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The ~resen~ study compares and interprets the I H, 2H, and 13e spin-lattice (Td relaxation times of 
l,2-dipalmltoyl-sn-glycero-3-phosphocholine (DPPC), in the liquid crystalline phase, in terms of 
models for the molecular dynamics of lipid bilayers. The IH TI times ofthe DPpe bilayer 
hydrocarbon region at two frequencies and 13e TI data at seven frequencies, for which the 
relaxation is dipolar in origin, as well as the 2H TI data at three frequencies, due to the 
quadrupolar interaction, can be unified and interpreted in terms of a collective model for order 
fluctuations. In normalizing the 13e TI data to the IH and 2H TI values, a vibrationally corrected 
13e IH d' ta f-D 1 0 - IS nce parameter 0 rCH = .14 A has been assumed, rather than the equilibrium bond 
length of 1.09 A. The analysis suggests that the behavior of the individual acyl chain segments of 
lipid bilayers, in the liquid crystalline phase, is similar to that of molecules in nematic fluids. 

I. INTRODUCTION 

ean the NMR relaxation data for different nuclei in 
lipid bilayers, i.e., IH, 2H, and 13e, be interpreted quantita
tively and self-consistently in terms of a single model for 
spin-lattice relaxation? In Ref. I, and in the preceding pa
per,2 we have discussed various models which can be used to 
analyze the molecular dynamics of lipid bilayers in terms of 
the quadrupolarl and dipolar relaxation mechanisms. If 
such a unified development is possible, then our confidence 
in the relaxation analysis for each of the nuclei is bolstered, 
and the underlying physical significance is enhanced. Pre
vious work has tended to focus on the relaxation behavior of 
a single nucleus at one, or at most two, frequencies (magnetic 
field strengths); for earlier leading references, cf. Refs. 1 and 
2. Here our objective is to show how, for the hydrocarbon 
region of bilayers of 1,2-dipalmitoyl-sn-glycero-3-phospho
choline (DPPC),3 in the liquid crystalline state, the TI relaxa
tion data for IH at two frequencies,4 2H at three frequen
cies,5.6 and 13e at seven frequencies7 can be interpreted in 
terms of a collective model for order fluctuations of the indi
vidual acyl chain segments. I,2,6--IS Since the magnetogyric 
ratios of each of these nuclei are different, the reported stud
ies together encompass 12 different frequencies, spanning 
the range of 14-220 MHz. In addition, since the 13e relaxa
tion depends on the sum and difference of the 13e and IH 
frequencies, spectral density terms at up to 
VH + Vc = 500 + 126 = 626 MHz are included in the anal
ysis. 

II. THEORY 

It is first useful to summarize the results of the preced
ing paper2 for dipolar relaxation, as well as those of Ref. 1 for 

-) Preliminary accounts of this work were presented at the Fifth Annual 
Conference on Molecular Structural Methods in Biological Research, 
Stanford University, November, 1979, and the Tenth International Con
ference on Magnetic Resonance in Biological Systems, Stanford U niversi
ty, August, 1982. 

b) Alfred P. Sloan Research Fellow. 

the case of quadrupolar relaxation. We shall focus our atten
tion on the relaxation of IH and 13e (dipolar relaxation 
mechanism) and 2H (quadrupolar relaxation mechanism) in 
lipid bilayers and biomembranes; the results can be general
ized to other nuclei as well. We will also write the relaxation 
expressions in a somewhat more compact form for future 
reference, and will only consider the simplest case of the 
orientally averaged relaxation rates. As mentioned in Refs. 1 
and 2, the dependence of the TI relaxation times on the angle 
P II' between the bilayer normal and the main magnetic field 
direction (cf. Fig. 1 of Ref. 1) can be lost, Le., averaged during 
the time course of the relaxation (ms-+s), by rapid tumbling 
of small vesicles in aqueous suspensions, or in multilamellar 
dispersions by lateral diffusion of phospholipids about their 
curved surfaces or by liposome tumbling. 6 

