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Kinetic pathway of the bilayered-micelle to perforated-lamellae transition
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Using time-resolved small-angle neutron scattering, we have studied the kinetics of the recently observed
bilayered-micelle~or so-called ‘‘bicelle’’! to perforated-lamellar transition in phospholipid mixtures. The data
suggest that phase-ordering occurs via the early-time coalescence of bicelles into stacks of lamellae that then
swell. Our measurements on this biomimetic system highlight the ubiquitous role of transient metastable states
in the phase ordering of complex fluids.
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Lipids are amphiphilic molecules and are one of the pr
cipal components of biological membranes forming a se
tively permeable barrier between the cell’s inner and ou
environments. For the most part, lipids are composed of
hydrophobic hydrocarbon chains and a hydrophilic he
group which can either be charged, as in the case of p
phatidylglycerols, or possess no net charge, as exempl
by the commonly studied phosphatidylcholines. Depend
on the nature of their headgroup and fatty acid chains, w
dispersed in water, lipid molecules self-assemble into a v
ety of ordered and disordered phases@1–4#. These mesos
tructures, many of which are also observed in liquid crys
line @5# and block copolymer melts@6#, have spatial
symmetry that is intermediate to the short-range positio
order of a fluid and the long-range positional and rotatio
order of a crystalline solid. Although a great deal of work h
been done to quantify the rich phase behavior and morp
ogy of such surfactant systems, phase transition kinetics
lowing a quench have, for the most part, received limi
attention@7–9#. Such nonequilibrium studies are of fund
mental importance, as they illuminate the kinetic pathwa
that complex fluids use to relax to inherently more sta
structures@7–10#.

In recent years, bilayered micelles~Fig. 1!, or so-called
‘‘bicelles’’ composed of short-tail and long-tail phospholip
ids, have received considerable attention as potentially
portant magnetically alignable substrates for solid-st
nuclear magnetic resonance and neutron scattering studi
membrane-associated peptides and proteins@11–15#. Despite
this widespread interest, there has been much debate re
ing the nature of the structural phases formed by such m
tures. Recently, small-angle neutron scattering~SANS! stud-
ies carried out by Niehet al. @14,15# on mixtures of long-
chain @e.g., the zwitterionic lipid dimyristoyl
phosphatidylcholine~DMPC! and the negatively charge
lipid dimyristoyl phophatidylglycerol~DMPG!# and short-
chain @e.g., dihexanoyl phosphatidylcholine~DHPC!# phos-
pholipids, demonstrated that in addition to vesicles, the li
mixture formed bilayered micelles and ordered stacks of p
forated lamellae. The phase diagram and the correspon
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microstructures are schematically illustrated in Fig. 1.
high lipid concentration (cl.0.025 g/ml), the bicellar phas
forms at lower temperatures (T,23 °C) with DHPC pre-
sumably decorating the rim of the micelle, whereas for
perforated lamellar phase at high temperatures, DHPC m
ecules line the holes perforating the lamellae@14#. This ob-
servation was is in contrast to the general view that sme
cally ordered bilayered micelles populate the high-T phase
@12,16#. The gray regions in Fig. 1 depict areas of two-pha
coexistence.

The nature of the newly found bilayered micelle-t
lamellar transition @14,15# is intricate. Initiated by
hydrocarbon-chain melting and increased lipid mobil
within the bilayers, it is otherwise analogous to the isotrop
to-smectic transition in liquid crystals and the order-disord
transition in block copolymers. It can be characterized a
global first-order transition that is kinetically limited by
local first-order transition at the molecular scale. In th
study, we investigate the phase-ordering kinetics of the
layered micelle-to-lamellar transition using time-resolv
SANS. Smectic ordering is observed to occur via a two-s
process, and we extract both a ‘‘local’’ time scale charac
izing the coalescence of bicelles into stacks of lamellae an
‘‘global’’ time scale characterizing the subsequent swelli
of those stacks. The measurements highlight the impor

FIG. 1. Schematic of the phase diagram determined by N
et al. @14# showing the of vesicular, bicellar, and lamellar phas
The arrow indicates the lipid concentration at which the tempe
ture studies were carried out.
©2003 The American Physical Society02-1
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role of transient metastable states in the phase orderin
complex fluids.

DMPC ~zwitterionic, two 14:0 hydrocarbon chains!,
DHPC ~zwitterionic, two 6:0 hydrocarbon chains!, and
DMPG ~negatively charged, two 14:0 hydrocarbon chain!
were purchased from Avanti Polar Lipids~Alabaster, AL!
and used without further purification@17#. The negatively
charged lipid, DMPG, was used to stabilize the lame
phase and prevent phase separation of the short-chain D
lipid from DMPC. Samples of DMPC:DHPC:DMPG in
molar ratio of 5:1:0.25 were mixed in 80% D2O by weight.
The mixtures were temperature cycled and agitated until
mogeneous. The samples were then transferred to a co
sample cell with a path length of 1.5 mm and sealed.

