
Let us now consider | Di j \ , the determinant of the matrix 
defined as 

_ fmatrix formed from D by striking / A 1 4 \ 
1,1 I row / and column j 

We shall evaluate this determinant in two ways, once by ex­
pansion along the "y'th row", then again down the "z'th col­
umn"; by "yth row" we mean the row whose elements are dj\, 
dj2,. . . , though this will actually occur in row j + 1 of D,->7- if 
j > i, and similar comments apply to the "/th column". In the 
first case we get 

| D u | = E i.-lYkt*'fld)k\Vijjk\ (along "yth row") (A15a) 
k=\ 

and in the second 

| 0 , v | = E {-\Yki+°"dkj\Dikji\ (down "/th column") 

Now from the symmetry (dij = djt) of D and the obvious 
symmetries 

ID1JJk\ = I Djk,ij\ = I Djy.yl, I Dikjil = I Dkiji\ (A 16) 

of the definition (AlO), one can recognize from (A13a) and 
(A15a)that 

^ • | D , | = ( - l ) ^ + ^ + i | D i y | (A17a) 

and from (A13b) and (A15b) that 

Aji\ D,-| = ( - 1 )<*'+'«+>|D/(/| (A 17b) 

from which it follows that 

Introduction 

In recent years much effort has been devoted to the char­
acterization of the hydrocarbon chain mobility of phospholipids 
in biiayer membranes. The subject is of interest because the 
biiayer is an indigenous component of virtually all biological 
membranes.2 The phospholipid motions are intimately linked 
to the activity of proteins and the transport of metabolites 
within and through the membrane.2 Characterization of the 
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Ai}\Dj\ =Aji\Di\ (Al 8) 

which, in view of (A7), is the desired result. 
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anisotropic motion in the liquid crystalline lipid biiayer has also 
proven to be a challenging problem in physical chemistry. 

EPR nitroxide spin-label studies3-6 and nuclear magnetic 
resonance relaxation studies7-10 have yielded valuable results 
concerning the segmental rotational motions and translational 
diffusion of the phospholipids, but both methods have been 
subjected to some criticism. Spin labels can perturb the 
structure of the biiayer. This is shown by the fact that in 
identical lipid biiayer systems, even after correction for time 
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scale differences, the order parameter for a nitroxide probe, 
measured by EPR, is different than that for the C-D bond, 
measured by deuterium NMR.11 In addition, the methylene 
resonance in 1H and 13C NMR does not correspond to a single 
defined methylene group, but to an envelope of resonances 
from different methylenes with a distribution of correlation 
times.12 Thus, the NMR relaxation cannot be interpreted in 
terms of the motion and magnetic interactions of one specific 
nucleus. Because of the small contribution to 1H relaxation 
rates from diffusional motions, and because of experimental 
problems with the deuterium dilution technique used to re­
solve this contribution, the diffusion constants measured by 
1H NMR have low accuracy. 

19FNMR relaxation experiments can be designed to avoid 
some of the deficiences of the techniques mentioned above. 
First, fluorine can be inserted into a specific position of the 
phospholipid so that the motion of a single defined nucleus is 
represented in the relaxation behavior. Second, experiments 
can be designed to be sensitive to specific types of motion, such 
as translational diffusion. Finally the CF2 group is similar to 
the CH2 group in terms of its size, geometry, and physical 
characteristics.13,14 Thus fluorine containing lipids will not 
greatly perturb the structure of the bilayer membrane. Because 
of these advantages we have studied the 19F NMR relaxation 
of 1 -palmitoyl-2-8,8-difluoropalmitoyl-j'«-glycero-3-
phosphorylcholine (8,8F-PC) incorporated into lipid bilayer 
membranes. 

In order to use 19 F relaxation measurements to determine 
the rates of the various molecular motions of the phospholipids, 
all the relaxation mechanisms or the contributions to relaxation 
from different magnetic interactions must be resolved. Because 
of the complexity of molecular motion, the results are not easy 
to interpret. Previous 19F relaxation studies of amphipathic 
molecules in bilayer membranes assumed that the similar 
gyromagnetic ratios of 19F and 1H nuclei and the similar 
structures of the CF2 and CH2 groups should lead to the same 
relaxation mechanisms for 1H and 19F nuclei.14,15 In fact, 
similar relaxation rates and activation energies are observed 
for ' H and 19F nuclei incorporated into the methylenes of hy­
drocarbon chains in membranes.14,15 However, a careful 
consideration of the contributions to 19F relaxation shows that 
the relation between 1H and 19F relaxation is more complicated 
than it appears to be. 

Proton NMR studies of phospholipids in lipid bilayer 
membranes show that the relaxation is due to dipole-dipole 
interactions modulated by molecular motions. Interactions 
with the geminal-bonded hydrogen make a large contribu­
tion,7,10 but intermolecular effects account for 20-40% of the 
relaxation.9 The temperature dependence of the spin-lattice 
relaxation rate, Ri, indicates a correlation time faster than 
1O-9 s.7 However R] ^ R2, so this fast motion must be an­
isotropic. The spin-spin relaxation, R2, is due to slower iso­
tropic averaging of the residual dipolar interactions.10 

For several reasons the 19F relaxation could be due to very 
different interactions than those that govern 1H relaxation. The 
mean squared value of the geminal-bonded dipolar interaction 
is a factor of four smaller for the CF2 group than for the CH2 
group. This difference is due to the longer C-F bond, 1.35 A, 
relative to the C-H bond, 1.1 A, and the slightly smaller flu­
orine magnetogyric ratio. There are minor chemical differences 
between protons and fluorine that could change the rate of 
motion of the CF2 group and cause more efficient relaxation. 
Fluorine-induced changes in the C-C bonds and the steric 
hindrance of the slightly larger CF2 group compared to the 
CH2 group could affect the motion of the methylene. Magnetic 
field fluctuations due to chemical shift anisotropy and spin-
rotation interactions are much larger for fluorine than for 
protons and could make a large contribution to relaxation. 
Even if the 19F relaxation is only due to the nuclear magnetic 

dipole-dipole mechanism, there are many possible interactions 
that could contribute to relaxation. These include dipolar in­
teractions with the geminal nucleus, with vicinal and other 
intrachain nuclei, and with nuclei on adjacent chains. There 
is a /(OJH — «F) term in the H-F spin-lattice relaxation 
equation that is not present in either the H-H or F-F relaxa­
tion equations. This term indicates that dipolar interactions 
modulated by slow motions, such as diffusion motions with TC 
« 5 X 10 -8 s, will be much more efficient in causing 19F re­
laxation than 1H relaxation. 