In Refs. 1 and 2, the observed spin-lattice relaxation 
rates of lipid bilayers are given in terms of independent con
tributions from fast or local segmental motions, in addition 
to slower motions of a more long-range nature; that is by 

(2.1) 

In Eq. (2.1), T .:/ andT 1-; I denote the spin-lattice contribu
tions from the fast and slow motions, respectively, where 
cross correlations are ignored. The local motions are pre
sumed to be diffusive in nature, and thus analogous to those 
of simple fluids, but restricted in their amplitude due to the 
presence of an ordering potential. Two models for the slow 
motions can be considered: (i) a simple one correlation time 
model in which long-range cooperative motions are not ex
plicitly considered; we term such a model "noncollective" 
for this reason; and (ii) a collective model in which the slow 
motions are described by a continuous distribution of bilayer 
disturbances, leading to an (;) 1- 112 frequency dependence. 

For each of the models considered, the short correlation 
time limit will be assumed for the local segmental fluctu
ations. Thus, the contribution to the dipolar or quadrupolar 
relaxation rates will be directly proportional to the effective 
correlation time t-p of the fast motions. For a noncollective 
model, in which the correlation time ';'2) for the lower fre-
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quency fluctuations is assumed to fall into the slow motional 
limit (cf. Sec. IV A of Ref. I,Secs. IV A.l and IV B.l of Ref. 
2), the results for the orientationally averaged spin-lattice 
relaxation rates can be written as 

(lITI )n- ~A {[l- (SCH)~'] rj) 
+ B '(ScH)~.(1 - S~.) -r.2)- I CUI-

2
}, 

~Ar/) + BS~H (1 - S~.) r.2)-1 CUI-
2 . 

(2.2a) 

(2.2b) 

Here A and B ' are constants characteristic of the particular 
nuclei, e.g., IH, 2H, or 13e, as given in Table I, and CUI de
notes the resonance frequency at a given magnetic field 
strength (CUI = YI Bo). In the following it will be helpful to 
refer to Fig. 1 of Ref. 1. The brackets ( ) n- indicate that the 
relaxation rates are averaged over all bilayer orientations 
with respect to the main magnetic field Bo, characterized by 
the Euler angles [J"'. Equations (2.2a) and (2.2b) correspond 
toEqs. (3.20) and (4.10) of Ref. 1 and to Eqs. (3.2), (3.1S), and 
(4.8) of Ref. 2. In Eqs. (2.2a)-(2.2b), 

(ScH)n-=(d~(P "";t) = ~ (3 cos2 P ""(t) - 1) 

denotes the bond segmental order parameter averaged over 
the fast motions only, i.e., Euler angles [J '(t ), and 

Sp.==(d~(P",t) =! (3cos2 P"(t)-1) 

is an order parameter which describes slower fluctuations in 
the ordering set up by the faster motions. 16 As discussed in 
Sec. II B of Ref. 1, 

(ScH)n' = (ScH)n·/Sp. , 

where (SCH )n . =SCH is the observed bond segmental order 
parameter, i.e., including the additional averaging by any 
slow motions which may be present. In Eq. (2.2b), it is as
sumed that (SCH)~' < 1 , where B ==AB ' IS ~. . The above 
expressions are analogous to those used to analyze the con
tributions from segmental and overall motions to the relaxa
tion of proteins, polypeptides, and other macromole
culesI7-24; for the case oflipid bilayers l

•
2 the analysis is more 

general owing to their characteristic symmetry properties. 
Assuming a collective model for the slow motions (Sec. 

IV B of Ref. 1, Secs. IV A.2 and IV B.2 of Ref. 2), we have in 
general for the orientationally averaged spin-lattice relaxa
tion rates that 

(2.3a) 

(2.3b) 

where small amplitude order fluctuations are as
sumed. I,2,9,lI,12 Here 

C=kT[ij hrK 3/2 Ji 
as discussed in Sec. IV B of Ref. 1, and 

SCH=(ScH)n· = (SCH)n- Sp .. 

