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Slow-Motional NMR Line Shapes for Very Anisotropic Rotational Diffusion. 
Phosphorus-31 NMR of Phospholipids 
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The model of Mason, Polnaszek, and Freed for ESR-slow-tumbling spectra is extended to the case of NMR 
line shapes for arbitrary tilt of the internal axis of relatively rapid rotation with respect to the principal axes 
of the chemical shielding tensor for a decoupled I = 1 / 2  nucleus. The theory is applied to an analysis of 31P 
NMR spectra from partially hydrated dipalmitoylphosphatidylcholine (DPPC) molecules over a range of 
temperature. Generally, very good agreement with experiment is obtained enabling the determination of the 
rate of the “average” or “effective” internal rotation and the orientation of this “average” axis in the molecule. 
The basis on which the simple model reflects the spectral effects of the combined internal and overall motions 
is discussed in detail in an appendix, and the extension to more complex models is outlined, 

(I) Introduction 
The model of very anisotropic rotational reorientation 

in slow-motional spectra was treated several years ago by 
Mason et a1.l for the case where a nitroxide electron spin 
probe is undergoing relatively rapid rotation about a single 
bond, while the macromolecule to which it is attached is 
reorienting slowly. In the present study we extend this 
type of approach to cover nuclear spin probes ( I  = 1 / 2  
nuclei) and we treat the more general case of a primary 
axis for diffusion which is tilted a t  arbitrary angle from 
the principal axes of rotational diffusion. The specific 
manner in which this model effectively includes internal 
modes of motion is also considered here in somewhat 
greater detail. The method is suited for the analysis of 
internal mot,ions in macromolecules with the option of 
choosing a probe nucleus, e.g., lH, 31P, 19F, 13C, 15N, etc. 
(occurring either naturally or by means of specific isotope 
labeling), depending on the nature of the molecule in- 
vestigated and the time scale of the dynamical processes 
taking place 

To illustrate the method we have chosen 31P NMR 
spectra from the DPPC molecule which consists mainly 
of a glycerol residue to which are attached two long fatty 
acid chains and the phosphatidylcholine head group. This 
phospholipid molecule is of particular interest, since 
phospholipid bilayers are a major component of biological 
membranes. The importance of the head-group structure 
of the phospholipid molecule is today well established; that 
is, one observes a variation of phospholipid head-group 
composition in different systems2 and also one finds 
specific phospholipid requirements of various membranal 
 enzyme^.^ There seems to be a direct relationship between 
the type of the head group present and the fluidity of the 
phospholipid dispersions; the gel to liquid crystalline 
thermal phase transition temperature is sensitive to the 
nature of the head group as well as to the presence of 
head-group perturbations such as Ca2+ and pH; the co- 
operativity of the various phase transitions in phospholipid 
bilayers is related to the head-group structure* and the 
biaxial naturle of low water content phospholipid bilayers 
is also related to the head-group conf~rmat ion .~-~  

Fully hydrated bilayers of DPPC have been thoroughly 
studied by a variety of methods, in order to determine the 
bilayer structure and the molecular conformations of the 
DPPC molecule, with a particular emphasis on the ge- 
ometry as well as the dynamic characteristics of the 
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head-group region. However, in view of the great geometric 
and dynamic complexity of these systems, the experi- 
mental data could not be interpreted unambiguously, and 
several models consistent with the various experimental 
findings have been suggested.s-12 

Lower water content mixtures have recently been in- 
vestigated by various rnethods.l3-l5 31P NMR 
experiments15 have shown that upon complete dehydra- 
tion, the rigid-limit powder spectrum is obtained, and the 
spectral changes upon increasing the water content have 
been interpreted in terms of the onset of head-group 
motion, which leads to motionally averaged spectra a t  15 
“C for ca. 15%, by weight, water. Below the gel to liquid 
crystalline phase transition (occurring a t  41 “C  for fully 
hydrated DPPC bilayers and a t  somewhat higher tem- 
peratures for lower water content6) the long fatty acid 
residues are found to be crystalline-like. When the water 
content is lowered, the complexity of the dynamic pro- 
cesses is substantially decreased, and the dominant process 
is the reorientation of the head group.15 We show, in this 
work, how we are able to characterize this process in terms 
of anisotropic diffusion coefficients a t  the various iem- 
peratures as well as the orientation of the principal dif- 
fusion axis in the molecular frame, by means of a complete 
line-shape analysis of 31P NMR spectra from the rigid limit 
up to the limit of rapid anisotropic rotational reorientation. 

