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Membrane viscosity is a fundamental property that controls molecular transport and structural
rearrangements in lipid membranes. Given its importance in many cell processes, various experimental
and computational methods have been developed to measure the membrane viscosity, yet the estimated
values depend highly on the method and vary by orders of magnitude. Here we investigate the molecular
origins of membrane viscosity by measuring the nanoscale dynamics of the lipid acyl tails using x-ray and
neutron spectroscopy techniques. The results show that the membrane viscosity can be estimated from the
structural relaxation times of the lipid tails.
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Biomembranes are unique platforms for various biologi-
cal processes and functions via the structural and dynamical
coupling between proteins and lipid molecules [1]. The
lipid bilayer that forms these membranes serves as a fluid
matrix that facilitates interactions between individual lipids
and proteins, formation of domains, and reorganization of
membrane components to form multimeric signaling com-
plexes. Understanding the transport properties of two-
dimensional lipid membranes, therefore, is both fundamen-
tally interesting and biologically relevant.
Viscosity is an intrinsic material property that character-

izes the transport of momentum in a material. While
methods for determining the viscosity in three-dimensional
fluids are well established; measuring the viscosity of two-
dimensional membranes is much more challenging, yet
equally important. Experimentally, techniques such as
falling ball viscometry and optical dynanometry have been
used to estimate the membrane hydrodynamic shear vis-
cosity by estimating the friction felt by a particle on a
vesicle surface or tracking the movement of a particle stuck
to the surface of a lipid vesicle, where the viscosity is
defined on a scale significantly larger than the structural
details of the membrane [2–5]. Similarly, studies of
dynamic critical phenomena [6] or measurements that track
tracer, domain, or particle diffusion that estimate the
membrane viscosity from the measured probe diffusion
[7–13] also use hydrodynamic models [14–18]. Such
treatments, however, break down as the inclusion size
decreases and the continuum picture of the membrane

becomes untenable [19,20]. Other techniques determine
membrane viscosity via nonequilibrium methods such as
using pipettes to pull tethers [21] and measuring the
microrheology and surface rheology of giant vesicles
[22,23]. Computer simulations using nonequilibrium shear
stress methods also have been developed to predict mem-
brane viscosity [24–26]. Recently, our group has estab-
lished a methodology to calculate the membrane viscosity
from the equilibrium collective thermal fluctuations of
membranes measured by means of quasielastic neutron
scattering (QENS) [27–31]. However, estimates for the
membrane viscosity vary by orders of magnitude depend-
ing on the experimental method used, highlighting the need
for a more detailed understanding of the molecular origins
of membrane viscosity.
Even in three-dimensional liquid systems, understanding

the molecular origins of viscosity is fundamentally com-
plex due to the different lengthscales and timescales of the
interactions between molecules. Experimentally, coherent
QENS experiments have shown that structural relaxation
time τ measured at a structural correlation peak of molecu-
lar liquids follows the same temperature T dependence as
the liquid viscosity η, namely, τ ∝ η=T [32–35]. This
relation suggests a universal feature in that the friction
within liquids likely originates from the structural rear-
rangements of the constituent molecules. The Green-Kubo
theory [36,37] describes the molecular origins of viscosity
as a time-correlation function of the stress tensor, and
recent studies using this theory suggest that the structural
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relaxations (dynamics of the density correlations) in simple
liquids are the main determinant of the viscosity [38]. In
two-dimensional membrane systems, however, there are no
known attempts to either experimentally or theoretically
verify the molecular mechanism underlying membrane
viscosity.
In this study, we employ neutron and x-ray scattering

techniques to measure the collective dynamics of lipid acyl
tails at the structural correlation peak and demonstrate that
these molecular dynamics can be linked to the membrane
viscosity as reported for simple liquid systems. Lipid
molecules are known to show a structural correlation peak
around a scattering vector q ¼ 4π sin ðθ=2Þ=λ ≈ 1.5 Å−1

