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Abstract. The reduction in spectral splitting, or motional 
narrowing, of the deuterium spectra of D20/phos- 
pholipid mixtures near the main chain melting phase 
transition was studied for palmitoyloleoylphosphatidyl- 
choline (POPC), palmitoyloleoylphosphatidylethanol- 
amine (POPE) and equimolar mixtures of the two at 10% 
hydration. For POPC the splitting was about 1700 Hz in 
both the fluid and gel phases, dropping to zero near the 
phase transition (as reported previously). For POPE the 
splitting remained approximately constant above the 
phase transition. Below the phase transition the spectrum 
showed a single broad line whose linewidth varied be- 
tween 100 Hz and 800 Hz. This was interpreted as being 
due to small domains of water within a weakly hydrated 
crystal. POPC:POPE (1:1) samples exhibited motional 
narrowing behaviour similar to that for POPC except 
that the splitting above the phase transition was approx- 
imately twice that below the transition. The relatively 
broad temperature range (~20 K) of the transition is 
explained using a simple physical model involving lipid 
fluctuations near the phase transition. 
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Introduction 

The chain melting transition of lamellar phases of pure 
phospholipids at high hydration occurs over a tempera- 
ture range of less than a few degrees. Studies of the 
transition using deuterium NMR of D20/lipid mixtures 
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have revealed an effect which occurs over a much broader 
temperature range (~ 20 K). The spectrum of a powder 
sample of DzO and phosphatidylcholine (PC) usually 
consists of two peaks (known as a powder or "Pake" 
pattern), and the spectrum can be characterized by the 
width of the spectral splitting. As the temperature is in- 
creased through the transition, the splitting is reduced 
until, near the transition, the splitting is zero (i.e. there is 
only 1 peak). As the temperature is raised further, the 
splitting increases to about the same level as below the 
transition. 

This additional motional narrowing of the spectra 
near the chain melting phase transition of phospholipids 
was first reported by Salsbury et al. (1972), and has since 
been studied by several authors (Ulmius et al. 1977; Pope 
et al. 1981; Strenk et al. 1985; Hawton and Doane 1987). 
Similar effects have been seen in the gel-fluid phase tran- 
sition of bilayer forming soaps (Abdolall et al. 1977, 1978). 

The effect is interesting because it has a characteristic 
temperature range of tens of Kelvin, which is unusual for 
a physical property associated with a first order phase 
transition. The splitting of a ZH NMR spectrum is inter- 
preted as being due to the time-averaged anisotropy of 
the labelled molecules (in this case water), and so its dis- 
appearance is taken to imply an isotropic average envi- 
ronment for water, at least over the time scale of the 
measurement. 

The suggestions proposed to account for these obser- 
vations all have some limitations. Salsbury et al. (1972) 
suggested that changes in the water structure around the 
headgroup caused changes in the water mobility, without 
detailing what changes were responsible or why it oc- 
curred over a wide temperature range. Ulmius et al. (1977) 
suggested that the effect may be due to diffusion along the 
ripples in the ripple phase which is intermediate between 
the gel and fluid phases in PC. Strenk et al. (1985) used 
this idea to make estimates of the ripple periods from 
their measurements, using a non-zero asymmetry param- 
eter to model the data. Although the data agreed with 
X-ray measurements, the fitting of the spectra is not 
unique, and more importantly this theory does not ex- 
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plain ~vhy the motional narrowing is also seen in some 
phosphatidylethanolamines (PE) which do not exhibit 
the ripple phase. In addition, Hawton and Doane (1987) 
have shown that the spectra for PC do not have a non- 
zero asymmetry parameter. Pope et al. (1981) explained 
the effect by suggesting that the water molecules undergo 
rapid exchange between two environments with order 
parameters of equal magnitude and opposite sign. This 
explanation poses the question: why should such a special 
pair of environments appear over tens of degrees about 
the transition? 