In section I1 we develop the theoretical method for the 
basic model of slow tumbling and very anisotropic diffusion 
and then give typical results to illustrate the slow-tumbling 
range and to determine the limiting conditions under 
which the simpler approaches used previously are valid. 
In section I11 we analyze the experimental results for a 
mixture of DPPC and 15%, by weight, water in ternis of 
the theoretical simulations and we discuss their impli- 
cations. The limitations of the present analysis are pointed 
out there as well as the potential for further studies. 
Experimental details appear in section IV. The niore 
general theoretical discussion of the combined slow- 
tumbling spectral effects of both overall reorientation and 
internal rotations and the relationship of more general 
models to our model of section I1 appears in Appendix A. 

(11) Theory 
(A) Spin Hamiltonian [31P].  The spin Hamiltonian 

appropriate for NMR, written in the spherical tensor 
convention of Freed and Fraenkel,16 is 

L = 0,2 
K,M,r,i 

%(a) = C ( - 1 ) K ~ 3 f . , , M ( s 2 ) F I ~ A ~ ~ ~ ~  (1) 
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where the F f f )  and A,$M, represent the irreducible tensor 
components of rank L and components K and M ,  re- 
spectively, with distinguishing the different types of 
magnetic interactions and i, the different magnetic nuclei. 
The F$2m are functions of the magnetic parameters of the 
system expressed in the molecule-fixed, diffusion axis 
system, while the A$M are functions only of the spin 
operators quantized in the laboratory axis system. The 
Zl!$,M(Q) are Wigner rotation matrix elements which 
express the transformation from the molecule-fixed (x ’, y f, 
2’) to the laboratory (z, y, z )  axis system, where !2 rep- 
resents the Euler angles (a ,  0, y) relating one axis system 
to the other. 

When the principal axis systems of the magnetic in- 
teraction (x”’, y”‘, z’’? and those of the molecule-fixed, 
diffusion (x’, y’, z ?  are noncoincident an additional 
transformation with Euler angles 9 = (#, 8, cp) must be 
made between these axis systems. This is given by 

where, for the case of axially symmetric rotational dif- 
fusion, 9 reduces to (0,0, cp) where 0 and cp represent the 
polar angles of this axis in the (x”’, y’”, z f f 3  coordinates. 

For an I = 1 / 2  system, such as phosphorus-31, where 
the internuclear dipolar interaction may be neglected in 
the presence of a strong, externally applied decoupling 
field, the spin Hamiltonian reduces to just the effect of the 
chemical shielding tensor, so that 
%(n) = -YN(1 - g)Bdz + 

d y N B J z  m=-2 to f 2  
a!%,o(Q)F$i’n) (3) 

Explicitly, the F$$m) components for \k = (0, 8, cp) are 
1 

[ fi cos 2cp sin2 8 F”$2tf2) (4a) 1 
F$EJ) = [ --d sin 8 cos 8 ] F ’ f ~ ~ o )  + 

(4c) 
and the F”$Z,m) are given in Table I. We have dropped 
the nonsecular (I*) terms in eq 3, because in high magnetic 
fields they make a negligible contribution to the (slow- 
tumbling) spectrum.l [Furthermore, we may note that in 
high magnetic fields, when nonsecular terms are negligible, 
we can treat nuclei with quadrupole moments, e.g., 2H or 
14N, by nearly identical methods applied to each of the 
allowed transitions, and similar comments apply to the 
case of dipolar interactions between like spins of I = 1/2.] 

(B) Rotational Model. Now, in general, the Euler angles 
Q = (a,  (3, y) are fluctuating due to the overall reorien- 
tational motion as well as due to the various internal 
rotations which can affect the subgroup containing the 
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TABLE I 
chemical shielding interaction 

1 = 0  I =  2 
Akl: f ) q = 0 B,Iz (2 /3) ’  ”B,I, 

q = + 1  0 ItB,I+ ” -  

q = i 2  0 0 

0 
F’”(zim) m = 0 * / j T r  ( 0 - l ) O  ( 3 / 2 ) 1 ’ 2 ( ~ z ~ ~ 1 z 1 ’ 1  - 1 1 3  Tr ,,) P m = + l  0 

m = + 2  0 - ‘ 7 y l , , y , 8 1 )  

a Tr u u,,. 

