = E 38.5 
A2 COS2(f3MO) F 35.1 

G 32.4 
H 28.2 

I 7.5 

A 58.0 
B 49.6 
C 45.5 

U(cos f3MO) = D 40.8 
A2 COS2(f3MO) E 38.1 
Symmetric top F 34.7 
approximation G 31.8 

H 27.4 
I 7.5 

A 59.1 
B 49.3 
C 45.2 
D 40.5 

U(cos f3MO) = E 37.9 

Al COS(f3MO) F 35.0 

U(cos f3MO) = 

Al COS(f3MO) 
Symmetric top 
approximation 

G 31.5 
H 27.2 
I 7.5 

A 
B 
C 
D 
E 
F 
G 
H 
I 

57.6 
49.3 
45.2 
40.5 
37.9 
35.0 
31.5 
27.2 

7.5 

o 0 21.8 0.65 
o 0 19.4 0.65 
o 0 19.4 0.65 
o 0 21.9 0.65 
o 0 21.4 0.65 
o 0 22.1 0.65 
o 0 24.2 0.65 
o 0 26.0 0.65 
o 0 25.0 0.65 

o 0 21.2 0.65 
o 0 19.1 0.65 
o 0 19.2 0.65 
o 0 21.4 0.65 
o 0 20.9 0.65 
o 0 21.5 0.65 
o 0 23.4 0.65 
o 0 25.0 0.65 
o 0 25.0 0.65 

o 0 22.1 0.65 
o 0 19.7 0.65 
o 0 19.7 0.65 
o 0 22.3 0.65 
o 0 21.7 0.65 
o 0 22.4 0.65 
o 0 24.5 0.65 
o 0 26.2 0.65 
o 0 26.0 0.65 

o 
o 
o 
o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 
o 
o 
o 

20.9 
18.8 
18.8 
21.1 
20.7 
21.2 
23.1 
24.7 
25.0 

0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 

2.48 
2.48g 

2.488 

2.48g 

2.488 

2.488 

2.48g 

2.488 

2.48g 

3.66 
3.66g 

3.668 

3.668 . 

3.66g 

3.668 

3.66& 
3.668 

3.668 

1.75 
1.75g 

1.75g 

1.758 

1.75g 

1.75g 

1.758 

1.758 

1.75g 

3.49 
3.498 

3.49g 

3.49& 
3.49& 
3.49& 
3.49& 
3.49g 

3.49g 

1.0 3.92 3.92 
I g 3.92 3.92 
I g 3.92 3.92 
I g 3.92 3.92 
I g 3.92 3.92 
I g 3.92 3.92 
I g 3.92 3.92 
18 3.92 3.92 
1& 3.92 3.92 

1.0 4.55 4.55 
18 4.55 4.55 
19 4.55 4.55 
I g 4.55 4.55 
I g 4.55 4.55 
18 4.55 4.55 
I g 4.55 4.55 
18 4.55 4.55 
18 4.55 4.55 

1.0 4.13 4.13 
1& 4.13 4.13 
I g 4.13 4.13 
18 4.13 4.13 
1& 4.13 4.13 
18 4.13 4.13 
18 4.13 4.13 
18 4.13 4.13 
1& 4.13 4.13 

4.78 
4.78 
4.78 
4.78 
4.78 
4.78 
4.78 
4.78 
4.78 

4.78 
4.78 
4.78 
4.78 
4.78 
4.78 
4.78 
4.78 
4.78 

'Experimental R IZ data are for DLPC-d46 bilayers at a sample temperature of 40°C and resonance frequency of vo=46.1 MHz. 

~f 

0.97 
5.44 
6.81 
4.08 

11.2 
2.68 
0.63 
0.71 
4.26 

1.15 
5.53 
6.95 
4.01 

11.0 
2.45 
0.65 
0.80 
4.11 

1.43 
6.22 
7.54 
4.35 

11.6 
2.73 
0.62 
0.71 
4.15 

1.28 
5.91 
7.32 
4.16 

11.2 
2.45 
0.65 
0.80 
4.06 

bEffective quadrupolar coupling constant, Xeff= X<Db~)(ilp/»), where (Db7!(ilp/») is given in terms of the observed segmental C_2H order parameter iSeDi by 
Eqs. (2.16) with x= 170 kHz (Ref. 11). The values of Xeff are taken as positive. 

CEffective asymmetry parameter assumed to be zero. 
dparameter frozen at indicated value in accord with lleff=O. 
eFrozen value corresponds to observed segmental C_2H order parameter iSeDi using Eqs. (2.16) where (Db7J(il MO ») = (db7J(f3MO»)' 
fReduced chi-squared (Ref. 107) for N data points and n variable parameters defined by X; = ~~=I[R~~c(i) - R~~(i)r/(N - n), where n=3 for splitting 
A and n = I for the remaining splittings. Note that the values refer to individual quadrupolar splittings and that parameters whose values are frozen or fixed 
are not included in the calculation. 

gParameter frozen at value obtained from theoretical fit of splitting A. 

reduced quality of the fit in comparison with either the seg
mental or molecular diffusion description. However, as noted 
above this may be a consequence of the small-angle approxi
mation in which only the D<;lmCODL) terms are retained for 
description of the orientation dependence. It is noteworthy 
that contributions from faster internal motions which lead to 
preaveraging of the EFG tensor are ignored in the cases of 
the noncollective molecular model and the collective model. 
As discussed in Sec. II, one can also include an angular- and 
frequency-independent model fitting parameter R~ni as in 
previous work.24

.43 In order to keep the number of fitting 
parameters to a minimum, an additional constant variable 
was not introduced, thereby assuming the observed relax
ation arises predominantly from the relatively slow reorien-

tations. Additional investigations of the frequency and angu
lar dependence of the relaxation rates in oriented bilayers are 
required to further distinguish among the various possible 
contributions to the lipid dynamics in the MHz regime. 

c. Square-law functional dependence of observables 
from deuterium NMR spectroscopy 

As indicated above, 2H NMR spectroscopy yields pro
files of observables related to both equilibrium and dynami
cal properties of the bilayer, viz. ISgbl and RW" respectively, 
as a function of chain segment position (index i) within the 
hydrocarbon region (see Fig. 6). It is found experimentally 
that a plot of the observed relaxation rates Rjii for the dif-
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FIG. 9. Theoretical fits of spin-lattice (R IZ) relaxation rates (e) as a function of the angle B to a model for order fluctuations due to collective motions (cf. 
the text). The small-angle approximation in terms of a single elastic constant is assumed (-). Experimental data are for DLPC-d46 in the La phase at T=40 °C 
and 1'0=46.1 MHz. For the collective model, the principal values of the residual EFG tensors vary with the segment position; the dynamical parameter is 
identical along the entire acyl chain and is used to fit the data simultaneously. The panels correspond to the splittings identified in Fig. 4, where the fitting 
parameters are summarized in Table IV. Note the different vertical scale in the bottom three panels. The magnitude of the angular anisotropy is overestimated 
whereas the direction and variation along the chain are reproduced, apart from the terminal methyl groups with the smallest quadrupolar splitting. 

TABLE IV. Collective model fitting parameters for angular dependence of 
2H Ril relaxation rates of DLPC-d4Q in the La phase.' 

Splitting X.1f (kHz)b C (10- 5 SII2) X;C 

A 60.5 5.0 36.8 
B 54.1 5.0d 7.83 
C 49.6 5.0d 8.57 
D 42.5 5.0d 8.27 
E 40.1 5.0d 7.83 
F 36.0 5.0d 2.63 
G 31.5 5.0d 6.48 
H 26.1 5.0d 6.74 

7.14 5.0d 3.96 

'Experimental R I Z data are for DLPC-d46 bilayers at a sample temperature 
of 40 °C and resonance frequency of "0=46.1 MHz. 

bE/feclin! quadrupolar coupling constant, X.If=X(Db~(nPl»' where 
<Db~'(nPl» is related to the observed segmental C_2H order parameter 
15enl by Eqs. (2.17) with x= 170 kHz (Ref. 11); the internal frame and 
instantaneous director axis system are assumed to be coincident (/3IN=O). 
The values of Xelf are taken as positive. 