Hawton and Doane (1987) applied an order parameter 
model based on area fluctuations near the phase transi- 
tion to explain the results. They showed that the experi- 
mental narrowing showed a temperature dependence 
proportional to x / IT-T*[  where T* was called the 
"pseudocritical" temperature. Other researchers have 
proposed that the elevated lateral compressibility of the 
bilayer in the vicinity of the phase transition allows gaps 
between the lipids into which water or solute molecules 
could move. Nagle and Scott (1978), for instance, cited 
this mechanism to explain changes in membrane perme- 
ability near the phase transition region (e.g. Papahad- 
jopoulos et al. 1973). In the case of water, this would lead 
to a reduction in the splitting near the transition temper- 
ature. However there is no quantitative justification for 
the mechanism, nor an explanation of why the effect 
should be so large. 

In this paper, we will present the results for experi- 
ments carried out on PC, PE and equimolar mixtures of 
the two. A simple physical model, also based on lipid 
fluctuations near the phase transition, will be used to 
interpret the results. 
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Fig. 1. A typical 2H NMR powder spectrum of a D20/phospholipid 
mixture in the fluid lamellar phase 

echo technique was found to give identical results to a 
single 90 ° pulse (~  5.6 ms duration) for these linewidths, 
so the latter was used for most experiments. 

Temperature control was achieved using the in-built 
controllers, and cooling achieved by passing pre-cooled 
compressed air or N2 gas through the probe jacket. Dur- 
ing temperature runs, 20 minutes equilibration time was 
usually allowed between temperatures. Experiments 
showed that the phase transitions observed for these 
lipids occurred in a period on the order of one minute. 
Samples were tested for purity after all runs with thin 
layer calorimetry using pre-coated TLC plates (Merck, 
N.J., U.S.A.). The solvent mixture used was chloroform: 
methanol: acetic acid: water (85:15:15:3), and iodine va- 
pour was used as the developer. 

M a t e r i a l  a n d  m e t h o d s  

High purity (> 99%) phospholipids were purchased from 
Avanti Polar Lipids (Pelham, Alabama) and were used 
without further purification. The lipids were stored in 
chloroform solution until needed. Mixtures were made 
using known solution concentrations and flame sealed in 
glass until use. Enough solution to make up 20-50 mg of 
lipid was added to a pre-weighed sample tube and dried 
under a stream of nitrogen gas until most of the liquid was 
removed. The tube was then placed in a desiccator in the 
presence of P20~, evacuated to about 0.1 Pa and left 
overnight to remove all traces of chloroform. The dry 
samples were then transferred to NMR tubes. A known 
volume of D20 was added to the tube, which was flame- 
sealed, and the sample was allowed to hydrate for 1-3 
days at a temperature where the lipid was in the fluid 
state, with repeated centrifugation using alternate sample 
orientations. 

The experiments were carried out on a Bruker CXP- 
300 Spectrometer which operates at 46.062 MHz for deu- 
terium. A standard multinuclear probe with a home- 
made 5 mm solenoid coil was used to give a uniform field 
and better temperature control than was achievable with 
the standard insert. 2 000-10 000 scans were accumu- 
lated for each temperature. A 90°-~-909o quadrupolar 

R e s u l t s  

Figure 1 shows a typical 2H NMR powder spectrum for 
a phospholipid in D20. The splitting is defined as the 
distance between the two peaks, and is an indication of 
the amount of ordering experienced by the water. Exper- 
iments were carried out on samples of POPC, POPE and 
POPC: POPE (1:1) each with 10% DzO. Representative 
spectra, and phase diagrams were presented in Bryant et 
al. (1992). 

The variation in the splitting as a function of tempera- 
ture is shown in Fig. 2 for all three systems (open sym- 
bols). The linewidths (i.e. full width at half height) of the 
spectra with zero splitting are also shown (filled symbols). 
The transition onset and peak temperatures, as deter- 
mined using DSC, are shown for comparison (from 
Bryant et al. 1992). 

Figure 2a shows data for P O P C - t h e y  are qualita- 
tively similar to those previously obtained for other PCs 
(Pope et al. 1981; Strenk et al. 1985; Hawton and Doane 
1987), with the splitting approximately the same magni- 
tude in both the gel and fluid lamellar phases, and zero 
splitting near the phase transition. 

