
exceeds that previously reported. 
The uerformance of the SCMCR could 

be improved by using a different catalyst and 
adsorbent combination. Promoted catalysts 
(16, 17) and hydrothermally treated lan- 
thanide oxides (18) with somewhat better 
activity and selectivity than unpromoted 
Sm20, have been reported. Furthermore, a 
limitation of the CH4 conversion in these 
experiments is the loss of CH4 from the 
adsorption columns. The charcoal adsorbent 
has a heterogeneous surface on which some 
of the CH, is relatively strongly adsorbed, 
enough so that a portion is not camed 
forward to undergo further reaction but re- 
mains behind a: the feed section is ad- 
vanced. It is then purged away by the carrier 
gas just before the section in which it resides 
becomes the feed section once more. Great- 
er CH4 conversions and higher C, yields 
would be obtained if the CH4 loss were 
eliminated. This could be accomplished by 
using an adsorbent on which CH4 tailing is 
reduced, and if necessary by increasing the 
number of reactor-adsorber sections. 

The performance might also be enhanced 
by workmg at lower CHdO, ratios. Microre- 
actor studies showed that at 725"C, the C, 
selectivity only decreased from 97% at CH4/ 
0, = 50 to 95% at CHJO, = 20. At smaller 
ratios, the conversion per pass is expected to 
be larger, so the C, yield in the SCMCR is 
expected to increase. T h  effect would be 
offset somewhat by oxidation of the C2s. 
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Molecular Dynamics Simulations of a Lipid Bilayer 
and of Hexadecane: An Investigation of 

Membrane Fluidity 

Richard M. Venable, Yuhong Zhang, Barry J. Hardy, 
Richard W. Pastor* 

Molecular dynamics simulations of a fluid-phase dipalmitoyl phosphatidylcholine lipid bi- 
layer in water and of neat hexadecane are reported and compared with nuclear magnetic 
resonance spin-lattice relaxation and quasi-elastic neutron scattering data. On the 100- 
picosecond time scale of the present simulations, there is effectively no difference in the 
reorientational dynamics of the carbons in the membrane interior and in pure hexadecane. 
Given that the calculated fast reorientational correlation times and the "microscopic" lateral 
diffusion of the lipids show excellent agreement with the experimental results, it is con- 
,eluded that the apparently high viscosity of the membrane is more closely related to 
molecular interactions on the surface rather than in the interior. 

Lipid membranes show an almost paradox- 
ical.combination of fluidity and rigidity. As 
noted by Overton (1) almost a century ago 
and by many others since then (2), the 
membrane behaves very much like an oil 
d r o ~  in terms of the solubility and diffusion 
of small nonpolar molecules. In contrast, 
the translational diffusion,constants of 1 i ~ -  
ids and proteins in membranes are charac- 
teristic of media with viscosity over two 
orders of magnitude higher than that of an 
oil such as hexadecane (3). An understand- 
ing of the molecular basis of this behavior is 
essential for elucidating transport phenom- 
ena in membranes. For example, when 
quinone crosses the bilayer in the oxida- 
tion-reduction pathway, is it diffusing in a 
low- or high-viscosity fluid? To begin to 
~rovide the molecular details of diffusion in 
membranes, we report the results of molec- 
ular dynamics (MD) simulations of a di- 
palmitoyl phosphatidylcholine (DPPC) lip- 
id bilaver in water and of neat hexadecane; 
both simulations were carried out at the 
same temperature (50°C) with the use of 
identical potential eneigy parameters (4), 
thus enabling straightforward comparisons. 

