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Frequency dependence of spin-lattice relaxation times of lipid bilayers 
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2H and l3C spin-lattice (Td relaxation time studies of 1,2-dipalmit~yl-sn-gly~ro-3-phospho
choline (DPPC) in the lamellar, liquid crystalline (La) phase are discussed. It IS shown that the 
T I- I results as a function of Larmor frequency (do are statistically better described by an (do 1/2 

dependence than by an (do I or (do- 2 dependence. 

The measurement and interpretation of the nuclear 
spin-lattice (Td relaxation times of lipid bilayers have at
tracted much recent interest (for citations to earlier litera
ture see Ref. 1). The goal of such studies is to determine the 
type of model which best describes the structural dynamics 
of these and related anisotropic systems, to define the physi
cally significant parameters, and to characterize the in
fluences of proteins and cholesterol on the rates and ampli
tudes of the molecular motions. Recently it has become clear 
that the reorientations of the acyl chains of the saturated 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DppC)2 bilayer, 
in the liquid crystalline (La) state, have aspects which cannot 
be explained by a simple liquid-like diffusion picture. 1,3-9 
Rather, it appears that a distribution of motions with charac
teristic time scales and amplitudes must be considered. 1,3-16 

Experimentally, it is observed that the spin-lattice relax
ation rates (T 1- I) of lipid bilayers decrease with increasing 
resonance frequency (do, i.e., increasing magnetic field 
strength.s-7,17 Three broad classes of models which describe 
the influences of relatively slow fluctuations in the local or
dering set up by faster segmental motions have been dis
cussed. By analogy with nematic and smectic liquid crystals, 
such motions are termed director or order fluctuations. 18 
The first is a simple Lorentzian model, in which the slow 
motions fall into the long correlation time regime, leading to 
an (do- 2 frequency dependence. I,3,8,9 In the second type of 
model, the director fluctuations are viewed to be intrinsical
ly long range in nature and to be described by a continuous 
distribution of elastic or first order relaxation modes, result
ing in an (do 112 dependence. 1,5,8,9,11,19 Thirdly and most re
cently, Marqusee et al.20 have proposed that the reduced 
dimensionality of membrane systems should be considered 
in terms of an interfacial collective model, which predicts an 
(do I dependence.21 It should also be noted that the presence 
of director fluctuations of significant amplitude due to elas
tic tilting modes in lipid bilayers has been questioned.22,23 As 
a fourth alternative, Kimmich and co_workers22,24,25 have 
proposed a model which attributes the relaxation dispersion 
to the one-dimensional diffusion of rotameric defects such as 
kinks (g ± tg =F ) along the hydrocarbon chains. Such a model 
predicts an (do- 112 frequency dependence in the MHz regime 
and an (do- 3/2 dependence at higher frequencies. 22 Thus, as
suming that the frequency dependence of the 2H and l3C 
NMR spin-lattice relaxation rates of lipid bilayers in the 
MHz regime6,7,14,26 can be described by a power law of the 
form8 

0) Alfred P. Sloan Research Fellow. 

1/TI = rl(do- Y2 + r3' (1) 

where the rl are adjustable parameters, the theoretically 
predicted values for r2 are 1/2 (collective and defect diffu
sion models), 1 (interfacial collective model), and 2 (Lorent
zian or noncollective model). 

Table I summarizes the results of nonlinear regression 
fitting of the 2H T I- I relaxation rates of multilamellar disper
sions of DPPC in the La phase (51°C) as a function of the 
Larmor frequency (do according to Eq. (1). The results of 
similar l3C T I- I studies are also included and will be dis
cussed shortly. The DPPC was specifically deuterated at the 
C-4 and C-8 fatty acyl chain segment positions. 14,15 For the 
case of 2H NMR, the spin-lattice relaxation mechanism is 
intramolecular and arises from orientational fluctuations in 
the quadrupolar interaction of the 2H nucleus with the elec
trostatic field gradient of the C-2H bond. The data corre
spond to the results of two separate studies of the same sam
ples using three different NMR spectrometers.6,14 The TI 
values as 13.8 and 34.4 MHz6 were obtained using the inver
sion-recovery method, whereas those at 54.4 MHzl4 were 
measured by progressive saturation assuming that T2<TI • 