For POPE the behaviour is noticeably different, as 
seen in Fig. 2 b. At temperatures below about 300 K, the 
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Fig. 2. Plots of splitting and linewidth against temperature for a 
PoPe,  b POPE and c POPE:POPe (1:1) each with 10% D20. (c) 
also shows data for samples with 15% hydration. The open symbols 
represent splitting data, and the filled symbols are the linewidths. 
The transition temperatures determined from DSC (Bryant et al. 
1992) are also shown for the 10% hydration samples. The vertical 
error bars are standard deviations of 2-5 runs. In a and b the points 
without error bars are either from a single run, or the plot symbols 
are larger than the errors. In c the errors have been omitted from the 
15% hydration sample for clarity, although they are of the same 
order as the 10% sample. The horizontal errors (usua!ly _ 1 K) are 
never larger than the plot symbols 

spectra exhibit a single resonance whose linewidth (full 
width at half height) varies between 200 and 800 Hz. Be- 
tween about 303 K and 315 K the spectra exhibit a split- 
ting of nearly 3000 Hz. Above this temperature the sam- 
ple undergoes a transition into the inverse hexagonal (Hn) 
phase, and the spectra exhibit two superposed splittings, 
with the Hn splitting being less than half that of the lamel- 
lar phase. The contribution from the fluid lamellar phase 
decreases with increasing temperature until only the HH 
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phase remains at 332 K (see Bryant et al. 1992). The split- 
tings for the fluid lamellar and Hn phases do not exhibit 
any motional narrowing during this transition. This has 
also been observed for D O P C :  D O P E  mixtures undergo- 
ing the fluid lamellar to Hn transition (Bryant 1991). 
These results show that the motional narrowing effect is 
a direct function of chain freezing, and is not an effect 
related to simple conformational changes. 

Figure 2c shows the variation in the splittings and 
linewidths for POPC:  P O P E  (1:1) at both 10% and 15% 
hydration. The 15% hydration sample has a slightly 
lower transition temperature (as would be expected), but 
is qualitatively similar to the 10% sample. The behaviour 
differs from that for the two pure lipids. In particular, the 
splitting in the gel phase is significantly lower than in the 
fluid lamellar phase (see discussion). 

D i s c u s s i o n  

For the P O P E  samples, no splitting is observed below the 
transition. This is due to the fact that the PE is in a weakly 
hydrated crystalline phase below the transition (Bryant 
et al. 1992). However, it appears that the water does not 
exist in a single excess phase, as this would give a signal 
with a narrow linewidth (,-~ 100 Hz). It may be that the 
water is contained in small domains within the sample. 
Consider a roughly spherical group of n water molecules 
in a volume v. As the water molecules diffuse through the 
region, they will sample all orientations, and so the signal 
will have zero splitting. However, the linewidth of the 
signal is determined by the molecular environment, so 
those molecules near the surface of the sphere will experi- 
ence stronger interactions and will contribute a wider 
(unsplit) component.  As the water molecules can sample 
all orientations in the time frame of the experiment, the 
resulting signal will be broadened. For  n ~ 1 the volume 
fraction of water molecules near the surface of the sphere 
is on the order of 

4 ~ r 2 d~ 
F -  4 r 3 (1) 

where r is the radius of the sphere and dw is the diameter 
of the water molecule. The expression is valid for r >> d W 
and using vw (the volume of 1 water molecule)= v/n, this 
becomes: 

6 
= ~/~ (2) 

For  the N MR signal to be substantially broadened by 
this effect, the fraction of molecules on the surface must be 
greater than, say 10%, which corresponds to a volume of 
about 6000 nm 3, or about 2 x 10 s molecules. To account 
for the observations of line broadenings of several hun- 
dred Hz the groups of molecules must be even smaller. 

