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8 ABSTRACT
9 We present the derivation of a new model to describe neutron spin echo spectroscopy and quasi-

10 elastic neutron scattering data on liposomes. We compare the new model with existing approaches 

11 and benchmark it with experimental data. The analysis indicates the importance of including all 

12 major contributions into modeling of the intermediate scattering function. Simultaneous analysis 

13 of the experimental data on lipids with full contrast and tail contrast matched samples, reveals 

14 highly confined lipid tail motion. A comparison of their dynamics demonstrates the statistical 

15 independence of tail-motion and height-height correlation of the membrane. A more detailed 

16 analysis indicates that lipid tails are subject to relaxations in a potential with cylindrical symmetry, 

17 in addition to the undulation and diffusive motion of the liposome. Despite substantial differences 

18 in the chemistry of the fatty acid tails, the observation indicates a universal behavior. The analysis 

19 of partially deuterated systems confirms the strong contribution of the lipid tail to the intermediate 

20 scattering function. Within the time range from 5 to 100 ns, the intermediate scattering function 

21 can be described by the height-height correlation function. The existence of the fast-localized tail 

22 motion and the contribution of slow translational diffusion of liposomes determines the 

23 intermediate scattering function for t < 5 ns and t > 100 ns, respectively. Taking into account the 
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24 limited time window lowers the bending moduli by a factor of 1.3 (DOPC) to 2 (DMPC) compared 

25 to the full range.

26 1 INTRODUCTION
27 Phospholipids are an essential part of cell membranes. Many recent studies focus on lipids 

28 and their impact on the proper functioning of membrane proteins.1, 2 Nuclear magnetic resonance 

29 (NMR) is frequently utilized to explore the molecular dynamics of liposomes.3 NMR reveals that 

30 lipid rotational and lateral motions were observed along with slow flip-flop motion where lipid 

31 exchange across the two monolayers.3 Rotational diffusion of lipids plays an important role in 

32 transport of proteins, whereas,4 lipid flip-flop motion is important for maintaining the stability and 

33 composition of the inner and outer monolayers of the membranes.5 At length scale of the 

34 membrane thickness the entire membrane can undergo out-of-plane thickness and bending 

35 fluctuations or undulations.6-8 Such motions are responsible for cellular uptake or release and pore 

36 formations in membranes.9, 10 The size of liposomes is important for bio-engineering and reported 

37 in drug-deliver studies. 11 The diameter of liposomes marks the larger length scale and relates to 

38 the translational diffusion, Dt. So, from both theoretical and practical point of view it is 

39 important to have a universal model that can relate different dynamics over multiple length 

40 and time scales.

41 The connection between the hydrodynamic size and diffusion via the Stokes-Einstein 

42 equation makes  dynamic light scattering (DLS)  a well-established tool to determine the 

43 translational diffusion coefficient, size and size distribution of liposomes.12 Microscopic 

44 techniques at larger lipid domains, e.g., fluorescence recovery after photobleaching (FRAP)13 and 

45 single-particle tracking (SPT)14, 15 with fluorescent labelling can be utilized to determine the lateral 

46 diffusion coefficient and mean squared displacement of lipids. Compared to neutron spectroscopy, 
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47 fluorescent labelling techniques generally probes larger length scales and are limited by their 

48 temporal resolution. In addition, they may require a fluorescence dye that may lead to additional 

49 effects, especially when tracking particle trajectories.16 17 More importantly, due to their fast 

50 motion at the ps to sub- s time scale, studying the dynamics of fatty acid tails is impossible by μ

51 microscopy and outside the length scale window of DLS.