magnetic nucleus. This is expected to be true for phos- 
pholipid head-group motion which probably involves 
multiple rotation axes. Mason et a1.l pointed out that 
rather than consider a very complex analysis of such 
motions and their spectral effects, it is useful in most cases 
to simplify the model to include two primary rotational 
diffusion coefficients in a manner that is formally 
equivalent to axially symmetric rotational diffusion 
wherein RII (the parallel component of the rotational 
diffusion tensor) represents the relatively rapid internal 
rotational motion (or the net effect of several such motions) 
while R ,  represents the net effect of the slow overall 
motions. This was indeed found to be an adequate model 
for initial analyses given the limited but useful 
“information content” of the “slow-tumbling” spectra. (In 
fact Mason et al.l only considered the case of cp = 0 in order 
to reduce the more complex analysis required for nitroxide 
spin probes to a reasonably tractable level.) 

For our analysis, we employ this simplified model of 
Mason et al., except that the “full-tilt’’ case of 8 # 0 and 
cp f 0 is employed, since the spin Hamiltonian of eq 3 and 
4 is simpler, so the overall slow-tumbling problem is more 
tractable. We show in Appendix A how more complex and 
realistic models involving relatively rapid internal rotation 
and overall slower reorientation do indeed reduce to the 
form of our simple approach under several physically 
realistic limiting cases. For each of these cases one obtains 
more precise interpretations of the phenomenological RII  
and R I ,  the interpretation of the tilt angles, and the 
conditions under which the more general treatment 
outlined in Appendix A might be required. Thus, for 
example, it is possible to show that for a molecule un- 
dergoing completely anisotropic rotational diffusion (with 
principal components R , ,  R,, and R , )  and with relatively 
much more rapid internal rotation of the subgroup con- 
taining the magnetic nucleus (with internal rotational 
coefficient RI)  that  RII  can indeed be interpreted as RI ,  
while the complex overall motion may be represented by 
a single “effective” R (or R,) which is a weighted average 
of Rxl, Ryj,  and R, that depends upon the orientation of 
the axis of internal rotation relative to the principal axes 
( x f ,  y f ,  23 of the overall rotational diffusion tensor. (This 
is case 5 in Appendix A.) It is also pointed out how the 
method may be ext,ended to multiple internal rotations. 

Thus we continue the analysis below as though we are 
dealing with simple axially symmetric rotational diffusion, 
but when we come to interpret the 31P NMR spectra, we 
make use of the interpretation that appears appropriate 
based upon the discussion in Appendix A. 

(C) Stochastic Liouuille Expressions. Here we follow 
the usual approach of FBP17-20 in evaluating the stochastic 
Liouville equation (SLE) for this case of a single I = 112 
nuclear spin, [This is formally analogous to the ESR 
problem of a single spin of S = 112 with an asymmetric 
g tensor, given by FBP, but we now allow for arbitrary 
orientation of the main diffusion axis with respect to the 
principal axes of the magnetic tensor.] One obtains the 
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following compact set of coupled algebraic equations for 
the coefficients C i M  in the eigenfunction expansion of the 
density matrix (cf. Appendix A and ref 17-20), which 
determines the slow-tumbling spectrum: 

[ (w  - WO) - i(TZ.-l f 7L,K-1)]C@ + 
( -1)K'1F4'! 'o)C~K(L,L' ,0)C~~ + (-l)xc fiK(LjL',-l) 

L' L' 
[(kl) Im F42>1))Cf(+T,o + (Re F'@91))@&,0] + 

( - l )Kcf iK(L,L ',+I) [ (f 1) x 
L' 

(Im F(2p1))&~T,o - (Re F(291))@~t,0] + (-l)Kfl RK(L, 
L' 

Lf,-2)[(Re F@s2))C&.!-&0 + (h l ) ( Im F4232))Cf&0] 

+ (-l)K+' C fiK(L,L',2)[(Re F~2~z))Cg:$,o - (hl) X 
L' 

(Im F Q ~ ~ ) ) C ~ L ; , ~ I  = &(L,o)~(K,o) (5) 

where we have used the definitions 
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while C& is nonexistent. Also 

in terms of the 3 - j symbols, and N(L,L') [(2L + l)(2L' 
+ l)]l/z. Also, w is the frequency of the resonant rf field, 
while wo = yN(l - a)Bo; Tfl is an orientation-independent 
residual line width; the 7Lfi-1 are the eigenvalues of the 
diffusion operator for axially symmetric diffusion in an 
isotropic medium, and for Brownian rotational diffusion 
they are given by 

(8) 

where R ,  and RII are respectively the perpendicular and 
parallel components of the diffusion tensor. The 7LK-l for 
other models of rotational reorientation are given else- 
where.ls-zO Note that (Re Fd2pP)) and (Im Fd2,p)) are the 
real and imaginary parts of Fd2P), respectively, which may 
be obtained from eq 4a. 

