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Lipo-fullerenes are lipophilic C60 derivatives (six pairs of alkyl chains symmetrically grafted to the C60 cage)
that intercalate in phospholipid bilayers by the formation of rodlike structures of nanoscopic dimensions.
Proton NMR measurements in the fringe field of a superconducting magnet (SFF-NMR) were employed to
measure the long-range self-diffusion of lipo-fullerenes intercalated in oriented multilayers of dipalmitoylphos-
phatidylcholine (DPPC) between 27 and 70°C. The lipo-fullerene diffusion was found to be an order of
magnitude slower than that of the DPPC in the host bilayer. The lipo-fullerene diffusion continued largely
unaffected even under conditions when the host bilayer assumed a solidlike gel state, indicating a decoupling
of lipo-fullerene and DPPC motion. Quasi-elastic neutron scattering (QENS) was used to study the molecular
dynamics of the lipo-fullerenes within the bilayer at four energy resolutions of the spectrometer (1, 19, 62,
and 500µeV), covering selectively the gighertz to terahertz frequency range of molecular motion. We find
that the molecular dynamics in this frequency range is dominated by the motion of the 12 alkyl chains attached
to each C60. At 25 °C where both the DPPC and the lipo-fullerenes are in a solidlike state, the dynamics of
the latter is dominated by kink defects of the alkyl chains at high frequency (terahertz range) and alkyl chain
jumps at lower frequency gighertz range). At 75°C where both components are fluid, the lipo-fullerene
dynamics can be described by a superposition of segmental rotational motion of chains and a spatially restricted
diffusion of the chain inside a spherical volume. The radii of the volumes were found to scale linearly with
the distance of the chain segment from the fullerene cage.

Introduction

Lipo-fullerenes are lipophilic fullerene derivatives consisting
of six pairs of alkyl chains (C12 or C18) attached covalently to
the C60 fullerene cage onto octahedral sites (Th symmetry)
denoted in the following by C60-HADC12 and C60-HADC18

respectively (Figure 1). C60-HADC18 as a bulk system exhibits
an interesting phase behavior:1 At 25 °C the C18 alkyl chains
are in a predominantly all-trans state pointing away from the
fullerene cage in a radial direction. This conformation results
in a distorted cubic packing with an average distance between
adjacent fullerene cages (separation distance) of approximately
twice the alkyl chain length. Increasing the temperature of the
bulk system to 75°C causes the system to undergo two major
structural transitions. The first is a partial intercalation (inter-
digitation) of the alkyl chains of adjacent lipo-fullerenes at 55
°C, resulting in an increase of the packing density by a decrease
of the separation distance. The second transition at 64°C is
characterized by a complete melting of the chains, giving rise
to a viscous fluid state with the lowest separation distance. In
contrast, C60-HADC12 has alkyl chains with four fewer
methylene groups and exhibits at all temperatures above 0° the
viscous fluid state. An intriguing property of the lipo-fullerenes is their ability

to intercalate into phospholipid model membranes (bilayers) at
high amounts without any significant disturbance of the bilayer
phase behavior and molecular order.2 The reason for this unusual
behavior is the self-organized formation of a network of lipo-
fullerene rods (rod diameter less than 30 nm) within the
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Figure 1. Structure of the lipo-fullerenes C60-HADC12 and C60-
HADC18.
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hydrophobic interior of the bilayer, which minimizes the contact
area between the lipids and lipo-fullerenes. Nevertheless, the
formation of this network has profound consequences for the
bilayer micromechanic properties since it reinforces the bilayer
structure and increases its bending modulus.2 We have previ-
ously demonstrated that this composite system is the key for
the creation of new materials such as nanoscopic hollow spheres
with extraordinary physical properties.3 However, the molecular
mechanisms and forces that dominate the formation of these
structures are at present largely unknown.

A deeper understanding of the self-organization of lipo-
fullerenes in the bilayer and the formation of the composite
structure requires knowledge of their diffusion properties and
molecular dynamics. In this work we report a study of these
physical properties by employing two powerful methods for the
elucidation of dynamics: solid-state nuclear magnetic resonance
(NMR) and quasi-elastic neutron scattering (QENS). By NMR
we have studied the diffusion of the viscous-fluid lipo-fullerenes
within a bilayer of a synthetic lecithin (DPPC) at temperatures
that cover both the fluid and the gel state of the host membrane.
QENS studies performed at different energy resolutions have
allowed us to probe the molecular dynamics of the lipo-fullernes
in the bilayer under conditions where the former were either in
the viscous-fluid state (i.e., high packing density) or in the
predominantly all-trans conformation (low packing density). The
combination of the two methods allowed us to cover selectively
a wide range of molecular correlation rates spanning from
megahertz to terahertz frequencies, thus giving a rather com-
prehensive description of the dynamical processes in lipo-
fullerene rods confined in lipid bilayers.