with θ and λ being the scattering angle and incoming probe
wavelength, respectively, which corresponds to a correla-
tion distance of approximately 4.5 Å [39]. The peak
originates from the acyl tail correlations and is often used
to describe structural order of the individual lipid molecules
within the membrane [40]. The peak sharpness depends on
the lipid molecular structural order and is indicative of the
lipid phase. In the gel (Lβ0 ) or rippled gel (Pβ0 ) phases, the
acyl tails are highly ordered, giving a distinct and sharp
scattering peak [41]. In contrast, in the fluid (Lα) phase, the
lipid acyl tails are more disordered, and the corresponding
correlation peak is broader. Figure S1a of the Supplemental
Material [42] shows a typical example of neutron diffrac-
tion data from the Pβ0 and Lα phases measured on TAIKAN
at J-PARC, [52] for tail-deuterated dimyristoyl phosphati-
dylcholine (DMPC-d54) in D2O. In the present study, the
collective motions of the lipid hydrocarbons near this
structural correlation peak were measured with a combi-
nation of neutron spin echo (NSE) spectroscopy and
Mössbauer time-domain interferometry (MTDI) over more
than 4 orders of magnitude in time ranging from a few ps
to 300 ns.
The temperature dependence of the acyl tail dynamics in

DMPC lipid membranes were measured in water in the
three distinct Lβ0 , Pβ0 , and Lα lipid phases. Samples were
multilamellar vesicles prepared from either protiated
DMPC in H2O or DMPC-d54 in D2O for the x-ray and
neutron scattering experiments, respectively. The lipid
concentration was fixed at 400 mg=mL [53]. The NSE
experiment was performed using the NGA-NSE spectrom-
eter at the NIST Center for Neutron Research [54,55], and
the MTDI experiment was performed on BL09XU at
SPring-8 [56]. Both NSE and MTDI yield the normalized
intermediate scattering function, Iðq; tÞ=Iðq; 0Þ, which is
the spatial Fourier transform of the van Hove space time
correlation function. Details of the experiments are pre-
sented in the Supplemental Material [42].
Figures 1(a) and 1(b) show the temperature dependence

of the Iðq; tÞ=Iðq; 0Þ measured by NSE and by MTDI,
respectively, at q ≈ 1.5 Å−1, that we attribute to the
structural relaxations of the lipid acyl tails. The NSE data
at timescales ≤ 16 ns were corrected for contributions from

the D2O solvent in this time window and thus reflect the
relaxation behavior of the lipid acyl tails. On the other
hand, the MTDI data were measured at much longer
timescales than the NSE, and the water dynamics have
completely relaxed at these longer times [35]. As such, the
measured relaxation behaviors in the MTDI spectra also
correspond to the lipid acyl tail dynamics. The contribution
from water dynamics is only seen in the amplitude of the
lipid relaxation mode in the MTDI data [the initial value of
Iðq; tÞ=Iðq; 0Þ at short times]. The NSE and MTDI data for
the lipid dynamics are plotted separately in Fig. 1 because
of the differences in how the water background were
treated. The scaled MTDI data are also presented in
Fig. S3c of the Supplemental Material [42] as a combined
plot with the NSE data to better visualize the relaxation
behavior over the entire studied time window.
The NSE data [Fig. 1(a)] indicated the presence of a

single slow relaxation in the gel phase (below the main
transition temperature Tmd54

¼ 20.5 °C [57]). The data were
fit with a Kohlrausch-Williams-Watts (KWW) function
(Eq. S3 [42]), and the corresponding average relaxation
times hτNSEi were estimated (Eq. S4 [42]). Meanwhile, in

(a)

(b)

FIG. 1. (a) Normalized intermediate scattering function
Iðq; tÞ=Iðq; 0Þ measured with NSE for DMPC-d54=D2O. Rela-
tive temperature to Tmd54

¼ 20.5 °C [57] is shown in the legend.
The solid lines are the fit results according to a KWW function for
the data at T ≤ Tmd54

and a double exponential function above
Tmd54

. The dashed line is the relaxation behavior at the structure
factor peak for bulk tetradecane, C14H30, determined from
molecular dynamics simulations [38]. (b) Iðq; tÞ=Iðq; 0Þ for
DMPC=H2O measured with MTDI. Relative temperature to
TmH