Note that the absorption spectrum I ( w  - wo) is given by 

7 L j y 1  = [R,L(L + 1) + (RII - R l ) K 2 ]  

I ( w  - wo)= Im (9) 

The infinite set of equations given by eq 5 may be written 
in matrix notation as 

AC = U (10) 

where C is a column vector of all the coefficients, @,$, 
while A is seen from eq 5 to be a complex-symmetric 
matrix, which can be rewritten as A = A' + K1 with K = 
w - wo - iT2f1 so that A' does not contain the sweep 
variable. Equations 5 (or 10) and 9 were solved in the 
standard mmner1H-20 by first diagonalizing A'. The 
computer program, written for an IBM 370/168 computer, 
allows for K t r u n ~ a t i o n . ' ~ ~ ~ ~  Typical values for L and K 
which are required for R >> R L  with the latter being very 
slow were L := 20 and I?= 2, with computing times of 10 
CPU s. [This program also allows for a cylindrically- 
symmetric orienting potential U(Q)/hT = -A  cos2 p, such 
that the primary axis of the molecular diffusion tensor 

)I I o9 
L I  I , l i t  , 1 I . ,  
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Flgure 1. Theoretical spectra illustrating the changes in the line shape 
occurring as a function of R ,  the rate of isotropic Brownian diffusion, 
as denoted in the figure (in units of s-'), for an axially symmetric tensor 
with cIl = -65 ppm, uI = 130 pprn, and a residual line width 7;' = 
1 ppm. The calculations were performed using L values as large as 
90 for the near-rigid-limit region ( R  = 5-1 s-l), L = 8 for the slow- 
motional region (R = lo4 s-'), and L = 4 for the limit of rapid motion 
( R  = 105-109 s-1). 

tends to be ordered with respect to the applied dc magnetic 
field. The methods for including orienting potentials have 
been given e l s e ~ h e r e , ' ~ - ~ ~ ]  Copies of this program are 
available from the authors. 

(D) Spectral Simulations. (1) Range of Slow-Motional 
Spectra. The sensitivity of a typical NMR spectrum for 
a spin I = 1 / 2  with an anisotropic chemical shift to rates 
of molecular motion from 1 to lo9 sfl is illustrated in Figure 
1. For simplicity, we have chosen an axially symmetric 
CT tensor with crll = -65 ppn4 and C T ~  = 130 ppm and an 
isotropic Brownian rotational diffusion process with a rate 
R = 1/(67R), with T R  denoting the correlation time for 
rotational diffusion, The overall width of the rigid-limit 
spectrum is 300 ppm and the residual line width is 1 ppm. 
This would correspond to nuclei such as 31P, 13C, and 19F 
which have chemical shift anisotropies of several hundred 
ppm and to spectrometers equipped with high decoupling 
power units (to decouple abundant surrounding nuclei 
from the observed nucleus) so as to obtain a small residual 
line width. I t  was shown recentlyz3 that for a macro- 
scopically isotropic hydrated DPPC sample the residual 
line width is less than 1 ppm both for 13P and for 13C, using 
a spectrometer suited for solid-state NMR. The slow- 
motional region includes the range 10 S R 5 lo5 and is 
sensitive to the details of molecular dynamics. 

To illustrate the sensitivity of the line shape to the 
orientation of the axis about which axially symmetric 
rotational diffusion occurs, we have chosen typical values 
of RII = 1.58 X lo4 s-l and R ,  = 1.58 X lo2 s-l ( 7 ~  = 1.05 
X s), where 7~ = 1/(6(RllR,)1/2) afid T2-l = 10 ppm 
representing anisotropic slow tumbling, but we varied the 
polar angles 0 and cp which define the orientation of the 
diffusion axis relative to the coordinate system determined 
by the principal axes of the 31P chemical shift tensor, as 
shown in Figure 2. 