Materials and Methods

Materials and Sample Preparation.For both the SFF-NMR
and QENS measurements, fully deuterated 1,2-dipalmitoyl-d31-
glycero-3-phosphocholine-d13 (DPPC-d75) was used, which was
purchased form Avanti Polar Lipids, Alabaster, AL. The lipo-
fullerenes C60-HADC12 and C60-HADC18 (Figure 1) were
synthesized as described in refs 2 and 4. Highly purified D2O
was purchased from Deuchem (Leipzig, Germany).

For NMR measurements oriented DPPC-d75 bilayers on glass
substrates containing 20 mol % C60-HADC12 were prepared
as described in ref 5. About 70 stacked glass plates (each 60
µm thick) were used as solid substrates for 30 mg of the lipo-
fullerene/lipid mixture.

For the QENS measurements oriented DPPC-d75 bilayers
containing 20 mol % C60-HADC18 were prepared as described
in ref 6. Five highly polished, undoped silica wafers of 150µm
thickness and 5.0 cm diameter were used as solid substrates
for 230 mg of the lipo-fullerene/lipid mixture.

Both NMR and QENS samples were fully hydrated (D2O
content 12 mol %) via the vapor phase. The water content of
the samples was assessed by determining their phase transition
temperaturesTm using differential scanning calorimetry (note
that the lipo-fullerenes do not alter theTm of DPPC-d75

2). By
comparison with aTm vs hydration calibration curve, the water
content was determined with a precision of(1 mol %.

NMR Self-Diffusion (SFF-NMR). Supercon Fringe Field
(SFF) 1H NMR diffusion measurements7 were performed as
described in detail in ref 5 using a stimulated echo pulse
sequence (90°y-τ1-90°y-τ2-90°y-τ1-(echo)) and a multiple
excitation scheme.7,8 The stimulated echo sequence allowed
diffusion encoding during theτ2 interval while the magnetization
is stored along thez-axis and relaxation is solely determined
by T1 processes. First,τ1 was kept fixed and an array ofτ2’s

was chosen. Fitting the resulting decay of the echo amplitudes
with a single exponential gave the decay constants(τ1). The
procedure was repeated for differentτ1 values. Finally, s(τ1)
was plotted againstτ1

2 and the resulting slope of this plot was
γ2G2D0 whereγ is the gyromagnetic ratio,G is the fringe field
gradient andD0 is the diffusion constant. Theτ1 values were in
the range of 20-120µs. Appropriateτ2 values were chosen to
give a reasonable echo decay, and 500 transients were acquired
for each echo amplitude with a repetition time of 2 s. The NMR
spectrometer used was a 400 MHz Varian VXR type, and the
magnetic field gradient at the sample position wasG ) 58 T/m
( 2%. Because of the finite bandwidth of the rf pulse (90° pulse
length 2.5µs) and the strong magnetic field gradient, only a
thin slice of about 100µm thickness of the oriented sample
contributed to the signal. The error of sample temperature was
less than 1°C.

For the calculation of the diffusion constantsD0 we assumed
a one-dimensional diffusion of the lipo-fullerenes within the
bilayer plane. This seems justified because the lipo-fullerene
rods extend over several micrometers along the bilayer plane
but are less than 30 nm wide. The latter dimension is very small
compared to the characteristic length scale of the SFF-NMR
experiment which is 1/(γGτ1) and thus is in the range of 1µm.
For the case of one-dimensional diffusion within the plane of
the membrane with an angleθ between the direction of the
diffusion (rod axis) and the field gradient vector the effective
diffusion constant becomesDeff ) D0 cos2 θ whereD0 is the
diffusion constant. For a random orientational distribution of
rods in the bilayer plane one has to integrate over all anglesθ
and the stimulated echo amplitude is