'Reduced chi-squared (Ref. 107) for N data points and n variable parameters 
defined by X~ = ~~= I[R~~c(i) - R~';(i)l2/(N - n), where n = I for split
ting A and n =0 for the remaining splittings. Note that the values refer to 
individual quadrupolar splittings and that parameters whose values are fro
zen or fixed are not included in the calculation. 

dparameter set to value obtained from theoretical fit of splitting A. 

ferent segment positions vs the square of the corresponding 
order parameters I sgbl yields a more or less straight line?8 
This is shown in Fig. 10 for data obtained in the present 
study at several different bilayer orientations, which extend 
and confirm earlier studies of randomly oriented multilamel
lar dispersions of phospholipids.21 For the segmental model, 
it is possible that a fortuitous combination of parameters 
could explain this experimentally observed square-law func
tional dependence. But it is not particularly transparent from 
examining the relaxation expressions presented in Sec. II, 
Eqs. (2.31)-(2.32), that this should be the case. By contrast, 
such a square-law relation is an inherent feature of the for
mulations in terms of order fluctuations, due either to non
collective or collective motions. Note that Eqs. (2.36)-(2.37) 
and Eq. (2.46) indicate the relaxation rates are proportional 
to the square of the internal order parameter, viz. 
I(Db~(!1pI»12, which is related to the observed order pa
rameter by Eq. (2.16) for the molecular model and Eq. (2.17) 
for the collective model. In either case, the local segmental 
motions, e.g., arising from trans-gauche rotational isomer
izations, set up an order gradient along the chain that is fur
ther modulated by the slower motions (vide infra). Extrapo
lation of the R IZ rates to zero ordering (vide infra) for each 
of the bilayer orientations in the case of DLPC-d46 gives 
R~~ "'" 2 S-I, a rather small value which justifies a posteriori 
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FIG. 10. Square-law functional dependence of observables from 2H NMR spectroscopy for macroscopically oriented bilayers of DLPC-d46 in the La state. 
Parts (a)-(d) indicate the spin-lattice relaxation rates'R\il versus the corresponding values of Isgbl2 for the various chain segments of the DLPC-d46 lamellae 
aligned at different angles (0) with respect to the main magnetic field. All measurements were carried out at 110=46.1 MHz and 40°C. Data points correspond 
to the nine splittings resolvable at each of the indicated orientations. A square-law dependence of the observed values of RVl and Isgbl is found, suggesting 
the relaxation is governed by relatively slow fluctuations in the local ordering along the chains. 

the assumption that relaxation contributions from internal 
motions are minimal within the framework of the model em
ployed. 

D. Influences of parity of potential of mean torque 
and symmetric top approximation 

Inspection of Tables II and III along with Figs. 7 and 8 
reveals the fitting parameters are very similar for an even 
potential of mean torque, U(cos f3)=A2 cos2 13, vs an odd po
tential, U(cos f3)=AJ cos 13, in the case of the segmental 
model where f3=f3w, and for the molecular model in which 
13= 13M D' The percentage differences in the diffusion tensor 
principal values were typically less than 15% for the seg
mental fits and 5% for the molecular fits. Within the range of 
potential strengths investigated, the parity of the restoring 
potential was found to have a negligible effect on the angular 
anisotropy and the corresponding rotational diffusion tensor 
parameters. It appears the statements of Halle43 in this regard 
are somewhat misleading; in fact the results obtained using 
an odd potential differ minimally from those obtained with 
the simplifying approximation of an even Maier-Saupe po
tential reported well over a decade ago.28 Nonetheless, a re
storing potential of odd parity is expected to most closely 
correspond to the actual physical situation within a given 

lipid monolayer,43 where the acyl chains are effectively teth
ered to the aqueous interface. J9 This similarity is also clearly 
evident from inspection of Fig. 11 (cf. Appendix B), where 
the mean-squared amplitudes G~:m(O;O) and reduced effec
tive time constants b~:m = 6/a~:m obtained by solving the 
diffusion equation are plotted as a function of the second
rank order parameter <db~(f3» describing the potential; here 
0=(0,13,0) are generalized Euler angles, i.e., O=Ow for 
segmental diffusion and O=OMD for molecular diffusion. 
Only small differences in the effective correlation times 
common to both the even and odd potentials (see top two 
rows of panels of Fig. I I) are observed as noted previously,43 
which are independent of parity in the limits of low and high 
ordering. The lower row of panels represents the additional 
values in the case of an odd potentiaL The mean-squared 
fluctuations, indicated by G~:m(O;O) in Fig. 11, are nearly 
unchanged with the choice of potential in the case of those 
matrix elements where either m' or m is zero corresponding 
to the off-axial modes, viz. (0,0), (0,1), and (0,2) (top row of 
panels in Fig. 1 I). Yet there are significant differences for 
elements with nonzero m' or m, viz. due to the spinning 
modes (1,1), (1,2), and (2,2) (middle row of panels in Fig. 
11). The latter reorientational modes have mean-squared am
plitudes approximately twice as large for the odd potential 
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FIG. II. Mean-squared amplitudes G~:m(n ;0) and reduced effective time constants b~!m == 6/ a~!m for anisotropic rotational diffusion model (cf. the text). 
Generalized projection indices are denoted by (m' ,m) and 0=(0./3,0) are generic Euler angles for transformation from the principal axis system (PAS) of the 
rotational diffusion tensor to director frame. Results are shown for both even (-----) and odd (-) potentials of mean torque as a function of the second-rank 
order parameter (d!i](/3»=(P2(COS f3l). Order parameters of different rank j are calculated from the Boltzmann law, Eq. (2.39) of the text. The symmetry of 
the model implies in general that G~!m(O;O) = G~~'_m(O;O) = G~~,(O;O). Similarly, for the effective reciprocal time constants one has that a~!m 
= a<:~, -m = a~~" leading to nine distinct values as indicated in the figure. For an even potential the odd polynomials vanish, so that the symmetries are 

G~:m(O;O) = Gl!"lIml(O;O) = G~~,(O;O); likewise one obtains that a~!m = al!"lIml = a~~" yielding six unique values as given by the first [(a)-(c)] and 
second [(d)-(f)] rows of panels. The three additional values for the odd potential are given by the bottom [(g)-(i)] row of panels in the figure. Note the Euler 
angles are given by O=O/D for segmental diffusion and O=OMD for molecular diffusion. 

compared to the even potential in the ordering range inves
tigated, a fact previously noted by Halle.43 Note also that for 
an odd potential the (I,-I), (1,-2), and (2,-2) spinning 
modes (bottom row of panels in Fig. 11) contribute little to 
the overall spectral density due to the relatively small mean
squared amplitudes G~!m(n;O). Although the lipid reorien
tation within a given monolayer is most appropriately de
scribed by an odd potential, the similarity of the fitting 
parameters (Tables II and III) suggests the results are not 
strongly dependent on the parity of the potential of mean 
torque, at least for the simple functional forms assumed here. 
The relative insensitivity of the 2H NMR relaxation to the 
shape of the restoring potential has been noted previously by 
Brown28 and by Void and Vold.72 

Tables II and III also reveal that the symmetric top ap
proximation (i.e., neglecting ordering effects on the correla
tion times but retaining them for evaluation of the mean-

squared amplitudes) yields very similar fits to the R 12 

angular anisotropy. This approximation overestimates the 
rates of the (1, I) and (2,2) spinning modes, and underesti
mates the rates of the remaining reorientational modes; cf. 
Fig. 11. The range in the reported parameters (20% differ
ence) due to the various approximations must be taken into 
consideration when comparing the present results to other 
biophysical investigations. The values obtained in this study 
place limits on the physical quantities corresponding to the 
experimentally observed R 12 relaxation rates. 

V. DISCUSSION 

It is widely recognized that deuterium eH) NMR spec
troscopy in combination with 2H-isotope labeling enables 
valuable knowledge of the properties of membrane constitu
ents to be gained, which is currently unobtainable using 
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other biophysical methods. Here angular-dependent 2H NMR 
spin-lattice relaxation measurements, as first described for 
membrane bilayers,26 have been used to acquire information 
regarding phospholipid lamellar phases in the liquid
crystalline (La) state. Apart from any fundamental aspects, 
the development of appropriate theoretical and experimental 
tools can yield an important framework for investigations of 
different membrane systems. In conjunction with studies of 
membrane lipids a similar conceptual approach can be ap
plied to membranous peptide components, for which knowl
edge is in a relatively preliminary state.96 A particular advan
tage of 2H NMR spectroscopy, e.g., in comparison to small
angle x-ray scattering (SAXS), is that by combining line 
shape and relaxation studies one can gain insight regarding 
equilibrium and dynamical properties of bilayers at the mi
croscopic level. By contrast, SAXS investigations of mem
brane bilayers97,98 yield average structural information, and 
atomic-level resolution is not possible.99 Knowledge of the 
internal structure of membrane lipid aggregates can be ob
tained from small-angle neutron scattering (SANS);JOO,JOI re
cently it has been shown that dynamic neutron scattering 
studies enable one to acquire valuable information about 
lipid mobility.J02,I03 Because 2H NMR spectroscopy provides 
understanding at the microscopic level of the reorientational 
dynamics of individual 2H-labeled segments of membrane 
lipids, it is complementary to SAXS and SANS investiga
tions. A detailed picture of the properties of membrane con
stituents compared to biological function2-5 requires a com
bination of physical methods, along with studies of 
appropriate natural and recombinant membrane systems. 