For simplicity, we have ignored the possibility of a 
microscopic ordering potential a t  the position of the 31P 
nucleus; the excellent fit between the experimental and 
simulated spectra (Figure 5) is certainly consistent with 
this assumption although there is a more fundamental 
justification given below. However, there is experimental 
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Flgure 2. Theoretical spectra illustrating the changes in the line shape 
occurring upon varying the polar angles 6 and p as denoted in the figure. 
The simulations were performed with R - 1.58 X lo4 s-l, R ,  = 1 58 
X 10' s-', T2-' = 10 ppm, and L = k =  14. 

a 

u (ppmi  

Flgure 3. Theoretical spectra illustrating the effect on the line shape 
of including In the calculation an ordering potential. The simulations 
were performed for T R  = 3.33 X s, Tp-' = 5 ppm, RiI/R, = 10, 
6 = 90°, p = Oo, L = IO, and K =  10. In trace (a) no ordering potential 
was used and in trace (b) an axially symmetric orienting potential U(P)IkT 
= - A  cos2 p with X -3.0 was used. 

evidencez4 that microscopic ordering indeed occurs in the 
case of fully hydrated (40% HzO) DPPC bilayers. To 
illustrate the effect of a macroscopic ordering potential, 
we present in Figure 3(a) the line shape for R I /R,  = 10, 
rR = 3.33 x 10-5 s, ~ ~ - 1 =  5 ppm, 0 = 900, and cp = 0 0 ,  to 
be compared with the line shape in Figure 3(b), where a 
simple axially symmetric potential with h = -3.0 has been 
included. As seen, the dominant effect is to transform the 
line-shape features to a near rapid motional spectrum. We 
emphasize this point to show that the theory may be used 
to treat cases of nonzero ordering potentials which are 
certainly relevant for oriented phospholipid bilayers. In 
the special limiting case of microscopic order but ma- 
croscopic disorder (e.g., polycrystalline samples) where 
motion relative to the microscopic ordering forces has 
reached the rigid limit (but any other motions such as 
internal rotation could still be evident in the spectrum), 
one immediately concludes that the spectrum is correctly 
predicted without having to include the microscopic or- 
dering in the analysis. This will be seen to be the correct 
limit for the analysis of the 31P spectra in Figure 5 .  

( 2 )  Validity of Simple Limiting Cases. Many 
workers"12 have used a simple limiting model of very rapid 

~ -I00 0 I O 0  

u (pprn)  

Flgure 4. Theoretical spectra to determine the lower limit of RiI for 
which the assumption of rapid very anisotropic motion is rigorously valid. 
The values R ,  = 5 s-', 6 = 8 7 . 8 O ,  p = 69O, T2-l = 1.6 ppm, L = 
32, and K =  2 were used. The spectra also illustrate the small effect 
of decreasing RiI from its limiting value of ca. 2 X lo7 s-l on the 
"apparent" Au = ?ril - 5 ,  which is directly measured from the spectrum. 

anisotropic reorientation. In this section we consider its 
range of validity. Rapid very anisotropic motion implies 
that the rotational dynamics of the spin about some 
molecular diffusion axis u is very fast, while motion 
perpendicular to that axis is very slow. Such an ap- 
proximation is only rigorously correct where (1) the motion 
about u ,  which is described by an effective rotational 
diffusion tensor component RII, is so fast that residual 
time-dependent effects of the averaging process, which lead 
to line broadening, etc. are negligible and (2) the motion 
perpendicular to u,  described by an effective R ,  is so slow 
that its effects on the spectrum are negligible. We show 
in Figure 4 simulated 31P spectra which allow one to 
determine the values of RII and R ,  for which the above 
criteria are achieved. 

We found that these limiting values are RII 2 2 X lo7 s-l 
and R ,  I 5 s-l for the particular values of the shielding 
tensor, 0, (D, and Tz-l corresponding to our experimental 
spectra presented in the following section. 

Further, we found that the anisotropy of the axially 
symmetric line shape, defined by9 A: 5 ?ill - Z4, where ?rll 
and 5 ,  denote the positions of the extremes in the line 
shape, is not significantly affected when the above criterion 
for RII is not fully achieved. For example, one finds from 
Figure 4 that even though RII is as much as 2 orders of 
magnitude smaller than that required to meet the above 
rigorous criterion, the main effect is that of line broad- 
ening, whereas the positions of the extremes ?rI1 and ?, are 
not significantly different from their value for rapid very 
anisotropic motion. However, an accurate determination 
of Au, without a complete line-shape analysis, is certainly 
made difficult by the line broadening. 