All other SFF-NMR data analysis was performed as described
previously.5

Quasi-Elastic Neutron Scattering (QENS).Quasi-elastic
scattering of C60-HADC18 intercalated in oriented stacks of
nearly fully deuterated DPPC-d75 bilayers on silicon wafer
substrates was measured by using the IN16 backscattering and
the IN5 time-of-flight spectrometers at the Institute Max von
Laue-Paul Langevin (Grenoble, France). The IN5 was used at
incident wavelengths of 3, 6, and 9 Å, giving an energy
resolution of 500, 62, and 19µeV, respectively. The backscat-
tering spectrometer IN16 had an incident wavelength of 6.271
Å corresponding to an energy resolution of 1µeV (energy
analysis by unpolished Si(111) crystals). The QENS experiments
probed selectively a total time range of 10-12 to 10-9s. The
orientation of the sample in the neutron beam was such that
the momentum transferq was directed essentially along the
bilayer plane (135° angle between the sample normal and the
incoming neutron beam). This allowed the observation of
molecular motion of the lipo-fullerenes along this plane while
the contribution of the lipids was negligible due to the use of
nearly fully deuterated DPPC-d75 featuring a very low incoherent
scattering. The remaining incoherent scattering of the lipids
along with their coherent scattering was removed from the data
by subtracting the spectrum of a pure DPPC-d75 sample (same
hydration as above) obtained at the same temperature and
orientation (background subtraction). QENS data were acquired
at two temperatures (25 and 75°C with an error of(1 °C).

In the first step of QENS data analysis, an elastic line plus
one Lorentzian linesconvoluted with the resolution function
of the spectrometerswere fitted to the incoherent scattering
function Sinc(q,ω) for each momentum transfer valueq sepa-

Astim ) 1
2π ∫0

2π
exp{-γ2G2D0(cos2 θ)τ1

2(23τ1 + τ2)} dθ
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rately. This essentially model independent treatment of the data
gave the elastic contribution to the spectrum in terms of the
elastic incoherent structure factor (EISF) and the width (HWHM)
Γ1 of the Lorentzian line representing all motional contributions
of the lipo-fullerenes resolvable at the given energy resolution.
This single spectrum fitting procedure and the model dependent
fitting procedure discussed below have been described in more
detail previously.6

In a second step, a model dependent data analysis was
performed. To select suitable models, it has to be appreciated
that the incoherent scattering of the lipo-fullerenes is dominated
by the vast amount of its alkyl chain protons. Further reasoning
for the motional models considered are given in the Results
and Discussion. The following models were considered; the
equations of their scattering laws along with the incoherent
structure factors as used in the model dependent fitting
procedures are given in Appendix A.

(1) Stochastic kinks jumping in alkyl chains:9 The stochastic
appearance and disappearance of chain defects (kinks) at random
sites along the chain (sketched in Figure 2A) is determined from
the transition rates between the all-trans to the kink conformation
(r2) and back to the initial state (r1). It follows thatr1/(r1 + r2)
is the probability for one kink per chain andr2/(r1 + r2) is the
probability for the all-trans configuration. This model considers
two Lorentzian lines of widthsΓ1 andΓ2.

(2) Jump diffusion:10 This model represents jumps of the
chain protons between two equivalent sites separated by a
distanced with a jump rateτr. We assumed a collective motion
of the chain segment, resulting in a vibrational motion of the
entire chain jumping over a distancedmin at one end and over
dmax at the other end with a linear distribution between (Figure
2B). For rd ) dmin/dmax ) 0 the bond between the fullerene
cage and the chain prevents translational motion while forrd )
1 the jump motion becomes isotropic. This model considers one
elastic and one Lorentzian line.

(3) Segmental rotational diffusion:11 The rotation of chain
segments or of the entire alkyl chain (crank shaft motion) is
equivalent to a continuous rotation of the protons on a circle
(Figure 2C). Since there is no analytical expression for this
model in a powder average, we approximated the continuous
motion by rotational jump diffusion withN equivalent sites
separated by a lengthl at a rateτ on a circle (radiusr) where
N is sufficiently large (N ) 16). The fitting parameters werer
and the jump rateτ.

(4) Chain translational diffusion inside a restricted (spherical)
volume:12 The volume accessible to a methylene group in an
alkyl chain is assumed to be isotropic. The translational freedom
of a segment of an alkyl chain bonded at one end to the fullerene
cage depends on its position along the chain (Figure 2D). We
assumed that the radii of the resulting diffusion spheres,rV,
were distributed linearly along the chain between a minimum
rV,min (bound end) and a maximum radiusrV,max (loose end).
The parameterrr ) rV,min/rV,max is defined analogously to that
in model 2. The fitting procedure considered only one Lorentzian
broadening. Its widthΓ1 can be approximated byΓ1 ) 4.33DV/
rV

2 for small qrV values andΓ1 ) DVq2 for large qrV values
(unrestricted diffusion).