In order to gain information about the interactions that 
cause relaxation, and thus to determine how much of each of 
the above considerations affect the results, several experiments 
can be done. These include studies of the H-F nuclear Ov-
erhauser enhancement, (NOE) (77 + 1), of the temperature 
dependence of relaxation, and of the effect of deuterium 
dilution. 

It is possible to experimentally separate the H-F relaxation 
due to intermethylene and interchain dipolar interactions from 
contributions due to F-F geminal interactions by examination 
of the H-F NOE. The NOE is a measure of the increase in 
intensity of the fluorine resonance due to saturation of the 
proton resonances.16 It reaches a maximum value, the mag­
nitude of which depends on the correlation time of the inter­
action causing relaxation,17 if all the fluorine relaxation is due 
to H-F dipolar interactions. At a resonance frequency of 84 
MHz for fluorine, it can be calculated that the H-F NOE 
maximum varies from 1.532 for rc « 1 X 1O-10S to —0.034 
for TC > 1 X 1O-7 s.17 The equation to predict the NOE if there 
are several contributions to relaxation is 

N O E - I = E (NOEmax -I)(R1 i/R, total) (1) 

where Rn is the spin-lattice relaxation contribution due to the 
ith H-F interaction modulated at a rate described by TC,-. If 
the correlation time for 19F spin lattice relaxation is faster than 
10~10s, which holds true for 'Hand 13C relaxation; then the 
amount of relaxation due to H-F interactions is given by 

If the correlation times are slower than 1O-10S, then the sep­
aration of relaxation contributions is not straight forward. 
However, the calculation of the NOE using eq 1 is a useful 
experimental check of any postulated set of relaxation con­
tributions. 

The temperature dependence of the spin-lattice relaxation 
and of the NOE can be used to characterize the motions 
causing relaxation. If rc < 10 -9 s then the NOE will increase 
or the i?i will decrease with temperature, but for TC > 1O-9 s 
R\ will increase with temperature. The activation energy ex­
tracted from the temperature dependence is also useful in de­
termining which molecular motions cause relaxation. 

That part of the H-F spin-lattice relaxation due to dif­
fusional motions can be measured by diluting the fluorine la­
beled lipids with lipids having highly deuterated hydrocarbon 
chains. Since the F-D dipolar interactions are small due to the 
small magnetic moment of deuterium, the measured R\ will 
decrease in proportion to the interchain contribution to R].9 

Once the contributions to relaxation have been separated 
by the methods described above, the rate of molecular motions 
can be calculated. Equations have been developed to relate the 
relaxation rate to the magnitude of magnetic interactions and 
the correlation time for the motions that modulate the inter­
actions.18 These equations can be expressed as 

F-F R1 =//2(6 / l5y(a)F) + 24/l5/(2cOF)) (3) 

H-F Ri=H2M5./(a>H - COF) + 6A5./(COF) 
+ 12/,5/(coH+ coF)) (4) 
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Similar equations hold for /?2 relaxation. H2 is the mean-
squared strength of the magnetic fields modulated by the 
molecular motion. For dipole-dipole interactions modulated 
by rotational motion18 

H2 = n2ys2 h2s (S + i) ( 5 ) 

r6 

for nucleus 5 relaxed by nucleus I at a distance r. For dipole-
dipole interactions modulated by translational motions, if the 
distance of closest approach, d, is much smaller than the jump 
distance, r j , 1 9 

47T 7 I 2TS 2M^S ( ^ + 1 ) 

3 d3 ( ' 

for the nucleus S relaxed by nucleus I with a spin density Nj. 
All of the quantities in H2 can be evaluated independently of 
the measured relaxation. They depend on known physical 
constants and on molecular dimensions that can be evaluated 
from molecular models. Since H2 is known for each possible 
interaction causing relaxation, the ./(a)) can be evaluated. For 
isotropic rotational motions J(w) is related to the correlation 
time by18 

y(co) = r c / ( l + o,2rc
2) (7) 

For translational motions with d2 « r j 2 the same equation 
holds with T0= 1/8 (r}

2)/D.19 

For anisotropic motion 7(a)) cannot be expressed in such a 
simple form.20 However, in the interest of simplicity, we have 
chosen in this work to rely on the above isotropic and transla­
tional models for extraction of correlation times from Ri 
contributions. It can be argued that the values of TC derived do 
not differ significantly from those which would be obtained 
from more sophisticated models. For example, a model for lipid 
methylene motion which reproduces proton and carbon R\ and 
J?2 data well, is one in which the geminal proton internuclear 
vector is allowed to reorient rapidly within a sector of revolution 
having limits 60 and 120°, as well as undergo a slower isotropic 
reorientation (manuscript in preparation). Predicted corre­
lation times for the fast and slow motions of a vesicle sample 
at 50 0 C are then 5 X 1O-11 and 1 X 10~7s, respectively. The 
correlation time extracted from the proton Ri data using a 
purely isotropic model would be 4.7 X 10 - 1 1 s. The similarity 
of the pure isotropic model rc and the restricted intrachain 
reorientation TC for this case is partially the result of having a 
rather slow and inefficient isotropic relaxation and partially 
the result of allowing the chain to sample a rather large range 
of angles (±30°) at the faster time. The correlation may de­
grade if the slow isotropic reorientation becomes faster and the 
range of angles is restricted. Since fluorinated lipids execute 
motions similar to normal lipids we expect the purely isotropic 
TC values derived here to be closely related to correlation times 
for fundamental lipid motions. 