In fitting the 2H T I-
I results to Eq. (1) an exponent - r2 of 

either - 1/2 or - 1 has been assumed, corresponding to an 
(do- 112 or (do- I dependence. (Since only three frequencies are 
available it is necessary to constrain one of the fitting param
eters.) Based on the values of the reduced chi-square, X~, the 
2H T I- I data for the C-4 segment position appear better fit by 
assuming an (do- 112 dependence, whereas the data for the C-8 
position are better fit by an (do- I dependence (Table I), Figure 
1 shows plots of the logarithm of the 2H spin-lattice relaxa
tion rates TI- I obtained for the multilamellar dispersions of 
specifically deuterated DPPC vs the logarithm of the reso
nance frequency (do. The results of fitting the data for the C-4 
and C-8 segment positions to the (do- 112 and (do- I frequency 
dependences with the parameters of Table I are shown. At 
present it is not possible to distinguish the two models based 
on the 2H NMR results alone (Table I; Fig. 1) due to the 
limited number of frequencies which are available; the data 
disfavor an (do- 2 dependence, however. I Further 2H NMR 
studies are clearly desirable. 

More extensive TI- I data as a function offrequency are 
available from l3C NMR studies of small unilamellar vesi
cles of DPPC in the liquid crystalline phase.7,26 For the case 
of 13C NMR, the spin-lattice relaxation is intramolecular 
and due to orientational fluctuations in the direct dipolar 
interaction between the covalently bonded 13C and IH nu
clei. NMR studies of vesicles are advantageous in that one 
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466 Brown 9t al : Spin-lattice relaxation of lipid bilayers 

TABLE I. Nonlinear regression fitting parameters of 2H and 13C TI data for DPPC in liquid crystalline state to Eq. (1) with exponent held f1xed ... b 

Temperature 
Nucleus Sample Segment" iC) YI Y2

d Y3 x! 
2H Multilamellar C-4 51 32.27 ±2.29 1/2 12.92 ± 1.68 0.0877 

dispersions· C-8 30.11 ± 1.85 1/2 9.655 ± 1.356 4.008 

C-4 51 18.90 ± 1.35 25.98 ±0.79 1.638 
C-8 17.51 ± 1.07 21.96 ±0.63 0.3321 

13C Small uni- Cy 50 0.5158 ± 0.0463 1/2 0.9099 ± 0.0237 3.893 
lamellar Cif 2.978 ± 0.374 1/2 0.3788 ± 0.1444 2.822 
vesiclesr Ca 3.298 ± 0.341 1/2 0.4732 ± 0.1308 3.328 

C-2 5.013 ± 0.599 1/2 0.2072 ± 0.2299 1.481 
C-3 2.488 ± 0.326 1/2 0.7449 ± 0.1385 0.8055 
C-4to 
C-13 2.368 ±0.085 1/2 0.2667 ± 0.0474 2.887 
C-14 1.566 ±0.172 1/2 0.0199 ± 0.0681 0.4402 
C-15 0.6840 ± 0.0520 1/2 0.0821 ± 0.0260 11.27 
C-16 0.1163 ± 0.0190 1/2 0.1775 ± 0.0135 3.150 

Cy 50 0.3682 ± 0.0340 1 1.052 ± 0.014 6.556 

Cif 2.278 ± 0.302 1 1.165 ± 0.054 5.355 
Ca 2.556 ± 0.279 1 1.338 ± 0.048 7.230 
C-2 4.297 '± 0,546 1 1.470 ± 0.089 4.526 
C-3 1.930 ± 0,255 1 1.406 ± 0.062 1.089 
C-4to 
C-13 1. 708 ± 0.062 0.9547 ± 0.0268 16.23 
C-14 1.344 ± 0.151 0.4153 ± 0.0276 1.867 
C-15 0,5611 ± 0.0426 0.2665 ± 0.0134 10.89 
C-16 0.0799 ± 0.0129 0.2149 ± 0.0079 2.841 