For a superposition of independent motions, the resulting
scattering function is the convolution of the corresponding
dynamic structure factors for each motion.

Standard ILL procedures were applied for background and
cell correction as well as normalization of the incoherent
scattering to a vanadium standard sample.6

Results and Discussion

Measurement of Intermolecular Motions by NMR: Lat-
eral Diffusion. Lateral diffusion of 20 mol % C60-HADC12 in
a stack of oriented DPPC-d75 bilayers along the bilayer plane
oriented perpendicular to the main magnetic field was measured
as a function of temperature between 27 and 70°C, thus
covering the fluid and the gel state of the lipid host matrix. It
should be noted that the alkyl chains of C60-HADC12 are in
the fluid state over the whole temperature range studied
according to microcalorimetry (DSC) results.2

Figure 3 shows a plot of the diffusion coefficientD0 of the
lipo fullerene C60-HADC12 along the membrane plane as a
function of temperature. The values ofD0 are roughly 1 order
of magnitude smaller than those obtained for the DPPC under
fluid phase conditions by the same technique (DL ) 2.3× 10-11

m2/s ( 3% at 57°C).5

Besides this slower diffusion compared to the lipid, the most
striking feature is the persistence of C60-HADC12 lateral
diffusion even under gel phase conditions of the host DPPC
bilayer, i.e., at temperatures below 37°C (indicated by a vertical
bar in Figure 2). This is in marked contrast to the behavior of
the DPPC, where lateral diffusion becomes about 4 orders of
magnitude slower at the transition to the gel phase13 and is
rendered undetectable for SFF-NMR. Furthermore, there is a
remarkably wide “plateau region” ofD0, extending from the
DPPC phase transition temperature over 15°C toward higher
temperatures.

Figure 2. Schematic depiction of the four motional models used in
the model dependent data analysis of QENS data. (A) Stochastic kinks
jumping in alkyl chains.9 (B) Jump diffusion between two equivalent
sites.10 (C) Segmental rotational diffusion.11 (D) Chain translational
diffusion inside a spherical volume.12

Figure 3. In-plane diffusion constantD0 of C60-HADC12 in oriented
DPPC-d62 multilayers at full hydration (12 mol % D2O) vs temperature
as measured by the SFF-NMR method. The vertical bar indicates the
melting transition temperature of the DPPC host matrix.
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The free volume model of diffusion in a bilayer14,15predicts
for molecules of comparable size and shape a constant value of
DMw

1/2, whereD is the lateral diffusion constant andMw is the
molecular weight. This was experimentally confirmed for
pyrenes and for pyrene derivatives.14

ConsideringMw ) 3353 for the lipo-fullerenes andMw )
734 for DPPC this model would predict a value ofD0 for lipo-
fullerene diffusion that is a factor of 2 slower than for the lipids.
Hence, our results indicate that the free volume model is not
applicable to the lipo-fullerene diffusion in bilayers.

On the contrary, our data suggest essentially a decoupling
between the lipid and lipo-fullerene diffusion, most likely due
to a spatial separation of the two components within the bilayer
over distances above the experimental length scale of the SFF
method (1-10 µm). This finding is in agreement with the
structural model suggested previously for the DPPC/lipo-
fullerene composite structure, where the existence of rodlike
lipo-fullerene structures with rod lengths on the micrometer scale
immersed within the bilayer was demonstrated by electron
microscopy.2 A schematic view of this arrangement is shown
in Figure 4. In terms of this structural model, the diffusion within
the up to 30 nm wide rods2 is unaffected by the phase transition
of the surrounding DPPC, except for those molecules situated
directly at the interface (i.e., at the rod walls), because the C12

alkyl chains of the lipo-fullerenes remain fluid at all tempera-
tures above 10°C.