52 Several, non-invasive neutron scattering techniques exist that are very useful to explore the 

53 structure and dynamics at the appropriate length and time scales of the living cells in their natural 

54 state.8, 18 Structural details can be obtained by selective deuteration and contrast variation.19  Due 

55 to their importance, thickness fluctuations at the intermediate length scale have been extensively 

56 studied by neutron spin echo spectroscopy (NSE). 6, 19, 20  

57 In this context, the time-dependent mean-squared displacement (MSD or ) is one ⟨Δ𝑟2(𝑡)⟩

58 of the most fundamental means of statistical physics to describe the molecular dynamics of a 

59 molecule or the ensemble average. Since the MSD provides valuable information it is often used 

60 to track molecular motions or changes due to the influence of interactions and spatial confinements 

61 in crowded biomacromolecules and polymers.15, 21-24 Recently, we utilized NSE to explore the 

62 MSD of lipids at the time scale around 50 ps to 200 ns.25 We compared four different phospholipid 

63 samples, DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DSPC (1,2-distearoyl-sn-glycero-3-

64 phosphocholine), DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and SoyPC (L--

65 phosphatidylcholine), in their fluid phases.26 

66 By a detailed calculation of the time evolution of , we obtained three distinct 〈Δ𝑟(𝑡)2〉

67 power-laws in the time range of the NSE experiment. We found t1 at longer Fourier times, followed 

68 by t0.66 and t0.26 ( ), at intermediate and shorter Fourier times, respectively. The t1 (  𝑡 <  5 ns 𝑡 >  80

69 ns) contribution relates to the center of mass diffusion of the liposomes, whereas the t0.66 (5 ns
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70 ) originates from the thermal undulations of the membrane as defined by Zilman- <  𝑡 <  80 ns

71 Granek (ZG),27 and also by the anomalous diffusion predicted by Monte Carlo simulations.28  

72 A power-law dependence of the specific strength of interactions was proposed by Pandey et al.28, 

73 ranging from 0.17 (F° > 0) to 0.34 (F° < 0), with, F°, the change in membrane-membrane 

74 interaction energy. Recent Molecular Dynamics (MD) simulations and mode-coupling theory 

75 calculations by Flenner et al.29 relate trapped motion with the dynamics of the lipid tail of the 

76 fatty acid. 

77 According to the simulations, the existence of anomalous diffusion seems to coincide with 

78 increasing disorder of the lipids, e.g., due to increase in temperature or addition of cholesterol.30 

79 Similar observations were reported for natural membranes where proteins are present to transport 

80 ions or genetic code across the membrane.31 In such crowded environments, significant 

81 inhomogeneities were observed in single-particle trajectories, resulting in non-Gaussian 

82 diffusion.31 

83 Neutron spectroscopy measures the spatial and temporal correlation functions 

84 simultaneously, with the additional advantage of the isotopic selectivity. Hereafter, we show the 

85 derivation of a constitutive model that describes all processes identified in the time- and length 

86 scale region of the NSE experiment. For the sake of completeness, we have discussed our model 

87 in relationship with models from literature and have compared results. This discussion is important 

88 because it reveals which cases require the new model. Hereafter, we start with a derivation of the 

89 new model and a comparison with existing models from the literature. We continue with a 

90 comparison of experimental results partly taken from the literature.

91 2 Basics
92 Cumulant approach
93
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94 Within the framework of Gaussian approximation, the intermediate scattering function  as 𝑆(𝑄,𝑡)

95 obtained from NSE, and the mean squared displacement  are related by 〈Δ𝑟(𝑡)2〉

𝑆(𝑄,𝑡)
𝑆(𝑄) = 𝐴exp [ ―

𝑄2〈Δ𝑟(𝑡)2〉
6 ] (1)

96 For a more generic case,  can be expressed by a cumulant expansionS3-S5𝑆(𝑄,𝑡)

𝑆(𝑄,𝑡)
𝑆(𝑄) = 𝐴exp [ ―

𝑄2〈Δ𝑟(𝑡)2〉
6 +

𝑄4𝛼2(𝑡)
72

〈Δ𝑟(𝑡)2〉2] (2)

97 The last equation introduces the non-Gaussianity parameter,  = 𝛼2(𝑡) =
𝑑

𝑑 + 2
〈Δ𝑟(𝑡)4〉
〈Δ𝑟(𝑡)2〉2 ―1

𝑑
𝑑 + 2𝛽2

98 . The parameter, , is a very convenient means to indicate deviations from the often ―1 𝛼2

99 assumed Gaussian approximation.S4,S5 The kurtosis, , is defined by the quotient of the fourth 𝛽2

100  and the second moment squared . In this paper, we have introduced a 〈Δ𝑟(𝑡)4〉 〈Δ𝑟(𝑡)2〉2

101 generalized approach and explored the limit Q  0 to understand the overall mean squared 

102 displacement (MSD).

