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quite surprising that misreading of the base sequences during 
the processes of transcription and translation is quite rare in 
spite of the apparent arbitrariness of the hydrogen bonded site. 
Steric hindrance at the decoding site should be severe. On the 
other hand, recent x-ray analyses on tRNA show the existence 
of extra base pairs which differ from usual A-U and A-T 
pairs.23'24 Ability of the C-2 carbonyl group to form hydrogen 
bonds may be important in building up a three-dimensional 
structure of tRNA. It is known that in place of thymine, 5-
bromouracil can easily be incorporated into DNA at the du­
plication process and induces mutation.25 The present exper­
iments show that in base pairing 5-bromouracil uses the C-2 
carbonyl group as a proton acceptor much more frequently 
than thymine. This presumably means that 5-bromouracil is 
more likely to give rise to mispairs like G-BrU, where the C-2 
carbonyl group is used. Thus the ability to form a hydrogen-
bonded complex using the C-2 carbonyl group may be related 
to biological processes in several cases.26 
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interpretations of such studies have tended to vary with the 
particular nucleus studied. Primarily because of the greater 
resolution attainable by 13C N M R and the dominance of the 
relaxation by the 1 3C-1H dipolar interaction between directly 
bonded nuclei, the 13C N M R of membrane systems has been 
relatively simple to interpret—a situation which is in sharp 
contrast with the reported 1H NMR studies.1'3^6 The detailed 
description of the 13C relaxation in such lipid systems has been 
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based primarily on the model originally described by Wallach7 

for multiple internal rotations, and subsequently modified by 
Levine and co-workers to apply to systems in which not all of 
the motions fall into the extreme narrowing range and to sys­
tems in which the motion of the center of mass is anisotro­
pic.810 Inherent in this model are several assumptions which 
must be evaluated critically in terms of their effect on the 
calculated relaxation times. These include: 

(1) The identification of the center of mass of the molecule 
with a particular carbon atom in the molecule. This atom, 
called Co, is then assumed to move independently (either iso-
tropically or anisotropically) of the internal rotations occurring 
within the system. 

(2) Each rotation is assumed to be completely independent. 
No correlations between the rotations about different car­
bon-carbon bonds are assumed to exist. 

(3) Each rotation is completely free to cover a 360° range 
so that, for example, y carbons occupy an eclipsed and a trans 
configuration with equal probability. 

The free rotation model used by Levine, Metcalfe, Par­
tington, Roberts, Lee, Birdsall, and their co-workers has several 
notable features. In particular, it predicts the T) gradient 
which has been observed in 13C NMR studies of fatty acids in 
both model12-16 and actual membrane systems.17-18 In addi­
tion, it is consistent with the observed temperature dependence 
of the T] data. Thus, the spin-lattice relaxation is dominated 
by the fast internal motions with the result that T1 should in­
crease with increasing temperature, as it does.11'15-17,18 Nev­
ertheless, attempts to apply the model to various experimental 
results have not always met with success. For example, as noted 
by Lee,1 the 13C line width data obtained in either sonicated 
or unsonicated lipid dispersions cannot be explained by the T2 
values calculated according to Levine et al.8 In particular, al­
though T\ may be much longer than Ti for carbons near the 
beginning of the chain (near Co), the calculated T\ and T2 
values rapidly become equal as one proceeds further along the 
chain. This discrepancy may reflect a number of other con­
tributions to the line width. Nevertheless, in view of the ap­
proximations made above, it is reasonable to ask whether re­
placing the above assumptions with more physically reasonable 
models would predict T2 values more consistent with the ob­
served line widths. In fact, as shown by the calculations given 
here, this turns out to be the case; as the chain conformation 
is weighted more heavily with trans configurations about the 
various carbon-carbon bonds, the ratio T]JT2 falls off more 
slowly than in the free rotation model. The effect of certain 
correlated motions produces a similar result and can be con­
sidered semiquantitatively. 

Despite the obvious defects of the third approximation above 
and the possibility of obtaining numerical results for a more 
physically reasonable model, surprisingly little work has been 
done. An initial Monte Carlo calculation by Levine19 in which 
the orientational autocorrelation function, but no relaxation 
times, were calculated indicated a surprising pairing effect so 
that carbons 1 and 2, 3 and 4, etc., exhibit similar autocorre­
lation functions and, presumably, similar relaxation times. The 
degree of pairing was found to be a function of the parameter 
ff = ([g+] + [g~])/2[t]. This calculation was based on the 
statistical weight matrix given by Flory for a polymethylene 
chain.20 

In this paper a slightly simplified model is considered in 
which the g+g_ configuration about adjacent bonds is not 
completely forbidden as in the Levine-Flory treatment. Using 
the parameter a defined above to represent the ratio of total 
gauche to trans states about a given bond, the probability of 
having adjacent gauche bonds is proportional to a1. Whether 
the effect of intermoiecular interactions is considered to reduce 
a in which case a value as small as 0.05 can be calculated,21'22 

or to correlate the internal isomerizations leading primarily 

to kinked conformations in which two gauche states are sep­
arated by a trans state,23 the resulting probability of adjacent 
gauche states will be minimal so that the neglect of differences 
in the probability of occurrence of g+g+ and g+g_ states should 
be an excellent approximation. Models based on independent 
gauche ±± trans isomerization have been used previously in the 
analysis of spin label order parameters.24 With the above 
simplification of independent rotation about adjacent bonds, 
an analytical calculation of the correlation function and hence 
the T], T2, and NOE values can be carried out. In the model 
proposed in this paper transitions of the form g+ F± g~ are 
forbidden as they are in Levine's model,19 since such transitions 
go through an eclipsed intermediate state. The interconversion, 
therefore, between g+ and g~ takes place via g+ ?=> t <=> g~ 
transitions. If direct g+ <=* g~ transitions are to be allowed, a 
simple modification of the procedure used here can be 
made. 

H. Theory 
It is generally assumed that a carbon-13 atom in a lipid chain 

relaxes by a dipole-dipole interaction with its directly bonded 
hydrogens. To calculate the relaxation times T\ and T2 for a 
given carbon, therefore, it is necessary to determine the ori­
entational autocorrelation function of the carbon-hydrogen 
bond. For a lipid chain rotating isotropically about its head 
group, Wallach7 has shown that the autocorrelation function 
of the carbon-hydrogen bond for the Mh carbon in the chain 
is given by the expression 

GN(T) 

= £ exp - (6DOT)dab(/3)dM0)dbc(P)dyAP) • • • 
a.b.c. . .n 
b',c'. . .n' 

X .. . d„o(fr)d„>o(F)(exp r[«7i(0) - ayx{r)] . . . 

X...exp/[w7/v(0)-n'Y/v(T)]> (1) 

where DQ is the isotropic, rotational diffusion constant for the 
lipid's head group; /3 is the polar angle between successive 
carbon-carbon bonds along the chain (for saturated chains this 
angle is just the complement of the tetrahedral angle, 109.5°); 
/3' is the polar angle between the (N - l)th carbon-carbon 
bond and the Mh carbon-hydrogen bond; 71,72,. • -,7̂ v are 
the respective azimuthal angles between successive bonds in 
the chain; and di0(P) is the reduced Wigner rotation matrix.25 

All summations run from - 2 to +2. The angular brackets 
represent an ensemble average, and r is the time variable. 

In order to evaluate GN(T), one must hypothesize an algo­
rithm for calculating the ensemble average in eq 1. Specifically, 
this average depends on the various internal configurations and 
motions of the individual carbon-carbon bonds in the lipid 
chain. It is postulated here that each carbon-carbon bond can 
exist in and jump between only three states: trans (t), gauche 
plus (g+), and gauche minus (g_). Since it is sterically unfa­
vorable, direct jumps between g+ and g~ states are disal­
lowed. 