The previously reported change of the average length of the
rods from several micrometers to less than 1µm at the transition
from the gel to the fluid state of the bilayer2 may also explain
the existence of the above-mentioned plateau region in Figure
2. This is because the shrinkage of the lipo-fullerene rod length
below the length scale of the experiment at the phase transition
of the lipids renders apparently unrestricted diffusion within the
rod into a more restricted one. As a consequence,D0 remains
apparently constant with increasing temperature, as long as a
decrease in mean free path length (i.e., rod length) is compen-
sated by an increase in jump rate. Since our data show a further
increase ofD0 of the lipo-fullerenes above 55°C, this might
indicate that the rods stopped shrinking above this temperature
or that the diffusion of the short rod fragments as a whole within
the bilayer become sufficiently large to contribute to the SFF
experiment. In the latter case, the observed exponential increase
of D0 above 55°C would be the result of a superposition of
individual lipo-fullerene diffusion along the rod axis with the
diffusion of whole short rod fragments (average length below
0.5 µm) within the fluid bilayer.

Measurement of Intramolecular Motions: QENS.Molec-
ular motions of the lipo-fullerenes C60-HADC18 in a stack of
oriented DPPC-d75 lipid bilayers were measured by QENS for

two different temperatures corresponding to a crystal-like gel
state of the sample (25°C) and to a fluid state of both
components (75°C). C60-HADC18 rather than C60-HADC12

from the NMR was used in the QENS experiments because we
were interested in the lipo-fullerene molecular dynamics under
conditions of both fluid and rigid alkyl chains (Tm ) 64 °C for
C60-HADC18) while the C60-HADC12 is always fluid at
temperatures above zero. Since both lipo-fullerenes behaved
very similarly under fluid conditions from the NMR point of
view,2 this substitution should not limit significantly the
comparison between the SFF and QENS data.

The length scale of the QENS experiments is estimated byl
) π/qmin ≈ 1.5 nm (qmin is the smallest momentum transfer
with a quasielastic contribution to the spectrum). Since this is
smaller than the radius of a single lipo-fullerene (2.8-6.1 nm,
depending on the alkyl chain conformation1), only intramolecu-
lar (chain and segment dynamics) rather than intermolecular
motions (translation or rotation of the entire molecule) can be
observed by QENS. Within this context the observation of an
anisotropy of lipo-fullerene dynamics imposed by the surround-
ing bilayer is not expected because of the dimension of the lipo-
fullerene rods (30 nm in diameter). Therefore, all the motional
models being tested were averaged to yield a powder distribution
of directions.

Model Independent Analysis.This analysis was performed
by fitting the QENS data by an elastic plus one quasi-elastic
(Lorentzian) line. A typical example is shown in Figure 5. The
results can be described by the elastic incoherent structure factor
(EISF), which gives information on the geometry of the motion,
and by the line widthΓ1 (HWHM) of the Lorentzian, which is
determined by the correlation times of molecular motions in
the resolved energy range. For all energy resolutions studied
between 1 and 500µeV the elastic incoherent structure factor
(EISF) decreases with increasing momentum transferq at 75
°C significantly faster than at 25°C. For example, at a resolution
of 62 µeV (IN5) and atq ) 1.5 Å-1, the EISF is 0.2 for 75°C
while it is 0.75 for 25 °C. This indicates a larger spatial
extension of intramolecular motions at 75°C. A simpleq-axis
scaling of the EISF values at 25°C does not help to obtain an
EISF decay similar to the one at 75°C. This suggests some
fundamental differences in the molecular dynamics of the lipo-
fullerenes at the two temepratures since virtually all motional
models of alkyl chains known from the literature exhibit an EISF
scaling behavior asql, wherel is a characteristic length.

For all experiments the quasi-elastic part of the scattering
function reveals a broader line widthΓ1 at 75°C than at 25°C,
indicating a significantly faster motion at high temperatures. A
plot of Γ1 vs q2 does not give a linear dependence for any of

Figure 4. Schematic depiction of the arrangement lipo-fullerene rods
within the hydrophobic interior of the lipid bilayer according to Hetzer.2

Figure 5. Example of the model independent data fitting of the QENS
data (DPPC-d75 with 15 mol % C60-HADC18 at 75°C, q ) 0.5 Å-1)
by an elastic line plus one quasi-elastic (Lorentzian) line.

5440 J. Phys. Chem. A, Vol. 104, No. 23, 2000 Hetzer et al.



the energy resolutions studied. Such a straight line having a
zero ordinate intercept would be indicative of long-range
diffusive motion. However, even at 1µeV resolution and at 75
°C, where unrestricted diffusion is a likely contribution, no such
dependence was observed. The diffusion of whole molecules
as observed by SFF-NMR is still 1 order of magnitude too slow
to contribute to QENS at the highest energy resolution (1µeV).
At this resolution we observed for both temperatures aΓ1 that
was largely independent of the momentum transfer, typical for
spatially restricted motions.