¼ 24 °C is shown in the legend. The lines are the fit results
according to a KWW function with the stretching exponent fixed
to β ¼ 0.33 as estimated from the NSE results. Error bars
represent �1 standard deviation throughout the Letter.
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the Lα phase at T ≥ Tmd54
, two relaxation processes were

identified, and a double exponential function (Eq. S5 [42])
was used to fit the data and determine the relaxation times
for the fast τf and slow τs modes. More detailed explan-
ations of the fitting procedures can be found in Sec. S2 of
the Supplemental Material [42]. The extracted fit param-
eters are summarized in Fig. 2 and Tables S2 and S3
of Ref. [42].
The relaxation times determined from the current experi-

ments were compared with results from a previous neutron
backscattering (BS) measurement also for DMPC lipid
membranes, but for membranes prepared in a different
geometry (supported bilayers) [58]. In the Lα phase,
Rheinstädter and colleagues identified two relaxation
processes, faster dynamics with τBSf ≈ 0.1 ns or less and
a slower process with τBSs ≈ 0.5 ns. These values agree
reasonably well with the results from the present experi-
ment for the Lα phase, with τf ≈ 0.03 ns and τs ≈ 0.5 ns.
In the gel phase, on the other hand, the previous BS results
suggested that τBSf ≈ 0.1 ns and τBSs ≈ 1 ns, which are
much faster than the relaxation times determined from
our NSE and MTDI measurements. This discrepancy is
likely because the slow and heterogeneous dynamics in the
gel phase (the stretching exponent from the current NSE

results was β ≈ 0.3) exceeded the energy resolution and
dynamic window of the previous BS experiment. Thus, the
observed dynamics in the previous BS experiment may
have been dominated by contributions from the water
dynamics.
The measured time spectra from the MTDI experiments

were analyzed as shown in Sec. S3 of the Supplemental
Material [42], and the corresponding Iðq; tÞ=Iðq; 0Þ esti-
mated from the time spectra are plotted in Fig. 1(b). The
MTDI data for the gel phase membranes were reasonably
well fit using the stretching exponent β ¼ 0.33 determined
from fits to the NSE data, and the average relaxation times
hτMTDIi were determined [59]. As shown in Fig. 2, the
estimated relaxation times were comparable for both
the NSE and MTDI data analyses. These results suggest
that the dynamics observed by NSE and MTDI in the gel
phase were due to the same relaxation process, and only
one relaxation mode was identified at T < Tm in the
present study. The dynamics at T ¼ 31 °C were fully
relaxed in the MTDI time window as also supported by
the NSE data. The relaxation time in the gel phase was
more than an order of magnitude slower than the slowmode
in the Lα phase (τs) as seen in Fig. 2, which is consistent
with the knowledge that the dynamics are more than an
order of magnitude slower in the gel phase than the fluid
phase [57].
Here, we consider the molecular origins of the relaxation

modes measured at the acyl tail correlation peak. The
relaxation times of the two modes identified in the Lα phase
vary by an order of magnitude and likely have different
molecular origins. We attribute the fast mode with τ ≈
0.03 ns to the structural rearrangements of the individual
lipid acyl tails while the slower mode with τ ≈ 0.5 ns likely
corresponds to the entire lipid molecule escaping from its
molecular cage as discussed below. The fit values for the
relative amplitudes of the two modes indicated that the fast
mode was more prevalent.
It is interesting to compare the structural relaxation