Equations (2.3a) and (2.3b) correspond to Eqs. (3.20) and 
(4.19) of Ref. 1, and to Eqs. (3.2), (3.1S), and (4.14) of Ref. 2. 
In Eq. (2.3b) it is assumed that (ScH)~,<I, where 
B ==AB'C IS~ . . For both the noncollective and collective 
models, the constants A and B' appropriate for the IH, 2H, 
and 13e T 1- I relaxation rates of lipid bilayers are summar
ized in Table I. 

Now, irrespective of whether a collective or noncollec
tive model is assumed, the observed T 1- I rates for the case of 
dipolar ( IH,I3C) or quadrupolar ( 2H) relaxation can be ap
proximately written as 

(2.4) 

(T 1-:; I)nonn denotes the normalized contribution from the 
slow motions to the relaxation rates of the IH, 2H, and \3e 
nuclei, and .is given by 

(lITI.)nonn = (lIAB')[(IITd - (IITlf )], (2.Sa) 

= (lIB')[(lIATI ) - r)] . (2.Sb) 

In the above equations, (11 AB') is the normalization con
stant for the slow motional contribution; A depends on the 
nucleus employed and B ' depends on both the nucleus and 
the nature of the model assumed for the slow motions; cf. 
Table I. Note that the above normalization is only possible if 
collection of the spectral density terms and factoring of the 
frequency contribution is possible in the relaxation expres
sions, e.g., if an cu 1- 112 or cu 1- 2 dependence is assumed. Equa
tions (2.Sa) and (2.Sb) have the same functional form for the 
various nuclei with respect to (i) frequency and (ii) ordering. 
In terms of the two models, we then have that: 

Noncollective: 

(lITI.)nonn =(SCH)~' (1-S~.)-r.2)-ICUI-2, (2.6a) 

Collective: 

(lITI.)nonn = C(SCH)~' CUI- 112. (2.6b) 

III. COMPARISON TO EXPERIMENTAL DATA 

From Eqs. (2.6a) and (2.6b), it is apparent that there are 
two ways to conveniently normalize the Tl data obtained for 

TABLE I. Summary of orientationally averaged T ,- , results for dipolar" and quadrupolarb relaxation oflipid bilayers (cf. text). 

Nucleus 

'H"c 

2H, 14W 
l3C"c 

• Reference 2, 
b Reference L 

A 

3/2(r:.~~~)2 

3/8(elqQ IfI)2 

NH(YcYH~~~)2 

B • (Noncollective) B' (Collective) 

2/5 3/10( 1 + 2../2) 

2/5 3/10(1 + 2../2) 

l/10[(yHIyc - 1)-2 + 3 + 6(yHIyc + q-2] 3/20[(yHIyc - 1)-'/2 + 3 + 6(YHIyc + 1)-'/2] 

c Illtrasegmental contribution assuming constant internuclear distances ~H for I H NMR and ~H for 13e NMR. For the case of 13e NMR, N H denotes the 
number of directly bonded protons; all other symbols are defined in the text or have their standard meanings. 
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the acyl chain segments of the DPPC bilayer4-7 employing 
different nuclei at different resonance frequencies, assuming 
either a noncollective model for the slow motions in the long 
correlation time regime [Eqs. (2.2)] or a collective model 
[Eqs. (2.3)]. One can plot (i) the functions (j)/ 2(T 1-; I)nonn or 
(j) / 112( T 1-; I )nonn vs (SCD f , corresponding to the noncollec
tive or collective models, respectively, where SCD ( = SCH) is 
the bond segmental order parameter from 2H NMR stud
ies.5.25.26 Alternatively (ii), one can plot the function 
(SCD) - 2(T i; I )nonn VS (j) j- 2 (noncollective model) or (j) j- 112 

(collective model). Such a procedure assumes that the ampli
tude of the fluctuations in the local ordering, given by Sp" is 
similar for the different acyl chain segments of the bilayer 
hydrocarbon region. We shall adopt the former approach. 

