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Observation of local thickness fluctuations in surfactant membranes using neutron spin echo
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Experimental evidence of local thickness fluctuations of a surfactant membrane, as observed by neutron
scattering, is reported. A swollen lamellar structure consisting of nonionic surfactant, water, and oil was
investigated by neutron spin echo spectroscopy. Different dynamical processes are recognized at three different
length scales. At length scales larger than the membrane thickness, the bending motion is observed, which
follows the Zilman and Granek theory [Phys. Rev. Lett. 77, 4788 (1996)]. At the length scale corresponding to
the membrane thickness, a clear excess dynamics in addition to the bending motion is observed. This mode is
interpreted as the local thickness fluctuations. At even shorter length scales, smaller than the membrane
thickness, intramembrane dynamics such as protrusion motions may have been observed.
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Surfactant membranes are flexible objects with thermally
activated dynamics around room temperatures. The mem-
brane dynamics has been investigated in terms of undula-
tional, peristaltic, and protrusion motions, which originate
from the collective movements of the surfactant molecules
[1]. These motions appear at different length scales. The un-
dulational motion, which is known to be observed at length
scales larger than the membrane thickness, has been well
described by the Helfrich bending energy [2], and many ex-
perimental investigations have been focused on understand-
ing its properties [3-8]. The peristaltic and the protrusion
motions are expected to be observed at length scales shorter
than the membrane thickness. However, these dynamics are
difficult to investigate experimentally since the membrane
thickness is too small to be accessed by techniques using
visible light, which typically have been employed for the
study of such systems. So far, these membrane motions have
been discussed only theoretically [9,10]. The membrane dy-
namics is particularly interesting for the fluid mosaic model
of biomembranes, complex systems consisting of lipids, cho-
lesterol, membrane proteins, etc., which are believed to have,
in vivo, a complex dynamics relevant for their biological
functionality. In this paper, we show evidence that the local
thickness fluctuations, which includes peristaltic motion, can
be observed by neutron spin echo (NSE) spectroscopy. The
present study has exploited the ability of NSE to probe dy-
namics at length scales from several A to hundreds A and
time scales ranging from a few ps to hundreds ns [11], which
is suitable to observe membrane dynamics.

The bending motion of a surfactant layer has been mod-
eled as a thermally fluctuating thin elastic sheet. Theories
based on the Helfrich bending Hamiltonian [2] successfully
explained experimental observations in surfactant systems.
The steric repulsion between neighboring membranes origi-
nates from thermal undulations. At long length scales, the
van der Waals attraction and the undulational steric repulsion
are the main forces stabilizing the noncharged membrane
structure. At shorter length scales, on the order of the mem-
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brane thickness, finite thickness and intramembrane structure
and dynamics have dominant effects. At this length scale,
peristaltic motion, a local thickness fluctuation, takes place
[14]. At even shorter length scales, strong short-range repul-
sion results in a process, in which one or several surfactant
molecules protrude from the membrane [12,13]. Recently,
the bending, peristaltic, and protrusion motions were ob-
served using molecular dynamics simulation, and in some
cases proteins have been included within the membranes to
study how the dynamics of the system is affected [9,15,16].
These motions have been modeled theoretically but the re-
sults are still under debate because of the lack of experimen-
tal observations.

In this paper, we report experimental results of small-
angle neutron scattering (SANS) used to characterize the sys-
tem, and NSE to study the membrane dynamics on a swollen
lamellar structure composed of pentaethylene glycol dodecyl
ether (C,Es), deuterium oxide (D,0), and deuterated octane
(CgDyg) [17]. The volume fractions of C;,Es, D,O, and
CgDg were ¢,=0.041, ¢,=0.9385, and ¢,=0.0205, respec-
tively. Here, the ratio ¢,/ ¢,=0.5 is used to characterize the
system. This sample contained small amount of oil, so that
the C;,E5 bilayers were slightly swollen by oil and dispersed
in D,0. The temperature was kept at 30 °C for SANS and
29 °C for NSE with a temperature accuracy of 0.1 °C. At
both these temperature the system is in the lamellar phase,
and therefore, the 1 °C difference is not relevant. The SANS
experiment was conducted on the NG3-30 m SANS at the
National Institute of Standards and Technology (NIST) Cen-
ter for Neutron Research (NCNR) [18]. The incident neutron
wavelength N was selected to be 6 A with a wavelength
spread of 11%. The covered wave vector transfer g
=4T775in 0 (26 being the scattering angle) ranged from
0.003 A" to 0.3 A~'. The measured two-dimensional data
were corrected by the blocked beam and empty cell profiles,
azimuthally averaged, and normalized to absolute intensity
[19]. The NSE experiment was performed using the NG5-
NSE at the NCNR [20,21]. The incident As were 6 A and
8.5 A, and the covered ¢ and time ¢ ranges were
0.038 A-'=¢=0.21 A" and 0.05 ns=r=40 ns, respec-
tively. The NSE data were normalized by the polarization of
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FIG. 1. Observed SANS profile from the sample ¢,/ ¢;=0.5 at
T=30 °C. The solid line indicates the fit result according to the
Lemmich model [23]. The schematic illustration indicates the struc-
ture of the swollen lamellar phase. Error bars shown as *1 standard
deviation are smaller than the symbols.

the neutron beam. Carbon powder was used as a standard
elastic scatterer to determine the instrumental resolution. The
contribution from the solvent scattering was subtracted.
These data reductions were performed using the DAVE soft-
ware [22].