Time-resolved SANS measurements were performed
ing the 8m SANS instrument at the NIST Center for Neutr
Research. Incident neutrons of wavelengthl510 Å(Dl/l
50.15) yielded a range of scattering wave vect
0.008 Å21,q,0.08 Å21. The resolution of the SANS mea
surement is, for the most part, dictated by the neutron wa
length dispersion and is adequate to reveal the supramo
lar organization of lipids in the system studied. In quench
the mixtures, samples were rapidly transferred from ice w
ter (0 °C) to a sample stage preequilibrated betweenT
522.0 and 45.0(60.2) °C. For the deepest quenches, t
sample reached thermal equilibrium in under 40 s, wh
was independently measured. The two-dimensional~2D! in-
tensity patterns were recorded for a 15 s period at interval
55 s and are consistent with a multidomain or ‘‘powde
morphology.

Typical time-resolved spectra, corresponding to the n
equilibrium structure factor of the ordering fluid, are show
in Fig. 2 for a quench at 30.0 °C. Timet is chosen as the
mean of the measurement interval. The peak positionqm
initially increases up tot598 s and from then on continuall
decreases, indicative of structural changes. The initial lowT
phase is made up of disordered bicelles@14#, while the for-
mation of the high-T perforated lamellar phase is due
bicelles coalescing as a result of increased hydrocarbon c
disorder and increased lipid mobility. The perforated bilay
then further associate into multilamellar stacks. The value
qm corresponds to the characteristic lengthLm52p/qm . At

FIG. 2. The evolution, as a function of time, of a typical SAN
spectrum following a quench from 0 to 30.0 °C. The solid curv
are Gaussian fits. The characteristic length scale of the lipid mix
is given by the peak position.
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low T, Lm is approximately the mean bicelle separation a
at highT, the mean separation between the lamellae. Mo
over, as the peak intensityI m increases, the peak full width a
half maximumsq decreases. In the case of the perfora
lamellar phase the broadening of the scattering peak ca
attributed to a number of factors, such as limited number
lamellae in a stack, bilayer fluctuations, defects in bilay
~e.g., perforations! and at domain boundaries, and a bro
distribution of lamellar spacings as a result of kinetica
trapped stacks. In addition, we focus on the evolution
peaks corresponding to the average bicelle separation an
first-order diffraction peak of the lamellar stack, respective
Coexistence of the two structures, as well as convolut
with the instrumental resolution, leads to a primary scatter
feature that we approximate by a Gaussian distributi
I (q)5I mexp@2(q2qm)2/2sq

2#. The solid curves in Fig. 2 are
fits with a constant background arising from homogene
features and incoherent scattering.

The extent and quality of the lamellar stacking are m
sured by the peak intensityI m and peak widthsq . Figures 3
and 4 show the evolution, for various quenches, ofI m and
sq , respectively. At 22.0 °C~still within the disordered bi-
cellar phase!, I m andsq are similar to those at 0 °C. How
ever, for quenches into the ordered lamellar region of
phase diagram@14#, I m varies inversely withsq , as can be
seen by comparing Figs. 3 and 4. Following a shall
quench (T,27 °C), I m remains relatively constant for
short period of time before growing to a plateau, whilesq
remains initially constant and then decays to a plateau
later t. The square of the final valuesq, f

2 as a function ofT21

~inset to Fig. 4! exhibits a sharp increase atTc523 °C, the
transition temperature.

The first-order phase transitions typically occur via t
nucleation and growth of a final stable phase from an ini
metastable phase. The picture can be complicated by
presence of local minima in the free energy in which t
system resides temporarily or becomes kinetically trapped
the initial state of the fluid is not far removed from the fin

s
re

FIG. 3. The evolution ofI m(t) at various temperaturesT where
the inset shows the relaxation ratea as a function of quench dept
e5(T2Tc)/Tc .
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equilibrium state~within the parameter space being me
sured!, then it is reasonable to model the ordering proces
a simple exponential relaxation, with the decay time aris
from a combination of energetic and kinetic influences.
have thus fitted the late-time growth exhibited byI m(t) to the
exponential relaxationI m(t)5I m(`)@12exp(2at)#, where
the fits in Fig. 3 assume an initial period of dormancy th
coincides with the rapid coalescence of bicelles. The eff
tive relaxation ratea varies linearly with quench depth, de
fined ase5(T2Tc)/Tc ~inset to Fig. 3!, consistent with a
global transition that is weakly first order.

The physical significance of the initial period of coale
cence is better demonstrated in Fig. 5, which showsLm(t)
for several quenches. At shallow quenches, (T,27 °C), Lm
decreases monotonically from around 180 Å to a cons

FIG. 4. The evolution ofsq(t) for various quenches. The inse
shows the square of the final plateau value as a function ofT,
with the transition indicated by an arrow.