Thus, for both temperatures the model independent analysis
suggests the existence of two fundamentally different, but in
both cases spatially restricted, types of molecular motion of the
lipo-fullerenes in DPPC bilayers, with frequencies in the
gigahertz to terahertz range.

Model Dependent Analysis.In a second step the QENS data
were fitted to the four different motional models described in
the Materials and Methods. None of these models alone provided
acceptable fits to the data. Therefore, we attempted a combina-
tion of two models obtained by convoluting their individual
scattering functions to fit the data. This implied the assumption
that the single motions in the combined models were indepen-
dent. For each temperature (25 and 75°C) we found a different
combination of two models to fit the data very well, in
agreement with the model independent analysis that suggested
two fundamentally different types of motion.

For 25°C, a superposition of the stochastic-kink (model 1)
and the chain jump-diffusion (model 2) motion (denoted the
“kink jump-chain jump model” in the following) was the only
two-model combination that provided good fits of the data. The
validity of this model is further supported by an independent
NMR and X-ray study of bulk lipo-fullerenes at different
temperatures, which suggests an all-trans state of the chains at
20 °C.1 Moreover, the existence of stochastic jumping of kinks
in lipid chains of bilayers under gel phase conditions was
demonstrated previously.9

For 75°C, we obtained the best data fits for a combination
of the segmental rotational diffusion (model 3) and chain
diffusion-inside-a-sphere (model 4) which is denoted the “seg-
ment diffusion-chain diffusion model” in the following. Previ-
ous studies have provided ample evidence that the alkyl chains
of C60-HADC18 are in a highly disordered (“molten”) state at
75 °C. The two individual motional models used in this
combination account for the dominating molecular motions
under highly disordered conditions. In contrast, the “kink jump-
chain jump model” used for fitting the data at 25°C provided
no acceptable fits of the 75°C data.

Dynamics of Solidlike Chains (25°C). The starting values
for the fitting parameters of the “kink jump-chain jump model”
model were taken from the best fitting results of the separately
applied stochastic-kink and the two-site chain jump models. In
a first steprd ) dmin/dmax ) 0.21 (this ratio corresponds to the
diameter of the fullerene cage over the total diameter of the
all-trans lipo-fullerene molecule) was kept fixed, thus simulating
an isotropic vibration around the center of mass of the lipo-
fullerene molecule. The fitting procedure converged for all free

parameters: the maximum jump distance, the jump rate, and
the transition rates. In a second step, the parameterrd was
additionally set variable in order to explore the anisotropy of
the vibration. For the high energy resolutions (1 and 19µeV)
the parameterrd converged toward 0, as typical for a chain
motion that is fixed at one end and free at the other. In contrast,
for the lower energy resolutions (i.e., for high frequencies)rd

approached unity, indicative for isotropic motion. The fitting
results are summarized in Table 1.

The jump rate at high energy resolution of less than 0.2 GHz
and chain jump amplitudesdmax of 4-8 Å suggests, taking into
account thatrd ) 0, a jump motion of the chain inside a cone
with an apex angle of 10-20°, with the immobile end of the
chain attached to the fullerene cage. At lower resolution (500
and 62µeV) the model suggests an isotropic motion of the chain
segments at low amplitude (>1.5 Å) and a frequency in the
50-320 GHz range, which is at the upper limit of the detectable
time scale. The differences in the geometry of the motions at
high and low resolution can be understood on the basis of the
different time scales connected with these resolutions. At short
time scales the (isotropic) kink motion is the dominating
contribution at 25°C. At the higher energy resolution (i.e.,
longer time scale) the spectrometer becomes increasingly
insensitive to the kink motion contribution and the slower
(anisotropic) jump motion dominates the QENS signal.

Amplitudes in the range of 1 Å and the upper gigahertz
frequency range are rather typical for stochastic kink motion in
the solid state, and the results obtained for 62µeV are
comparable to what was observed previously for solid poly-
ethylene.16 However, the transition rates are about 1 order of
magnitude slower than those measured for lipid chains at this
temperature9 suggesting constraints for fast kink motion in the
lipo-fullerene chains. A possible reason could be the looser chain
packing in the latter system compared to the tight packing of
lipid chains in a bilayer. This would correspond to a significantly
weaker van der Waals interaction potential experienced by
adjacent fullerene chains and result in lower kink transition rates.