Figure 1 shows a SANS profile for the system at 7T
=30 °C. At ¢=0.009 A", a correlation peak due to the
stacking of the lamellae is observed, and scattering from the
form factor of the swollen lamellar membranes appears
around ¢=0.15 A~!. Since isotropic scattering intensities
were obtained in the two-dimensional SANS pattern, we
treated the present data as the scattering intensity from a
powder averaged lamellar structure. This characteristic fea-
ture is reproduced using a model scattering function pro-
posed by Lemmich and co-workers for lipid bilayer systems
[23]. In the present system, we considered the scattering in-
tensity coming from the layers of surfactant and oil instead
of the head and tail layers of lipid molecules in their model.
The solid line in Fig. 1 indicates the fit result to the model.
The membrane thickness was estimated as d,
=(47.3+14.6) A. Hereafter, we call “membrane” the two
surfactant monolayers with the oil layer in between, which is
characterized by the scattering intensity at ¢>0.1 A~' origi-
nating from the form factor. The membrane thickness in this
case can be calculated from the composition of the sample.
For the present composition, d,,=2(1+ ¢,/ ¢p,)d, should be
satisfied, where d; is the length of the surfactant molecule.
Assuming d,=15.5 A [24], d,,=46.5 A is obtained, which
is in excellent agreement with the SANS result.

Figure 2(a) shows the normalized intermediate scattering
function I(q,t)/I(g,0) observed by NSE. A single membrane
dynamics model was proposed by Zilman and Granek [25]
for the bending motion, and it has been used to explain the
NSE results [26]. Their expression for I(g,t)/1(q,0) is as
follows:

1(g.1)

— =exp[- (I'n)# 1

10.0) "¢ p[- (I')”], (1)
where I" and B are the decay rate and the stretching expo-
nent, respectively. In the case of two-dimensional mem-
branes, 8=2/3 and I'g is proportional to ¢°. I'; relates to
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FIG. 2. (Color online) (a) Intermediate scattering function
I(q,1)/1(q,0) for ¢,/ ps=0.5 at T=29 °C. The lines are fit result
according to the stretched exponential function with the stretching
exponent of 2/3. (b) ¢ dependence of the stretching exponent B
when it is a free fit parameter. The dashed horizontal line shows the
value 8=2/3. The deviations of 8 from $=2/3 in the low-q region
could originate from the experimental resolution limit and/or the
violation of the Zilman and Granek theory [25] in the long time
region.

the bending modulus, «, of the membrane as,

12
Iyg= o.ozw("iT) (kiT>q3. (2)
K n
Where v originates from averaging over the angle between
the wave vector and the plaquette surface normal in the cal-
culation of I(q,7)/1(q,0), kgT is the thermal energy, and 7
the solvent viscosity, respectively. Figure 2(b) shows the
evaluated ¢ dependence of B, which is scattered around S
=2/3. In the following analyses, we fixed the value of S
=2/3. The lines in Fig. 2(a) are fit results according to Eq.
(1) with B=2/3.

Figure 3 shows the ¢ dependence of the decay rate I
together with the SANS profile shown in Fig. 1. The solid
straight line indicates the ¢> dependence corresponds to the
single membrane fluctuation model. As it has been discussed
in literature, the membrane shows the bending motion at
length scales larger than the membrane thickness [27]. In the
low-¢g region, Fuq3 is observed, and it is the evidence for
the observation of the bending motion of the surfactant mem-
branes. On the other hand, a clear deviation from the q3
dependence is observed from g=~0.06 A~! to g=~0.18 A~
centered at go=~0.12 A~'. The center, ¢, is close to the dip
position in the SANS profile, which indicates that the en-

031606-2



OBSERVATION OF LOCAL THICKNESS FLUCTUATIONS...

T

01 E L10 o

E E M

O F oS
- [ )
g | 2
— )
0.01 E 3,

r N>

T T

FIG. 3. g dependence of the decay rate I" for ¢,/ $,=0.5 at T
=29 °C, together with the d3/d{)(q). The solid line shows the ¢*
dependence for the I axis. The dashed vertical line is the guide for
eyes. Error bars are smaller than the symbols.

hancement of the dynamics occurs at the length scale corre-
sponding to the membrane thickness. The excess motion is
ascribed to the local thickness fluctuations, which include the
peristaltic motion of the membrane. An analogy can be
drawn between the excess dynamics related to the shape
fluctuations of a spherical droplet [4] and the excess dynam-
ics observed in this case.