Methods 

l-Palmitoyl-2-8,8-difluoropalmitoyl-5«-glycero-3-phos-
phorylcholine (8,8F-PC) was synthesized via a keto acid in­
termediate. This procedure is based on a recently described 
synthesis of fluorine compounds that requires only mild reac­
tion conditions. The synthesis uses MoF6 to convert a ketone 
group into a gew-difluoromethylene.21 

Cyclooctane and bromooctane were condensed via a Gri-
gnard reaction to form 1 -octyl-1 -cyclooctanol.22 The tertiary 
alcohol was dehydrated by refluxing in dilute H2SO4 for 12 
h, resulting in an isomeric mixture of olefins. These were 
subjected to ozonolysis in 2:1 d - h C b r C F h O H and reduced 
to give, among other products, 8-ketohexadecanal. This was 
oxidized to 8-ketopalmitic acid with O O 3 in glacial acetic 
acid.22 The percent theoretical yield based on the amount of 
cyclooctanone used was 30%. Methyl-8-ketopalmitate was 

fluorinated using Fluoreze-M, the M0F6 reagent supplied by 
P.C.R., Gainsville, FIa., according to the method of Mathey 
and Bensoam.21 A crude product, distilled from the reaction 
mixture at <2 mmHg pressure and 180-220 0 C , was hydro-
lyzed with 1 N NaOH solution. The acid was partially purified 
by dissolving in petroleum ether, in which the keto acid is less 
soluble. It was further purified on a silicic acid column using 
a petroleum ethenether gradient. The yield was ~20%. 

Synthesis of 8,8F-PC. 8,8F-PC was synthesized from lyso-
lecithin and 8,8-difluoropalmitic acid.23 The lysolecithin was 
prepared by degradation of egg yolk lecithin with phospholy-
pase A in ether solution.3 8,8-Difluoropalmitic anhydride was 
formed by reaction with half the stoichiometric amount of 
dicyclohexylcarbodiimide in CCI4.24 The lysolecithin and fatty 
acid anhydride in a 1:4 mol ratio were mixed with 5 mg of 
Na20 and sealed in a flask under N2. The mixture was slowly 
rotated in an oil bath at 80 0 C for 2 days. The resulting 
8,8F-PC was purified on silicic acid using a CHC13:CH30H 
gradient. The yield based on the amount of fluorinated acid 
was 15%. The synthetic lipid migrated like egg yolk PC on 
silica gel G. TLC plates were developed with CHCI3: 
CHaOH:H20 65:25:4. The fluorine compound turns brown 
with age. It can be efficiently purified on an aluminum column 
eluted with CHCl3 :CH3OH 9:1. The 19F NMR spectrum in 
CHCI3 showed a pentet with an F-H coupling constant of 16 
Hz. The chemical shift was ~23 ppm upfield from trifluo-
roacetic acid in D2O buffer at pH 7. 

Isolation of Other Lipids. Egg yolk PC was isolated from 
fresh egg yolks by the method of Singleton et al.25 Partially 
deuterated phosphatidylethanolamine (PE) was extracted from 
the membranes of wild type E. coli grown in D2O. The mem­
branes were a gift of D. M. Engleman, Yale University. The 
lipids were extracted with CHCl3 :CH3OH 1:1. The PE was 
purified on a silicic acid column using a CHCl3:CH30H gra­
dient. 1H N M R analysis indicated that the PE hydrocarbon 
chains were 80 ± 5% deuterated. 

Sample Preparation. 8,8F-PC in micelle form was obtained 
by dissolving it to 10% w/v in CHCI3. Aqueous dispersions of 
lipids were prepared by first weighing the lipids and dissolving 
them in CHCI3, then taking them to dryness under vacuum. 
They were kept in vacuo at 50 0 C for an additional 2 h to re­
move all traces of solvent. Vesicle dispersions were prepared 
from mixtures of 6% w/v 8,8F-PC and 6% w/v egg yolk PC or 
from 4% w/v 8,8F-PC and 6% w/v E. Coli PE. Multilayer 
dispersions were prepared from 30% w/v 8,8F-PC or 12% w/v 
8,8F-PC and 18% w/v E. coli PE. The buffer solution for the 
aqueous samples contained 0.01 M Tris, 0.10 M KCl, and 
0.02% NaN 3 in 99.8% D2O titrated to pH 7.5 with concen­
trated HCl. The multilayer dispersions were made by adding 
the buffer to the mixed lipids and then vortexing repeatedly 
at 50 0 C. The samples were degassed and capped under ni­
trogen. Vesicle samples were prepared from the multilayer 
dispersions by sonication to clearness in a Branson Model E 
bath sonicator at 30 ± 5 0 C. The vesicle dispersions were stable 
for several weeks at temperatures above 30 0 C. 

NMR Measurements. 19F NMR relaxation studies were 
carried out on an extensively modified Bruker HFX-90 single 
coil pulsed Fourier transform spectrometer at a 19F frequency 
of 84.67 MHz. Modifications unique to this experiment in­
cluded reconstruction of the transmitter/receiver insert to 
remove fluorine-containing parts, the use of orthogonal 
transmitter coils for 1H decoupling, and addition of selective 
filters to remove interference between the decoupler and the 
19F receiver channel. A deuterium lock was used for field-
frequency stabilization. The proton resonances were contin­
uously decoupled with a noise modulated frequency at 10 W 
of power. The temperature of the sample was controlled to ± 1 
0 C. 