FIG. 5. The evolution ofLm(t) for different quench depths
where the curves represent fits described in the text. The i
shows theT-dependent, steady stateLm, f , where the transition is
indicated by a dashed line. The dashed curves are guides to the
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value. ForT.27 °C, Lm decreases initially to a minimum
and then increases to a plateau. The initial decrease occu
an increasing rate asT increases. Above 35.0 °C, the initia
process is so rapid thatLm reaches a minimum and begins
increase monotonically before the first measurement inte
is complete. The inset to Fig. 5 shows the characteri
length of the system in the steady stateLm, f(T) for both
bicelle and lamellar phases.Lm, f(T) has a minimum atTc ,
and increases away from the transition, resulting in an
verted ‘‘l ’’ shape. In the lamellar phase, the plateau mig
reflect a kinetically arrested multidomain structure. With i
creased lipid mobility at larger values ofe, the lamellar do-
mains can grow larger before the energy barrier associ
with further swelling becomes too large to be overcom
within the time scale in question~tens of minutes!. Thus, at
higherTs the volume fraction of interdomain regions, whe
the excess water molecules reside, is smaller; stacks in
porate more water, resulting in a larger repeat spacing.
much longer time scales~hours to days!, the smectic do-
mains slowly grow to macroscopic dimensions that are ea
resolved using polarized microscopy.

For a phenomenological model of the kinetics, we assu
that the average characteristic length measured by SAN
Lm(t)'Lbifbi1Llamf lam , whereLbi and Llam are the bi-
celle and lamellar length scales, respectively, andfbi(t)
'e2Mt andf lam(t)'12fbi(t) are the volume fractions o
the bicellar and lamellar phases, respectively. The bice
coalescence rateM is limited by lipid mobility. We assume
the system is under steady state conditions when the lam
cease to swell. This complex behavior can be modeled
ymptotically asLlam(t)5L01(Llam

f 2L0)(12e2t/t), where
L0 and Llam

f are the initial and final lamellar periodicity
respectively. The time constantt characterizes the rate o
lamellar swelling. Thus, the overall time dependence of
measured characteristic length of the system can be wr
as

Lm~ t !5Lbie
2Mt1Llam~ t !~12e2Mt!. ~1!

Equation~1! contains two time scales, 1/M andt. The data
in Fig. 5 were fitted using Eq.~1! and measured values fo
Llam

f and Lbi ~inset to Fig. 5!. The resultant fit yieldedt
'80 s andL0'135 Å. t andL0 are both independent ofT,
while M, the only adjustable parameter, isT dependent. The
solid lines represent the best fit to the data~Fig. 5!. From the
T dependence ofM, which varies from 1/M'137 s for the
shallowest quench to 1/M'0.36 s for the deepest quench,
fit via M (T)5k1ek2e gives constantsk1 and k2 of (5.5
60.2)31023 s21 and 8462, respectively, suggesting tha
with increased quench depth, local chain melting speeds
considerably. Due to limited data and finite resolution
early times ~up to 100 s!, M is approximate for deep
quenches. The assumption thatt is independent of quench
depth, and hence,M is unrealistic as more than a zerot
order approximation, particularly since the ‘‘swelling’’ w
describe here may be limited at the molecular scale by ch
mobility and at the macroscale via the degree of defect p
ning of the final steady state.

et

ye.
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Kinetic models of the isotropic-smectic transition ha
focused on the nucleation of smectic droplets nea
fluctuation-induced first-order phase transition@18–20#. As a
starting point, such models employ the phenomenolog
free-energy of Brazovskii@21#. Recent observations of en
tropic isotropic-smectic transitions in rigid-rod suspensio
@22#, however, suggest that ordering may be initiated by
nucleation of tactoidal nematic droplets, with smectic lay
then nucleating off of these metastable objects. Althou
more measurements are needed to further clarify the na
of the transient states observed here, it seems plausible
an analogous scenario might apply to the bicelle aggreg
in question, as one can intuitively envision going from
disordered arrangement to a lamellar arrangement via an
termediate discotic nematic. Metastable intermediate st
tures were also observed in recent studies of the micelle
vesicle transition in surfactant mixtures following a shear@7#
s

ys

.

n,

t,
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or concentration quench@8,9#. A somewhat similar multistep
ordering was also observed in the depletion-driven crysta
zation exhibited by binary colloidal mixtures@23#. The late
time swelling of the lamellar spacing may be influenced
grain boundary pinning as a consequence of topological
fects @24#.

In summary, our data suggest a two-step ordering proc
by which bilayered micelles coalesce into perforated mu
bilayer stacks, which then swell into perforated extend
lamellae. This scenario suggests that an intermediate, m
stable bicelle-aggregate phase might play an important
in the kinetic pathway of the transition. Intermediate me
stable states may in fact be ubiquitous in the kinetics
phase transitions@7–10#. We thus hope that the present o
servations offer further insight into the nature of these n
equilibrium phenomena, particularly in the area of biom
metic systems whose functionality is highly dependent
the stability of complex phases.
. J.
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