As noted in the Introduction, tandem g + g - states are not 
disallowed in the model but are increasingly improbable as g+ 

and g~ individually become less probable. It should also be 
noted that disallowing adjacent g+-g~ states is at best only a 
first-order approximation. It does not eliminate all excluded 
volume problems from, the model; nor is it the only possible 
physical mechanism for producing correlated motions, since 
intermoiecular forces probably play a dominant role in cor­
relating the bond motions of a single chain. 

With the hypothesis that carbon-carbon bonds move inde­
pendently of each other the ensemble average in eq 1 may be 
simplified: 
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GAT) 

= E ap-(6Dot)dab(P)dab>(0). 
a,b,c, -
b',c', . . .n' 

dnO(f3')dn'0(F) 

(3) 

X (exp W[Ti(O)- 7 I ( T ) ] > . . . 
X<mpi[nyN(0)-n'yN(T)]) (2) 

Since each bond is assumed to exist in only one of three 
states, t, g+, or g~, it follows that each azimuthal angle y can 
only range over three possible values, which are arbitrarily 
postulated to be 0, 2x/3, and —2x/3, respectively. Calculating 
the ensemble average over these three states requires that the 
probabilities of being in each one of them be known as func­
tions of time. A simple set of decay equations may be used to 
evaluate these probabilities: 

*P-fl + -W[rll 
dr T1 rg 

d[g+] = [t] [g+] 
dr 2rt Tg 

d[g-] _ [t] [g~] 
dr 2 Tt Tg 

where Tt and rg are the respective lifetimes of the trans and 
gauche configurations; the bracketed quantities represent the 
probabilities of the given states, and it is assumed that gauche 
states can make transitions only to trans states. In the steady 
state, eq 3 can be reduced to a single relationship 

[g+] + [g~] Tg C 
where a is defined to be the relative probability of being in a 
gauche vs. trans state divided by 2. Normalizing the total 
configurational probability to 1, 

[t] + [g+] + [g-] = 1 (5) 

and using eq 4 one can easily solve eq 3: 

l+/<oexp[-T(l+2cr)/T,] 
U (1 + 2a) 

[ g + ] = , + goCxp[- r ( l + 2 f f ) / r 8 ] + Q £ x p 

(1 + 2d) 

r„-i _<T+j6oexp [ - T ( 1 + 2<x)/Tg] 
[g ] = <T+u) ~ exP[~T/T«] (6^ 

where A0, BQ, and Co are arbitrary constants. 
In order to evaluate the correlation functions which appear 

in eq 2 it is necessary that the conditional probabilities of 
moving from one state to another be known. These conditional 
probabilities may be easily calculated with the relationships 
in eq 6. 

Mui..o)=1 + 2:;p ,h / T s ) 

1 + 2(7 
/>(g+,T|g+,0)=,p(g-,r|g-,0) 

a+ V2 exp ( - T / T S ) , i, 
= r ^ ' — + '/2 exp(-T/Tg) 

1 T L(J 

p ( g V M ) = p(g-.r|t,0) = * - « " » P ( - V n ) 
1 + 2(7 

r,(t,T|g+,0)=/>(t,T|g-,0) 
^ 1 - exp ( - T / T S ) 

1 +2(T 

p(g".T|g+,o)=p(gV|g-,o) 

_ g + V2 exp ( - T / T S ) . , 

" T T ^ V2«P(-T/Tg) 

• 0 - 2 

- T / T 

• j ( l + 2 o ) e 8 

3 

• a - 2 

-T/T 

• CJ - 2 

- T / T . 

+ f . 

• - 2 

- T / T - - T / T 

( l+2o)e S + f (l+2rj)e S 

i + l ^ 2 ± 1 2 l 

- + a - 2 
c • 0 - 2 

, "T /T . 

i + C - 2 

0 "T /T . 

T; - 2o + i 

7Hl+2o)e 

• 0 - 2 

"T /T . 

i + 0 - 2 
O 

9 -T'TS 
+ y e 

+ 4(l+2t l)e 

Figure 1. Elements of the -4 matrix defined in the text. 

where 

Ts T1 T„ 

p(t,r| t,0) is the probability that a bond is in the trans state at 
time T given that it was in the trans state at T = O, and the other 
terms are interpreted in a like manner. The probabilities that 
a bond is in a given state at any time can be deduced from eq 
4 and 5: 

Pit) = 
1 +2ff' P(g+) =P(g~) = 

1 +2(7 
where p(t), p(g+), and p(g~) are the probabilities of being in 
the t, g+, and g— states, respectively. 

With the above probability functions a typical ensemble 
average in eq 2 can be evaluated: 

(exp/[7(0)w -y(r)m']) 

E E p(yo)p(y,T\y0,o) 
70=0,27r/3,-27r/3 7=0 ,2x /3 , -2x /3 

X exp i{myo - m'y) 

(7) 
(expi[y(0)m - y{r)m']) = 

(1-I-2ff)
2 mm 

where the terms of the A matrix are given in Figure 1. 
Equation 2 can be rewritten using the A matrix defined in 

eq 7 

0»( '>-[(TTSjJ 
X E E exp-(6Z)0T) 

abc. . .n b'c''. . .n' 

{-&)dm-n\-$)Ann'dM)dn*^) 

X e - / 2 > r / 3 ( « - « ' ) ( 8 ) 

where the equation has been specifically written for a saturated 
hydrocarbon chain. 

Figure 2 depicts some of the rotations along the chain which 
lead to eq 8. Figure 2a shows the reference coordinate system 
with its Z axis along the direction of the C|-Cm bond. Its Y axis 
is out of the paper and is perpendicular to the plane which 
contains all the chain's carbon-carbon bonds when the chain 
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x z 

C(/3;+70.5°^ Cn 

(b) C 

/ x\/ 
(C) 

yn x z 

X*+ 7 0- 5 

Figure 2. Orientations of the reference coordinate system relative to various 
positions along the hydrocarbon chain. The Y axis points out of the page 
in all three Figures and the Z axis is always parallel to some bond in the 
chain. The geometry is discussed more fully in the text. 

is entirely in the trans configuration. To move the reference 
coordinate system from its position in Figure 2a to its position 
in 2b, two rotations are required. First, a rotation must be 
performed about the Y axis through an angle of minus /3 
(—70.5°). This points the Z axis of the reference coordinate 
system along the direction of the Cm-C„ bond and leaves the 
Y axis unchanged. In eq 8 this rotation is produced by using 
the Wigner matrices dmn(—f3) and dm>n>{—f3). The second 
rotation required to obtain 2b is through a minus 120° angle 
about the Z axis created by the first rotation. The Z axis di­
rection remains unchanged while the Y axis is now perpen­
dicular to the plane formed by the bonds Cm-C„ and Cn-Hn. 
The imaginary exponential in eq 8 produces this rotation. Fi­
nally, a single rotation of +70.5° about the Y axis will move 
the reference frame from its position in Figure 2b to that in 2c. 
After this rotation the Z axis will lie along the direction of the 
Cn-Hn bond. The two matrices d„o(P) and dn>o(fi) represent 
this final rotation in eq 8. 

As a function of a, the A matrix has the expected limiting 
values. When o- equals zero, and the probability that a single 
bond is in the trans state equals one, the quantity <r/[(l + 
2a)2]Aab equals one for all values of a and b. It then follows 
from eq 8 that the entire chain is in the trans state as it should 
be. 