The spin-spin relaxation rate, R2, was determined from the 
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Figure 1. 19F NMR spectra of 8,8F-PC in micelle, vesicle, and multi­
layer dispersions at 52 0C. The resonance frequency is 84 MHz with 
proton decoupling at 90 MHz. The micelles are 10% w/v 8,8F-PC in 
CHCb with TFA in D2O buffer contained in a coaxial capillary tube. 
The vesicles contained 6% w/v 8,8F-PC and 6% w/v egg yolk PC in 
D2O buffer. The multilayers are 25% w/v 8,8F-PC in D2O buffer. The 
small resonance on the right is due to a fluorinated lipid impurity. 

line width of proton-decoupled spectra obtained from Fourier 
transformation of the FID, Ri = TV\/2. For vesicle dispersions, 
300-600 scans were taken using a 95 fis data acquisition delay 
and a 1250 Hz data acquisition rate for 1024 points. For 
multilayer dispersion, 100-2000 scans were taken using a data 
acquisition delay of 30 us and an acquisition rate of 10 kHz for 
4096 points. 

The spin-lattice relaxation rate, R\, was measured using 
a (180°-T-90°-f-)jv pulse sequence,26 with t at least five times 
T\ and with continuous noise decoupling of the proton 
frequencies. R] is evaluated from the slope of the line resulting 
from a semilog plot of peak heights (/i„ — hT) vs. T for 10 to 
12 values of r. The R] is accurate to ±15%. 

The 1H-19F NOE was measured by a gated decoupling 
technique. For the full NOE the proton resonances were con­
tinuously irradiated. To eliminate the NOE, the proton de­
coupler was turned on only during acquisition and then turned 
off during the long delay, five times T], between 90° pulses in 
order to allow the proton magnetization to come to equilibrium. 
The experiment was repeated three times or until agreement 
within 10% for the intensity ratios of three experiments was 
achieved. The accuracy is ±0.03. 

Results 
Proton-decoupled 19F NMR spectra of 8,8F-PC in micelle, 

vesicle, and multilayer dispersions are presented in Figure 1. 
The resonance in CHCI3 solution is a symmetric pentet of 16 
Hz splitting that is collapsed to a singlet of ~4 Hz width by 
proton decoupling. The 1H decoupled resonance line width in 
a vesicle dispersion is much broader. It predicts R2= 100 ± 
15 s_1 at 50 0C. This is similar both to the value of R2 mea­
sured by Birdsall et al.15 for 7-fluoropalmitate incorporated 
into vesicles, 90 s_1, and to the 1H R2 value in egg yolk PC 
vesicles,9 90 S - ' . The similarity is coincidental since the 
gem-bonded dipolar interaction that governs the 1H R2 is much 
larger for the CH2 group than for the CF2 group. The 19F R2 

UT 0K-' •10' 

Figure 2. Activation energy plots of the observed 19F spin-lattice relax­
ation of the 8,8F-PC resonance in micelles and vesicles. The data are 
taken at 84 MHz under proton decoupling. O, 8,8F-PC as micelles in 
CHCl3. • , vesicles containing 6% w/v 8,8F-PC and 6% w/v egg yolk 
PC in D2O buffer. 

shows an activation energy of 5 ± 0.5 kcal/mol, which is sub­
stantially different than the 3.0 kcal/mol seen for 'H R2.

9 

These facts suggest that the 19F spin-spin relaxation is caused 
by different magnetic interactions than 1H relaxation. One 
such interaction that contributes to the 19F R2 is chemical shift 
anisotropy. This may not be averaged by anisotropic motions 
that occur in bilayers. 

The 19F R2 for 8,8F-PC in a multilayer dispersion is 1400 
± 200 s~'. This is three times less than the value of 4100 s~' 
measured for the 1H R2 in egg yolk PC multilayers at 50 0C 
(unpublished results). The 1H R2 in multilayers has been 
shown to be due to static local magnetic fields due to nonav-
eraged geminal-bonded dipolar interactions.10 The 1H R2/

l9¥ 
R2 ratio postulated from this relaxation mechanism is two. The 
narrower 19F resonance is experimentally advantageous be­
cause it leads to a factor of three improvement in the 19F NMR 
sensitivity. 

Both the vesicle and multilayer samples show a minor flu­
orine resonance due to an impurity. Both the R\ and R2 re­
laxation for the minor resonance are the same as for the major 
one, so the impurity is probably a lipid dissolved in the bilayer. 
Its identity is unknown. 

In contrast to R2, the spin-lattice relaxation is relatively 
insensitive to the state of the bilayer. The relaxation behavior 
for micelles in chloroform is shown in Figure 2. R] decreases 
with temperature. This implies that the correlation time for 
the motions causing relaxation are faster than 1O-9 s, 1/COF-
The 19F Ru 0.90 s_1 at 52 0C, is similar to the 1H R] in the 
same system, 0.95 s_1. Since the CF2 dipolar interaction is four 
times smaller than that for the CH2 group, these results suggest 
the presence of extra contributions to the fluorine relaxation. 
The NOE increases slightly with temperature. This is consis-
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tent with a lower activation energy for the H-F than for the 
F-F relaxation. 

The temperature dependence of the relaxation of the 
8,8F-PC resonance for a vesicle dispersion is similar to that for 
micelles (Figure 2). This shows that rapid motions still govern 
the Ri relaxation. However the Ri is three times larger in 
vesicles than micelles. It is substantially larger than the 1H R\ 
in the same system; 19FRx = 2.9 s -1,1H R1 = 2.0 s - 1 at 52 0C. 
Either the motion of the CF2 group is slower than the motion 
of the CH2 group or contributions to relaxation other than that 
due to the geminal-bonded dipolar interaction have become 
even more important. The temperature dependence of the H-F 
NOE is surprisingly steep, which suggests unusual behavior 
for some aspect of the H-F relaxation. 