A. General features of membrane lipid relaxation 

Investigations of the nuclear spin relaxation rates of 
membrane lipids can yield valuable information regarding 
the amplitudes, rates, and types of motions present within the 
bilayer in relation to their biophysical properties.28.52 The 
objective is to arrive at the simplest description of the relax
ation that provides insight into the underlying forces respon
sible for the stability of the lamellar state, e.g., as included in 
molecular mechanics simulations of bilayer mem
branes.35.47,48 Once the predominant features of the dynamics 
within the MHz regime have been identified, subsequent 
stages of theory development can be considered in terms of 
more detailed and perhaps more specific or refined motional 
models, or possibly more complicated biological membrane 
systems involving lipid-protein interactions. A key issue at 
present is whether the relaxation is influenced mainly by 
local segmental motions of phospholipids within the bilayer, 
or alternatively by slower molecular motions or possibly col
lective excitations of the bilayer assembly. Because the 2H 
NMR relaxation rates of membrane constituents depend on 
both the angular extents and rates of the motions, namely the 
(i) mean-squared amplitudes and Oi) reduced spectral densi
ties describing the dynamics, one must separate their contri
butions to the relaxation. In our view, the central question at 
such a level of analysis26 is whether the relaxation in the 
MHz regime is governed mainly by local fluctuations of the 
static EFG tensor associated with the C_2H bonds,19 or 
rather by order fluctuations due to modulation of a residual 

EFG tensor preaveraged by faster internal motions.28 In the 
latter case an attendant question is to what extent the ap
proximation of separation of time scales is applicable. On the 
one hand, the rigid-lattice or static EFG tensor is the same 
for all segments, in which case differences in relaxation 
properties largely reflect the reduced spectral densities char
acterizing the local motional rates, e.g., due to trans-gauche 
isomerizations?6 On the other hand, the residual EFG tensor 
describes the local mean-squared amplitudes which can vary 
as a function of segment position. The latter are modulated 
by relatively slow motions such that the reduced spectral 
densities are more nearly uniform; hence the angular extents 
of the local reorientations mainly govern differences in the 
relaxation.21 ,28 One can then further distinguish between a 
comparatively small number of stochastic modes which in
fluence the reduced spectral densities, e.g., corresponding to 
molecular rotational diffusion within the potential of mean 
torque of the membrane bilayer,28.38.43.6o or alternately a 
broad distribution or continuum of modes due to collective 
reorientations of the phospholipid hydrocarbon chains?8 

With the above in mind spin-lattice (R 1 z) relaxation 
studies have been carried out of phospholipid bilayers 
aligned on planar substrates which extend and confirm pre
vious investigations,26,27,33.34.58 and contribute towards devel-
opment of a unifying conceptual paradigmJ04 for future stud
ies. The general theory for relaxation of I = I nuclei predicts 
the angular anisotropy is related to the orientation and sym
metry of the coupling tensor within the frame undergoing the 
fluctuations, i.e., segment, molecule, or bilayer.28 Hence one 
can obtain information pertinent to the types of motions 
which govern the relaxation in the MHz regime, viz. local 
motions vs order fluctuations due to molecular motions or 
collective excitations of the bilayer. We note that both the 
mean-squared amplitudes and reduced spectral densities are 
dependent on the orientational ordering, and thus can influ
ence the relaxation temperature behavior.28 For example, 
given the dynamics reflect a broad distribution of motional 
modes, then the temperature dependence of the relaxation 
rates may in fact be governed primarily by the mean-squared 
amplitudes, i.e., due to the Boltzmann distribution involving 
faster thermally activated isomerizations which preaverage 
the residual EFG tensor.28 The above is in contrast to the 
conventional viewpoint of an Arrhenius-like temperature be
havior in terms of an activation energy. 

B. Experimental findings in relation to theoretical 
models 

In order to test the alternate conceptual formulations, a 
series of experimental studies of the angular dependence of 
the nuclear spin relaxation for liquid-crystalline phospholip
ids was conducted. The orientational anisotropy of R IZ in 
lipid lamellar phases appears sufficiently rich so that a uni
versal behavior is not observed. 15.26.27,33,34.38.58-61 From a 
purely qualitative standpoint, the differences in the angular 
anisotropies in the case of phospholipids in the liquid
crystalline (Lc,) state may point to the influences of order 
fluctuations on the relaxation, in which local internal motions 
of the chains produce a residual EFG tensor whose principal 
values and principal axes may vary as a function of the chain 
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position,21 or from system to system. The possible influences 
of such order fluctuations on the relaxation was first explic
itly pointed out in an earlier paper8 and was anticipated by 
the work of McConnell!.7 as well as Chan and co-workers. 105 

It appears that specific carbon segments may exhibit a rela
tively small orientation dependence of the relaxation; 
whereas other segments of the acyl chains have a more sub
stantial angular anisotropy.27,33 The variation of the orienta
tional anisotropy with segment position also differs from that 
observed in 2H NMR investigations of the dynamics of more 
highly ordered n-alkanes in urea clathrate inclusion 
compounds, 106 or for cholesterol in phospholipid 
membranes.38.59.6O We note that investigations utilizing phos
pholipids with perdeuterated chains are advantageous in that 
they enable the angular anisotropy for multiple segments of 
the acyl chains to be determined simultaneously. 

As might be anticipated, the success of the different 
theoretical models in accounting for experimental data 
matches closely the total number of parameters available for 
numerical fitting of the results. This observation may have 
been overlooked by some investigators. The results of fitting 
the angularly dependent spin-lattice relaxation rates to vari
ous motional models (cf. Sec. II C) can be summarized 
briefly as follows. First, a model for local segmental motions 
formulated in terms of rotational diffusion 19 yields the best 
fit to the angular anisotropy of the R\ii relaxation rates as a 
function of position along the entire chain (index i). This is 
perhaps expected since the model has the greatest number of 
variables (totalling 18 adjustable parameters in the case of 
DLPC-d46). Secondly, the noncollective molecular model 
(having a minimum of three adjustable parameters) can also 
explain the experimental relaxation rates equally well for the 
methylene groups of the acyl chains, with a greater deviation 
for the methyl terminus due to neglect of internal motions, 
such as rotation about the methyl C3 axis. Introduction of an 
additional constant parameter due to local motions can obvi
ously yield further improvement in the fits. Finally, the 
simple collective model for fluctuations of the acyl segments 
within the membrane hydrocarbon interior (having only one 
adjustable parameter) significantly overestimates the angular 
anisotropy, and probably represents an oversimplification. 
Because the latter model has only a single adjustable param
eter, and only small-angle order fluctuations are considered, 
this is perhaps not too surprising. At present it appears that 
one or another of the motional formulations can explain cer
tain features of published relaxation data, and some authors 
have chosen to be rather selective in this regard. 

C. Further comments regarding interpretation of 
nuclear spin relaxation rates 

Thus to further distinguish among the various treat
ments, it is perhaps reasonable to ask the following question: 
which aspects of current knowledge are relatively less model 
dependent ("model-free") and provide a basis for more spe
cific formulations? One such feature is based on empirical 
correlation of the observed RW. relaxation rate profiles and 
order profiles Isgbl. Experimentally, the rate of relaxation is 
observed to increase with the quadrupolar splitting along the 
chain (Fig. 5). In addition, a square-law functional depen-

dence of the 2H NMR observables is found to a good degree 
of approximation, which is independent of any interpretative 
framework (Fig. 10). The latter observation28 is a simple 
consequence of Fermi's golden rule applied to nuclear spin 
relaxation. It is consistent with, but does not prove, an inter
pretation in terms of order fluctuations due to slow motions, 
viz. noncollective molecular motions or alternately collective 
disturbances of the hydrocarbon chains. Such order fluctua
tions modulate the residual EFG tensor, e.g., the quadrupolar 
splitting, remaining from local motions. Whereas the slow 
motions provide the dominant contribution to the observed 
relaxation rates, the internal fast motions govern the relax
ation profile along the chains, i.e., through their influence on 
the mean-squared amplitudes rather than the reduced spectral 
densities (vide supra). The order fluctuations due to the slow 
motions are an inherent aspect of both the noncollective and 
collective models. In either case, due to fast preaveraging the 
two coupling parameters Xeff and 'Tleff for the residual EFG 
tensor are a function of the chain position. Their values are 
related to both the observed order parameters Isgbl and the 
spin-lattice relaxation rates RW. and they influence the de
pendence of the relaxation on the chain segment position. 
The latter quantities are described by Eqs. (2.16) and (2.36)
(2.37) for the noncollective molecular model, and Eqs. (2.17) 
and (2.46) for collective order fluctuations, respectively. 