This model suggests that the splitting of the signal may 
be dependent on sample history, with hysteresis likely. In 
addition, it may be possible to anneal these sample, thus 
altering the size of the domains of water molecules, and 
consequently altering the observed splitting. Although 
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there was some variation observed for the POPE sam- 
ples, this effect was not investigated in detail. 

For the P O P C : P O P E  1:1 mixtures in the fluid phase, 
the splittings away from the transition are about 2 700 Hz 
for the sample with 10% D 2 0  and about 2 300 Hz for the 
sample with 15% D20.  The larger splitting for the 10% 
mixture is attributed to the stronger (average) interaction 
experienced by the water molecules in the lower hydra- 
tion sample. 

Below the transition the splittings are similar, to with- 
in the accuracy of the experiments. However in the phase 
transition region these samples do not exhibit a single 
pure Lorentzian line (unlike the pure PC). This is not 
surprising as the phase separation from the gel to the fluid 
phase occurs over a broad temperature range between the 
fluidus and solidus lines. Thus for mixtures, parameters 
associated with the phase transition (such as membrane 
compressibility) are not expected to exhibit a singularity 
(Mar~elja and Wolfe 1979). It is instructive to note the 
difference between the behaviours of lipids at full hydra- 
tion and those with less than excess water. For a single 
lipid in excess water, the amount of water incorporated by 
the lipid changes as the lipid undergoes the phase transi- 
tion to maintain a constant chemical potential of water. 
In principle, such transitions are singularities. For a lipid 
with less than excess water, however, the water volume 
per lipid is constant during the phase transition, and thus 
the chemical potential of water must change (as the inter- 
action between water and the lipids is different for the gel 
and fluid phases). The effect of this is to broaden the 
transition. A system with 2 lipid components will of 
course exhibit a broad transition even in excess water. 

Thermal fluctuations 

Consider a lipid-water mixture at a temperature T near 
the main chain melting transition temperature T,, (note 
that the following analysis is equally valid in the fluid 
phase (Tslightly above Tin) or in the gel phase (T slightly 
below Tm)). If the temperature difference IT,,- TI is small, 
thermal fluctuations will cause the chains of small groups 
of lipids spontaneously to "freeze" or to "melt". These 
short lived microphases would form and decay rapidly, 
and should not be considered as stable domains. 

For PC the difference in headgroup area between the 
gel and fluid phases is about Aa ~ 0.2 nm 2 per lipid (Lis et 
al. 1982). If small groups of n lipids are alternately "freez- 
ing" and "melting" at a rapid rate, the transitory gaps in 
the membrane will be formed with areas about 
n* 0.2 nm 2. (This is of course a gross simplification of the 
physical situation - if such "pores" exist they are unlikely 
to be so well defined.) Thus even small groups of partici- 
pating lipids could cause large area changes, resulting in 
transient pores and dimples in the membrane. Note that 
the formation of such transient domains is associated 
with large increases in the lateral compressibility of the 
membrane which has been used to explain the large in- 
creases in membrane permeability (Nagle and Scott 1978; 
Bates and Wolfe 1980 and references therein). 

A rapidly moving water molecule diffuses a distance of 
typically 450 nm during an NMR measurement (the sam- 
pling distance is about ~ z where D is the diffusion 
constant (about 10-lo m 2 s-1) and v is the time scale of 
the experiment (about 1 ms) - Strenk et al. 1985). The 
NMR signal is the average of the signals from the water 
molecules in different environments, and so the effect of 
having water molecules sampling the space between the 
lipids will be to reduce the splitting. The following is an 
order of magnitude calculation to determine if such fluc- 
tuations can explain the observed water isotropy. 