MD studies of monolayers (5), bilayers 
(6, 7), and micelles (8) interacting with 
solvent are relativelv recent. This is due in 
part to' the fact that membranes are lyotro- 
~ i c .  and the stability of the simulation is . . 
sensitive to details of the potential energy 
parametrization (5, 6). Additionally, and 
in contrast to the case for proteins and 
DNA where x-ray structures provide rea- 
sonable initial conditions for a simulation 
(9), the biologically active (La) phase of 
lipid bilayers is disordered and information 
from the crystal (LC) or gel (LB) phases is 

not directly relevant (1 0, 1 1). Here initial 
conditions for the La phase bilayer were 
developed using a mean field approach. In 
our two-step method, we first generated 
conformations of individual lipids in a Mar- 
celja mean field (12), using a recently 
developed torsional Monte Carlo procedure 
(13); the Darameters of the field were 
~ , ,  

adjusted so that the average orientations 
were consistent with experimental deuteri- 
um order parameters (S,,) (1 4). Second, 
72 independent configurations were packed 
into an La phase bilayer-water assembly 
with appropriate dimensions (1 5). This 
procedure circumvents the long equilibra- 
tion time otherwise necessary to obtain a 
configuration consistent with experimental 
order parameters and dimensions when 
starting with more gel-like distributions [for 
additional details, see (1 6, 17)]. 

Figure 1 shows an 8 A slab from the ., 
system at 120 ps (approximately midway 
through the simulation). The liquid-like 
nature of the bilayer interior and the solva- 
tion of the headgroup and glycerol region 
are evident. The movement of a selected 
set of eight lipids (part of one row) over the 
interval 100 to 190 DS is illustrated in Fie. - 
2. It is clear that on this time scale the 
chain dynamics consist primarily of dihe- 
dral angle isomerization aniVother local 
motions, with little overall rotation or 
translation of the lipids. We first compare 
these short-time reorientations with those 
of hexadecane and with experiment and 
then proceed to the consideration of mo- 
lecular translation. 

The simulated reorientational correla- 
tion functions, 

Biophysics Laboratory, Center for Biologics Evaluation 
and Research, F O O ~  and Drug Administration, 8800 where P, is the second rank Legendre poly- 
Rockville Pike, Bethesda,'MD 20892. nomial, 3 is a unit vector, and t is time, are 
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the bilayer chains and for hexadecane. The 
lipid correlation functions are known ex- 
perimentally to consist of fast (7, < 250 ps) 
and slow (7, = nanosecond and longer) 
components (1 8-2 1 ) , although their phys- 
ical origin has been debated. We make 
three essential points regarding these data. 
First, as shown in Table 1, the simulated T~ 

values for the bilayer chain carbons are in 
excellent agreement with those derived 
from experiment. From inspection of Fig. 2, 
we infer that most of the fast relaxation 
arises from isomerizations; these rates are 
shown in Fig. 4. Second, the simulated 
correlation functions, T ~ ,  and isomerization 
rates obtained for hexadecane show a re- 
markable correspondence to those found for 
the bilayer chains on a carbon-by-carbon 
basis (see Figs. 3 and 4 and Table 1). 
Hence, at least on the 100-ps time scale for 
local motions, the effective viscosity of the 
bilayer interior is very similar to that of a 
neat alkane of approximately the same 
chain length; this assertion was made by 
Brown et al. (2 1) on the basis of nuclear 
magnetic resonance (NMR) relaxation 
studies and later by Pastor et al. (19) from 
an analysis of Brownian dynamics simula- 
tions. Third, even though the isomerization 
rates are well converged, none of the lipid 
correlation functions have reached their 
plateau values on the time scale of the 
simulation (Table 1 and Fig. 3). This fea- 
ture is consistent with both stochastic dy- 
namics simulations (18, 19) and NMR 
studies (20, 21), where it was shown that 
the reorientation, or "wobble," of the long 
axis of the lipids takes place on the nano- 
second time scale. 