dynamics of the lipid acyl tails in the bilayers to the
corresponding bulk liquid normal alkane to see how the
two-dimensional confinement of the hydrocarbon chains
affects their motions. Because the present experiments used
DMPC (diC14 PC) lipids, we compare the results for the
lipid membranes with the analogous linear alkane, tetra-
decane (C14H30), as a simple model for the hydrocarbon
chain. While, to the best of our knowledge there are not
reported QENS measurements of the relaxation dynamics
at the C14H30 structure factor peak, recent computer
simulations of these dynamics successfully determined
the experimentally observed macroscopic shear viscosity
from the microscopic structural relaxations [38]. The
corresponding relaxation time for bulk C14H30 was τMD ≈
0.003 ns [38], which is about an order of magnitude faster
than even the fastest mode measured for the DMPC acyl
tails, (τf ≈ 0.03 ns). This comparison suggests that the
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FIG. 2. Estimated relaxation times hτNSEi, τMTDI, and hτMTDIi
in the gel phase and the fast τf and slow τs relaxation times in the
fluid phase. The vertical lines indicate the boundaries between the
Lβ0 to Pβ0 phases at the pretransition temperature (Tp ≈ 11 °C),
and between the Pβ0 to Lα phases. The horizontal axis displays
the relative temperature from the lipid main phase transition
temperature Tm, which is about 4 °C different between protiated
DMPC and DMPC-d54. The schematic in the inset illustrates the
proposed trajectories of the two-dimensionally distributed lipid
molecules. The dashed hexagonal area indicates the area occu-
pied by a lipid head group, while circles represent projections of
lipid acyl tails. The faster relaxation likely originates from the
rearrangements of the acyl tails (represented by the red double
arrows), while the slower mode is associated with the motion of
an entire lipid molecule (light blue arrows). The dark blue double
arrows represent the acyl tail correlations that are affected by the
lipid molecular motions and their rearrangements and are
considered as the origin of the slow mode.

PHYSICAL REVIEW LETTERS 127, 078102 (2021)

078102-3



two-dimensional confinement and orientational ordering of
the C14H30 hydrocarbon chains as well as the restricted
motions due to the binding of one end of the chain to the
headgroup significantly slows the chain relaxations.
As suggested above, the slower mode likely originates

from the entire lipid escaping from its cage and rearranging
with neighboring lipid molecules. In this case, the slow
mode should be related to the diffusive motion of the lipid
molecules outside the molecular cage, similar to the long
length scale lipid molecular diffusion measured with
fluorescent probe techniques [19] or nuclear magnetic
resonance (NMR) spectroscopy. [60] NMR measurements
of DMPC lipid diffusion gave D ≈ 1 × 10−11 m2=s at T ¼
35 °C [60], which corresponds to a relaxation time,
τ ¼ 1=ðDq2Þ ≈ 0.45 ns. Quite interestingly, this estimate
is in good agreement with τs ≈ 0.5 ns from the structural
relaxations measured here.
Meanwhile, below Tm, both the fast and slow modes are

expected to significantly slow down. As a result, the
structural relaxation dynamics likely become much more
heterogeneous, which would then lead to the observed
stretched exponential decay with a relatively small value of
the stretching exponent, β ≈ 0.3.
While theories relating the structural relaxations of the

lipid acyl tails to the viscosity of two-dimensional fluid
membranes have not yet been developed, we can borrow
ideas developed from studies of three-dimensional simple
liquids, where τ ∝ η=T. This scaling relationship indicates
that when the density correlations in a system relax slowly
(large τ), the momentum transport is also slow (large η). We
assume that this scaling is true in the liquid state of the
hydrocarbon chains in a lipid membrane as well. The
viscosity of DMPC in three dimensions then would be
expressed as ηL ¼ ðτL=τMDÞðTL=T0Þη0 by comparing the
dynamics in C14H30 and DMPC, where τL and TL are the
relaxation time and temperature in the present experiments,
the viscosity of C14H30 is η0 ¼ 2.73 mPa s at T0 ¼ 25 °C,
[61] and τMD ≈ 3 ps. [38].
The surface viscosity ηm of a thin sheet of a homo-