Schilling and co-workers proposed a theory for the dy-
namics of the lamellar phase in ternary systems of water, oil,
and amphiphile [10]. They treated a bilayer as two combined
monolayers, and the mobility degrees of freedom of each
monolayer were taken into account. They considered contri-
butions from the bending and the peristaltic motions, and
expressed the relaxation rate, w,, for such membranes. In the
short wavelength limit which is relevant for the present NSE
experiment, w, for all modes behaves asymptotically as w,
=kq*/47,,, where 7, is the averaged solvent viscosity.
Even in the longer wavelength cases, their model does not
show any peaklike behavior in their dispersion relations, and
therefore it cannot explain the present experimental result. To
our knowledge, there is no good theory to explain the excess
dynamics observed here. However, a recent simulation result
by Brannigan and Brown shows a peaklike g dependence in
the thickness fluctuation amplitude [16].

In order to investigate the characteristic features of the
excess mode dynamics, the ¢ dependence of I'/¢* was cal-
culated as shown in Fig. 4. A clear peak profile is obtained,
which originates from the excess dynamics in addition to the
bending motion of the membrane. In order to discuss devia-
tions from the single membrane fluctuation model, a Lorentz
function is utilized to express the local thickness fluctuations
as follows:

r
3

St T uoa (3)
T q

T+ (g-q08

where the first term of the right hand equation accounts for
the bending motion, which is explained by the Zilman and
Granek theory. The parameters in the Lorentzian relate to the
local thickness fluctuations as follows: A can be connected to
the damping frequency of the mode, & to the mode ampli-
tude, and ¢ is determined by the form factor of the lamellar
structure and relates to the membrane thickness. This assign-
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FIG. 4. ¢ dependence of I'/¢> for ¢,/ p,=0.5 at T=29 °C. The
solid line is the fit result according to the Lorentz function. The
inset figure shows the deviation of the observed data from the fit
function at high ¢, which may indicate the excess intramembrane
dynamical modes.

ment of the parameters comes from the dimensional analysis
and the analogy of the shape fluctuations of droplet micro-
emulsions [28].

The solid line in Fig. 4 indicates the fit result according to
Eq. (3). The best fit parameters are I',5/q°
=(19.7+0.8) A3/ns, A=(89.0+1.5) A’/ns, 9
=(0.1186+0.0002) A~', and &=(51.3*1.6) A, respec-
tively. The term Aqg corresponds to the decay rate of the
local thickness fluctuations. From our fits, Aqg
=(1.48+0.03) X 10® s7!, which decreases with temperature
[29] and is close to the decay rate of the shape fluctuation
motion in pentaethylene glycol decyl ether (C,(Es), water,
and octane droplet microemulsion [5]. This result suggests
that the local thickness fluctuations in the swollen lamellar
phase yield the shape fluctuations in the droplet phase, which
exists in the lower-temperature region.

Employing Eq. (2), we obtained the value of «
=(1.04+0.04) X 10720 J=(2.6 = 0.1)kpT. It is known that the
Zilman and Granek theory fails to explain the absolute value
of k. In order to avoid this problem, Mihailescu et al. pro-
posed the integration analyses for the model [30]. In contrast
to this treatment, an empirical rule is to take into account the
energy dissipation around the membranes by increasing the
effective solvent viscosity by a factor of 3 [31]. Here, we
used the latter method to deduce « using an effective viscos-
ity of 3 ”p,0 and y=1 in Eq. (2), which is the same treatment
for estimating « of the C;,E5; monolayers used by Takeda et
al. [26]. Although the absolute value of x cannot be deter-
mined with confidence by this treatment, it is generally ac-
cepted that relative changes in « are measured correctly. The
present value of « is about twice of C,E5 monolayers [26].
Probably, the estimated bending modulus is that of the bilay-
ers. The membrane is swollen by oil, but still the synchroni-
zation of two monolayers behaves somehow like bilayers.
Actually, Freyssingeast ef al. [32] and Kurtisovski ef al. [33]
showed a decrease of x with increasing membrane thickness,
which are swollen by a small amount of water.

Finally, we would like to discuss the deviation of the ob-
served I'/¢> from the Lorentz function as the difference be-
tween those, I';,/¢°, in the high-g range. The inset of Fig. 4
shows the ¢ dependence of I';,/¢>. An increase of the I';,,/ ¢*
is observed in the high-¢g range. Although the meaning of the
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Lorentz function is not clear, the deviation from both the
Zilman and Granek theory and the Lorentz function might
give us a slight hint for some other intramembrane dynamics
in the shorter length scales than the membrane thickness.
One typical example of such a mode is the protrusion motion
of the surfactant molecules at the surface of the membrane
[12,13].

In summary, we have investigated the membrane dynam-
ics of a swollen lamellar phase. The surfactant bilayers are
swollen by a small amount of oil, and local thickness fluc-
tuations are observed. The ¢ dependence of the relaxation
rate of the local thickness fluctuations is reproduced using a
Lorentz function, and the relations between fit and dynamical
mode parameters are assigned. At the length scale around the
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membrane thickness, the bending, local thickness fluctuation,
and perhaps protrusion motions are observable by the NSE
technique. It would be also possible to observe these modes
in lipid vesicles containing membrane proteins and/or cho-
lesterol. These investigations will improve the current under-
standings of the membrane dynamics, which have been in-
vestigated mainly by simulations so far.
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