103

104 3 RESULTS and DISCUSSION
105 This section shows the derivation of a new model to describe the dynamics of liposomes as 

106 measured by neutron spectroscopy and discusses the differences in relationship with existing 

107 models, and is then benchmarked against the experimentally determined intermediate scattering 

108 function, .𝑆(𝑄,𝑡)

109 3.1 Derivation of a new model
110 In order to derive our new model, we must consider different contributions to the dynamics of 

111 liposomes as reported from different experiments. The data demands a generalized approach that 

112 includes translational diffusion of the liposomes, and collective fluctuations of  the membrane. 

113 Taking this into consideration we present step by step derivation of the unified model.
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114 3.1.1 Separation ansatz, statistical independence of different contribution to intermediate 
115 scattering function 
116 Based on our recent paper,25 we know that the translational motion of the liposome is 

117 independent of the lipid motion, at least within a very good approximation. The experiments show 

118 at least three processes, tail motion, collective lipid motion of the membrane and translational 

119 diffusion of liposome that contribute to the time-dependent mean squared displacement (MSD or ⟨

120 ) within the length and time window of the NSE.  𝑟2(𝑡)⟩

121 Using partially deuterated lipids where the lipid tail is contrast matched with the solvent,6 it 

122 is evident that the height-height correlation function can be well described by the Zilman-Granek 

123 (ZG) approximation for membrane undulation.27  The ZG approximation neglects the contribution 

124 of the lateral and more local motions of lipids to . 𝑆(𝑄,𝑡)

125 Our experiments presented below demonstrate that the timescales are well separated, and the 

126 fast-local relaxation of lipids and the height-height correlation of membranes can be treated as 

127 statistically independent contributions.  Therefore, we assume the faster lipid tail motion is not 

128 affected by the slower ZG dynamics.25 Hence, the intermediate scattering function of the liposome, 

129 , can be written as𝑆𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒(𝑄,𝑡)

𝑆𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒(𝑄,𝑡) = 𝑆𝑡𝑎𝑖𝑙(𝑄,𝑡) × 𝑆ℎ𝑒𝑖𝑔ℎ𝑡(𝑄,𝑡) × 𝑆𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑄,𝑡) × 𝑆𝑡𝑟𝑎𝑛𝑠(𝑄,𝑡) (3)

130 Here, the lipid bilayer motion is given by the height-height correlation of the membrane 

131 represented by  (ZG), and the bilayer thickness fluctuation, . The 𝑆ℎ𝑒𝑖𝑔ℎ𝑡(𝑄,𝑡) 𝑆𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑄,𝑡)

132 localized motion of the lipid tail in the bilayer is introduced by , whereas the translational 𝑆𝑡𝑎𝑖𝑙(𝑄,𝑡)

133 motion of the liposome is given by . Following the literature, e.g., the textbook of 𝑆𝑡𝑟𝑎𝑛𝑠(𝑄,𝑡)

134 Higgins and Benoit,32 this approach is strictly valid if the different motions are statistically 

135 independent. Our experiments suggest that this assumption should be fulfilled at least to a very 
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136 good approximation. Equation 3 permits to include multiple processes, including rotational 

137 diffusion of liposomes and lipids. These processes are beyond the scope of the present work. 