We point out that previous approaches for analyzing 31P 
line shapesg~l1 were based upon determining Au from the 
extremes in the absorption pattern assuming rapid very 
anisotropic reorientation (i.e., very fast RiI and very slow 
R,) as well as ignoring the possibility of microscopic 
ordering. Implications regarding the orientation of the 
diffusion axis as well as a lower limit for Ri19 were derived, 
using the expression 
A 5  = 1/2(3 cos2 6 - l)[a,, - y2(gxx  -I- u>y)I -I- 

"/4(ax, - uyy) sin2 6 cos 2p (11) 

which is rigorously valid only if all the assumptions listed 
above are fulfilled. We have shown in our above discussion 
that even though approximate values for 6,p sets which 
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of the chemical shielding tensor. Further, we assumed the 
following: 

(1) The orientation of the principal axes of the 31P 
chemical shift tensor in the DPPC molecule is identical 
with that determined for the PO4 group by Griffin et all3 

(2) The principal values of the chemical shift tensor 
remain unchanged throughout the temperature range 
examined. 

(3) An upper limit to the value of R,, which can be 
determined from the rapid anisotropically averaged DPPC 
spectrum at 35 "C, may be used for all other temperatures 
studies (i.e., only the values of Rii, 8, and cp are affected by 
changes in temperature). 

(4) For the set of experimental spectra from -50 to +25 
"C, the orientation of the principal axes for rotational 
diffusion with respect to those of the chemical shielding 
tensor remains essentially fixed. 

On the basis of these assumptions, we could interpret 
in an internally consistent manner the changes in the line 
shape occurring upon varying the temperature between 
-100 and +55 "C, in terms of rotational diffusion rates and 
orientation of an "averaged" or "effective" diffusion axis. 
In the analysis, the input parameters are TZ-l, RII, R,, 8, 
and cp, as well as the u tensor. The value of R, used was 
R, 5 5 and was found to be determined by simulation 
of the rapid motionally averaged +35 "C spectrum. For 
the low-temperature spectra Tfl is of the order of 10 ppm, 
based on the simulation of the rigid-limit pattern obtained 
at -50 "C. 

For the high-temperature spectra T2-l was found to be 
of the order of 1 ppm (Griffin et alS2l showed that for fully 
hydrated DPPC at  room temperature, the residual line 
width is about 1 pprn). 

We first simulated the spectrum obtained at  -50 "C, 
which remained unchanged upon lowering the temperature 
to -100 "C. Taking this to be the rigid-limit pattern, we 
obtained, via a best fit simulation, uz = -100 ppm, uy = 
-30 ppm, crz = 130 ppm, and T2-l = 10 ppm. We then 
proceeded by simulating the experimental spectrum at  35 
"C (which does not change upon increasing the ternper- 
ature to 55 "C), by varying RiI, R,, T2-l, 0, and cp. After 
determining AB and using eq 11 and the best fit values of 
H and p, we then calculated sets of 0 and cp satisfying this 
equation: we obtained 0 within the range 60" < 6 <90° 
and cp within the range 0 < cp < 65", defining a solid angle 
for the diffusion axis. The line shape could be simulated 
using any of these sets 0 and cp with R 2 2 X lo7 s-l and 
R, 5 5.0 s-l. (At 35 "C the values of dli and R, could be 
determined, since they were found to represent the re- 
spective limiting values for rapid anisotropic reorientation,) 
Thus although the order of magnitude of the dynamic rates 
Rji and R, can be determined, the orientation of the 
diffusion axis cannot be determined unambiguously from 
the 35 "C spectrum. 

According to assumption (3) we let R, 5 5.0 s-l for the 
25 "C spectrum as well as for all other temperatures below 
35 "C. We obtained R = 5 X lo5 s-l, Even though RII = 
5 X lo5 is below tke limiting value of Rii for rapid 
anisotropic motion, as shown in section IID2, the pa- 
rameter A: is essentially unchanged. Thus, taking the 
same approach as with the 35 "C spectrum, we again found 
several sets of 0 and p, all of which gave the same simulated 
line shape. 