Figure 1 shows plots of the function (j) / 112( T 1-; I )nonn vs 
(SCD)2 for the DPPC bilayer assuming the collective model, 
where (T 1-; I)nonn is given by Eqs. (2.5) and Table I. In nor
malizing the 2H TI data, a value of (e2qQ /h ) = 170 kHz has 
been taken for the quadrupolar coupling constant26

; an effec-

Con1>orlson 01 13C and 2H Tjl Rate. for CPPC - Collecllve Model 

15.-----~----~~------~----~------, 

10 

a) 13C NMR (Brown et 01 .• 1983) 
15-126 MHz 
.-50·C 
x- 65·C 
.. -80·C 

'0 - 5 .. 
E 

.J 
II) 

..... -
:::: 0 

~ 
+ ... b) 2H NMR (Brown el 01.. 1979; Brown and Cavls, I9BI) 

14- 54 MHz 3 

10 

5 

o 

• _ 50°C 
.. - other temperatures 
&-BO"C . .x.. 

)I." •• 

~.: 
.~ll • 

:./"'. x 

x~ 
....... llt x 

~ 
./ :x 

.. 

FIG. 1. Plots of the function (J)/ I/Z(T I~ I).onn vs (ScDf for DPPC in the 
liquid crystalline phase at different temperatures, where (T I~ I ).onn denotes 
the normalized contribution to the acyl chain segmental spin-lattice relaxa
tion rates assuming a collective model. Due to the large number of data 
points, the different acyl chain segment positions are not distinguished. In 
normalizing the data the following values have been used: r C = 6.728 X 10' 
rad S-I G-I;rH = 2.675 X 1000rad S-I G-I;and(~qQ/h) = 170kHz. An 
effective internuclear distance of ~H = 1.14 A has been assumed; cf. text. 
In panel (a) the \3C TI data of Fig. 8 of Ref. 2 are replotted for all tempera
tures and frequencies; the points now fall on a single straight line. In panel 
(b) the analogous zH TI data for specially deuterated DPPC multilamellar 
dispersions at resonance frequencies of 13.8,34.4, and 54.4 MHz (Refs. I, 5, 
and 6) are plotted. The plots and least squares lines through the data in (a) 
and (b) are superimposable within experimental error. 

tive I3C-IH bond distance of ~H = 1.14 A has been used in 
normalizing the 13C TI data for reasons to be discused short
ly. In addition, an average value of -rtjl = 1 X 10- 11 s over the 
range of temperatures employed has been assumed. While 
-rt}) is expected to vary with both the (i) acyl chain segment 
position and (ii) temperature, the relatively close agreement 
of the intercepts of the plots of(N H T})-I vs either (j)j- 112 or 
(S CD f, for the case of the 13C data in Figs. 7 and 8 of Ref. 2, 
together with the relatively small values of the (NH Tlf)-I 
contribution, imply that for the collective model significant 
error will not be introduced by taking an average over all 
segment positions and temperatures. The 13C TI data7 for 
the acyl chain resonances of small unilamellar DPPC vesi
cles at seven frequencies (magnetic field strengths) are shown 
in the upper panel (a) of Fig. 1; the lower panel (b) shows the 
corresponding 2H TI results5

,6 for specifically deuterated 
DPPC multilamellar dispersions at three frequencies. (Only 
small differences are observed in the TI relaxation times of 
vesicle suspensions compared to unsonicated multilamellar 
dispersions; cf. Ref. 5). In each case, a linear relationship is 
apparent, in agreement with Eq. (2.6b) for the collective 
model. The observed linear dependence implies that the am
plitude of the order fluctuations, characterized by the order 
parameter Sp. , is similar for the various acyl chain segments 
of the DPPC bilayer. If the same data are plotted as 
(j)/ 2(T 1-; I)nonn VS (SCD)2 according to Eq. (2.6a), i.e., for the 
noncollective model in the long correlation time limit, then 
nonsense results. Thus, a noncollective model of the type 
suggested previously27,28 can be clearly eliminated, as con
cluded in Refs. 1 and 2. 