138 3.1.2 Contribution of diffusive motion
139 The diffusive motion of liposomes can be expressed as a function of time using the 

140 momentum transfer, Q, and the of the translational diffusion coefficient, , as:𝐷𝑡

𝑆𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛(𝑄,𝑡) = exp ( ― 𝐷𝑡𝑄2𝑡) (4)

141 Zilman-Granek discuss the impact of translational diffusion on the intermediate scattering function 

142 and introduce , with the thermal energy  compared with the product of the 𝐷 ~ 𝑘𝐵𝑇/𝜂𝑅 𝑘𝐵𝑇

143 viscosity, , and the size of the liposome, . They mention for  the contribution of diffusion 𝜂  𝑅 𝑄𝑅 ≫ 1

144 on  is negligible for  . This discussion includes that the relaxation of the 𝑆(𝑄,𝑡) 𝑡 ≪ 𝜂𝑅3/𝜅

145 intermediate scattering function  diminishes to vanishingly small value for , 𝑆(𝑄,𝑡) 𝑡 ≳ 𝜂𝑅3/𝜅

146 which could make the contribution of the diffusion barely visible. As suggested by Zilman-Granek 

147 we have replaced the plaquettes size  by the liposome radius .27 𝑅

148 3.1.3 Contribution of height-height correlation, Zilman-Granek model
149 The height-height correlation function describing the membrane undulation has been 

150 derived by Zilman and Granek and has been extensively tested in the literature27. Most studies use   

𝑆ℎ𝑒𝑖𝑔ℎ𝑡(𝑄,𝑡) = 𝐴exp [ ― (Γ𝑄𝑡)2/3] (5)

151 The parameter  or  introduces a Q-dependent decay rate, from which we derive the Γ𝑄 Γ𝑍𝐺

152 intrinsic bending modulus, , by7, 33, 34𝜅𝜂

Γ𝑄

𝑄3 =
Γ𝑍𝐺

𝑄3 = 0.0069
𝑘𝐵𝑇

𝜂
𝑘𝐵𝑇
𝜅𝜂

(6)

153 Here 𝜂 is the viscosity, 𝑘𝐵 the Boltzmann constant,  the temperature, and  is a weak, 𝑇 𝛾

154 monotonously increasing function of . 27  In case of lipid bilayers,  has been found to be 𝜅𝜂/𝑘𝐵𝑇 𝛾

155 independent of  .  Thus, the respective literature defines . 6, 7, 27, 33, 35 This relationship 𝜅𝜂/𝑘𝐵𝑇 𝛾 =  1
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156 is strictly valid for . 6, 7, 27, 33, 35 The numerical prefactor of 0.0069 seems to be the 𝜅𝜂/𝑘𝐵𝑇 ≫  1

157 most up to date value as discussed in our recent review.26 In Table 3 we summarize  values from 𝜅𝜂

158 the literature. During years, literature has used different numerical prefactors. Therefore, to refer 

159 to 0.0069 the data from literature has been partly recalculated to avoid artificial differences. 

160 According to the Zilman-Granek the Stokes-Einstein diffusion coefficient of a single membrane 

161 plaquette of size, , can be written as, .27 This determines the 𝑟~𝑄 ―1( 𝜅𝜂

𝑘𝐵𝑇)1/2
𝐷eff ~

𝑘𝐵𝑇
𝜂 (𝑘𝐵𝑇

𝜅𝜂 )1/2
𝑄

162 effective diffusion for the membrane undulation. 

163 Following the work of ZG allows to introduce a relationship between the MSD (cf. ESI) and 

164 bending rigidity, 

𝜅𝜂

𝑘𝐵𝑇 =
𝑡2

𝑐(𝜂,𝑇)3〈Δ𝑟(𝑡)2〉3 (7)

165 with . Equation 7 can be immediately obtained from the comparison of 𝑐(𝜂,𝑇) =  
1
6( 𝜂

0.0069𝑘𝐵𝑇)2/3

166 equations 5, 6, and 1. The comparison with the cumulant expansion (2) directly reflects the 

167 Gaussian assumption (  = 0) made by Zilman-Granek to derive their model. Hereafter we utilize 𝛼2

168 the fact that within the framework of ZG model, . Consequently, displaying the 〈Δ𝑟(𝑡)2〉 ∝  𝑡2/3