C y 65 0,2161 ± 0.0432 1/2 0.6997 ± 0.0210 11.65 
Cif 1.505 ± 0,222 1/2 0.4940 ± 0.0896 2.511 
Ca 1.701 ± 0.238 1/2 0.5755 ± 0.0954 0.6694 
C-2 3,024 ± 0.414 1/2 0.7655 ± 0.1943 2.803 
C-3 2.134 ± 0,244 1/2 0.5322 ± 0.0990 0.5505 
C-4to 
C-13 1.719 ± 0.062 1/2 0.2547 ± 0.0249 17.90 
C-14 0.7605 ± 0.0983 1/2 0.1424 ± 0.0482 2.075 
C-15 0.4100 ± 0.0451 1/2 0.1252 ± 0.0276 2.580 
C-16 0.0936 ± 0.0215 1/2 0.1357 ± 0.0176 1.957 

Cy 65 0.1571 ± 0.0328 1 0.7603 ± 0.0110 12.49 

Cif 1.157 ±0.173 1 0.8885 ± 0.0376 2.911 
Ca 1.278 ±0,181 1 1.023 ± 0.040 1.261 
C-2 2.205 ± 0,314 1 1.596 ± 0.100 4.478 
C-3 1.670 ± 0.193 1 1.087 ± 0.042 1.195 
C-4to 
C-13 1.301 ±0.049 0.7114 ± 0.0100 38.57 
C-14 0.6147 ± 0.0793 0.3446 ± 0.0253 1.931 
C-15 0,2975 ± 0.0339 0.2467 ± 0.0164 4.874 
C-16 0.0618 ± 0.0143 0.1673 ± 0.0110 2.103 

Cy 80 0.1531 ± 0.0342 1/2 0.4940 ± 0.0176 5.596 

Cif 0.6301 ± 0.1391 1/2 0.5076 ± 0.0544 3,924 
Ca 0.9073 ± 0.1511 1/2 0.5213 ± 0.0638 0.7764 
C-2 2.135 ± 0.376 1/2 0.6712 ± 0.1539 2.296 
C-3 1.258 ± 0.201 1/2 0.5617 ±0.0779 1.386 
C-4to 
C-13 1.085 ± 0.040 1/2 0.3269 ± 0.0200 15.52 
C-14 0.4357 ± 0.0612 1/2 0.1525 ± 0.0299 1.625 
C-15 0.2498 ± 0.0239 1/2 0.1013 ± 0.0086 3.631 
C-16 0.0469 ± 0.0155 1/2 0.1123 ± 0.0114 8.603 

Cy 80 0.1100 ± 0.0256 1 0.5368 ± 0.0099 6.240 
Cif 0.4890 ± 0.1102 1 0.6720 ± 0.0214 4.235 
Ca 0.7173 ± 0.1205 1 0.7572 ± 0.0294 1.014 
C-2 1.655 ± 0.298 1 1.232 ± 0.066 2.854 
C-3 1.025 ± 0.163 1 0.8827 ± 0.0305 1.344 
C-4to 
C-13 0.7931 ± 0.031 0.6287 ± 0.0109 34.00 
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TABLE I. (continued) 

Nucleus Sample Segment" 

C-14 
C-15 
C-16 

Temperature 
("C) 

0.3703 ± 0.0510 
0.1858 ± 0.0183 
0.0309 ± 0.0105 

0.2658 ± 0.0154 
0.1668 ± 0.0026 
0.1282 ± 0.0068 

0.8248 
6.302 
8.816 

• Using program CURFIT (cf. Ref. 27) and weighted using errors from linear or nonlinear regression fitting of experimental data (Refs. 6, 7, 14, 26, and 28). 
Physical intuition has been invoked by constraining YI and Y3 to be positive in value; otherwise the fits to Eq. (1) are relatively uninfluenced by user bias. 
Different initial parameter values were chosen and "bad" points have not been deleted. Units are: TI(s); llIo(rad s -I X 10-8). 