It should be noted that in panel (a) of Fig. 1 we have 
simply replotted the 13C TI data in Fig. 8 of Ref. 2 by assum
ing an (j) j- 112 frequency dependence; the normalized data for 
each of the seven frequencies are now superimposable within 
experimental error. Likewise, the 2H TI data and least 
squares fit of panel (b) of Fig. 1 are superimposable upon the 
13C TI data of panel (a); the large number of data points is the 
only reason that the results are presented separately. Thus, 
we can claim to have unified the 2H and 13C TI data for the 
DPPC bilayer, since the results for all the hydrocarbon chain 
segments (excluding the interfacial C-2 position), at all tem
peratures andfrequencies for the two nuclei, can be shown to 
fall on a single straight line when a collective model is as
sumed and the data are normalized using Eqs. (2.5) and 
(2.6b). However, a noncollective model could also account 
for the data near a TI minimum for the slow motions (cf. Ref. 
2), and thus relaxation time measurements are needed over a 
wider frequency range to unequivocally distinguish the two 
interpretations. 

In Fig. 2 we show plots vs (j) j- 112 of the I H, 2H, and 13C 
TI data obtained for the DPPC bilayer, in the liquid crystal
line state at 50·C and 12 frequencies, normalized in accord 
with the collective model using Eq. (2.5). In addition to the 
2H and 13C TI results discussed in conjunction with Fig. 1, 
we have now included the IH TI data of Kroon et aZ.4 for the 
acyl chain (CH2)n resonance, corresponding to the C-3 to c
IS segments, of vesicles of (protonated) DPPC mixed with 
DPPC-d62 at two frequencies (100 and 220 MHz). In the 
latter studies the intermolecular contribution has been eli-

J. Chern. Phys., Vol. 80, No.6, 15 March 1984 
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• - 1 H NMR (Kroon et 01.1976); C-3 to C-15 S8vmentS 

••••• _2H NMR (Brownetal., 1979; Brown a Davis, 1981l; C-4, C-8,C-12 se<pnents 
o_l3c NMR (Brown" al., 1983); C-4 to C-13 S8Qments 

ZZO IZlllOOto 75 54 45 54 25 

• 5 

5 

0L-~~--~----5~~~------~170~~~ 

W-1/2 X 105 
I 

FIG. 2. Plots of the normalized contribution from slow motions to the acyl 
chain segmental IH. 2H, and BC T ,-' relaxation rates, for DPPC in the 
liquid crystalline phase at 50 ·C, as a function of {d [- '/2 assuming a collective 
model; cf. text. (x) 'H T, data (Ref. 4) for (CH21. resonance of vesicles of 
10% (protonated) DPPC/90% DPPC-d62 (intrachain contribution only, 
corresponding to C-3 to C-IS segments); (e), (.), (_). 2H T, data (Refs. 5 
and 6) for C-4. C-8, and C-12 segments, respectively. of DPPC multilamel
lar dispersions; (0). BC T, data (Ref. 7) for (CH2). resonance of DPPC vesi
cles (corresponding to C-4 to C-13 segments). An 'H-'H internuclear dis
tanceof I. 78 A and aquadrupolar coupling constant of(e2qQ / h ) = 170 kHz 
have been used. In the top panel (a), an effective BC_'H distance of 
~H = 1.14 A has been assumed in normalizing the 13C T ,- , rates; in the 
bottom panel (b) ~H = 1.09 A , i.e .• the equilibrium bond distance has been 
used. 

minated by isotopic dilution, and thus the T, relaxation is 
due predominantly to the intrachain 'H dipolar interac
tions.4 

In normalizing the 'H i\ data for the acyl chain CHz 
groups, a value for the geminal 'H_'H distance of 
~H = 1.78 A was usedz9.30; for the 2H T, data a value of 
(eZqQ I h ) = 170 kHz was taken for the quadrupolar coupling 
constant as mentioned previouslyZ6; cf. Table I. Some uncer
tainty exists, however, as to the appropriate value of ~H to 
be used in calculating the dipolar coupling constant for the 
case of the 13C T, values. In the top panel (a), a value for the 
effective I3C-'H bond distance of ~H=(rcJ) -1/3 = 1.14 
A has been used to calculate the dipolar coupling constant. 
As discussed in further detail elsewhere,z9.31.3z displace
ments due to vibrational modes can lead to effective I3C-1H 
bond distances which are longer than the normal equilibri
um value of 1.09 A. The choice of ~H = 1.14 A for the case 