To study molecular translation, we evalu- 
ated the root-mean-square (rms) displace- 
ments of the center of mass as a function of 
time; the diffusion constant is proportional to 
the long-time slope of this function. The 
simulated diffusion constant for hexadecane, 
5.7 x cm2/s, is in good agreement with 
the value interpolated from experiment, 6.7 
x cm2/s (22). Experimental lateral dif- 
fusion constants for lipids and related probe 
molecules fall in the range to lo-' cm2/s 
at 50°C (3, 10, 11, 23), and hence the 
self-diffusion constant of DPPC is too small to 
quantify here. Our data, however, are consis- 
tent with experimental results in that no two 
lipids exchanged places (see Fig. 5). Further- 
more, the short-time slope of the lateral dis- 
placements versus time (evaluated from 1 to 
10 ps) yielded a "microscopic" diffusion con- 
stant of 2 x cm2/s, in reasonable agree- 
ment with the value 4 x cm2/s obtained 
for DPPC bilayers at 63°C from quasi-elastic 
neutron scattering (24). This rapid compo- 
nent of translation clearly evident in Fig. 5 
has been denoted "rattle" (23), to describe 
the oscillation of the lipid within the cage of 
its nearest neighbors. The present simula- 

Fig. 1. An 8 A slab from the sys- 
tem, taken along one of the diag- 
onals, after 120 ps of MD simula- 
tion. The coloring is as follows: 
phosphorus, green; nitrogen, 
dark blue; lipid oxygens, red; ter- 
minal chain methyl groups, ma- 
genta; other carbons, gray; water 
oxygens, yellow; and water hy- 
drogens, white. For clarity, the 
radii of heavy atoms are reduced 
slightly from their van der Waals 
values, radii of water hydrogens 
are increased, and carbon hydro- 
gens are omitted. 

tion indicates that rattle is diffusive (rather 
than inertial) and results in part from cou- 
pling of the center-of-mass translation with 
isomerizations. 

As will be described in more detail 
elsewhere (25), the average conformations 
of the individual hexadecane and DPPC 
chains are also similar. For example, the 
simulated rms end-to-end distance is 14.5 
A for hexadecane, which corresponds to a 
persistence length of 10.5 A and indicates 
that the chains are, on average, relatively 
extended. The rms distance between car- 
bons 1 and 16 for the bilayer was 14.7 A. 

This does not imply, however, that the 
interchain structures of the bilayer interior 
and hexadecane are identical. On average, 
the membrane chains are oriented along 
the bilayer normal and their individual 
carbons are more localized than in the 
simulated hexadecane. There is, interest- 
ingly, experimental evidence that liquid 
alkanes also contain regions of relatively 
high local order (26). 

The striking similarities of the short-time 
dynamics and conformations of the lipid 
chains and neat hexadecane shown here are 
consistent with the essential features of the 

Table 1. Fast correlation times and fitting parameters. Simulated correlation functions for bilayer CH 
vectors were fit, over their first 50 ps, with the function: 

The fast correlation time is given by 

Values for experimental fast (TFP) and slow relaxation times (rS = 1.83 ns) and amplitudes (A:) were 
obtained from a two-exponential fit to the frequency-dependent spin-lattice relaxation time data of 
Brown and co-workers (21), as described in (19); (S$D)eXP is the average squared experimental 
deuterium order parameter (14) for each carbon or set of carbons. The statistical error in the 
correlation functions is small over the interval shown ( ~ 7 % )  because the average is taken over all 
chains. The derived fitted values of 7, increase from 3 to 7% if (S,2D)Sim values are used in the 
analysis. Simulated IScDI values are, on average, 20% below experimental values; however, as 
discussed elsewhere (16), their statistical uncertainty is very high because time-averaging over the 
slow motions is incomplete. Hexadecane correlation functions were fit with three exponentials with 
no added plateau value or slow correlation time, and rFm was calculated as for the bilayer. 