The loose packing would also explain the relatively high
number of kinks (one kink at three out of four chains) indicated
by our model. There is a considerable free volume predomi-
nantly toward the free chain end that the methylene protons
can access.

To sum up, the “kink jump-chain jump” model suggests at
25 °C an anisotropic jump motion of the whole chain in the
megahertz range superimposed upon the isotropic motion of a
significant number of kink defects at higher frequency (gigahertz
range).

Dynamics of Fluid Chains (75°C). To keep the number of
free parameters in the “segment diffusion-chain diffusion
model” model low, we estimated the radiusrH for the segmental
rotational diffusion from geometrical considerations. Although
the C-C bonds along the chain can rotate freely, the C-C-C
bond angle must remain constant, suggesting a synchronized
rotation over several methylene groups, similar to a rotating
crank shaft. The radius of the protons involved in this crank
shaft motion is readily calculated torH ) 1.41 Å from the bond

TABLE 1: Fitting Results for the Segmental Jump-Chain Jump Model for 15 mol % C60-HADC18 in Oriented Multilayers of
DPPC-d75 at 25 °C at Energy Resolutions of 500, 62, and 19µeV (IN5) and of 1 µeV (IN16)

resolution 500µeV 62µeV 19µeV 1 µeV

rd ) dmin/dmax 1 1 0 0
dmax/Å 1.1 ( 0.2 1.47( 0.06 8.6( 1.5 4.4( 0.14
jump rate 1/τr 320( 12 GHz 58( 5 GHz 170( 14 MHz 120( 5 MHz
kink per chain 0.85 0.78( 0.01 0.77( 0.02
transition rater2 2.9( 0.3 GHz 3.7( 0.7 GHz
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angles and C-C distances of an alkyl chain. In the first step of
the fitting procedure this value was kept constant. The results
are summarized in Table 2.

For rH ) 1.41 Å the fit gave rotational diffusion constants in
a range 107 to 1010 s-1, increasing with decreasing instrument
resolution. This suggests a rotational motion extending over
several orders of magnitude in frequency. Here eachDr value
is representative of the sensitive time window at the corre-
sponding resolution. Hence, the fitting model, which considers
only two Lorentzian lines, fits for each experiment its “typical”
frequency.

For the chain diffusion part of the model we startedssimilar
to the chain jump modelswith a value of 0.21 for the ratiorr

) rmin/rmax. When this parameter was allowed to vary in the
fitting procedure, the procedure converged to zero for all
resolutions. This suggests that the methyl protons close to the
fullerene cage can access only a small volume for translational
diffusion. This volume increases rather linearly with the distance
from the “grafting point” of the alkyl chain. The maximum
radius of the sphere accessible to the methylene protonsrmax is
different for each resolution and reflects the length scale of the
experiment. This is not in contradiction to our earlier notion
that diffusion beyond the limits of the experimental length scale
is unrestricted and thus leads to a vanishing EISF. The
convergence ofrr toward zero indicates that part of the scatterers
close to the “grafting point” undergo restricted diffusion while
those at the end of the chain can diffuse unrestricted in terms
of the experimental length scale.

Theq dependence ofΓ1 supports the above results. The theory
of diffusion in a sphere predicts for a plot ofΓ1 vs q2 a linear
dependence in the limitq2r2 > π and aq independence forq2r2

< π.12 Figure 6 showsΓ1 vsq2 for different energy resolutions,
as obtained from our data by fittingΓ1 for each q value
separately for a given resolution.

At 62 µeV resolution (rmax ) 2.1 Å, cf. Table 2) we obtained
a linear dependence withΓ1 ≈ q2. This is because the length
scale of this experiment is rather short (2.1 Å) and thus the
spectrum is dominated by unrestricted diffusion. In contrast, at
19 µeV resolution (and at 1µeV, not shown) we observe aΓ1

that isq independent. Here we have a larger length scale (12 Å
for 1 µeV) that is beyond the spatial variation of the methylenes,
and thus restricted diffusion dominates the spectrum. Conse-
quently, the volume diffusion constantsDV listed in Table 2
were obtained by fitting the 62µeV data according toΓ1 )
DVq2, and to Γ1 ) 4.33DV/rmax

2 12 for the 19 and 1µeV
resolutions, withDV as the free parameter. Despite the wide
range of time scales probed by the experiment, the obtained
DV values are all in the same order of magnitude (10-10 m2/s,
cf. Table 2).