of a CHz group now appears to be supported by a recent 
direct determination of the 13C-1H dipolar coupling con
stant employing solid-state NMR techniques.33 When the 
13C data for the hydrocarbon region of the DPPC bilayer are 
normalized according to Eq. (2.5) using a value of 
~H = 1.14 A and plotted vs OJ]- 112, the data for the three 
nuclei, viz I H, 2H, and 13C, are seen to fall on a single straight 
line [Fig. 2(a)]. Thus a collective model is capable of explain
ing the presently available TI data for the hydrocarbon re
gion of the DPPC bilayer, with' the proviso that 

~H = 1.14 A . 
If we alternatively choose ~H = 1.09 A, i.e., the equi

librium bond distance is assumed, then the results shown in 
panel (b) of Fig. 2 are obtained. In this case, the normalized 
13C TI data do not fall on the same line as the normalized IH 
and zH TI values, and we conclude that the choice of 
~H = 1.14 A better describes the results for the case of the 
collective model. For the DPPC bilayer at 65 and 80 ·C, 
results similar to those in Fig. 2 are obtained (not shown). By 
contrast, if the noncollective model in the long correlation 
time regime is assumed, and the normalized TI data plotted 
vs OJ]- 2 , curved lines are obtained in all cases (not shown; cf. 
Ref. 7). Thus, we again conclude that such a modelz7.z8 is not 
in accord with these most recent TI results. 

It should be mentioned that the disparity between the 
IH and zH results, on the one hand, and the 13C TI data, on 
the other [Fig. 2(b)], could also rise from anyone of several 
assumptions inherent in the analysis of the TI data for the 
various nuclei. Thus, it is perhaps reassuring that a relatively 
simple analysis of the data appears to be possible. For the 
case of the IH T, values, we have only considered the intra
segmental contribution to the relaxation. Although as much 
as 80% of the observed residual second moment M 2r of the 
multilamellar DPPC dispersions is believed to be intraseg
mental in origin/a neglect of IH dipolar interactions 
between the various CHz groups of a given chain could intro
duce a significant error into the results. In addition, it is 
uncertain as to what extent the intra- and the intersegmental 
I H dipolar interactions contribute to M 2r averaged over the 
fast motions only, which would then be modulated by the 
slow motions to provide the additional relaxation contribu
tion; cf. Sec. IV A of Ref. 2. For the case of zH NMR, we 
have further neglected the possibility of zH isotope effects in 
comparing the motion of the 12C-zH2 groups to that of I3C_ 
1Hz groupS34-36; these might lead to longer apparent correla
tion times for the zH nucleus, corresponding to an increase in 
the normalized 2H T 1- I rates relative to those for 13C as 
observed [Fig. 2(b)]. In this respect it is encouraging that the 
normalized IH and zH T 1- 1 rates fall on the same line [Fig. 
2(b)], in spite of the different assumptions inherent in the 
analysis for each nucleus. Also, for the case of the IH and 13C 
TI values, the relaxation is averaged over a fairly substantial 
number of chain segments corresponding to the unresolved 
(CHz)n resonances; the zH TI data by contrast refer to DPPC 
with specifically labeled acyl chain deuteromethylene 
groups. Finally, since the 'H and 13C TI data are for vesicles 
ofDPPC, whereas the zH TI data are for DPPC multilamel
lar dispersions, it is always possible that small systematic 
differences in the TI values of the two systems exist which 
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may have been previously overlooked. With the above reser
vations, the fact that the T J data for each ofthe three nuclei 
can be explained in such a simple and internally consistent 
manner by a collective model is encouraging. It suggests that 
we have indeed been successful in accounting for many of the 
important motional features influencing the spin-lattice re
laxation of the hydrocarbon chain segments of DPPC in the 
liquid crystalline state. 
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