Lipid bilayer Hexadecane 
Carbon r ~ l m  

rFm rexp 
(PSI (bs) 4' (s;D)exp 

(s,'D)sim (bs) 

2 48 41.4 0.0615 0.0305 0.022 
3 43 32.3 0.0396 0.0374 0.028 

4-1 3 23 20.4 0.0355 0.0350 0.023 17.2 (C-8 and C-9) 
14 8.5 9.5 0.0231 0.0123 0.0046 8.7 (C-3 and C-14) 
15 6.8 6.8 0.00989 0.00667 0.0034 6.5 (C-2 and C-15) 
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Fig. 2. An overlay of 10 
frames, 10 ps apart 
over the interval 100 to 
190 ps of a selected set 
of eight lipids. A com- 
parison of this figure 
and figure 3c of (18) 
(where 1 O-ps intervals 
are plotted from a Lan- 
gevin simulation of 
DPPC) reveals very 
similar dynamics. 

"oil drop model" (1, 2). Although our study tal data based on the use of hydrodynamic 
only indirectly addresses the longer time scale (3) and elastic theories (27) of membranes 
of translational diffusion, the results indicate (typically 100 to 200 centipoise) is not re- 
that the viscosity required to fit experimen- lated to the inferred microscopic viscosity of 

Fig. 3. Reorientational cor- I .O I I I I 

relation functions for select- 1 1 1 1  

0.04 
ed CH unit vectors of chain 
methylene groups in the lip- 0.8 - 

0.02 - - 
id bilaver and hexadecane. 
Solid and dotted lines are 
for the bilayer (C-2 repre- $ 0.6 

sents the methylene group 
closest to the carbonyl, C-4 
to C-13 is the average of 2 0.4 

C-4 through C-13, C-15 is $ 
adjacent to the terminal 
methyl). Dashed lines repre- 0.2 

- 
sent hexadecane (the upper - - - - - _ _ _ _  
line is an average of C-8 o.o 

- - - _ _ _  - - - - - - - _ _  - - 
and C-9, and the lower line 
is an average of C-2 and I I I I I I 

C-15). The inset shows the 0 10 20 30 40 50 
decay of C-15 from the bi- Time (ps) 
layer on an expanded scale, where the dashed and dotted lines are the experimental and simulated 
averages of S:,, respectively. 

Fig. 4. lsomerization rates 
for lipid chain and hexa- 
decane torsions. Open tri- 30 
angles represent chain 1 of 
the bilayer, filled triangles 
chain 2, and open circles 25 

hexadecane (the average 
rate of hexadecane torsions _: 20 
1 and 13 is plotted as posi- , 
tion 13, 2 and 12 as 12, . . .). 5 We calculated the rates by 15 
counting the total number of 
isomerizations (as defined 
by a passage over a barrier 
into the neighboring well) 
and dividing by the simula- 
tion time. Error bars were 5 
obtained as the standard 1 3 5 8 
deviation of the mean divid- Chain dihedgal 
ed by the square root of the 
number of torsions (that is, 72 for the bilayer and 128 for hexadecane). 

x (4 
Fig. 5. Trajectories over the interval 20 to 190 
ps showing lateral diffusion of the centers of 
mass of the lipids comprising the top half of the 
bilayer. Dotted lines show the boundaries of the 
periodic box. 

the bilayer interior (-2 centipoise). It is 
therefore reasonable to conclude that inter- 
actions involving the glycerol, headgroup; 
and surface water principally modulate trans- 
lational diffusion and that analytic theories 
should explicitly take into account the dy- 
namic and structural features of the lipid- 
water interface. 
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Dissipation of Marine Stratiform Clouds and 
Collapse of the Marine Boundary Layer Due to the 
Depletion of Cloud Condensation Nuclei by Clouds 

Andrew S. Ackerman,* Owen B. Toon, Peter V. Hobbs 
When the production of cloud condensation nuclei in the stratocumulus-topped marine 
boundary layer is low enough, droplet collisions ca.n reduce concentrations of cloud droplet 
numbers to extremely low values. At low droplet concentrations a cloud layer can become 
so optically thin that cloud-top radiative cooling cannot drive vertical mixing. Under these 
conditions, model simulations indicate that the stratocumulus-topped marine boundary 
layer collapses to a shallow fog layer. Through this mechanism, marine stratiform clouds 
may limit their own lifetimes. 