A more detailed rationale for the above conclusions can 
be summarized briefly as follows. First, the effects of order
ing on the relaxation rates can stem from either an influence 
on the mean-squared amplitudes or reduced spectral densi
ties, i.e., correlation times, which enter into the relaxation 
expressions.26 For either the segmental or molecular diffu
sion models, the influences of ordering on the correlation 
times represent terms in a series of Legendre polynomials 
which originate from the Clebsch-Gordan expansions of the 
Wigner rotation matrix products. The effects of ordering 
amount to "corrections" to the correlation times for unre
stricted rotational diffusion (cf. Appendix B). Truncation at 
the leading term is equivalent to assuming a symmetric top 
approximation, viz. unrestricted rotational diffusion,33 which 
has been shown to exert a relatively small influence on the 
results calculated for 2H NMR relaxation,z8 However, for 
either the noncollective or collective models the mean
squared amplitudes are proportional to the square of the in
ternal second-rank order parameter, and hence to the ob
served values of I sgbl 2, which strongly influence the 
relaxation behavior for data obtained at a given 
frequency.21,28 In the case of the noncollective molecular 
model, it is plausible to assume the spectral density factors 
F~z;:(aMD ;mwo) are nearly the same along the chain, i.e., 
the amplitude of the molecular motions and the diffusion 
parameters are approximately identical. Supposing further 
that the principal axes of the residual EFG tensors and the 
asymmetry parameter 'Tleff are roughly invariant, the mean
squared amplitudes depend on the largest EFG principal 
value squared, viz. ¥eff' and govern the relaxation as a func
tion of chain position. Similarly, the collective model can 
also predict the experimentally observed square-law plots, in 
which it is again assumed the amplitude of the slow motions 
is nearly uniform for the various chain segments. Given that 
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the constant term Riti is small or approximately constant, 
then a simple square-law dependence of the R\~ and Isgbl 
profiles is predicted for the hydrocarbon region of the mem
brane, consistent with experimental observations (cf. Sec. 
IV). 

Reference to the theoretical development illustrates spe
cifically how the irreducible spectral densities in the labora
tory frame depend on both the mean-squared amplitudes and 
the reduced spectral densities of the fluctuations. The non
collective and collective models for order fluctuations both 
assume that pre-averaging of the static EFG tensor by local 
segmental motions yields a residual EFG tensor, whose prin
cipal values and principal axes influence the relaxation?8,33 
The noncollective molecular model is predictably richer in 
the range of behavior that can be described on account of the 
greater number of adjustable parameters, As indicated above 
the collective model has fewer free parameters, which places 
more stringent requirements on the fit to experimental 
data. l07 Perhaps not surprisingly, it has proven easier to criti
cize the formulation in terms of collective motions as op
posed to the noncollective molecular model for order fluc
tuations, which has enlivened the relevant 
literature.23,28,31,40,43,58 But as also mentioned the two treat-
ments are similar insofar as they both predict the static 
quadrupolar coupling constant X in Eqs. (2.20)-(2,23) is 
multiplied by the local or internal order parameter 
(DW(Op/» to yield a residual or effective quadrupolar cou
pling constant Xeff; hence the spectral densities are scaled by 
I(D~~)(Op/»12 in the resulting relaxation time expressions. 
They differ in that the noncollective molecular model allows 
for a nonzero asymmetry parameter 17eff of the residual EFG 
tensor, and furthermore the orientation of the internal princi
pal axes within the molecular frame can vary, as first de
scribed by Brown and Soderman.33 Such a molecular model 
can adequately explain the experimentally observed variation 
of both the magnitude and direction of the R IZ anisotropy in 
oriented membrane bilayers.33,38 The collective model fur
ther assumes the residual coupling tensor is axially symmet
ric (17eff=O) along the chain, so that the intermediate princi
pal axis system corresponds to a local director frame; the 
small-angle approximation for order-director fluctuations 
yields an additional influence on the R IZ relaxation anisot
ropy. In either case, the mean-squared amplitudes due to 
local motions mainly govern the dependence of the relax
ation on the orientational ordering of the 2H-Iabeled seg
ments, i.e., the profile of the relaxation rates RW. as a func
tion of the chain position. By contrast, the reduced spectral 
densities due to slower motions describe how the relaxation 
rates vary with the resonance frequency Wo, viz. the strength 
of the static magnetic field Bo. Thus slower fluctuations of 
the chains modulate the residual EFG tensor preaveraged or 
left over by faster motions, and predominantly influence the 
frequency dependence of the observed R IZ relaxation rates. 
The noncollective molecular model is characterized by a su
perposition of Lorentzians, which is distinguished from the 
frequency signature of the collective model due to expansion 
of the local director fluctuations in terms of plane wave 
disturbances. 10,24 We note that interpretation of the frequency 

dependence of the relaxation is an entertaining subject which 
is amply discussed elsewhere. lo,23,24,28,40,43 

D. Biophysical implications 

According to current knowledge the properties of mem
brane constituents 10 may exert important influences on key 
cellular functions.2-5,108 For example, local segmental mo
tions of lipids in the picosecond time range may be associ
ated with the transmembrane movement of water and small 
nonpolar solutes;47,48 molecular motions due to lateral diffu
sion may govern formation of transient enzyme 
complexes; 109 and collective undulatory excitations JlO or vi
brational out-of-plane motions of individual molecules II I 
may contribute to repulsion between bilayers associated with 
membrane fusion. Hence an additional question that can be 
posed96-98 at this juncture is: what has been learned to date 
about the biophysical properties of membranes from nuclear 
spin relaxation studies, and what new knowledge remains to 
be obtained? 

First one can consider the case that the relaxation is gov
erned by local segmental motions of the liquid-crystalline 
phospholipids. If segmental motions are assumed to com
prise the dominant relaxation process, then the increased cor
relation times for the lipid acyl segments (Table II) in com
parison to previous studies of n -alkanes 112, 113 indicate the 
DLPC bilayer hydrocarbon interior is considerably more vis
cous than in the case of molecules of comparable chain 
length in the liquid state, This conclusion is compatible with 
earlier fluorescence depolarization studies of membrane 
probes. 1l4 But we have previously argued that the magni
tudes of the 2H and l3C NMR relaxation rates of lipid bilay
ers together with their dependence on frequency and tem
perature disfavor an interpretation in terms of local 
segmental motions,z8 Rather, as discussed above the depen
dence on the segmental order parameter,21 i.e., the ordering 
dependence, is most simply explained by an influence of 
relatively slow motions on the relaxation, i.e., noncollective 
molecular motions or collective excitations of the bilayer. 
The existence of these relatively slow order fluctuations is 
typically neglected in statistical mechanical models of mem
brane bilayers,77,78,1l5-117 e,g., models which utilize the seg
mental order parameters determined from 2H NMR spectros
copy to derive thermodynamic properties. Assuming a rather 
small order parameter of =0.6 for the slow dynamics leads 
to only small differences in equilibrium structural properties 
calculated using a simple diamond-lattice model. Jl8 Nonethe
less, the possible occurrence of such slow motions 1,28,105 
must be considered in developing realistic statistical models 
of membrane bilayers,115 and with regard to dynamical 
simulations.47,48 