We have shown previously how the symmetry properties of 
the Wigner rotation matrices can be utilized to simplify the 
calculation of the correlation functions and spectral densities 
in systems undergoing multiple internal rotations.26 This 
problem becomes even more critical at present since the direct 
evaluations of eq 8 or its Fourier transform are extremely la­
borious. In the Appendix it is shown how the symmetry prop­
erties of the A and d matrices can be used to develop an effi­
cient computer algorithm for calculating the Fourier transform 
of GN(T) in eq 8. Once this Fourier transform is known, the 
standard formulas can be used for calculating T\, T2, and the 
NOE of various carbons in a model lipid chain.8'26 

In light of the recent studies of Werbelow and Grant indi­
cating the importance of cross correlations in determining ' 3C 
relaxation behavior27'28 we consider the orientational cross 

correlation function below. In deriving the autocorrelation 
function, eq 8, the transformation which leaves the y axis 
perpendicular to the C-C-H plane gives rise to the exponential 
term, exp[-i2x(n - n')/3]. As a result of the summation over 
positive and negative indices, i.e., from - 2 to +2, the imaginary 
terms drop out and a cos [2ir/3(« - n')] factor is introduced. 
In order to obtain the cross correlation function we make one 
transformation as above and the second transformation placing 
the>> axis perpendicular to the C-C-H' plane, where H' is the 
second methylene proton. Thus, the term exp[-;27r(« - n')/3] 
is replaced by the term txp[—i(nfa. - n'4>2)] where (4>\, fa) 
= (±27r/3). Evaluation of this term is independent of whether 
fa = + or -2ir/3. Using the coordinate system defined pre­
viously, we require fa = -02» so that the relevent term becomes 
exp(—/27r(n + n')/3). The sine terms vanish as above and the 
cosine terms give 1 for n + n' = 3,6, or 9 and —0.5 otherwise. 
Finally, the relevent orientational cross correlation function 
is given by 

GN<*( ) = I [ £ £ e-6D0r 
L(I + 2(T)2J a,b,c. .nb'.c'. . .«' 

X Aaadabdab>. . .Amm'dm„(-j3)dm>„>(-(3) 
X Am.d„0tf)dMl3)e-'l«+»'W3 (9) 

As shown by Werbelow and Grant, the inclusion of cross cor­
relation effects leads to nonexponential decay of the spin-
lattice relaxation and to altered nuclear Overhauser en­
hancement values. The relevent equations for determining 
these effects are given in ref 26-28. 

III. Numerical Results and Discussion 
Using the autocorrelation function defined in eq 8 values for 

Tu T2, and the NOE can be calculated based on the rela-
t i o n s 8 ,29 ,30 

J(u>) = ("°G(r)e-iuTd 
%J - c o 

1 _ 1 7H
27c2ft2 

(10) 

Ti 20 rcH6 [J(COH - wc) + 3/(ttc) + 6/(O>H + wc)] 

( H ) 

J _ _ 1 7H27c2ft2 

T2 40 /-CH6 

X [7(WH — wc) + 3/(wc) + 6/(O>H + wc) 

+ 47(0) + 6./(WH)] (12) 

NOE = 1 + — f 6/(wH + wc) - 7(wH - wc) "1 
Tc L/(WH - Wc) + 3/(wc) + 6/(WH + wc)J 

(13) 

Numerical results have been obtained for a six-bond chain 
corresponding to an isotropic rotational diffusion constant Do 
= 106S-1 and using a trans lifetime for each internal rotation, 
T1 = 1O-10 s. The Larmor frequency for 13C was chosen to be 
25.2 MHz which corresponds to an applied magnetic field of 
23.5 kG. The parameter a was allowed to range from 0.001 to 
1. The results of these calculations are given in Figures 3-6. 

It is interesting to note the behavior of the various curves as 
a function of a. The autocorrelation function contains terms 
proportional to exp(-rg) = exp(-2or t) and exp(-rs) = 
exp[-2<rrt/(l + 2a)]. Thus, as a decreases the lifetime of the 
gauche states decreases and the internal motion becomes more 
rapid. Since this motion is already in the extreme narrowing 
limit, it becomes even less effective in relaxing the carbons since 
\/Ti ~ T in this limit. Alternatively, as a decreases further, 
the chain stiffens into the all-trans conformation, Conse­
quently, the isotropic motion described by DQ becomes more 
important. In the limit as a -* 0, all of the carbons will relax 
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" O l 2 3 4 5 6 
CARBON NUMBER 

Figure 3. Spin-lattice relaxation times NT1 for a six-bond carbon chain 
undergoing isotropic rotation with a diffusion constant Do = 106 s_1 and 
gauche-trans isomerism with Tt = 10~10 s about each bond. The broken 
line represents the results obtained with the free internal rotation model 
where D1, the internal diffusion constant, is defined to be D] = 1/6TS = 
1/6T, (1 + l/2cr)andcr= 1.0. The circles on the a = 0.001,0.05, and 0.1 
curves represent calculations using the approximate matrix in which rg 
= TS valid for small a. 

as if they moved isotropically with a correlation time equal to 
\/6Do- This behavior is clearly illustrated in Figure 3. As a 
decreases from 1.0 to 0.5 to 0.3, the T\ values increase. As a 
further decreases from 0.3 to 0.1 to 0.05, etc., the T\ values 
decrease. The T\ increases reflect the shorter gauche lifetimes, 
whereas the T\ decreases reflect the stiffening of the chain. 

A similar analysis can be applied to the free internal rotation 
calculation and to the gauche v± trans isomerization calcula­
tion for (7 = 1.0. The relative importance of the internal and 
overall motions in determining T\ is proportional to the spec­
tral densities corresponding to the different motions.26 Since 
the isotropic motion is too slow to lead to optimal relaxation, 
the presence of internal motion about one bond provides a more 
effective spin-lattice relaxation mechanism leading to a shorter 
T\. For carbons further along the chain, the cumulative effect 
of internal motion about each of the preceding bonds leads to 
an effective rate too fast for optimal relaxation so that T\ in­
creases with carbon number. Similarly, the effect of reducing 
<7 is, as discussed above, to decrease rg and rs. In this case, the 
internal motion becomes sufficiently rapid so that T\ does not 
decrease even for the first carbon. An analogous effect occurs 
for the free internal rotation case; in the limit in which the in­
ternal diffusion rate D, — <*>, T\ is increased by 4/(3 cos2 /3 

- D 2 -
An interesting feature of the calculated curves, particularly 

for T1 and for TxJT1, is the fact that for values of a near 0.5 
they do not change smoothly as a function of the carbon 
number. Similarly, calculations of the orientational autocor­
relation function by Levine indicated an even-odd pairing 
effect for similar values of a. Thus, this result is apparently 
independent of the differing approximations (the possibility 
of consecutive g+g_ states in the present model) between the 
two calculations. Interestingly, the effect appears to become 
less important for smaller values of <x which are applicable to 
the case of lipids. The physical reasons for this effect are not 
presently clear. 
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Figure 4. Spin-spin relaxation times for a six-bond carbon chain. All pa­
rameters are the same as in Figure 3. The circles represent calculations 
using the approximate matrix described in the text. The broken line rep­
resents a free internal rotation calculation. 
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Figure 5. 7VT2 ratios for a six-bond methylene chain. All parameters are 
the same as in Figure 3. The broken line represents the free internal 
rotation calculation. 

Perhaps the most significant difference between the present 
model and the free internal rotation model is the fact that for 
small values of a the T\ / T1 ratio changes very slowly (Figure 
5). Thus, the effects of the slow isotropic motion of one end of 
the chain can be effectively propagated to carbons much fur­
ther from Co- This makes it possible to simulate spectra which 
not only have reasonable spin-lattice relaxation behavior but 
reasonable line widths as well. Just as the effect of the Co 
motion can have a more pronounced effect on T2 for carbons 
far from Co, the effects of the DQ motion on the nuclear Ov-
erhauser enhancement (NOE) also extend much further along 
the chain (Figure 6). The a = 1.0 case corresponds fairly 
closely to the case of free internal rotation which has been 
calculated assuming D1 = l/6rs. 