Marine stratiform clouds overlie about a 
third of the Earth's oceans and ~ l a v  a 

L ,  

prominent role in the Earth's radiative heat 
balance (1). As shown by satellite imagery, 
marine stratiform clouds reflect much more 
sunlight than the darker underlying ocean 
surface and strongly enhance the Earth's 
global albedo (2). It has been estimated 
that the global cooling that would result 
from a 4% increase in the area covered by 
marine stratocumulus would offset the ex- 
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pected warming from a doubling of atmo- 
spheric carbon dioxide concentrations (3). 
Extensi.ve sheets of marine stratocumulus 
are a climatoloeical feature of the eastern - 
regions of subtropical oceans, where the 
planetary boundary layer is capped by a 
strong temperature inversion produced by 
large-scale subsidence. The vertical mixing 
that supplies moisture to these clouds and 
maintains the depth of the boundary layer is 
generally driven by cloud-top radiative 
cooling (4). Clearly, an understanding of 
the processes that determine the lifetime 
and albedo of marine stratocumulus is of 
critical im~ortance to an understandine of 

c7 

the Earth's climate system. 
Twomey (5) suggested that increased 

numbers of cloud condensation nuclei 

(CCN) can enhance cloud albedo because 
they increase the droplet surface area for a 
fixed mass of cloud water. Albrecht (6 )  ~, 

argued that increased CCN concentrations, 
which decrease cloud droplet sizes and re- 
duce drizzle, can increase the fractional 
coverage of marine stratiform clouds be- 
cause drizzle can regulate the liquid-water 
content and the lifetime of a cloud. Evi- 
dence that increases in  article concentra- 
tions can increase cloud albedo is provided 
by linear high-albedo cloud features over 
the ocean, often hundreds of kilometers 
long, known as "ship tracks" because they 
are caused by emissions from ships (7, 8). In 
this report we identify a phenomenon that 
is the converse of ship tracks. We have 
found, through numerical modeling studies, 
that clouds themselves mav reduce uarticle 
concentrations to such an extent that the 
clouds dissipate and, i s  a consequence, the 
boundary layer collapses. 

Variations in CCN concentrations can 
strongly affect cloud cover (Fig. 1). In the 
dark, nearly cloud-free region shown in Fig. 
1. low ambient CCN concentrations were 
keasured from aboard a ship (8). There 
were apparently not enough CCN in this 
dark region to maintain an optically thick 
cloud layer. However, a prominent cloud 
line (ST in Fig. 1) formed behind an 
underlying ship during the same period. 
Along this line, the injection of a large 
number of CCN apparently allowed a per- 
sistent cloud to form. 

We suggest that drizzle in marine strati- 
form clouds can reduce CCN concentra- 
tions sufficiently to cause the stratocumu- 
lus-topped boundary layer to collapse to a 
shallow fog layer, in which cloud-top radi- 
ative cooling can no longer drive vertical 
mixing. A typical scenario (scenario 1) for 
such a colla~se would be for CCN concen- 
trations to build under cloud-free condi- 
tions. Then, when clouds form, CCN con- 
centrations are depleted by collisions be- 
tween cloud droplets that have formed on 
CCN and by the removal of cloud water in 
drizzle. The reduction in CCN concentra- 
tions can lead to the dissi~ation of the 
clouds and the collapse of the boundary 
layer. 

We used a numerical model (9) to in- 
vestigate this process. The production of 
CCN in the model was represented by a 
constant CCN source of 5 X cm-b- l  
throughout the depth of the boundary layer 
(1 0). The model domain was initially un- 
saturated and cloudless (I I). The initial 
CCN concentration of 100 cm-3 corre- 
sponds to a constant production rate over 
about 2 days of cloud-free conditions in 
which no significant loss processes are ac- 
tive. Once the simulation was started, it 
took - 1.5 hours for a cloud layer to form 
(Fig. 2). 
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