It follows that the present research yields information 
regarding slow dynamical fluctuations which may influence 
substantially the physicochemical properties of membrane 
bilayers. We have shown the angular dependence of the R IZ 

relaxation rates can be explained to a fairly good degree of 
accuracy in terms of a noncollective molecular model for the 
reorientational dynamics.28 Here the physical significance is 
contained in the order parameters and principal values of the 
diffusion tensor formulated in terms of the potential of mean 
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torque, which is relevant to molecular mechanics simulations 
of bilayers.31.35.47,48 By contrast, the collective formulation 
possesses fewer adjustable parameters and overestimates the 
angular anisotropy; it may be an oversimplification in this 
regard. Yet arguably the frequency dependence of the R lZ 
relaxation rates (vide supra) may be more amenable to inter
pretation by a collective model having a broad distribution of 
motional modes, e.g., for small vesicles of DMPC having 
specifically deuterated acyl chains.24 Alternative interpreta
tions of these preliminary R IZ relaxation rate data have 
appeared.43 It is possible that the frequency dispersion of any 
collective excitations involves wavelengths appreciably 
greater than the bilayer thickness; alternatively the cutoff for 
the dispersion may be limited only by the diameter of the 
acyl chains. The former assumes the finite thickness of the 
bilayer is essentialIy immaterial and that the collective fluc
tuations involve two-dimensional undulations of the lamellar 
surface, yielding a IIw frequency dependence under certain 
conditions.40•119 Consequently, the longer wavelength modes 
occur at relatively low frequencies (kHz regime and below) 
and mainly influence the transverse (R 2) relaxation rates, 
whereas the relaxation in the MHz range is governed largely 
by molecular rotations.23,42,43 This in contrast to the latter 
interpretation, which postulates that the collective excitations 
extend to higher frequencies (MHz regime) as suggested 
earlier.2s A broad distribution of motions is then present, and 
it is less likely that modes due to molecular rotations can be 
identified in the case of phospholipid bilayers in the liquid
crystalline state. As first proposed based on NMR relaxation 
studies,IO,28 the low frequency end of the spectrum of coIIec
tive disturbances may correspond to undulatory modes of the 
lamellae which can contribute to membrane repulsions, IIO 

with very long wavelengths limited by the macroscopic ag
gregate dimensions. Such two-dimensional fluctuations of 
the lamellar surface may fall outside the range considered 
here. For a three-dimensional model, neglecting the high fre
quency cutoff a l/Jw dispersion law is obtained, in which the 
relatively short wavelengths involve concerted reorientations 
of the molecular segments and approach the acyl diameter, 
possibly corresponding to short-range protrusion forces asso
ciated with repulsions between the lamellae. II I 

In the above formulations, knowledge of the faster inter
nal motions is largely reflected in the principal values and 
principal axes of the residual EFG tensors of the various acyl 
segments. Previous investigations lO,2s,29,104 have extrapolated 
2H NMR or 13C NMR spin-lattice relaxation rates to zero 
ordering28 or infinite frequencylO to estimate the contribu
tions from fast internal motions to the observed relaxation 
rates. From the data in Fig. 10, the average intercept for the 
experimentally investigated bilayer orientations yields a con
tribution of Riti = 2 s - I, in good agreement with previous 
estimates. Given the relaxation is due to slower order fluc
tuations, due either to molecular or collective motions, then 
the relatively small contribution from the internal dynamics 
of the hydrocarbon chains implies that the microviscosity of 
the bilayer interior corresponds essentially to liquid hydro
carbon. In other words, the local microviscosity of the bi
layer hydrocarbon region, where a bulk viscosity cannot be 
measured, is essentially equivalent to liquid n-alkanes hav-

ing a macroscopic viscosity on the order of a few centipoise 
(cP)! Consequently, the membrane lipid/water interface may 
be very important with regard to membrane properties, in
cluding phenomena such as lateral diffusion of membrane 
lipids and proteins. These previous conclusions 10,28 now ap
pear to find support in dynamics simulations of membrane 
lipid bilayers.31 .47,48 In contrast, the more recent treatment of 
HaIIe43 predicts a tenfold larger value of R\"i (=21.4 s -I) 
and leads to a rather dissimilar physical picture. Thus differ
ences in the 2H and 13C NMR relaxation rates of liquid
crystalline phospholipid lamellar phases versus simple paraf
finic liquids may arise from the ordering- and frequency
dependent enhancement of the relaxation within the MHz 
regime, due to relatively slow motions of a noncolIective or 
collective nature. The introduction of new complementary 
methods such as dynamic neutron scatteringl02.103 can pro
vide additional valuable knowledge of such dynamical fluc
tuations in the future. 

From the standpoint of NMR techniques as applied to 
membrane constituents, the following closing remarks are 
worth noting. A limitation inherent in the present investiga
tion is that the angular dependence of R IZ is a weighted sum 
due to the two spectral densities J 1 (Wo) and J 2(2wO)' Deter
mination of the individual spectral densities as pioneered by 
VoId and Vold73 has been shown to be an important feature in 
testing proposed lipid motional models. 15 For example, there 
may be multiple solutions to the angular dependence of R IZ 
which would not fit the dependence of J I (Wo) and J 2(2Wo) 
simultaneously. Recent preliminary reports on DMPC/ 
cholesterol mixtures have shown that the two relaxation rates 
R IZ and R IQ (Le., quadrupolar order relaxation) have dra
matically different angular dependencies. 15 As R 1 Q is propor
tional to J I (wo) alone, a more critical test involves determi
nation of the orientational dependencies of both R IZ and 
R IQ , and consequently J 1(Wo) and J2(2Wo). In the future, 
such angularly anisotropic investigations of relaxation in 
conjunction with frequency dependent studies can provide 
extensive constraints for any proposed motional models de
scribing lipid dynamics in bilayers. 
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APPENDIX A: EVALUATION OF IRREDUCIBLE 
SPECTRAL DENSITIES FOR GENERALIZED 
ELECTRIC FIELD GRADIENT TENSOR 

The isomorphism of the spectral densities for segmental 
and molecular anisotropic diffusion in Sec. II C enables their 
evaluation utilizing a generalized form. For anisotropic rota-
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tional diffusion within a potential of mean torque, the irre
ducible spectral densities in the laboratory frame can be ex
pressed by,s.33 

Jm(mwO) 

= ~ ~ ID~)(n,)- ; [D~~/n,)+D~~(n,)]12 

X [<ID~~)(n2)1Z> -1<D~;,/(n2) W 8po 8no ] 

(AI) 

In Eq. (Al) the terms in the first summations, i.e., Iq and Iql 
of the text, are indicated explicitly. Here, the Euler angles 
ni=(ai,/3i,yJ and projection indices (m',m) correspond 
to generalized active transformations of the physical system 
with respect to the coordinate frames, where i = I, 2, or 3. 
Elements of the Wigner rotation matrix are denoted by 
D~~m(nJ and the corresponding reduced rotation matrix el
ements are indicated by d~~rn(/3i)' where j is the angular 
momentum.6S The angles 0, describe the time-independent 

J::)(mwo) = 2: 2: ID~)(n,)lZF~~\n2;mwo)ID~;,:(n3)1Z, 
p n 

rotation of the EFG tensor to the principal axis system (PAS) 
of the diffusion tensor; the angles n2(t) refer to the time
dependent transformation between the frames of the diffu
sion tensor and the director; and the angles n3 describe the 
fixed transformation between the director and the static ex
ternal magnetic field. The correspondence of the indices in 
Eq. (A 1) to those in Secs. II B and II C depend on the model 
employed. For the segmental diffusion model the indices 
(p,n)~(r,n); whereas for the molecular diffusion model 
(p,n)~(q,n). In the former case, the coupling parameters 
are related to the static quadrupolar coupling constant X and 
asymmetry parameter TJ; in the latter instance X and TJ are 
replaced by their effective values Xeff and TJeff (cf. Sec. II). 

The assumption of rotational symmetry about the z axes 
of both the diffusion tensor and director removes cross-terms 
involving different indices p and n. However, cross-terms in 
Eq. (AI) involving the asymmetry parameter TJstill remain.33 

The spectral densities can be rewritten in terms of linear 
sums'S,33 as shown in Eq. (2.29), where the individual spec
tral density components are given by 

(A2a) 

2 

J~71)(mwo)= 2: 2: ~ [ID~ip(n,)IZ+ID~)(0,)12]F~~(n2;mwo)ID~;,;(n3W' (A2b) 
p n 

2 

J~71')(mwo) = 2: 2: ~ [D~~;(nl)D~~)(OI) + D~~p(nl)D~~*(0,)]F~~(n2 ;mwo)ID~;,:(n3)1Z, (A2c) 
p n 

J~:)(mwo)= - ~ ~ ; [D~~*(nl)D~~p(nl)+D~~)(nl)D~~;(nl)+D~~*(nl)D~~)(nl) 

+ D~~(nl)D~~* (n ,)]F~~)(n2 ;mwo)ID~;':(n3W. (A2d) 

Here, 

FI);,l(n2 ;mwo) =[ <ID~~(n2W> -1<D~~(02) W8po8no] 

Xj~~>C02 ;mwo), (A3) 

which includes the mean-squared amplitudes and reduced 
spectral densities of the fluctuations. The portions of the 
spectral densities that are independent of the EFG asymme
try parameter TJ are contained in Eq. (A2a). Contributions on 
the order of rl are given by Eqs. (A2b) and (A2c), with the 
cross term (designated by X) linear in the two coupling pa
rameters TJ and 8 being given by Eq. (A2d). The components 
J~8)(mwo) and J~71)(mwo) in Eqs. (A2a) and (A2b) have 

been previously discussedY The last two terms J~71')(mwo) 
and f':)(mwo) depend on the first Euler angle a, in the 
transformation of the EFG tensor from its PAS to the frame 
of the rotational diffusion tensor. If cylindrical symmetry 
about the z axis of the EFG tensor PAS is present, then TJ=O 

and the contributions from Eqs. (A2b)-(A2d) vanish. How
ever, there is no physical basis to impose this assumption in 
general, so that these asymmetric terms must be considered 
in evaluating the spectral densities in terms of the additional 
Euler angle al' Note that for f3l =0° the cylindrical symme
try assumed for the diffusion tensor (i.e., about (2) is now 
imposed on the EFG tensor, due to commutation of the 
angles a" y" and a2, thereby eliminating the asymmetric 
cross-terms given by Eqs. (A2c) and (A2d). This limiting 
case was investigated previously by Brown and Soderman33 

where only contributions from the terms given by Eqs. (A2a) 
and (A2b) were considered. The criticisms of HaIle43 in this 
regard are incorrect and misleading. 120 As a rule /31 may be 
nonzero requiring evaluation of all spectral density contribu
tions as given by Eqs. (A2a)-(A2d). 