"The goodness of fit is described by the quantities r and the reduced chi-square, r.. These are defined as (Ref. 27) r==l:[yj - y(x1 WI 07, r. ==r lv, where YI 
indicates the experimental T 1- I values,y(x j ) the values calculated from the fitting function, and 07 the variance of each data point. The standard deviations of 
the individual data points U 1 are assumed proportional to the errors obtained from linear or nonlinear regression fitting of the experimental data (Refs. 6, 7, 
14, 26, and 28). The factor v==N - n indicates the number of degrees offreedom left after fitting the N data points with n adjustable parameters. Only the 
values of r. are included. r.provides a comparable measure of the quality offits with different numbers of adjustable parameters. Values of r. SIll indicate 
that the parent distribution is well approximated by that of the fitting function; values less than one do not indicate superior fits to the data (Ref. 27). Values of 
r. > 1 in Tables I and II may represent underestimation of the uncertainties of the data points UI due to neglect of systematic errors. 

"The notation Ca , Cp , and Cy refers to the phosphocholine head group +NCH2~H2' +N~H2CH2' and (~H3hN+ segments. The fatty acyl chain segments 
are indicated by Con where n denotes the number of carbon atoms starting from the ester carbonyl group. 

d Held constant at indicated values. 
"Data from Refs. 6 and 14. 
fData from Refs. 7 and 26. 

can employ conventional high-resolution Ff NMR spectro
meters with di1ferent fixed magnetic field strengths to mea
sure the frequency dependence of T I • 

7 Although the physical 
state of phospholipids in unilamellar vesicles and multila
mellar dispersions is not the same, significant differences in 
their 2H and 13C TI values are not observed experimental
ly.14,26,29 Thus, the motions affecting the spin-lattice relaxa
tion, in the MHz regime, do not appear greatly influenced by 
whether the phospholipids are organized into multilamellar 
with well-defined interbilayer spacings, or in small unilamel
lar vesicles which undergo rapid isotropic tumbling, 7 

The results of nonlinear regression fitting of the 13C TI 
values of each of the resolved head group and acyl chain 
resonances of vesicles of DPPC to Eq. (1) at three different 
temperatures in the liquid crystalline state (50, 65, 80°C), 
holding the exponent - r2 fixed at either - 1/2 or - 1, are 
shown in Table I; i.e., two adjustable parameters are as
sumed. 13C TI data at seven different frequencies from 15.0-
126 MHz, representing seven different NMR spectrometers 
operating at di1ferent magnetic field strengths, are includ
ed.7 It should be remarked that the unresolved (CH2)" reso
nance due to the C-4 to C-13 chain segments has the best 
spectral signallnoise,7 and these results are considered most 
significant. The data for the other segments are consistent 
with the results obtained for the C-4 to C-13 methylene 
groups, Based on the X! values, the data appear in most cases 
better approximated by an wo- 1/2 dependence than by an 
wo- I dependence. (There are some exceptions, however; cf. 
Table I.) The 13C T I- I data can also be fit to Eq. (1) leaving all 
three parameters adjustable,8 as shown in Table II. In most 
cases, the results obtained for r2 agree reasonably well with 
the value of 0.5 expected if an wo- 1/2 dependence is applica
ble (cf. Table II). If it is assumed that the TIl rates of each of 
the individual segments of DPPC have a similar frequency 
dependence,8 then the values obtained for the parameter r2 
can be averaged at each of the temperatures. Table II shows 
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FIG. 1. Plot oflogarithm of2H spin-lattice relaxation rates TI- I vs the loga

rithm of the Larmor frequency llIo for multilame11ar dispersions of DPPC 
containing 50 wt. % H 20 at 51 ·C. Data for the C-4 (a) and C-8 (b) fatty acyl 
chain segment positions are indicated (Refs. 6 and 14). The lines indicate the 
results oftwo parameter, nonlinear least squares fits ofthe data to Eq. (1) 
with the exponent - Y2 fixed at - 0.5 (- . -) or - 1 (--) (Table I; see the 
text). 
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TABLE II. Nonlinear regression fitting parameters of 13C T, data for DPPC in liquid crystalline state to Eq. (1)." 