In a final step of the fitting procedure the radius of the
rotational diffusionrH was set as a free parameter. For all
experiments,rH converged to values larger than the previously
fixed 1.41 Å (about 2 Å for the 62 and 19µeV resolutions).
This may indicate that the true radius is somewhat larger than
the one assumed on purely geometrical considerations.

Conclusions

The combination of QENS and NMR used in this work covers
selectively a range of motional correlation times of more than
6 orders in magnitude. While the NMR technique detected
exclusively the long-range diffusion, the QENS proved sensitive
to the local motions of the alkyl chains grafted to the fullerene
cage at a higher frequency. In particular, the QENS provided
evidence for a drastic change in the molecular dynamics of the
lipo-fullerenes, which is connected with the transition of the
alkyl chains between a fluid and a more solidlike state. Since
the NMR provided evidence for a complete spatial separation
of the lipids and the lipo-fullerenes in the composite bilayer on
a nanoscopic length scale, the question arises whether the lipid
bilayer affects the molecular dynamics of the lipo-fullerenes at
all if compared to a bulk system. Earlier studies suggest that
the packing of the lipo-fullerenes in a bilayer is different from
that in the bulk, possibly owing to the lower dimensionality of
the lipo-fullerene rods. Specifically, partial interdigitation
between the fullerene chains as observed in the bulk seems to
be absent in the bilayer. The additional free volume due to this
less efficient packing in the bilayer may cause a relatively large
number of kinks at low temperature (25°C) and may increase
the spatial extension of segmental diffusion inside a sphere at
75 °C. Since the lipo-fullerene rods increase drastically the
bending modulus of the bilayer,2 it would be very interesting
to correlate the molecular dynamics of the rod constituents with
this macroscopic property. This will require comparative QENS
experiments with the short-chain lipo-fullerene HDAC12 (used
in the NMR experiments), which are presently under way in
our laboratory.
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Appendix A

Summary of the scattering laws S(Q,ω) and their dynamic
structure factors An considered in the model dependent data
analysis. In the equations below, the following symbols were
used: jn ) Bessel function ofnth order,δ(ω) ) elastic signal,
L(Γn,ω) ) nth quasi-elastic contribution described by a Lorent-
zian.

(1) Stochastic Kink Diffusion.9

with structure factors

Figure 6. Line widthΓ1 of the quasi-elastic contribution of the volume
diffusion part of the segment diffusion-chain diffusion model at 62
µeV (left) and 19µeV (right) energy resolution and at a temperature
of 75 °C.

TABLE 2: Fitting Results for the Segment Diffusion-Chain
Diffusion Model for 15 mol % C 60-HADC18 in Oriented
Multilayers of DPPC-d75 at 75 °C at Energy Resolutions of
500, 62, and 19µeV (IN5) and of 1 µeV (IN16)

resolution 500µeV 62µeV 19µeV 1 µeV

volume diff const
DV (10-10m2 s-1)

8.9( 0.3 2.2( 0.6 1.7( 0.1

max. diameter
spherermax

2.1( 0.1 3.9( 0.5 12.0( 0.3

rotational diff const
Dr (109 s-1)

29 ( 1 14( 1 1.8( 0.2

S(Q,ω) ) A0(Q) δ(ω) + A1(Q) L(Γ1;ω) + A2(Q) L(Γ2;ω)
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and Lorentzian HWHM

Here dn is the jump length due to the kink,F/(1 + F) is the
probability for the all-trans configuration of the acyl chain and
r1,2 are the transition rates transf gauche or gauchef trans,
respectively.

(2) Jumping of Chain between Two Sites:10

with τ-1 being the jump rate probability andd is the jump
distance.

(3) Segmental Rotational Diffusion:11

with structure factors

and

In this model,τl is the correlation time for the l-th quasielastic
line, rn is the distance to siten and N represents the total number
of sites.

(4) Chain Translational Diffusion Inside a Restricted
(Spherical) Volume:12

with structure factors

and

otherwise,

the Lorentzian functions are given by In this model,λl is the
eigenvalue of the l-th spherical harmonics function,R is the
radius of the spherical boundary and D represents the diffusion
constant.
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