The latent heat of a transition for one molecule is given 
by h = T,, As where h is the latent heat, As is the change in 
entropy and T,, is the equilibrium transition temperature. 
For fluctuations between two phases at T ~ Tin, the fluctu- 
ation energy per molecule A 9 is A g = h - T A s .  Thus the 
change in the Gibbs free energy associated with a fluctu- 
ation of a group of n molecules is: 

AG= [nh-n TAs[ (3) 

Exactly at the transition, T= T,,, A G = 0 and therefore 
As = h/Tm. Substituting in (3) and defining A T =  IT,,- T[ 
gives: 

AG=~T~ AT (4) 

The probability p that a thermal fluctuation occurs which 
is large enough to cause such a phase transition is propor- 
tional to the Boltzmann energy distribution: 

pocexp = e x p ~ - ~ m  ) ~ e x P k k T  ~ ] (5) 

where the approximation is valid if ~ - ~  1. (At room 

temperature this condition is satisfied). 
The probability that a group of n lipid molecules can 

undergo a transition between the gel and fluid states sole- 
ly as a result of thermal fluctuations can be estimated if 
the parameters h and T,, are known. From DSC experi- 
ments (Bryant 1991) for POPC at 10% hydration 
h=(1.7±0.1) x 10 -20 J/molecule and Tm=293.5_0.3 K. 
Substituting into (5), this becomes: 

where z = 70 K for these parameters. 
Figure 3 shows a plot of the value n as a function of the 

temperature difference AT for different values of the 
Boltzmann probability p. From these plots it is clear that 
10 K from the transition temperature, groups of more 
than a few molecules are unlikely to undergo the fluctua- 
tion collectively. Close to the transition (1 K say), the 
probability is high that groups of 20 molecules or more 
will undergo the fluctuation. Exactly at the transition 
temperature, all the lipid molecules are involved in fluctu- 
ations, and thus transient gaps in the bilayers are contin- 
ually being created. It is possible therefore that water 
molecules which enter these gaps are free to tumble in all 
orientations (on average) leading to the observed zero 
splitting. 
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Fig. 3. A logarithmic plot of the number (n) of lipid molecules in a 
short lived domain as a function of the temperature difference A T 
from the transition temperature, as predicted from equation 6. The 
3 lines have Boltzmann probability factors (p) of 0.9, 0.75 and 0.25 
(see text for discussion) 

The range of the motional  narrowing effect seen exper- 
imentally is about  + 15-20  K, although most  of the nar- 
rowing occurs less than 10 K from the transition. F rom 
Fig. 3, it can be seen that the probabil i ty of groups of 
molecules fluctuating between the fluid and gel phases is 
extremely small that far from the transition (in either the 
gel or fluid phase), and so there will be little or no contri- 
bution to narrowing. 

To estimate the size of the effect, consider a small 
group of molecules (n = 4). The area in the plane of the 
interface associated with this group undergoing a transi- 
tion would change by between 0.14 and 0.20 nm z per lipid 
(Lis et al. 1982; Seddon et al. 1984) and the length of the 
lipid molecule is about  2 nm (Rand and Parsegian 1989). 
Thus for a fluctuation involving n = 4 lipids going from 
gel to fluid configuration, and not otherwise affecting the 
global geometry, a volume of about  1.5 nm 3 would ap- 
pear in the hydrophobic  region of the bilayer. This equals 
the volume of about  50 water molecules - as the cavity 
appears within the bilayer, the molecules taking up the gel 
configuration would protrude into the interbilayer region 
and displace water from that region. At 10% hydration 
the water separation between multilayers is about  0.5 nm, 
and the lipid area is about  0.55 nm 2 (Bryant 1991), so the 
volume of water associated with each lipid molecule is 
about  0.14 nm 3. Thus the fluctuations of a small group of 
lipid molecules can create a change in volume which can 
be sampled by the water molecules associated with about  
10 lipid molecules. 

If a fluctuation of a few molecules occurs every I0 
lipids or so during the time of the N M R  experiment, then 
the signal will be severely motionally narrowed. If the 
fluctuations occur only every 20 molecules or so, then the 
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splitting will be reduced to about  half its value a long way 
from the transition. 

The interpretation of motional  narrowing of D 2 0  
N M R  spectra presented here provides an explanation in 
terms of a simple physical model of lipid phase fluctua- 
tions. Consideration of the suggested physical mechanism 
can aid in the understanding of both lipid phase transi- 
tions and the associated N M R  spectra, and complements 
the more mathematical  interpretations of previous au- 
thors. 
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