geneous liquid is expressed as ηm ¼ dη where d and η are
the thickness of the thin sheet and bulk liquid viscosity,
respectively [16]. Applying dc ¼ 3.5 nm for a DMPC
bilayer, [31] ηm is calculated as ηm ¼ dηL, and the
corresponding values are plotted in Fig. 3 together with
various membrane viscosity values estimated experimen-
tally and computationally in literature [4,11,24,25,28,
38,62,63]. The estimate of ηm from τf is on the order of
0.1 nPa s m. This value is an order of magnitude lower than
the membrane viscosity measured with fluorescent probe
techniques [11,62], suggesting that the structural rearrange-
ments of the lipid acyl tails are not related to the membrane
viscosity measured in such experiments. On the other hand,
ηm ∼ 1 nPa sm calculated from the slower relaxation time
τs is in good agreement with membrane viscosity values
determined using probe diffusion methods and close to the

median of the wide range of ηm values reported in literature.
Therefore, the present results provide experimental evi-
dence that the structural relaxation dynamics associated
with the lipids escaping from their molecular cage and
rearranging with the surrounding lipid molecules are
related to the membrane viscosity.
The combination of the NSE and MTDI results suggests

ηm varies significantly with temperature in the gel phase. As
discussed by den Otter and Shkulipa [25], the lipid
molecular order has a considerable impact on the mem-
brane viscosity, and the present results directly show that
the acyl tail dynamics depend significantly on the lipid
phase. Similarly, surface viscometry measurements by
Dimova et al. showed a significant increase in the mem-
brane viscosity in the fluid phase of DMPC giant uni-
lamellar vesicles near Tm that they attributed to
pretransitional structural fluctuations in the membrane,
i.e., an inhomogeneous structure composed of a mixture
of fluidlike and gel-like domains [4]. Such long range gel-
like domains may easily prevent macroscopic particle
motions even in the fluid phase, while the present results
show that nanoscale molecular motions still survive even as
the temperature is lowered into the gel phase and the
membranes are increasingly solidified at the molecular
level as temperature is decreased.
In simple liquid systems, the Green-Kubo formula

predicts a relationship between the frequency dependent
shear viscosity, which has been related to the intermediate

FIG. 3. Comparison of membrane viscosity values reported in
literature (open points) and estimated values from the present
results for the relaxation times of the acyl chains (solid points).
Experimental data for DMPC are from surface viscometry (SV)
[4], fluorescence recovery after photobleaching (FRAP), [62]
fluorescent lifetime measurements (FL), [11] and NSE measure-
ments [28,64]. Computer simulations have been used to calculate
the viscosity of saturated lipid membranes with coarse-grained
simulation (CG sat) [24], dipalmitoylphosphatidylcholine
(DPPC) model with CG (CG DPPC) [25], and all atom simulation
of DPPC (AA DPPC) [63]. A more thorough comparison of the
present results to other values of ηm reported for various lipids in
literature is shown in Fig. S4 [42].
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scattering function and the molecular structural relaxations
by employing concepts from mode coupling theory [38,65–
67]. The present results suggest that these concepts from
three-dimensional liquid systems may also apply to two-
dimensional fluid membrane systems, and theoretical
developments in two-dimensional systems are highly
desirable to clarify and refine the present methodology
for calculating membrane viscosity from the acyl tail
structural relaxations as suggested here.
Together, the combination of NSE and MTDI accessed

structural relaxation of lipid acyl tails over more than 4
orders of magnitude in time. This is a unique opportunity
offered by the combination of the neutron and x-ray
spectroscopic techniques and provides new insights into
the collective acyl tail dynamics. The NSE data provided
access to the nanosecond relaxation times expected for the
acyl tails, while the MTDI data extend the probed time
window to a range relevant for the gel phases. The data
showed that the two-dimensional confinement of the lipid
acyl tails slowed their dynamics by more than an order of
magnitude compared to three-dimensional liquids. The
results further revealed that the acyl tail dynamics directly
link the macroscopic transport properties in lipid mem-
branes that can affect cell function and perhaps one day
offer new “membrane lipid therapies” that seek to control
the physical properties of lipid membranes [68–70]. We
hope that the present results inspire further experimental,
computational, and theoretical studies into the molecular
origins of membrane viscosity.
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