Another significant difference between the free internal 
rotation model and the gauche <=± trans isomerism model de­
veloped here is the predicted frequency dependence of the 
spin-lattice relaxation. The T\ values corresponding to vc = 
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Figure 6. Nuclear Overhauser enhancement for a six-bond methylene 
chain. AU parameters are the same as in Figure 3. The free internal rota­
tion model gives results nearly indistinguishable from the a = 1.0 calcu­
lation. 

67.9 MHz and the same values of Do and rt used in the previ­
ous calculations are given in Figure 7. For the case of a = 1.0, 
essentially no frequency dependence for any carbon except Co 
is apparent, although C-I does show a small effect. Alterna­
tively, for smaller values of a a pronounced frequency depen­
dence can be observed. The most dramatic effect is observed 
for a -*• 0. In this limit, Tx remains constant at the value for 
C0. Since the D0 motion is sufficiently slow, T1 (Co) ~ v2 so that 
the ratio of the T\ values measured at the two frequencies is 
constant along the chain with a value of (67.9/25.2)2 = 7.24 
(although the ratio of the carbon frequencies is used here, all 
of the spectral densities will give the same ratio). A comparison 
of the results of Figure 3 and 7 clearly indicates this result. The 
frequency dependence of the T\ values also illustrates the 
previous discussion regarding the behavior of T\ as a function 
of a. At the higher frequency, the slow motion corresponds to 
a considerably smaller spectral density and is consequently less 
competitive with the more rapid (extreme narrowing limit) 
internal motion. Consequently, the dip in the T\ curves be­
comes much more pronounced and can be observed for cr = 1.0, 
0.5, and 0.3 in contrast with the low-frequency calculations. 

In contrast to the T\ behavior, calculations of T2 at the two 
frequencies noted above exhibit essentially no frequency de­
pendence. This result is not surprising since the Do motion is 
sufficiently slow so that T2 will be dominated by the zero fre­
quency spectral density, /(0) (eq 12). 

Several preliminary calculations have been made to deter­
mine the effect of cross correlations on the relaxation behavior 
in the gauche *± trans isomerization model. Particularly rel­
evant is the fact that the ratio of the coefficients of the two 
decays becomes very large in the limit a -* 0. Such behavior 
is not surprising since as a -* 0 the motion of the lipid becomes 
isotropic with a diffusion coefficient of Do- This result is of 
practical importance since it suggests that for real lipid systems 
in which a is fairly small, cross correlations will not lead to 
markedly nonexponential decay. Alternatively, this result may 
not hold if the motion of the head group is markedly aniso­
tropic. Further calculations of the effects of cross correlations 
are currently being carried out. 

IV. The Effects of Correlated Rotations 

Correlated rotations in hydrocarbon chains have been dis­
cussed in connection with 1H NMR studies,31-34 deuterium 
order parameter studies,35"37 and, more recently, 13C relaxa­
tion measurements.38 The primary reason for postulating the 

2 3 4 5 
C A R B O N N U M B E R 

Figure 7. Spin-lattice relaxation times ATi for a six-bond chain calculated 
for i/c = 67.9 MHz (Ho = 63.4 kG) for the same parameters used for the 
calculations given in Figure 3. 

existence of such correlations is that simultaneous rotations 
can have the effect of preserving the general linearity of the 
fatty acid conformation in contrast to isolated gauche orien­
tations which introduce a large bend into the fatty acid chain. 
The most likely models for such correlated motion include, the 
/3 coupled isomerism which can lead to "kink" formation or 
annihilation, as well as a 6 coupled isomerism which can lead 
to kink diffusion31'39 (Figure 8). It is straightforward to ana­
lyze the effects of such correlated motions semiqualitatively. 
If the /3 coupled rotations occur simultaneously and in the 
opposite sense, the effect on carbons further along the chain 
is a pure translation. Such motion will not lead to 13C relaxa­
tion. If the 5 coupled isomerism around a kink is completely 
correlated, there is no motion of carbons further along the fatty 
acid chain (Figure 8). 

It should be emphasized that the important physical effect 
which is under consideration here is the simultaneity of the 
correlated motions. This reflects the fact that if a bond begins 
a t -»• g+ jump it will frequently not be allowed to go to com­
pletion because of the large bend which it would introduce in 
the fatty acid chain. Alternatively, if simultaneously a second 
bond /3 relative to the first begins to execute a t -* g~ jump, the 
conformational changes induced by the two jumps will partially 
cancel out so that both jumps will be allowed to go to comple­
tion. Preliminary calculations of the relaxation effects of small, 
±20° displacements from the trans conformation suggest that 
such motions do not provide an effective relaxation mechanism. 
The lower jumping probability which results because only such 
correlated motions are allowed can be taken into account in 
the model developed in the previous section merely by using 
longer values of rt. Alternatively, inclusion of the effects of 
simultaneous, correlated motions requires additional consid­
erations. 

Using either the free or restricted internal rotation model, 
it is clear that the relaxation times obtained for the Mh carbon 
are functions of the diffusion coefficients D0, D\, D2,... ,DN, 
but not DN+\, DN+2, etc. This point has been emphasized by 
Lee, who points out that a T\ gradient can result from a con­
stant value of D1-.' The effect of correlated rotations about the 
Co-Ci bond and the C2-C3 bonds is therefore to eliminate the 
effect of diffusion described by Di and D3 on the relaxation 
of CN- If all the diffusion coefficients for internal rotation are 
identical, atom JV in such a system with correlated rotations 
about bonds 1 and 3 will behave like atom JV - 2 in an uncor­
rected system. Therefore, a semiquantitative way to take ac­
count of such correlations is to do a calculation neglecting 
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COkRELATEV INTERNAL ROTATIONS 
IN SATURATED FATTY ACIDS 

( I ) ALL TRANS 
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Figure 8. Possible correlated motions in a hydrocarbon chain which can 
reduce the T\ and T2 gradients as discussed in the text. 

correlations and then assign to carbon N in the actual chain 
the relaxation times calculated for carbon fN in the (uncor­
rected) model chain. The correlation parameter/varies be­
tween 0 and 1 and is a measure of how complete the correla­
tions of the various motions are. If, for example,/ = 0.2, it is 
only necessary to do an internal rotation calculation for a 
four-carbon chain to describe the relaxation in a 20-carbon 
chain for which the motion is assumed to be correlated. Of 
course,/may not be constant, particularly near the terminal 
methyl group of the fatty acid. 

From the above discussion, it is clear that the effect of cor­
related motions is qualitatively similar to the effect of re­
stricting the motion around individual bonds. Thus, for ex­
ample, it has been shown in section III that the effect of re­
stricted motion is to cause the TxIT1 ratio along the chain to 
decline more slowly than for the free rotation case. Similarly, 
using the above example, for carbon 10 in a chain undergoing 
correlated motion with a correlation factor/ = 0.2, the ap­
propriate T\ and Ti values are those calculated for carbon 2 
for which the T\/T2 ratio will also be large, even if unrestricted 
internal motion is assumed. It is therefore difficult to separate 
the effects of motional restriction and motional correlation. 
One possibility for doing this is based on the demonstration by 
Batchelor et al.39 that as the lipid bilayer is heated chemical 
shifts of the resonances result from the increased populations 
of gauche configurations along the chain. From this data A£, 
the energy difference between gauche and trans states, and 
hence a can be calculated. With experimental values for a it 
may be possible to separate the effects of correlated and re­
stricted motion. Estimated values are considered in the fol­
lowing section. 