The intermolecular H-F contribution to R\ can be estimated 
by diluting the 8,8F-PC with deuterated lipids and observing 
the decrease in the relaxation rate. The R\ for a vesicle dis­
persion prepared from a mixture of 40% 8,8F-Pc and 60% E. 
coli PE, 80% deuterated in the hydrocarbon chains, is 2.65 ± 
0.15s -1, while an analogous fully protonated sample has R \ 
= 2.90 ± 0.12 s_1. These figures suggest that at 52 0C less than 
1.2 s_1 of the relaxation is due to translational diffusion mo­
tions. A single NOE measurement of the dueterated sample 
gave a value of 1.26 db 0.10 at 52 0C, which is marginally larger 
than the value of 1.14 ± 0.03 measured for the protonated 
sample. This suggests that the H-F intermolecular contribu­
tion to R\ has a low maximum NOE value and the correlation 
time for this relaxation is slower than 1O-9 s. 

The 19F 7? 1 relaxation rate in multilayers is exactly the same 
as that in vesicles. This is true for the partially deuterated 
samples also. This implies that the motions and the contribu­
tions to the R\ relaxation are identical in the two-lipid bilayer 
systems. 

Discussion 

The discussion will center on 19F spin-lattice relaxation in 
lipid bilayers, and comparison with 1H and 13C results. A 
comparison of the spin-spin relaxation will not be attempted. 
Motions in the bilayer are both complex and anisotropic, so the 
relationship between R2 and the rate of molecular motion is 
more difficult to analyze than that for Rx. 

The results definitely show that the 19F R1 is much larger 
than would be expected from the observed 1H R\ if all the re­
laxation is due to dipolar interactions modulated by identical 
fast anisotropic motions. This behavior can be explained either 
by assuming that the CF2 group moves more slowly than the 
CH2 group or by assuming that there are magnetic interactions 
that contribute to the 19F relaxation, but not to the 1H relax­
ation. We believe that both of these effects occur in the re­
laxation of the 19F resonance of 8,8F-PC in lipid bilayers. 

Two mechanisms that can contribute to the 19F, but not to 
the 1H, relaxation are chemical shift anisotropy and spin-
rotation interactions. Chemical shift anisotropy causes re­
laxation by modulating the applied field through the different 
electronic shielding for various orientations of the CF2 group.18 

For the CF2 group in Teflon, this shielding differs by 200 ppm 
for fields in the plane of and perpendicular to the F-C-F 
plane.27 At a fluorine resonance frequency of 84 MHz, the 
mean-squared interaction strength for the chemical shift an­
isotropy versus the F-F dipole-dipole interaction in the CF2 
group is H2CSA(H2D = 7.55 X 108 s-2/3.03 X 109 s -2. 

If the R1 in bilayers can be interpreted in terms of fast and 
apparently isotropic motion of the CF2 group, then only 20% 
of the geminal-bonded contribution to relaxation will come 
from the chemical shift anisotropy interaction. 

Spin rotation is another possible relaxation mechanism for 
19F resonances that could make contributions as large as 1 S - ' 
to the relaxation rate. These large values only occur near the 
Ri maximum for spin rotation.28 Thus, if a large spin rotation 

70°C 50°C 30°C /O0C 

1 IT °K-i 103 

Figure 3. Activation energy plots for the separated 19F-19F and 1H-1 9F 
spin-lattice relaxation of 8,8F-PC in micelles and vesicles. The separa­
tion of the contributions to relaxation is described in the text. O, 8,8F-
PC as micelles in CHCI3. • , vesicles containing 6% w/v 8,8F-PC and 
6% w/v egg yolk PC in D2O buffer. 

contribution to relaxation exists for 8,8F-PC, then an ano-
molously low apparent activation energy should be seen. Since 
this is not observed, we suspect that this contribution is also 
small. 

The efficient 19F relaxation must, therefore, be due to di­
pole-dipole interaction contributions. One such contribution 
is due to the geminal-fluorine interaction. The coupled gauche 
carbon-carbon bond isomerizations, which are the predomi­
nant means of modulating this interaction, can be slowed down 
due to the steric interactions of the slightly larger CF2 group 
compared to the CH2 group. A measure of these effects can 
be derived from the relaxation data of 8,8F-PC for micelles in 
chloroform. 

The separation of relaxation due only to F-F interactions 
can be accomplished by examining the H-F NOE. Because 
of the fluidity of the hydrocarbon chains and the small size of 
the micelles,29 all of the relaxation should be due to interactions 
modulated by motions faster than 1/&JF- Under these condi­
tions, the maximum value for the NOE of 1.532 can be as­
sumed. Equation 2 can be used to separate F-F from H-F 
relaxation contributions. The results have been plotted as a 
function of temperature in Figure 3. The temperature depen­
dence of both the F-F and H-F relaxation contributions are 
consistent with a correlation time faster than 5 X 1O-10S. The 
activation energy from motions of the CF2 group is 4.2 kcal/ 
mol, while the activation energy for longer range interactions 
is only 2.5 kcal/mol. The F-F Rx of 0.59 s - 1 at 52 0C predicts 
a correlation time for the CF2 group of 7.7 X 1O-1' s when both 
dipole-dipole and chemical shift anisotropy interactions are 
accounted for using an isotropic model. 