In Eqs. (A2)-(A3) the products of the various rotation 
matrices are most simply evaluated in terms of their 
Clebsch-Gordan series expansions6s 
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2 

-m2 

(A4) 

where D;= (ai ,/3i' 'Y;) are generalized Euler angles corre
sponding to the various rotations (vide supra). Here 

denotes a Wigner 3-j symbol, where ml+m2+m3=O and 
Im31~h. The values of j in the contraction Eq. (A4) must 
satisfy65 the quantum mechanical triangle condition /1(22j), 
and in general include both even and odd j ~4. Evaluation of 
Eqs. (A2a)-(A2d) is facilitated by use of the symmetry prop
erties of the 3 - j symbols,65,121 summarized by 

( jl h h) .+.+.( h h 
h ), =(-I)Jl J2 13 

m1 1n2 1n3 -m1 -m2 - In 3 
(AS) 

and 

( jl j2 
h )=( h h jl ) = ( h 

jl h) 
ml m2 m3 m2 m3 ml m3 mj m2 

= ( _ I)h + h + h ( h j I h ). (A6) 
m2 ml m3 

[The 3 - j is invariant under cyclic permutation of the 
columns and multiplied by (- l)j 1 + h + h for noncyclic per-

mutation.] In addition, for m j = m2 = m3 = 0 one has that 
(j 1+ j2 + h) must be even. Application of the parity operator 
P (corresponding to inversion through the origin) yields 

D;-tD; and thus D~~m(D;)-t( -1)jD~~m(D;) in Eq. 
(A4), so that j =even terms are invariant whereas j =odd 
terms change sign.71 Using these relations it is easily shown 
that all j =odd terms in the Clebsch-Gordan series expan
sions cancel rigorously in the products of the Wigner rotation 
matrix elements D~~(Dl) in Eqs. (A2a)-(A2d). Conse
quently, the sum over j in Eq. (A4) is restricted to j =even 
values for the 0 1 transformation in Eqs. (A2a)-(A2d). 

The terms in Eqs. (A2a) and (A2b) are given by 

and 

(A8) 

In the above expressions, the algebraic forms of the 3 - j 
symbols63 are used and clearly show the parity is even. The 

remaining two asymmetric terms J~"''>cmwo) and J;;)(mwo) 
are evaluated below. Equation (A2c) can be expanded to 
yield the result that 

(
2 2 

+2i sin( 4a l)(-l)P ~ (2j+l) 2 
j:odd 2 

!4)(; 
!4)(; 

Utilizing the algebraic 3-j symbols,63 together with the fact that the first 3-j symbol of each summation on the right of Eq. 
(A9) is nonzero only for j =4, then leads in closed form to 

(AW) 

where the parity is even. Similarly Eq. (A2d) can be expanded in a Clebsch-Gordan series resulting in 

D(2l*(D )D(2) (0 ) + D(2l(D )D(2)*(D ) + D(2)*(O )D(2)(D ) + D(2)(O )D(2)*(0 ) 
op I - 2p I Op I -2p I op 1 2p I Op j 2p I 

=4 cos( 2 al)(-I)P ~ (2 j +1)(2 
j:even 0 

2 .) (2 
-2 ~ P 

(All) 

where the imaginary part (j=odd) cancels in the sum. The first 3-j symbol on the right is nonzero only for j=2,4 enabling 
Eq. (A II) to be rewritten in closed form as 
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D(2)*(0 )D(2) (0 ) + D(2)(O )D(2)*(0 ) + D(2)*(0 )D(2)(0 ) + D(2)(0 )D(2)*(0 ) Op 1 -2p 1 Op 1 -2p 1 Op 1 2p 1 Op 1 2p 1 

4 COS( 2 crl) [ 2 (2) (n-155p2+35p4) (4) ] 
= 7 (-2+p )dZO (f31)+ ~ d20 (f31) , 

8,/15 
(A 12) 

which is also of even parity. The above elements of the re
duced Wigner rotation matrix d~)(f31) are given bl5

•
71 

d~~(f31)= ~ sin2 f31> (A 13 a) 

(4) _ flO 
d20 (f31)- 64 (3+4 cos 2f31- 7 cos 4f31), (AI3b) 

(4) _ j70 . 4 
d4o (f31)-16 sm f31' (A13c) 

Substitution of Eqs. (A7), (A8), (AlO), and (AI2) into Eqs. 
(A2) then yields the expressions given in Eqs. (2.31) and 
(2.36) of the text with the appropriate choice of transforma
tions. For the limiting case of f31 =0° it follows that Eqs. 
(AlO) and (AI2) go to zero, and thus the spectral density 
contributions given by Eqs. (2.36c) and (2.36d) vanish as 
considered by Brown and Soderman.33 

APPENDIX B: EVALUATION OF MEAN-SQUARED 
AMPLITUDES AND REDUCED SPECTRAL DENSITIES 
FOR GENERALIZED POTENTIAL OF MEAN 
TORQUE 

The spectral density factors Fj;,,)(02 ;mwo) in Eq. (A3) 
correspond to F~~)(OlD ;mwo) for the segmental diffusion 
model in Eq. (2.32) or F~Z;;(OMD ;mwo) for molecular dif
fusion in Eq. (2.37) of the text. Their evaluation requires 
solution of the rotational diffusion equation72,75,82 for a given 
potential of mean torque U(cos f3z). The cylindrical symme
try about the director (vide supra) eliminates any dependence 
on the angle 'Y2' Recalling the definition of the spectral den
sity one can define 

F(2)(0 'mw )==Re foo G(2)(0 ·t)e-imwOI dt pn 2, 0 pn 2, , 
-00 

(Bla) 

-1<D~~)(02)>J28po8no]e-imWOI dt. (BIb) 

The definition of the autocorrelation functions G~j(02 ;t) 
restricts them to being real and even temporal functions 
(time-reversal symmetry),55 leading to G~Z;;(02 ;t) 
= G~Z;; (02 ; - t). Likewise, from Eqs. (B 1) we have that 
Fj;,,)(02;mwo)=F~Z;;(02;-mwO)' where the spectral den
sities are real and even functions of frequency. 

One should note that the correlation functions 
Gj;,,)(02 ;t) as well as the spectral densities F~Z;;(Oz ;mwo) 
can be factored into products of time-independent mean-

squared amplitudes, G~Z;;(02 ;0), and either reduced corre
lation functions g~~)(02 ;t) or reduced spectral densities 
j~Z;;(02;mwO)' This gives 

G(2)(0 . t) = 0<2)(0 '0)g(2)(0 . t) pn 2 , pn 2 , pn 2 , 

= [<ID~;;(02W) -1<D~;;(02)W8p08nO]g~;; 

X(02 ;t), (B2) 

and 

F(2)(A. )-G(2)(A '0) .(2)(A. ) pn ~L2,mwO - pn ~L2' Jpn ~L2,mwO 

=[<ID~J(02W)-I<D~;;(02)W8po8nO] 

Xj~J(02;mwo). (B3) 

Use of the Clebsch-Gordan series of Eq. (A4) together with 
the values of the 3-j symbols63

,121 enables the squared 
moduli of the above Wigner rotation matrix elements to be 
evaluated. Alternatively, they can be expressed using the al
gebraic expansions of the Clebsch-Gordan coefficients,63 

4 

ID~}m(OJI2=[d~}m(f3JJZ= 2: c~~c~)d~6(f3i)' (B4) 
j=o 

where (m I ,m) denotes generic projection indices and 0i are 
generalized Euler angles (vide supra). Here, the expansion 
coefficients correspond to the 3-j symbols in Eq. (A4) with 
m; = m~ == m' andml=m2==m, which are related by 

2 j) 
-m O' 

(BS) 

In Eq. (B4) a change in sign of either the primed (m') or 
unprimed (m) indices is equivalent to application of the par
ity operator P according to Eq. (AS). The coefficients are 
provided in algebraic form by Buckmaster et al.63 and are 
indicated below 

1 c(O)=_ 
m .J5' 

m 
c(l)==--

m flO' 
(2)_(-2+m 2) 

cm - 54 ' 

(3)_(-17m+Sm 3
) 

cm - 6flO ' 

(4)_ (72-155m2+35m4) 
C m - 12m . 