V. Comparison with Experiment 
From the calculations presented in the previous sections, it 

is apparent that gradients in the spin-lattice relaxation rates 
observed along hydrocarbon chains in which one end is rela­
tively immobilized can be interpreted in terms of three effects: 
(1) a change in the value of rt for each bond; (2) a change in 
the value of a for each bond; (3) the cumulative effects of 
motion about each bond which will lead to a T\ gradient even 
if CT and r t remain constant along the chain (Figures 3 and 7). 
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Figure 9. Proton decoupled 13C NMR spectra of (a) n-hexadecyltri-
methylammonium bromide micelles in D2O at 42 0C and (b) sonicated 
L-a-dimyristoyllecithin in D2O at 52 0C (fatty acyl carbonyl resonances 
not shown). 

The third effect listed above will be strongly dependent on the 
degree of correlation of motion as discussed in the previous 
section. In contrast to the behavior of Tu the T2 gradient will 
depend strongly on effects 2 and 3 listed above but will be 
nearly independent of the values of r t as long as T0 = 1 /6£>0 
» T1. 

A detailed fit of the data obtained for various lipid systems 
requires that the internal rotation parameters a and rt be varied 
for each bond and that provision be made for anisotropic mo­
tion of the entire lipid molecule. Such a calculation is beyond 
the scope of the present paper and given the underdetermined 
nature of the problem such a fit would not prove entirely en­
lightening. However, comparison with the available data for 
several lipid systems does allow some sorting out of the various 
contributions to T\ and T2 mentioned above. The systems 
considered here are the w-hexadecyltrimethylammonium 
bromide micellar solutions studied previously by Williams et 
al.40 and sonicated dimyristoyllecithin vesicles for which the 
most complete relaxation data is available due to the specifi­
cally labeled lecithins studied by Lee et al.41 Proton decoupled 
13C NMR spectra of these systems are given in Figure 9, and 
the corresponding relaxation data in Table I. Assignments are 
those of Levine et al.1' and Barton.42 

Analysis of the data can be considered in two parts: (1) the 
coupling of the overall molecular motion to the first resolvable 
carbon, and (2) the changes in the relaxation parameters along 
the hydrocarbon chain. The first problem noted above is dif­
ficult owing to the possibility of anisotropic motion of the lipid 
molecules which are likely to be rotating much more rapidly 
about the long axis parallel to the hydrocarbon chains, aniso­
tropic motion of the rod-shaped micelles, and the difficulty of 
choosing a completely immobilized atom, Co. The effects of 
axially symmetric anisotropic motion on the observed ' 3C re­
laxation times have been previously treated by Levine et al.10 
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Table I. ' 3C Relaxation Parameters for 
H-Hexadecyltrimethylammonium Micelles and Sonicated 
Dimyristoyllecithin Vesicles in D2O 

Carbon 
no. 

C-I 

C-2 

C-3 

C-7 
(CH-
I)n 

C-12 

C-13 

C-14 

C-15 

C-16 

Micelles (42 

NTus 

0.60 

0.74 

0.79 

1.660-
12.6 
2.32 

8.3 

Kl/2, Hz 

9.8 

7.5 

6.5 

1.2 X 1 
io-1 

2.9 

1.6 

0C) 

NT2, s 

3.3 X 
IO"2 

4.3 X 
10-2 

4.9 X 
io -2 

.1.42 

1.1 X 
10-1 

2.0X 
io-' 

Vesicles (52 
NTh" 

s 

0.40 

0.48 

0.96 
1.04 

2.76 

3.40 

3.3 

"1/2, Hz 

7.3 

10.6 

8.1 

5.2 

9.7 X 
IO-2 

0C) 

NT2, s 

4.4 X 
10-2 

3.0X 
IO-2 

3.9 X 
IO"2 

6.1 X 
IO"2 

-4AT, data from ref 41. 

and are mathematically equivalent to the effect of combining 
overall isotropic motion with a single internal rotation for 
which the axis is chosen parallel to the axially symmetric 
molecular axis.26 In making this equivalence, the isotropic 
diffusion coefficient DQ = DX = Dy and the first internal dif­
fusion coefficient is given by Z), = D2 — Dx. Allowing for an­
isotropic molecular motion in aggregated systems may still be 
insufficient to effectively decouple the local motion from that 
of the aggregate since all of the atoms in the lipid molecule 
may undergo internal motion in addition to anisotropic motion 
about the long molecular axis. In order to compensate for the 
resulting difficulty in defining Co for a component of an ag­
gregated complex, it is necessary to postulate several effective 
internal rotations separating Co from the first carbon for which 
relaxation data can be obtained. Thus, the fatty acid C-2 line 
width in sonicated dimyristoyllecithin is substantially narrower 
than the value of several kHz corresponding to a methylene 
carbon immobilized in a vesicle with a rotational correlation 
time ~10 - 6 s. This difference can only be reproduced quan­
titatively by assuming that several effective rotations, repre­
senting both anisotropic and internal motion, separate C-2 
from an atom in the lipid immobilized in the vesicle. Clearly 
the glycerol methine carbon represents a better, but still not 
completely satisfactory, choice for Co (Figure 9). Since for the 
systems considered here the T\ values are dominated by the 
internal isomerizations and the condition T\ » T2 for most 
of the resonances, it can be concluded that the DQ value which 
appears in the equations is substantially slower than the value 
corresponding to the 7^ minimum. 

The present calculations are, however, better suited to an 
analysis of the relaxation parameters along the hydrocarbon 
chain. A feature of the observed T\ gradient in both the mi­
celles and the sonicated lipid vesicles is an abrupt increase in 
the NT\ values for the last two carbons in the chain (Table I). 
The long T\ for the terminal methyl carbon in straight-chain 
hydrocarbons has been interpreted as reflecting an abrupt 
increase in the diffusion rate about the last bond in the chain.10 

The present calculations suggest that at least part of the effect 
is due to a change in a. Thus, for the final methyl rotation the 
distinction between gauche and trans states vanishes and a = 
1. Similarly, a will increase for the penultimate bond since two 
of the sterically unfavorable g + g - and g - g + states corre­

sponding to an internal bond in the chain become essentially 
g+t and g - t states for the w - 1 bond. Of course, the freer 
movement about the final bonds can also reflect reduced in-
termolecular constraints near the end of the chain. 

A second feature of the micellar relaxation data is that along 
the bulk of the chain the T\ and T2 gradients are similar. From 
Figure 5 it is apparent that, neglecting the effect of cross cor­
relations, the T\/T2 ratio will remain constant only if a is ex­
tremely small. Alternatively, fitting the data with a larger value 
of O- requires that there be a considerable degree of correlation 
in the motion in order to reproduce the small T\/T2 gradient. 
There are several reasons for preferring the latter interpreta­
tion. First, if a is extremely small, the spin-lattice relaxation 
times become dominated by the slow overall molecular rotation 
and would probably decrease with increasing temperature. 
Second, comparison of the spin-lattice relaxation times mea­
sured here at 25.2 MHz with those measured at 15.2 MHz40 

indicate relatively small differences. The absence of a fre­
quency dependence is also consistent with a larger value of a 
(Figures 3 and 7), although possible differences in sample 
preparation and solvent (D2O vs. H2O) preclude a definite 
conclusion based on this comparison. Several calculations have 
been made for a 16-bond chain by noting that for small values 
of a, the two time constants appearing in the A matrix (Figure 
1) are nearly equal. Setting both time constants equal to rs and 
combining the preexponential factors leads to a considerable 
reduction in the required calculation time. The quantitative 
agreement for T2 using the approximate calculation is excellent 
even for relatively large values of <x; however, the error in T\ 
reaches ~20% for carbon 6 corresponding to a = 0.3 (Figures 
3 and 4). It should also be noted that the approximation used 
by Levine et al.8 for the free rotation model, which is that be­
yond the first few carbons the orientational autocorrelation 
function decays as a single exponential, is not valid in the 
present case. Such calculations suggest that even for a values 
as small as 0.05, the T2 gradient and the T\/T2 ratio cannot 
be reproduced. A more successful attempt to fit the data can 
be made by using a larger value of a and a correlation factor 
as defined in the previous section. For the systems under study, 
the gauche-trans energy difference is unlikely to be lower than 
the experimental value of ~1 kcal/mol measured for butane.43 