This value can be compared to the correlation time for the 
CH2 group calculated from 13C relaxation. The 13C /?i is due 
only to geminal-bonded 1H-13C dipolar interactions,12 so it 
can be used as a measure of the motional time scale of single 
methylene group reorientation. The 13C R] = 0.80 s - 1 at 52° 
and 25 MHz9 implies a correlation time of 2.0 X 10- " s when 
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isotropic motion is assumed.12 If we assume that the motions 
executed by a CH2 group and a CF2 group are similar in their 
degree of anisotropy and that the assumption of isotropic 
motion leads to proportional deviations from true correlation 
times in both cases, we conclude that the motion dominating 
spin-lattice relaxation is approximately four times slower for 
the CF2 group than for the CH2 group. Combined with the 
chemical shift anisotropy contribution to relaxation, this ex­
plains the fast 19F R1 spin-lattice relaxation observed. 

Comparison with 1H relaxation for egg yolk PC in micelles 
in chloroform suggests that the separation performed above 
is a reasonable one. The correlation time for the CH2 group 
of 2.0 X 10~ u s predicts a R1 contribution from geminal-
bonded dipolar interactions of 0.49 s - 1 to the 1H relaxation. 
The H-F relaxation contribution is due to nongeminal dipolar 
interactions. If the interaction distances and correlation times 
are the same for the analogous H - F and H - H interactions, 
then the ratio of H-H R\/H-F R1 contributions is 1.70 for TC 

< 1O -10S. Thus, the contribution to the 1H R1 from nongem­
inal dipolar interactions is predicted to be 0.53 s_ 1 at 52 0 C. 
The total 1H R1 predicted 1.02 s_1 agrees remarkably well with 
the observed value, 0.95 s_ 1 . 

It is not as easy to separate the contributions to the R1 re­
laxation of the 8,8F-PC resonance in vesicles. This is because 
some of the motions causing relaxation are slow enough to 
change the maximum value of the NOE. The contributions to 
relaxation, separated using eq 2, which assumes a maximum 
NOE of 1.53, are shown in Figure 3. The anomolous temper­
ature dependence of the H - F relaxation contribution is im­
mediately obvious. The negative slope observed at low tem­
peratures is inconsistent with the assumption of a fast corre­
lation time used to achieve the separation of relaxation con­
tributions. This problem can be resolved by postulating H - F 
relaxation contributions with slow correlation times. 

For dipolar interactions modulated slower than 1O-10S the 
NOE (maximum) is dependent on the correlation time. The 
theoretical NOE maxima calculated for oif/lir = 84.67 MHz 
and a series of correlation times are presented in Table I. These 
calculations are based on the treatment of Kuhlmann et al.17 

The predicted 1H /? i / 1 9 F R\ ratios calculated from eq 3 and 
4 for interactions with the same internuclear distance and 
correlations times are also shown in Table I. Suitable choices 
for Td and Ru in eq 1 will produce a relaxation temperature 
dependence in line with that observed. Part of the H - F dipolar 
interaction must be modulated by a motion slower than 1O-9 

s. The extent of this contribution to R\ will also be reflected 
in the 1H RX/,9F R1 ratio. 

The fact that the NOE increases from 1.14 ± 0.03 to 1.26 
±0 .10 when 8,8F-PC is diluted with deuterated chains indi­
cates that the slow correlation time is associated with inter-
molecular interactions. The diffusion constant for phospho­
lipids in bilayer membranes is 4 X 1O-8 cm2 /s from recent 
EPR/NMR measurements.30 Assuming that the translational 
diffusion step is 6 A, then the correlation time would be ~ 1 X 
1O -8 s. Motions on this time scale would give an NOE (max­
imum) of 0.14. Thus, translational diffusion could give rise to 
the observed NOE's and their temperature dependence. 

The 19F results demonstrate the presence of a slow motion 
contribution to H-F relaxation. Evaluation of the extent of this 
contribution or accurate characterization of TC require com­
parison with proton and carbon relaxation data. It is intuitively 
obvious that slow translational diffusion would not be the only 
contribution to H - F relaxation. There are strong intramo­
lecular H - F interactions modulated by chain rotation and 
/3-coupled isomerizations. Even within the intermolecular 
contributions, the H - F dipolar interactions will be modulated 
by fast rotational motions of adjacent chains in addition to the 
slower translational steps. The existence of the fast motions 
can be verified experimentally. If all the intermolecular con-

Table I. The Dependence of the H-F NOE and the 1H Rx/
 19F 

R\ Ratio on the Correlation Time for the Motion Causing 
Relaxation" 

Tc, S 

1.0 X IO"11 

1.0 X 10"10 

4.0X 10~10 

1.0 x 10-9 

2.0X 10-9 

4.0 X 10"9 

1.0 x 10-8 

2.0 X 10~8 

4.0X 10"8 

Maximum H-F NOE 

1.531 
1.528 
1.481 
1.302 
1.011 
0.600 
0.142 
0.013 

-0.024 

H-H/? , /H-

1.695 
1.690 
1.627 
1.406 
1.079 
0.651 
0.198 
0.0828 
0.0436 

" These values apply for resonance frequencies of (JIU/ITV = 90.0 
MHz and toF/2ir = 84.67 MHz. 

tributions to 1H and 19F relaxation were due to motions on a 
slow time scale ( 1 0 - 8 s) as suggested by some authors,9 the 
H - H Ri/H-F R1 ratio would be only 0.2 due to the additional 
J(oJH — ^ F ) term in 19F relaxation. The observed ratio (0.5) 
clearly demonstrates that the slow motion contribution is a 
minor one to the 1H relaxation. 

Intermolecular contributions are very difficult to treat 
quantitatively, since they involve both distance and angular 
modulation of interactions. The fact that at least two corre­
lation times are involved in a case where equivalent pairs of 
nuclei interact suggests that the motions involved are not iso­
tropic. 