The experimental series of spectra show that between 
25 and 35 "C the line shape changes abruptly, whereas 
from -50 to 25 "C the changes in the line shape are gradual. 
We therefore assume that for the set of spectra from -50 
to +25 " C  that the orientation of the rotational diffusion 

:"..:"- 
1 1  I ,s I 5 0  d' 100 

-200 -100 0 too 200 

my 

U ( P P f 7 )  

Flgure 5. Experimental 31P NMR spectra recorded using a WH 270 
Brucker spectrometer equipped with a superconducting magnet: dwell 
time 10 ps, repetition time 2 s, pulse length 8 ps. Quadrature detection 
was used and about 200 free induction decays were accumulated for 
the higher temperature spectra and about 2000 for the lower tem- 
perature spectra. The broad-band 'H decoupling power was 15 W. 
The smooth lines are theoretical simulations with a, = -100, uy = -30, 
and gz = -130 ppm, f?, = 5 s-l, and 8 = 87.8"; the value of cp was 
55" for the -30 to -5' C simulations, 58" for the 25 O C  simulation 
and 69' for the 35 "C  simulation; the residual line width Tp-' in ppm 
and the values for R in s-' are denoted in the figure. The simulations 
were performed using L = 32 and K = 2 for the theoretical spectra 
corresponding to 35 and 25 "C, L = 20 and K = 2 for the 5 "C 
simulation, L =: 20 and K =  4 for the -10 and -30 "C simulations, and 
L = 40 for the -50 "C !simulation. The rigid-limit spectrum was simulated 
with a computer program generating a powder pattern corresponding 
to a chemical shift tensor with u, = -100, u,, = -30, and uz = 130 
ppm, Ty' = 10 ppm and a Lorentzian line shape; the fit of this spectrum 
with the -50 "C experimental trace was found to be very good. 

fulfill eq 11 can be obtained, it is still possible that RiI is 
as much as 2 orders of magnitude smaller than the lower 
lirnit upon which the simple model is based. Thus one 
should be very careful in using that approach. 

We now comment on the likely possibility that  a 
slow-motional spectrum might be analyzed as if it were a 
rigid-limit pattern. One should note in Figure 1 that the 
very slow motional spectra exhibit shapes similar to that 
of the rigid limit but AB is smaller. Thus, in one analysis 
of DPPC monohydrate spectrum as a rigid-limit  att tern,^ 
values for the components of the chemical shift tensor were 
obtained, which are smaller than the dehydrated powder.15 
It might well be that slow-motional effects are responsible 
for this discrepancy, so one should always consider this 
possibility and record rigid-limit spectra a t  lower tem- 
peratures until no further spectral changes are observed. 

(111) Experimental Results for 31P and Their 
Analysis 

The experimental 31P spectra are presented in Figure 
5 together with the theoretical spectra obtained as de- 
scribed in section 11. In the following, we (a) discuss the 
physical model to be associated with the theoretical 
simulations, (b) explain the approach taken in simulating 
the experimental spectra, and (c) conclude with general 
results of the analysis as well as implications of the data 
regarding head-group conformation and dynamics at  the 
upper temperature regions studied. 

The physical model is based on that of simple axially 
symmetric rotational diffusion of the 31P moiety about an 
internal rotation axis defined in the head group which 
could be arbitrarily tilted with respect to the principal axes 
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Figure 6. Theoretical spectra illustrating the sensitivity of slow-motional 
spectra (corresponding to :he experimental spectrum recorded at -30 
"C) to the values of 6' and (o, for RII = 1.0 X lo4 s-', R, = 5 s-', 
and T,-' = 10 ppm. The calculations were performed uslng L = 20 
and K = 4. 

frame remains essentially fixed. Thus, we proceeded by 
choosing one of the sets 0,cp obtained as described above 
for 25 "C and simulated the spectra recorded at  5, -10, and 
-30 "C by only decreasing the values of RI1 and allowing 
for a increase in the intrinsic line width with decreasing 
temperature. (The intrinsic line width is due to the re- 
sidual dipolar couplings between the 31P nucleus and the 
surrounding lH nuclei; similar to the dynamic averaging 
out of the 31P chemical shift anisotropy, these dipolar 
interactions are also gradually averaged out as the rate of 
the head-group motion increases.) In contrast to the 
results for the higher temperature spectra, Figure 6 shows 
that simulations of the -30 "C spectrum (reflecting slow 
reorientation) are sensitive to the set of 19 and cp chosen. 
This result is not surprising, since it was shown in previous 
ESR studies that the slow-motional region is quite sensitive 
to the details of the motional dynamics. Using the result, 
we were then able to uniquely determine the set of 0 and 
cp appropriate not only for the -30 "C spectrum but for the 
entire spectral series from +25 to -50 "C as well. The best 
overall fit between the experimental and the simulated 
spectra was obtained for 0 = 88" and cp = 55", as shown 
in Figure 5 and it is seen to be very good in all cases. The 
diffusion axis does not coincide with any of the chemical 
bonds in the vicinity of the 31P atom (based on the identity 
of the various bond angles in DPPC and in the phos- 
phodiester barium diethylphosphate model compound13) 
and this is probably indicative of an "average" or 
"effective" diffusion axis over the entire head group, 
represented schematically in Figure 7 .  We obtain an 
activation energy for the process (cf. Figure 5) of 10.3 f 
0.5 kcal/mol. 