Using the relation a = exp(—AEg/kT), a value of a = 0.2 is 
obtained which is similar to the value deduced for lipid bilayers 
based on 2H NMR measurements.35 Using this value, the 
observed T\/T2 gradient can be reproduced if a correlation 
factor is introduced. For the micelles, an optimal fit was ob­
tained using the parameters Z)0 = 3.6 X IO6 s - 1 (r0 = 4.6 X 
10_8s), o- = 0.2,-rt = 1.67 X 10_10s, and a correlation factor, 
assumed constant along the chain, of 0.25. In obtaining this 
fit, the relaxation time for the first resolvable carbon has been 
assumed to be separated by two "effective" internal rotations, 
representing the anisotropic motion of the lipid and the N-C-1 
bond rotation, as discussed above. Z)0 then corresponds to the 
slowest diffusional motion of the micelle. Such a fit clearly 
represents a considerable approximation; however, as noted 
above, we are interested primarily in calculating changes in 
the relaxation parameters along the chain rather than for the 
(hypothetical) immobilized atom. Fixing the value of a requires 
that Tt be fairly close to the value selected in order to obtain 
reasonable T\ values. Calculated NT\ and NT2 values for 
carbons 1, 5, 9, and 13 are given by C-I, 0.578, 0.033; C-5, 
0.888, 0.070; C-9, 1.289, 0.182; C-13, 1.667, 0.314. These 
values agree fairly well with those obtained for the first few 
resolvable carbons as well as with the C-14 values for the mi­
celles (Table I). Values for carbons not directly calculated can 
be interpolated. The correlation factor used in this calculations 
is interpreted to indicate that the cumulative disorder produced 
by the correlated bond rotations increases at only one-fourth 
the rate of a calculation assuming the absence of such corre-
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lations. Alternatively, extrapolation of the results to carbons 
15 and 16 gives a poor result indicating the need to take into 
account the increase in the value of a discussed above, a re­
duction in the degree of correlation for the last few bond 
rotations, and a decrease in the value of rt. 

In considering the data obtained for sonicated dimyris-
toyllecithin vesicles, several distinctive features must first be 
noted: (1) The fatty acyl C-2 resonance is fairly sharp, as 
discussed above, indicating that at least several rotations 
separate it from the hypothetical immobilized atom in the 
molecule. (2) There is an increase in the 13C line width in going 
from C-2 to C-3. This feature has been observed in all spectra 
we have obtained of sonicated dipalmitoyl- and dimyristoyl-
lecithins observed above the liquid crystalline phase transition. 
It is particularly evident at the highest temperatures where the 
resonances are most clearly resolved (Figure 10). This obser­
vation is not in accord with the theory which has been discussed 
here which predicts an increase in both the T\ and Ti relaxa­
tion times in moving away from the most immobilized portion 
of the molecule, presumed to be the glycerol moiety. This result 
can be explained if on going from C-2 to C-3, the motion of the 
appropriate C-H vectors becomes more rapid but less isotropic. 
It is particularly interesting to note in this regard that the 
deuterium order parameter obtained for the C-2 carbon at 
position 2 of the glycerol is smaller than that for the C-3 and 
the other carbons close to the glycerol.36,44 (3) The lines appear 
to be non-Lorentzian possessing broad bases. Non-Lorentzian 
lines have been predicted for the proton resonances of sonicated 
vesicles.5'6 However, there are many other possible explana­
tions for these line shapes. Heterogeneity of vesicle size, the 
difficulty of completely 1H decoupling the broad proton res­
onance, as well as the inequivalence of the resonances corre­
sponding to the two fatty acids esterified to the glycerol C-I 
and C-2 carbons may all result in non-Lorentzian line shapes. 
Such differences are probably particularly important near the 
beginning of the chain since the deuterons on the two fatty acid 
C-2 carbons exhibit different order parameters.44 Differences 
in the line widths of the glycerol carbons (Figures 9 and 10) 
also suggest the possibility of different line widths for the two 
fatty acid carbons. A further source of line width heterogeneity 
may be differences between the resonances corresponding to 
the inner and outer leaflets of the bilayer. There is presently 
substantial evidence for such differences including ESR45 and 
13C NMR spin-lattice relaxation studies46 indicating greater 
restriction in the motion of the polar head group of the inner 
leaflet, 19F chemical shift differences in fluorinated lecithins 
which have been interpreted to reflect differences in the 
gauche/trans ratio between the inner and outer layers,47 and 
differing preferences of lipids for the inner or outer leaflet as 
a function of fatty acid unsaturation.48 Until these effects can 
be sorted out, it is not possible to consider the observed line 
widths quantitatively. It is interesting to note that the vesicle 
relaxation data differ from the micelle data in exhibiting a 
more pronounced T1 gradient and a negligible gradient of the 
apparent line width. Thus, while the fatty acid C-2 line width 
in both systems is similar, the line width observed for C-12 in 
the dimyristoyllecithin vesciles or C-14 in the dipalmitoylle-
cithin vesicles is substantially broader than the C-14 line width 
in the micelles. Based on the discussion at the beginning of this 
section, the vesicle data can only be explained by a substantial 
decrease in rt along the chain. Thus, from Figure 5, it is ap­
parent that for constant a and rt along the chain, the T\/Ti 
ratio will decrease moving away from the more immobilized 
end of the molecule, so that Ti must increase faster than T\. 
This situation can only be overcome by requiring T1 to decrease 
along the chain. Therefore, in sonicated dimyristoyllecithin 
much of the observed T\ gradient appears to reflect a local 
increase in the rate of gauche «=± trans isomerization rather 
than increase in the motion of carbons further from the glycerol 
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Figure 10. Proton decoupled 13C NMR spectrum of sonicated DL-a-di-
palmitoyllecithin vesicles at 85 d C illustrating the line width differences 
between fatty acyl C-2 and C-3 resonances. 

resulting from cumulative bond isomerizations. This conclusion 
differs from that of Lee et al. based on the analysis of the 
spin-lattice relaxation data only, using the free internal rota­
tion model, according to which the increase in T\ represents 
primarily a cumulative effect with the diffusion coefficients 
about most of the bonds being equal.41 The decrease in rt 
suggests instead a gradient in the potential function for the 
local motions due to differences in intermolecular interactions 
which are a function of position along the fatty acid chains. 
Finally, we note that the pattern of increasing T\/T2 along the 
fatty acid chains has similarly been reported in sonicated egg 
yolk lecithin.39-49 

It is interesting to consider the above conclusions in light of 
the existing order parameter data obtained from 2H NMR 
studies. Measurements of deuterium order parameters in bi-
layers indicate a nearly constant value over approximately the 
first two-thirds of the fatty acid chain and a monotonic de­
crease over the last third.36 Recent considerations of the 2H 
line widths in vesicles containing 2H-labeled fatty acids suggest 
similar order parameters in these systems.50 Lee et al.41 have 
suggested that this ordering may be reflected in the diffusion 
coefficients calculated from a fit of the 13C spin-lattice re­
laxation data. Alternatively, according to the present model, 
this order is reflected in the correlated motions about the 
carbon-carbon bonds which, as discussed in the previous sec­
tion, will have the effect of reducing the contribution of cu­
mulative bond rotations on both the T\ and Ti values. The 
observation that the order remains essentially constant along 
part of the hydrocarbon chain suggests that the observed in­
crease in T\ is not a cumulative effect but reflects primarily 
an increase in the local rate of motion about the carbon-carbon 
bonds which presumably indicates a gradient in the potential 
for this motion. This is the same conclusion reached above since 
the order, as reflected in the line width values, changes very 
slowly implying a very low correlation factor/and/or a low 
value of a. The fact that the order parameter is found to de­
crease over the last third of the hydrocarbon chain suggests that 
the data should be described by a larger correlation factor/ 
so that the cumulative effects of motion about successive bonds 
becomes more important. It is also worth noting that at higher 
temperatures the order parameter in the bilayer does not ex­
hibit a plateau, but decreases monotonically,5' so that the ef­
fects of cumulative motion should be more important in de­
termining the observed T\ gradient. 