An approximate contribution from fast motions, such as 
those from /3-coupled isomerization or rotation of adjacent 
chains, can be calculated using the equations of Kruger19 if we 
assume that the change in dipole interaction on jumping from 
a distance of closest approach of 2.4 A to a distance of 9.6 A, 
as one would in rotating the chain 180°, is approximately equal 
to the change on jumping from closest approach to infinity. 
This assumption in fact reproduces the measured value of 
0.5-0.8 s _ 1 for the intermolecular contribution to proton re­
laxation when a correlation time of 5 X 101' s is used. A similar 
assumption predicts a contribution of 0.3 s _ 1 to H - F relaxa­
tion. 

An additional contribution to the H - F R1 of < 0.7 s~' due 
to the fact that the adjacent protons do not jump to infinity at 
a fast time scale, but are further modulated by slow intermo­
lecular motions is then within the experimental limits set by 
the intermolecular relaxation contribution observed by deu­
terium dilution experiments. This will not lead to abnormally 
low H - H R1 / H - F R1 ratios. 

Although the intramolecular contributions to relaxation are 
modulated by motions faster than 1O-9 s, the 19F contributions 
are again more efficient than the 1H contribution. By sub­
tracting the intermolecular contribution, values of ~2.0 s_ 1 

for 19F and ~1.4 s_ 1 for 1H are found. Since a large part of the 
intramolecular relaxation is due to gem-bonded dipolar in­
teractions, which are four times smaller for the CF2 group than 
the CH 2 group, the larger 19F value must be due to slower 
motion of the CF2 group. In micelles, it was found that the CF2 
group moves four times slower than the CH2 group. If the same 
phenomenon is assumed to occur in vesicles, then the observed 
values can be explained. From the 13C relaxation for the CH2 
group of phospholipids in vesicles12 a correlation time for as­
sumed isotropic rotational motion can be calculated, R1 = 1.8 
s_ 1 , TC = 4 X 10 - 1 1 s. This motion predicts a contribution to 
the 1HT?! of 1.0 s - 1 , and with rc = 1.6 X 10 - 1 0 s it predicts 
contributions to the 19F R1 of 1.2 s_1 . The residual relaxation 
is due to longer range intramolecular interactions. 

The validity of the various assumptions used to calculate the 
individual contributions to the 1H and 19F spin-lattice relax-
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Table II. 
Results'' 

One Possible Separation of the Contributions of 1H and 19F Spin-Lattice Relaxation That Agrees with the Experimental 

7O 0 C 520C 26 0C 

T c X10"s /? i ,s- ' NOE T c X 1 0 u s /Ji.s"1 NOE TC XlO11S /J1, s" NOE 

Geminal-bonded dipole 1 9F- 1 9F 
Chemical shift anisotropy 
Nongeminal-bonded intramolecular 
Intermolecular (fast) 
Intermolecular (slow) 
Total predicted 
Observed" 

Gem-bonded dipole 1 H- 1 H 
Nongeminal-bonded intramolecular 
Intermolecular (fast) 
Intermolecular (slow) 
Total predicted 
Observed* 

8.2 

5.7 
2.7 

370. 

3.0 
1.6 
2.7 

370. 

0.62 

0.80 
0.22 
0.47 
2.11 
1.85 

0.74 
0.38 
0.41 
0.30 
1.83 
1.55 

1.200 
1.055 
0.918 
1.173 
1.188 

Predicted 
12.0 

7.0 
3.3 

500 

Predicted 
4.0 
2.0 
3.3 

500. 

19F Relaxation'' 
0.91 

0.98 
0.26 
0.51 
2.66 
2.90 

1.195 
1.052 
0.893 
1.147 
1.145 

1H Relaxation^ 
0.99 
0.48 
0.50 
0.25 
2.22 
1.90 

26.0 

10.0 
4.6 

900. 

7.0 
2.8 
4.6 

900. 

1.96 

1.38 
0.39 
0.66 
4.39 
4.10 

1.72 
0.67 
0.70 
0.14 
3.23 
3.10 

1.165 
1.047 
0.875 
1.087 
1.055 

° The resonance frequency for the measurement was an/lit = 90.0 MHz and a)p/2ir = 84.67 MHz. * The resonance frequency for the 
measurement was wwjlir = 100 MHz. Data were taken from Lee et al.7 for the relaxation of egg yolk PC vesicles. c The following mean-
squared interaction strengths are used in the calculations: geminal-bonded F-F, r = 2.18 A, 3.03 X 109 s -2; Nongeminal-bonded intramo­
lecular H-F, 8 protons, 2.5 A, 1.05 X 1010 s~2; Intermolecular (fast) H-F, d = 2.6 A, N = 6 X 1022 protons/cm3, 6.0 X 109 s~2; Intermo­
lecular (slow) H-F, d = 6.0 A, /V = 6 X 1022 protons/cm3, 5.0 X 10s s~2; Geminal-bonded H-H,/- = 1.805 A, 1.23 X 1O-10 s"2; Nongem­
inal-bonded intramolecular H-H, 8 protons, 2.5 A, 1.2 X 1010 s~2; Intermolecular (fast) H-H, d = 2.4 A, N = 6 X 1022 protons/cm3, 7.6 
X 10° s~2; Intermolecular (slow) H-H, d = 6.0 A, /V = 6 X 1022 protons/cm3, 7.2 X 10s s~2. d The values are for a methylene of a phos­
pholipid hydrocarbon chain in a vesicle dispersion. 

ation can be checked by calculating the total R\ and the pre­
dicted H - F NOE at several temperatures and comparing these 
with observation (Table II). The predicted NOE is very sen­
sitive to the time scale and the fractional contribution of the 
slow intermolecular motion. 

The correlation time for translational diffusion measured 
using the 19F relaxation data and an appropriately averaged 
distance of closest approach (6 A), rc = 5.0 X 1O-9 s, predicts 
a diffusion constant D = 9 X 10~8 cm2 /s at 52 0 C , which is 
close to the value of 4 X 1O-8 cm2 /s predicted from EPR 
studies30 at 40 0 C. 