Temperature 
Sample Segment" ("C) r, r2 r3 X~ 

Small Cy 50 1.407 ± 3.566 0.1309 ± 0.3837 0.0160 ± 3.5720 2.976 
uniiamellar Cp 3.281 ± 1.610 0.4016 ± 0.3505 0.0067 ± 1. 7288 3.079 
vesiclesb Ca 3.677 ± 1.420 0.3918 ± 0.2716 0.0092 ± 1.5399 3.475 

C-2 5.056 ± 1.545 0.4617 ± 0.3351 0.0454 ± 1.9140 1.678 
C-3 2.257 ±0.683 0.6205 ± 0.4095 1.009 ± 0.726 0.9622 
C-4to 
C-13 2.591 ±0.446 0.4244 ± 0.1176 0.0256 ± 0.4574 2.298 
C-14 1.578 ± 0.427 0.4872 ± 0.3063 0.0003 ± 0.5165 0.5426 
C-15 0.5842 ± 0.0576 0.8034 ± 0.2109 0.2214 ± 0.0642 13.28 
C-16 0.0676 ± 0.0199 1.547 ± 1.096 0.2269 ± 0.0166 3.446 

jt(r2) = 0.4846 ± 0.0817" 

Cy 65 0.6392 ± 2.9307 0.1149 ± 0.6457 0.2703 ± 2.9441 14.22 
Cp 1.528 ± 0.891 0.4850 ± 0.5546 0.4688 ± 0.9415 3.138 
Ca 2.246 ±2.881 0.3165 ± 0.5970 0.0114 ± 2.9348 0.7340 
C-2 3.741 ± 3.446 0.3445 ± 0.4815 0.0011 ± 3.5346 3.037 
C-3 2.317 ± 1.314 0.4273 ± 0.4311 0.3326 ± 1.3940 0.6745 
C-4to 
C-13 1.919 ± 0.308 0.4012 ± 0.1146 0.0280 ± 0.3247 19.23 
C-14 0.6392 ± 0.1137 0.8214 ± 0.4207 0.3018 ± 0.1279 2.334 
C-15 0.5243 ± 0.3685 0.3314 ± 0.3462 0.0040 ± 0.3798 2.693 
C-16 0.1069 ± 0.1314 0.3983 ± 0.9677 0.1223 ± 0.1313 2.444 

jt(r2) = 0.4106 ± 0.0956 

Cy 80 0.1473 ± 0.1389 0.5066 ± 0.9203 0.4976 ± 0.1430 7.024 
Cp 0.6769 ± 0.6105 0.4349 ± 0.7287 0.4560 ± 0.6497 4.901 
Ca 0.8841 ± 0.5731 0.5271 ± 0.6432 0.5476 ± 0.6251 0.9703 
C-2 2.760 ± 3.432 0.3197 ± 0.6097 0.0020 ± 3.5664 2.787 
C-3 1.073 ± 0.253 0.7870 ± 0.5580 0.8001 ± 0.2854 1.618 
C-4to 
C-13 1.395 ± 0.380 0.3281 ±0.1319 0.0001 ± 0.3888 14.03 
C-14 0.3687 ± 0.0514 1.063 ± 0.390 0.2725 ± 0.0416 1.018 
C-15 0.3426 ± 0.0125 0.2974 ± 0.0178 0.0049 ± 0.0081 3.647 
C-16 0.0718 ± 0.2055 0.2756 ± 1.0694 0.0871 ± 0.2067 10.65 

jt(r2) = 0.3003 ± 0.0176 

"Cf. Table I. 
bDatafrom Refs. 7 and 26. Note that results for r, and r3 differ from those in Table I of Ref. 8 by a multiplicative factor NH denoting the number of directly 
bonded 'H nuclei. The present fits differ slightly from those of Ref. 8 and illustrate the sensitivity of the results to the choice ofinitial parameter values as well 
as the criteria used for convergence. 