Several alternative analyses of the relaxation in various lipid 
aggregates have utilized two correlation times, a slow value 
which dominates the line widths and a shorter value which 
dominates the spin-lattice relaxation.38'52 Recent computa­
tions for 13C nuclei indicate that it is necessary to vary both 
correlation times along the chain to obtain an accurate fit of 
the data.38 Such models can be justified on the assumption that 
correlated motions such as kink formation become so signifi-
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cant that cumulative effects of carbon-carbon bond isomer-
ization on the relaxation times do not have to be considered. 
As discussed above, this is probably a reasonable assumption 
for at least the portion of the fatty acyl chain over which the 
order parameter or 13C line width remains nearly constant. In 
this portion of the molecule, the Ti gradient presumably re­
flects a rt gradient as deduced using the model described here. 
Alternatively, the two correlation time model tends to break 
down toward the end of the chain. The data can only be fitted 
by reducing the slow correlation time as well as the correlation 
time corresponding to internal motion.38 This result has been 
interpreted in terms of the probability of uncoupled gauche 
isomerizations increasing near the end of the chain. The present 
calculations are completely consistent with such an interpre­
tation. The existence of uncoupled gauche isomerizations re­
quires that the effect of cumulative bond rotations be incor­
porated into Ti and T2 calculations. Thus, the reduction in rc 
obtained using the model of ref 38 becomes an increase in the 
correlation factor/defined here, implying a decrease in the 
degree of correlation of the bond isomerizations. 

VI. Conclusions 

The dominance of 13C relaxation rates by the dipolar in­
teraction with directly bonded protons permits a detailed 
evaluation of the data for systems undergoing complex motion 
in terms of various dynamical models. This situation contrasts 
with that for several other nuclei which have been used to probe 
various membrane systems, in particular 1H, 19F, and 
31 p 1.2,53,54 j n tn e s e cases, a considerable effort must be made 
to separate the various possible relaxation mechanisms and, 
in some cases, the different contributions which can exist for 
each mechanism. Alternatively, the data analysis for 13C is 
more similar to that for 2H since, although in the latter case 
the quadrupolar rather than the dipolar interaction dominates 
the relaxation, the measured relaxation times are sensitive only 
to the way in which the particular C-2H vector reorients in 
space. Thus, the spin-lattice relaxation times obtained for the 
two nuclei at corresponding positions along the fatty acid chain 
are proportional.50 

The multiple internal isomerization model developed here 
has several important features: (1) As a result of the restriction 
of the internal motion imposed in the model, relaxation char­
acteristics of the slowly tumbling end of the molecule can ex­
tend far into the chain, in contrast to the free internal rotation 
case. Such characteristics include a reduced NOE, a frequency 
dependence of the spin-lattice relaxation, and a broad line 
width as indicated both by the T2 and TiJT2 plots as a function 
of carbon number. (2) The observed Ti gradient is considered 
to reflect in principle three factors: a rt gradient, a <r gradient, 
or a motional gradient reflecting the cumulative effect of each 
carbon-carbon bond rotation between the most immobilized 
atom and the carbon whose relaxation is being measured. (3) 
Gradients in the T2 values are also predicted to reflect pri­
marily the cumulative motion effect as well as any changes in 
the value of <r, but to be relatively independent of rt. (4) The 
effects of correlated motions in reducing the contribution of 
cumulative bond isomerizations to the observed relaxation 
parameters has been considered semiquantitatively. 

These features have several implications for the interpre­
tation of 13C relaxation measurements in systems undergoing 
complex motions. Perhaps most significant, they indicate that 
the spin-lattice relaxation times are sensitive to the ordering 
of the system as well as to the rates of motion about the various 
carbon-carbon bonds. Thus, although the spin-lattice relax­
ation behavior can be phenomenologically described by the 
relation 

1 _ TH2TC2^2 

^ r 1— Teff 
Tl /-CH6 

the Teff thus obtained is a function of both the mobility and the 
ordering of the system. In general, the interpretation of T\l3c 

measured for the Mh carbon in terms of a rate of motion about 
the Mh bond will be most accurate if the motional correlations 
are maximal so that the effects of rotations about bonds 1,2, 
. . . M l will be effectively canceled. 

In light of the above conclusion, it is particularly interesting 
to note that the extreme sensitivity of observed line width to 
various sample preparations is frequently accompanied by a 
relatively minor sensitivity of the spin-lattice relaxation. Thus, 
both sonication39-49'55 and the addition of cholesterol14 exert 
a considerably greater effect on the line width than on the 
spin-lattice relaxation. There has been considerable discussion 
in the literature concerning whether the observed changes in 
line width reflect primarily differences in ordering or in the rate 
of overall molecular tumbling.3'4'5'31'50 In terms of the above 
discussion, the Ti similarities suggest a similarity in the or­
dering of the lipid system, a result recently deduced on the basis 
of an analysis of 2H line widths.50 Thus, a decrease in the in­
ternal order of the system, as reflected either by an increased 
correlation factor (i.e., less correlation of the internal motions), 
or an increase in the value of a, should enhance the observed 
Ti gradient. It should be noted, however, that there are small 
differences in the T\ values measured for sonicated and un­
sonicated systems which may reflect a difference in the mo­
tional correlations. Thus, in the 13C labeled lecithins studied 
by Gent and Prestegard,16 the T\ values for C-2 measured in 
sonicated and unsonicated preparations are similar while the 
values for Cw.2 differ by a factor of 1.5, being longer in the 
sonicated sample. Unfortunately, the problem of separating 
the effects of T1, a, and/in the two systems prevents an inter­
pretation of the data in terms of order only. Assuming the 
entire difference to reflect a difference in order, a maximum 
increase in the correlation factor for the vesicle of ~2 is ob­
tained, where the exact value will be a function of T1. Alter­
natively, it should be noted that studies of specifically 13C la­
beled sonicated and unsonicated dimyristoyllecithin by Lee 
et al.41 reveal smaller differences in the measured Ti values. 
To summarize, it is difficult to predict major differences in the 
ordering of sonicated and unsonicated systems given the 
similarities in Ti values and the probability that correlated 
motions are highly significant in determining the observed Ti 
gradient. It should be noted, however, that while vesicle tum­
bling may be important in determining the observed line 
widths, internal motions are equally significant, and it is nec­
essary to postulate several effective internal rotations sepa­
rating the motion of the fatty acyl C-2 carbon from the motion 
of the lipid vesicle in order to predict a reasonable line width 
for C-2. This result suggests in turn that motions about the first 
few bonds from the glycerol may be considerably more disor­
dered than motions along the hydrocarbon chain, perhaps re­
flecting the lack of highly correlated modes such as kink for­
mation, diffusion, etc. 