The sudden change in the line shape at  35 "C indicates 
both a considerable change in the value of RiI and a 
variation in the orientation of the diffusion axis from 6 = 
88" and cp = 58" at  25 "C to any of the sets 6' and cp which 
fulfill eq 11 for which 8 = 88" and cp = 69" is representative 
(see upper trace in Figure 5 ) .  Although the exact nature 
of this transition is not known, our experiments imply a 
change of head-group conformation. Since 34 "C is the 
temperature at which the pretransition has been observed 
in fully hydrated (>40% HzO) DPPC, it is reasonable to 
relate this phenomenon to our observation. 

Further NMR studies using, for example, Wlabeled  
DPPC may be of great value in trying to clarify the sit- 
uation at  35 "C. Given the additional information re- 
garding 8 and p provided by the 13C spectra, one will most 
probably be able to obtain a unique determination of the 
orientation of the diffusion axis a t  35 "C. 

We conclude with the following: 

Figure 7. Schematic representation of the PO4 group in the DPPC 
molecule; x N / ,  y"', and z"'denote the principal axes of the chemical 
shift tensor of the 31P nucleus based on ref 9, and 6' and p define the 
orientation of the diffusion axis vfor the process occurring between 
-50 and +25 "C, relative to this coordinate system; axis y"'lies within 
the 0-P-0 plane and approximately bisects the 0-P-0 angle, where 
the 0's are the nonesterified oxygens. 

(1) The 31P line shape is sensitive to the rate of an- 
isotropic rotation over 5-6 orders of magnitude. 

(2) The changes in the line shape with temperature are 
generally interpretable in terms of a simple model of 
anisotropic rotation about a unique "effective" diffusion 
axis, allowing the determination of both the rate of ro- 
tational dynamics and the direction of the diffusion axis 
between -50 and +25 "C. 

(3) There is an apparent change in head-group con- 
formation between 35 and 25 "C as evidenced by both a 
considerable change in the value of RIi as well as a change 
in the orientation of the diffusion axis. 
(4) The method used is potentially suited to deal with 

several coupled motions (cf. Appendix A). As expected, 
the slow-motional spectra are sensitive to the motional 
details. The full power of the method in elucidating details 
of complex dynamic processes can be exercised using 
several probes in the same molecule, e.g., 31P, 15N, 13C, 'H, 
I9F, etc. nuclei with different principal axes of the chemical 
shift tensors (or else with different ratios of the compo- 
nents with the same principal axes). The present study 
will be further pursued along this line. 

Such an approach will hopefully enable one to under- 
stand more complex systems, such as fully hydrated DPPC 
bilayers, leading to an unambiguous description of mi- 
croscopic structure and dynamics. 

(IV) Experimental  Section 

Homogeneous mixtures of DPPC powder (purchased 
from Sigma) and distilled deionized water were obtained 
by adding the appropriate amount of water, 15% by 
weight, to the phospholipid and mixing thoroughly. The 
purity of DPPC was checked by standard methods: 
thin-layer chromatography and gel to liquid crystalline 
phase transition temperature of a dispersion of DPPC in 
excess water. 

The FT NMR 31P spectra were recorded on a WH 270 
Brucker spectrometer equipped with a superconducting 
magnet. The following settings were used for all spectra: 
pulse width 8 ps, dwell time 10 ps, repetition time 2 s, 
broad-band 'H decoupling power 15 W. The number of 
free induction decays accumulated were about 200 for the 
high-temperature spectra and 2000 for the low-temperature 
spectra, and quadrature detection was used. 