The other numbers in Table II are consistent with the cor­
relation times predicted from the available 13C and 1H Ri data 
for phospholipids in bilayers. One exception is that the CF2 
group is assumed to move 3.5 times slower than the analogous 
CH2 group. The activation energies assumed to do the calcu­
lations at several temperatures are 4.5 kcal/mol for the CH231 

and 5.0 kcal/mol for the CF2 geminal-bonded interactions, 5.0 
kcal/mol for intermolecular diffusion,32 and 2.5 kcal/mol for 
all other motions. These activation energies also agree with 
those predicted by previous studies. 

It should be stressed that the motions causing spin-lattice 
relaxation are very similar in vesicle and multilayer dispersions. 
This is shown by the identical 19F R\'s observed in both sys­
tems, and is further supported by the fact that the 13C /?i's are 
also the same in vesicles and multilayers.31 Therefore the 
correlation times predicted in Table II, including those for 
diffusional motion, apply to multilayers, and presumably 
similar rates of molecular motion will be found in biological 
membranes. 

Summary 

We believe that 19F NMR will be a useful technique for 
studying biological membranes. It combines high sensitivity 
with a single resonance due to a nucleus incorporated into a 
specific location in the membrane. The purpose of this paper 
is to lay the ground work for the interpretation of the relaxation 
behavior seen in biological systems. 

Acknowledgment. This work was supported by a grant from 
the National Institute of General Medical Sciences, U.S. 
Public Health Service GM 19035. 

References and Notes 

(1) Section of Physical Sciences, Yale Medical School. 
(2) C. F. Fox and A. D. Keith, Ed, "Membrane Molecular Biology", Sinauer 

Associates, Stamford, Conn., 1972. 
(3) W. L. Hubbell and H. M. McConnell, J. Am. Chem. Soc, 93, 314 (1971). 
(4) P. Devaux and H. M. McConnell, J. Am. Chem. Soc, 94, 4475 (1972). 
(5) I. C. P. Smith, CNmIa, 25, 349 (1971). 
(6) A. F. Horwitz, W. J. Horsely, and M. P. Klein, Proc. Natl. Acad. Sci. U.S.A., 

69,590(1972). 
(7) A. G. Lee, N. J. M. Birdsall, Y. K. Levine, and J. C. Metcalfe, Biochim. BIo-

phys.Acta, 255, 43(1972). 
(8) Y. K. Levine, N. J. M. Birdsall, A. G. Lee, and J. C. Metcalfe, Biochemistry, 

11, 1416(1972). 
(9) A. G. Lee, N. J. M. Birdsall, and J. C. Metcalfe, Biochemistry, 12, 1650 

(1973). 
(10) C. H. A. Seiterand S. I. Chan, J. Am. Chem. Soc, 95, 7541 (1973). 
(11) A. Seelig and J. Seelig, Biochemistry, 13, 4839 (1974). 
(12) Y. K. Levine, P. Partington, G. C. K. Roberts, N. J. M. Birdsall, A. G. Lee, 

J. C. Metcalfe, F.E.B.S. Lett., 23, 203 (1972). 
(13), Data for CH3CHF2 in the "Handbook of Chemistry and Physics", 55th ed, 

Chemical Rubber Publishing Co., Cleveland, Ohio, 1974, p F203. 
(14) G. J. T. Tiddy, J. Chem. Soc, Faraday Trans. 1, 68, 670 (1972). 
(15) N. J. M. Birdsall, A. G. Lee, Y. K. Levine, and J. C. Metcalfe, Biochim. Bio-

phys.Acta, 241, 693(1971). 
(16) J. H. Noggle and R. E. Schirmer, "The Nuclear Overhauser Effect", Aca­

demic Press, New York, N. Y., 1971. 
(17) K. F. Kuhlmann, D. M. Grant, and R. K. Harris, J. Chem. Phys., 52, 3439 

(1970). 
(18) A. Abragam, "Principles of Magnetic Resonance", Oxford University Press, 

London, 1961. 
(19) G. J. Kruger, Z. Naturforsch. A, 24, 560 (1969). 
(20) D. E. Woessner, J. Chem. Phys., 37, 647 (1962). 
(21) F. Mathey and J. Bensoam, Tetrahedron, 27, 3965 (1971). 
(22) L. F. Feiser and J. Szmuszkovicz, J. Am. Chem. Soc, 70, 3352 (1948). 
(23) E. Cubero Robles and D. Van Den Berg, Biochim. Biophys. Acta, 187, 520 

(1969). 
(24) Z. Selinger and Y. Lapidot, J. Lipid Res., 7, 174 (1966). 
(25) W. S. Singleton, M. S. Gray, M. L. Brown, and J. L. White, J. Am. Oil Chem. 

Soc, 42, 53(1965). 
(26) T. C. Farrar and E. D. Becker, "Pulse and Fourier Transform NMR", Aca­

demic Press, New York, N.Y., 1972, Chapter 2. 
(27) C. W. Wilson, J. Polym. Sci., 61, 403 (1962). 
(28) P. Rigney and J. Virilet, J. Chem. Phys., 47, 4645 (1967). 
(29) P. H. Elworthy, J. Chem. Soc, 1951 (1959). 
(30) P. Brulet and H. M. McConnell, Proc. Natl. Acad. Sci. U.S.A., 72, 1451 

(1975). 
(31) M. P. N. Gent and J. H. Prestegard, Biochem. Biophys. Res. Commun., 58, 

545(1974). 
(32) D. O. Tinker, Chem. Phys. Lipids, 14, 33 (1975). 

Gent, Armitage, Prestegard / 19F NMR Studies of Lipid Bilayer Systems 