VII. Materials and Methods 
tt-Hexadecyltrimethylammonium bromide, L-a-dimy-

ristoyllecithin, and DL-a-dipalmitoyllecithin were purchased from 
Sigma Chemical Co. and used without further purification. rt-Hexa-
decyltrimethylammonium bromide (0.4 M) was dissolved in D2O and 
data taken at 41 0C. The lecithins (200 mg/mL) were dissolved in 0.01 
M phosphate D2O (pD 7.2) and sonicated using a Branson W 185 F 
sonicator for 5-min intervals separated by 5-min cooling intervals until 
the sample became transparent. Proton decoupled 13C NMR spectra 
were obtained on a Varian XL-100-15 spectrometer interfaced to a 
Nova 1210 computer operating in the pulse Fourier transform mode. 
Samples were locked on the D2O solvent. A 180°-T-90°-T pulse se­
quence was used for the Ti measurements where T was 8.4 s. Ti values 
for the micellar and lecithin vesicle solutions were in excellent 
agreement with those of ref 40, 41, and 11. The spin-lattice relaxation 
times given in ref 41 for the sonicated dimyristoyllecithin have been 
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summarized in Table I due to the more complete data available as a 
result of studies of specifically 13C labeled lecithins. 
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Appendix 

The symmetry properties of the A and d matrices may be 
used to develop an efficient algorithm for evaluating the 
Fourier transform of GN(T). From Figure 1 it is seen that the 
A matrix has a twofold symmetry. 

Ann' = A—n'-n a n d Ann'
 = An>n ( I A ) 

The reduced Wigner rotation matrix has a similar twofold 
symmetry (23), 

dm>{&) = d-„>-„tf). dm>tf) = (-l)"-"'d„'„03) (2A) 

and it also has the property, 

d„„>(l3) = (-ir-"'dn„'(-l3) (3A) 

Equation 3A can be used to rewrite GN(T) in eq 8 as a function 
of only positive /3: 

GN(?) ~ 2 abc. . .n 
L(I + 2d)zJ vc'...ri 

[exp -(6D0T)] 
X [Aaadabdal)>][{-l)b+b'Abb'dbcdb'c] 

X . . .[{-\)m+m'Amm,dmn{&)dm>AP)] 
X[(-ir+»'Ann<dn0(f3)d„,0((3)] 

X cos [2TT/3(« - n')\ (4A) 

where only the real part of the imaginary exponential in eq 8 
has been retained, because GN(r) is constructed to be a real 
quantity. If a new four-dimensional array is defined, 

NaaW = (-l)fl+fl'/W</a6(/3)<W(0) 

then eq 4A can be written solely in terms of this new array: 

r ( s - f «r Y E 
L(I + La)"\ b'c>. . .«' 

[exp -(6D0T)] 
^ ™aabb'- • •-<*mm'nn' AWoo X cos [2ir/3(« - «')] (5A) 

With the symmetry relationships (IA) and (2A) the sum­
mation in (5A) can be significantly simplified. The N array 
has the following symmetry properties: 

Naa'OO = (-1 )"+a'N-a>-M0, Naa'00 = Na>a00 (6A) 

These equalities can be used to prove the relationships 

ZNaa'bb'Nbb>00 = E(-l)a+a'N-a>-abb>Nbb'00 = 
bV W 

IZNa'abb'Nbb'00 
bb' 

Y.Naa'bb'Nhb'cc'Ncc'OQ ~ 
bb' 

Y,(-\)a+a'N-a'-abb>Nbb'cc'Ncc>oo = T.Na'abb'Nbb'cc'Ncc'00 
bb' . bb> 
cc' '• cc' • 

(7A) 

It follows from these relationships that not all the terms in the 
summation (5A) are unique. Some of the terms cancel each 
other out and the summation can be shortened. For example, 
using (6A) and (7A) the first sum in (5A) can be rewritten 
as 

E E Nmm>„„>N„„>00 cos —(n - n') 
n = -2n'—2 1 

2 +n 27T 
= E E Mmm>nn'Mnn'oo cos — (H - «') (8A) 

« - 0 n' = —n J 

where 

Mmm'nn' = \Nmm'nn' • ( ' — On , -n ' ) ( — U ^mm'—n'—n\ 

+ (1 " Onn')[Nmm'n'n+ 0 ~ K-n')(~ 1 Y+"'Nmm'-n,-n'] 

and 5 is the unit matrix. The summation on the left-hand side 
of eq 8 A ranges over 25 terms, while that on the right-hand side 
ranges over only 9 terms. The M matrix can be used to rewrite 
the entire summation in (5A) 

°N(T) = M , -, o "be •.« [exP -(6A)T)] 
L(I + ZO-)2J b'c'...n' 

2T 
X CaMaabb'. • -Mmm'nn'Mnn'OO COS — ( « - « ' ) 

where the prime on the summation sign means that the sums 
run over the restricted range indicated in (8A), the sum over 
a is from 0 to 2, and the vector Ca has the components Ci = 
2, Ci = 2, and C0= 1. 

For a reasonably long model chain the Fourier transform 
of eq 9A can be evaluated inexpensively with a high-speed 
computer. It would be prohibitively expensive for all but the 
shortest of chains to evaluate the original expression for C,V(T) 
in eq 8. We have, however, checked the results for two atoms 
using eq 8. 
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I. Introduction 

The quantum mechanical calculation of/AB> the isotropic 
nuclear spin-spin coupling constant between nuclei A and B, 
remains an active area of theoretical study.1 Yet most of the 
calculations of JAB performed assume fixed nuclei at their 
equilibrium positions, thereby neglecting the role of nuclear 
motion. When nuclear motion is explicitly considered its 
treatment is more or less trivial; for example, coupling con­
stants involving methyl protons are reported as statistical av­
erages over a set of conformers. This treatment presumes that 
the rotamers are to a great degree localized in their respective 
wells. However, since rotamer interconversion is often quite 
rapid and the hindered rotational mode is appreciably anhar­
monic, there could be important contributions to the coupling 
constant from geometries other than the local minima. 

A second example is spin-spin coupling to the nitrogen atom 
of amines. Here, interconversion between right and left pyra­
midal forms is rapid, and the inversion mode is anharmonic, 
so that a consideration of solely one or both quasi-equilibrium 
structures may be insufficient for a theoretical determination 
of J. Other situations where nuclear motion may make im­
portant corrections to the equilibrium value of JAB are cou­
plings to the proton in a hydrogen bond for which there can be 
tunneling, and coupling to the central atom of a fluxional 
molecule. 

The correct way to incorporate nuclear motion into a theo­
retical calculation of the coupling constant within the Born 
adiabatic approximation2 is to average /AB> which depends 
parametrically on a set of nuclear displacements Q = (Q ]t Q2, 
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. . . ) , over the ground state vibrational wave function. The 
temperature dependence of/AB. if indeed it is of interest, can 
be subsequently determined by Boltzmann averaging of the 
contributions from excited vibrational states. 

The only authentic examples of the vibrational averaging 
of a coupling constant to date appear to have been made for 
/ H H in the hydrogen molecule,33-0 JHF in hydrogen fluoride,4 

and for 2 / H H in ammonia5 (over the two totally symmetric 
degrees of freedom). 

Our interest in the possible importance of corrections to 
spin-spin coupling constants arises from two considerations. 
Firstly, to the extent to which nuclear motion influences cou­
pling constants in molecules undergoing inversion, hindered 
rotation, or other fluxional motion, the inferences drawn from 
the observed coupling constant about the electronic structure 
at the equilibrium geometry, e.g., hybridizations, may be 
subject to error. Secondly, since JAB is at present most fre­
quently calculated by INDO finite perturbation theory6 or 
some other semiempirical approximate electronic theory,7 the 
effects of vibrations could influence the choice of parameters, 
e.g., spin densities at the nuclei, which are selected to fit ex­
perimental data. Important vibrational corrections to JAB for 
nonrigid molecules might then require that they be treated 
separately from rigid molecules, or more pessimistically, that 
/AB might have to be averaged over vibrations before the pa­
rameters were chosen. 

A possible example of this problem is afforded by the one-
bond proton-nitrogen coupling constant in amines, 1JNH. 
where a single product of spin densities, S 'N

2 (0)5 'H 2 (0) , fails 
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