(B6a) 

(B6b) 

(B6c) 

(B6d) 

(B6e) 
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The mean-squared moduli of the Wigner rotation matrix el
ements <ID~~)(D2)12)=<[d~~)(,82)]2) are given in terms of 
the order parameters (d&d(,82» as summarized by the gener
alized results in Table V, where (m' ,m)==(p,n) and ,8==,82; 
both even (j=O,2,4) and odd (j=1,3) polynomials appear. 
Expressions for the squares of the different rotation matrix 
elements (for j =even) have been given previously,28,79,82 and 
can be obtained by inspection of the general expressions in 
Table V by setting the odd Legendre polynomials equal to 
zero. As a rule, for an even potential only the j =0,2,4 terms 
are nonzero; whereas in the case of an odd potential there are 
both even and odd rank Legendre polynomials. The behavior 
of the mean-squared amplitudes G~~(D2;O) as a function of 
the order parameter (db~(,82» is described by the generalized 
plots in Fig. I I, in which (m' ,m)=(p,n) and ,8=,82' Results 
are shown corresponding to both an even potential, 
V(cos f3J.)=A.2 cos2 ,82' and an odd potential, V(cos f3J.) 
= A.I cos f3J., in which the order parameters of different ranks 

TABLE V. Mean-squared moduli of Wigner rotation matrix elements 

(ID~.' .. (n)12) for a generalized potential of mean torque: 

m' m (ID~.'m(nJl2) 

0 0 1 2 d,2) 18 d,4) 
5 +'7 ( 00(,8»+ 35 ( 00(/3» 

0 I 
I 0 1 I d,2) 12 d,4) 
0 -I 5 +'7 ( 00(/3»- 35 ( 00(f3» 

-I 0 

0 2 
2 0 1 2 d,2) 3 d,4) 
0 -2 5-'7 ( 00 (f3» + 35 ( 00(f3» 

-2 0 

-I -I 
I 1)) 1 d,2) 2 d,3) 8 d,4) 
5 +TO (doo (f3»+ 14 ( 00(8»+5 ( 00(/3»+ 35 ( 00(f3» 

I 2 
2 I I 1 d,1I 1 d,2) 1 d,3) 2 d,4) 

-I -2 5 +5 ( 00(f3»-'7 ( 00(/3»-5 ( 00(f3»- 35 ( 00(f3» 
-2 -I 

2 2 1 2 2 1 1 
-2 -2 5 +5 (dri1(f3) +'7 (d&](f3» + 10 (dJJ(f3» + 70 (d.:J(f3» 

-I I I 1 2 8 
-I 5-TO (dri1(f3» + 14 (d&](f3»-5 (dJj(f3» + 35 (d.:J(f3» 

I -2 
-2 I I 1 1 2 
-I 2 5-5 (dri1(f3»-'7 (d&](f3» +5 (dJJ(f3»- 35 (d.:J(f3» 

2 -I 

2 -2 I 2 2 1 I 
-2 2 5-5 (dri1(f3» +'7 (d&(f3»-TO (dJJ(f3) + 70 (d.:J(f3» 

"The tabulated expressions denote generalized Euler angles by n=(O,f3,O) 
and projection indices by (m',m). For m' or m=O, the Clebsch-Gordan 
series expansions contain 3-j coefficients that are zero for j =odd. 

The symmetry of the 3-j symbols implies that (ID~!m(nJl2) 
= (ID'!~. _ .. (0)1 2) = (ID~~.(nJl2) leading to nine distinct values as 
shown. If only even j terms are included then the inherent symmetries are 

(ID~.',"(n)12) = (IDi;"'Jlml(nW) = (ID~~,(nJl2) yielding six unique 
values as given by Eqs. (3.7) of Ref. 28. 

are calculated using the Boltzmann law, Eq. (2.39) of the 
text. The symmetry of the model implies that for an odd 
potential of mean torque G~~(D2;0)=G~)-n(D2;O) 
= 0<2)(D '0) which leads to nine unique values f5,43 For the np 2, . 

case of an even potential the odd polynomials vanish, and 
thus G~~(D2 ;0) = G~(lnl(D2 ;0) = G~~)(D2 ;0) yielding six 
distinct values as in Eqs. (3.7) of Ref. 28. 

Now in general the reduced correlation Junctions for re
stricted rotational diffusion can be written in terms of an 
infinite sum of exponentials, as described by Nordio and 
Segre,15 giving 

00 

g~~)(D2 ;t) = e -(DII- D.l)p2t ~ c~~,k)e-a~~.k)DLt. (B7) 
k=1 

Equivalently, the reduced spectral densities can be written as 
an infinite series of Lorentzians, 

2 (2.k) 
.(2)( A. ) _ ~ (2,k) t pn (B8) 

J pn H2, mwO - -'.J c pn 1+[ (2.k)]2 • 
k=1 mW07pn 

In the above expressions, a~~,k) denotes the kth eigenvalue of 
the diffusion operator, and c;;"·k) and ~~.k) are the relative 
normalized weight and correlation time for the kth relaxation 
component, respectively, obtained from numerical solution 
of the diffusion equation for an arbitrary potential of mean 
torque.72

•
75 One is then led to consider various single expo

nential approximations as a means of expressing the above 
results in closed form.28.75.79,122-128 According to Eqs. (B2) 
and (B7) the mean-squared amplitudes are exact, in which 
case the reduced correlation functions should correspond to 
the initial (t=O) and equilibrium (t=oo) limits, or equiva
lently the reduced spectral densities should have the correct 
integrated area. (i) An approximation yielding particularly 
simple results26.28.38 is to assume that all the eigenvalues of 
the diffusion operator are identical (strong-collision model) 
and are given by the time constants in the absence of order
ing (symmetric top approximation), where a~~·k)-+a~~)=6. 
(ii) AltemativeIy28.75 one can utilize the first nonzero eigen
value in the effective correlation times with a~~,k) -+ a~~); 
additional terms can be included.72

•
75 The zero-frequency 

spectral densities calculated using this approximation agree 
well with the exact results,75 although one can also use the 
full summations given by Eqs. (B7) and (B8). (iii) Another 
possibility is to require that the effective correlation time 
given by the area under the correlation function is exact, 
leading to the construction of time-dependent Pade approxi
mants as described by Lipari and Szabo. 127 Here the zero
frequency spectral densities correspond to the exact solu
tions. For the limiting case of a rectangular potential with 
infinite, reflecting barriers (diffusion in a cone) one obtains 
highly accurate closed-form expressions; again numerical so
lution is required in general. 127 (iv) A final approach is to 
require that the initial slopes of the correlation functions rep
resent the exact results.79 The initial values of the spectral 
densities in the frequency domain do not correspond to the 
exact solutions; whereas the areas are accurate and the lim
Itmg lIw2 dependence is reproduced. Consequently, 
11 7~~,k) -+ 1I7~~) in which the reciprocal effective correlation 
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TABLE VI. Moments iLm'm for a generalized potential of mean torque.a 

m' m Il-m'm 

0 0 6 6 ti& 72 J,4) - +-( (13»--( (13» 5 7 35 00 

0 I 
I 0 6 3 48 
0 -I 5 +7 (dl;](f3» + 35 (d~(f3» 

-I 0 

0 2 
2 0 6 6 J,2) 12 J,4) 
0 -2 5-7 ( 00(13»- 35 ( 00(13» 

-2 0 

I 6 I 3 32 
-I -I - +- (dW(f3»+- (ti&(f3»-- (dr2(f3» 5 2 14 35 

I 2 
2 638 

-I -2 5 +(dc2(f3»-7 (dl;](f3» + 35 (d~(f3» 
-2 -I 

2 2 6 6 2 
-2 -2 5 + 2(dc2(f3» +7 (dl;](f3»- 35 (d~(f3» 

-I 
6 I dW 3 J,2) 32 J,4) 

-} 5-2: ( (13»+ 14 ( 00(13»- 35 ( 00(/3) 

-2 
-2 6 3 8 
-I 2 5-(dc2(f3»-7 (dl;](f3» + 35 (d~(f3» 

2 -I 

2 -2 6 6 2 
-2 2 5-2(dc2(f3»+7 (dl;](f3»-35 (d~(f3» 

"Generalized Euler angles are indicated by n-(O,f3,O) and projection indices 
by (m' ,m). For m' or m =0, the Clebsch-Gordan series expansions contain 
3-j coefficients that are zero for j =odd. The symmetries for an odd restor
ing potential are iLm' m = iL - m' - m = iLmm' yielding nine distinct values. for 
an even potential, the odd Legendre polynomials vanish by symmetry. Thus 
iLm'm=iLlm'lIml=JLmm' leading to six unique values as given in Table lof 
Ref. 79. 

times are related to the weighted sums of the reciprocal time 
constants or eigenvalues obtained by solving the diffusion 
equation for an arbitrary potential (vide infra). This latter 
approximation is applicable to NMR relaxation measure
ments, and is sufficient for the present purposes. 