"Weighted mean ± std. dev. of distribution of r2 values calculated as (Ref. 27) jt(r2)==I [rNo7] II( 1/07). The standard deviation u and variance u2 are 
defined by u2== I/I( 1/07). The values Uj denote the standard deviations corresponding to the individual points r~l and are assumed proportional to the errors 
given in Table II. 

that the mean values of r2 tend to favor an (J)o- 112 depen
dence; a somewhat smaller negative exponent in Eq. (1) 
would also be consistent with the data. Comparison of the 
fits of the 13C TI data in Tables I and II show that little price 
is paid, as judged by the magnitudes of X~, in constraining r 2 

to be equal to 1/2 (Table I) vs the corresponding results with 
three adjustable parameters (Table II). Thus one can con
clude that an (J)o- 112 dependence provides an adequate fit to 
the data assuming Eq. (1). However, the fits in Table I with r 2 

constrained to a value of 1 have in most cases substantially 
larger values of X~ relative to the corresponding fits in Table 
II employing three parameters. Figure 2 shows a plot of 
log T I- I vs log (J)o for the (CH2)" resonance of vesicles of 
DPPC at 50 'C, together with the fit to Eq. (1) employing the 
parameters of Table II. In addition, the fits to Eq. (1) assum
ing an (J)o- 1/2 and (J)o- I dependence with the parameters of 
Table I are included. As can be seen, the two-parameter fit 

assuming an exponent - r2 = - 1/2 is almost indistin
guishable from the three-parameter fit, whereas the two-pa
rameter fit with - r2 = - 1 deviates consistently from the 
experimental data points. Similar results are obtained at 65 
and 80'C (not shown). Thus, it appears that the 13C NMR 
results (Tables I and II; Fig. 2) are best approximated by an 
(J)o- 112 dependence to within the inherent systematic and 
random errors of the experiments.8

•
9 

Finally, in Fig. 3 are shown plots of the 13C T I- I relaxa
tion rates of the (CH2)" resonance of DPPC vesicles at 50'C 
vs (J)o- 2 [panel (a)l, (J)o- I [panel (b)], and (J)o- 112 [panel (c)]. As 
can be seen, the plot vs (J)o- 2 is curved [Fig. 3(a)] and the data 
require a somewhat weaker dependence on the inverse fre
quency to yield a linear relationship.7 Even the (J)o- I depen
dence appears too strong, however, and plots of Til vs (J)o- I 

also appear curved [Fig. 3(b)]. Rather, a negative exponent of 
0.5 or less in absolute magnitude is necessary for a linear 
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FIG. 2. Plot of logarithm of 13C spin-lattice relaxation rates T I- I vs the 
logarithm of tilo for (CH2). resonance (average of C-4 to C-l3 chain seg
ments) ofDPPC vesicles at SO ·C. Data for seven values of the magnetic field 
strength are indicated (Refs. 7 and 26). The result of a nonlinear least 
squares fit to the data employing three parameters is denoted by the solid 
line (-). For comparison. the results of two-parameter fits to the data with 
the exponent - Y2 fixed at - 0.5 (_. -) or - 1 (---) are included (Table I; 
see the text). 

dependence [Fig. 3(c)). Of the models considered, the {/Jo- 1/2 

dependence appears most successful in accounting for the 
experimental 13C TI data (pp. 2824-5 of Ref. 8). Similar re
sults are obtained for the other resolved acyl chain 13C reson
ances of the DPPC vesicles (not shown). 

Thus, although the 2H and 13C TI data cover slightly 
less than a decade of frequencies (field strengths), the present 
results allow one to begin to distinguish among certain sim
plified forms for the relaxation frequency dependence.8 A 
statistical analysis of the data assuming random errors sug
gests that an {/Jo- 112 dependence is favored over an {/Jo- I or 
{/Jo- 2 dependence. I ,8,9 However, the present results do not 
rule out or distinguish models which closely approximate an 
(/Jo- 1/2 dependence over the range studied8 or yield a some
what weaker dependence on the inverse frequency. 
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