Within the single exponential approximation (iv), ana
lytical solutions for the time constants79 are then obtained for 
an arbitrary potential U(cos /32) as a function of the order 
parameters (d~d(/32»=(P/cos fi2». The effective correlation 
times -fp2J corresponding to the infinite exponential or 
Lorentzian series in Eqs. (B7) and (B8) are defined by 

~ =[a~~+(7JD-1)p2]D.L' (B9) 
Tpn 

Here the effective reciprocal time constants a~2J are given by 

(2) =" c(2,k) a(2.k) a pn .£..J pn pn 
k=l 

(BID) 

Following the clever approach of Szabo,79 the single expo
nential correlation functions represent exact solutions of the 
diffusion equation up to linear order in time, with JLpn given 
by [cf. Eq. (6.27) of Ref. 79] 

= / [dd~~(/32)]2) 
JLpn \ d/32 

(
p2+ n2- 2pn cos /32 (2) 2) 

+ . 2/3 [dpn (/32)] . 
sm 2 

(Bll) 

Evaluation of the moments JLpn can be simplified by using 
the powerful recursion relationships of special orthogonal 
SO(3) groups,129 viz. 

[ 
_~ _ (p - n cos /32)]d(j)(/3 ) 

d /32 sin /32 pn 2 

=[j(j+ l)-n(n+ 1)]1/2dV~+I(,B2)' (BI2a) 

[~ _ (p - n cos /32)]d(j)(/3 ) 
d/32 sin /32 pn 2 

=[j(j+ 1 )-n(n-1)]1/2dV~_I(/32)' (B12b) 

With these results one can relate the squared derivatives of 
the reduced Wigner rotation matrix elements to their squared 
values in terms of the Clebsch-Gordan series expansions, 
Eq. (B4). Adding the squares of these recursion relations and 
averaging, it is easily be shown that 

JLpn = n2([d~~(/32) f) - t{n2 + n - 6 ) ([d?,/+ 1(/32) ]2) 

-t{n2-n-6)([d?''>_I(/32)]2). (B13) 

Use of the Clebsch-Gordan series expansion defined in Eqs. 
(B4)-(B6) allows evaluation of each squared rotation ele
ment in terms of both even and odd rank order parameters. 
After collecting similar terms, one obtains as a simple result 
in closed form that 

+ 3c~2)C~2\db~(/32» - 4c~4)c~4)(dbi!(/32»' (B 14a) 

=(_1)(p+n)[6(; ~p ~)(~ ~n ~)(db9}(/32» 

+ 15(; 
2 

~)(~ 
2 ~)(dW(/32» -p -n 

+ 15(; 
2 

~)(~ 
2 ~)(db~(/32» -p -n 

-36(; 
2 

~)(~ 
2 ~) (dbi!(/32»]' -p -n 

(B14b) 

where the 3-j coefficients are utilized in Eq. (B l4b). 
Expressions for the moments JLpn as a function of the 

order parameters (d~d(/32» for a general potential of mean 
torque are given in Table VI, in which (m' ,m)=.(p,n) and 
/3=' fi2, and enable the inherent symmetry relations to be eas
ily seen. From Eqs. (B4)-(B5) and (B 14) the moments JLpn 

J. Chem. Phys., Vol. 101, No.6, 15 September 1994  This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.196.212.145 On: Mon, 28 Oct 2013 00:06:22



Trouard, Alam, and Brown: Angular dependence of R 1Z in oriented DLPC bilayers 5259 

have identical symmetries to the mean-squared moduli 
(ID:;'/(n2)12>=([di,~>CB2)12>. For the general case of a po
tential having terms with odd parity, both even and odd j 
terms are present in the expansions of the effective correla
tion times ~~); whereas for a potential having even parity 
only eren j terms appear.28 The reduced effective time con
stants bi,/= 61 a~~) as a function of the order parameter 
(dli/(f12) are described by the generalized plots in Fig. II 
where (m',m)=(p,n) and /3=/32; results are included for 
both an eren potential, U(cos /32)=}..2 cos2 132, and an odd 
potential, U(cos f12)=}..1 cos flz. Comparison with Fig. 2 of 
VoId and Vold72 shows that the weighted sum of reciprocal 
time constants or eigenvalues in Eq. (B 10) replaces the pre
dominantly biexponential behavior for the (0,0), (0,2), and 
( I , I) modes, and proves superior to the first non-zero eigen
value approximation utilized earlier by this group.28,33,38 

It follows that the mean-squared amplitudes and reduced 
spectral densities of the functions F~7/(n2 ;mwo) can be fac
tored into terms that are of even or odd parity, i.e., even or 
odd functions 130 with respect to inversion through the origin. 
From Eq. (B3) these can be written as 

F;'/(D. 2 ;mwo) 

= [G( 2)( n . O)even+ G(2)(n 'O)odd] 
pn 2, pn 2, 

X[j·(2)(D. 'mw )even+ j .(2)(n 'mw )odd] pn 2 ' 0 pn 2 , 0 , (BI5) 

where the parity of the j~~)(n2 ;mwo) is governed by the 
effective correlation times ~~). For the case of a lipid mono
layer, Eq. (B 15) implies that F~~)(n2 ;mwo) 
=F'!~-n(n2;mwO) leading to 13 possible relaxation 
modes. 15 But for a lipid bilayer (D ech symmetry) the two 
monolayers are related via the parity operator P, thereby 
removing odd contributions to Eq. (BI5). Alternatively, the 
odd terms cancel mathematically in the double summation 
LpLn of Eq. (AI), reflecting the even parity with respect to 
the magnetic field Bo. In this manner only the even parts of 
the spectral density factors F~~)(n2 ;mwo) appear, which are 
given by 

F(2)(n 'mw )even pn 2, 0 

= [(ID~~>cn2)12> -1(D~~)(n2) W OpoOnoren 

Xj·(2)(n . m w )even pn 2, 0 

(B 16) 

as presented earlier; 15 the factor I<Db~(n2»12 is even. 
Equation (B 16) is an embodiment of the ergodic hypoth

esis of statistical mechanics, in which the second term on the 
right quantifies the difference between the results for an 
even28 versus an odd15,43 potential of mean torque. Here, 

(B 17a) 

(BI7b) 

in which r(2)sum == r<2)even + r(2)odd and similarly r(2)diff pn pn pn pn 
== r(2)even - r(2)odd The even and odd parts of the correlation pn pn' 
times are given by 

DJ. ' 
(B 18b) 

where 

(BI9a) 

modL - /L~~en(ID~~)(n2W>odd+ /L~~d[ (ID~~)(n2W>-I(D~~)(n2) W opOonoren 

a pn - {[ (ID;;,/(n2w> -1(D1~(a2) W opoono]even}2-{(ID~~)(n2W>Odd}2 (BI9b) 

The even and odd parts of the mean-squared amplitudes 
(ID~~'(n2)11>=([d~;,l(/32)f) and moments /Lpn are ob
tained from Tables V and VI by inspection. Note the parity of 
Eq. (BI6) implies that F~)(n2;mwO)even 

=Fj;I'lnl(n 2 ;mwo)even. The higher symmetry of a lipid bi
layer (D xh ) in comparison to a monolayer was missed by 
Halle;B who apparently overlooked the well-known fact that 

the "up" and "down" orientations of the director are 
indistinguishableYI Consequently, the maximum number of 
modes observable using NMR relaxation is reduced from 13 
to 9, and is the same regardless of whether an even28 or 
odd15.43 potential of mean torque is utilized. The relative in
sensitivity of the 2H NMR relaxation to the form of the po
tential was noted long ago.18

,72 Due to the overall even parity 
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of the laboratory frame spectral densities J m(mwO) with re
spect to the magnetic field Bo, only j=even terms are in
cluded in the D3==DDL transformation. 15
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