169 bending rigidity as a function of time should yield,   = const. 𝜅𝜂 𝑘𝐵𝑇 ∝  𝑡2/𝑡2

170 3.1.4 Contribution of thickness fluctuations, Nagao model
171 Bilayer thickness fluctuations where monitored more in detail by NSE utilizing contrast 

172 matched fatty acid tails by Nagao and coworkers.6, 33 The authors added an empirical Lorentzian 

173 function to equation 7, to account for the additional peak in the experimental data6, 33 

Γ𝑄

𝑄3 =
Γ𝑍𝐺

𝑄3 +
(𝜏𝑇𝐹𝑄3

0) ―1

1 ― (𝑄 ― 𝑄0)2𝜉2
(8)
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174 Where  is the relaxation time, and,  is the half width at half maximum of the Lorentzian at 𝜏𝑇𝐹 𝜉 ―1

175 the thickness fluctuation peak momentum transfer, . To relate the observations with the physical 𝑄0

176 properties Nagao et al. used a theoretical relation between thickness fluctuation and viscoelasticity 

177 of membranes derived by Bingham et al.36 

178 By inserting equation 8 in equation 5 we obtain summation over two contributions, height 

179 correlation and thickness fluctuations. Therefore, equation 5 can be divided into the product of two 

180 contributions, . The separation into height and thickness correlations 𝑆ℎ𝑒𝑖𝑔ℎ𝑡(𝑄,𝑡) × 𝑆𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑄,𝑡)

181 is mathematically equivalent to the factorization approach of equation 3, except the inclusion of 

182 localized fluctuation and translational diffusion of the liposome. More details about the thickness 

183 fluctuations are beyond the scope of the present work and can be found in the recent publication 

184 by Nagao et al.33

185 3.1.5 Contribution of confined motion of tails
186 The confined motion of the lipid tail can be described by

𝑆𝑡𝑎𝑖𝑙(𝑄,𝑡) = (𝑛𝐻,ℎ𝑒𝑎𝑑 + 𝑛𝐻,𝑡𝑎𝑖𝑙 (𝒜(Q) + (1 ― 𝒜(Q))exp ( ― (𝑡
𝜏)𝛽))) (9)

187

188 with the relative number of protons in the head, ,  and in the tail, . 𝑛𝐻,ℎ𝑒𝑎𝑑 𝑛𝐻,𝑡𝑎𝑖𝑙 

189 Since equation 9 represents the self-correlation of lipid tails the variable  corresponds 𝒜(Q)

190 to elastic incoherent structure factor (EISF) usually determined from quasielastic neutron 

191 scattering (QENS). From a theoretical point of view  and EISF should allow to track a motion 𝒜(Q)

192 by NSE and QENS.32, 37, 38 Below we test this critically by comparing the results of NSE and QENS 

193 studies.
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194 We utilize the advantage that for simple cases closed equations exist, e.g., for a particle 

195 diffusing in a sphere,  .39 Here,  is the first 𝒜(Q) = [3𝑗1(𝑄𝑅)
(𝑄𝑅) ]2

=
9

(𝑄𝑅)6(sin (𝑄𝑅) ― 𝑄𝑅cos (𝑄𝑅))2 𝑗1

196 order spherical Bessel function and R is the radius of the sphere that confines the motion of the 

197 particle. This approach is very common for QENS and has been successfully used for polymers 

198 with side-chains that have a similar number of carbons like lipid tails.40 The crowded environment 

199 within the bilayer may impose a constraint which can be better described by a cylinder symmetry.  

200 By considering the lateral, , and perpendicular diffusion, 𝐴0(𝑄𝑍) = [𝑗0(𝑄𝑅𝐿cos (𝜃))
(𝑄𝑅𝐿cos (𝜃)) ]2

𝐵0
0(𝑄 ⊥ ) =

201 , we obtain, .41 Here,  is the zeroth order [3𝑗1(𝑄𝐿sin (𝜃))
(𝑄𝐿sin (𝜃)) ]21

2∫𝜋
0sin (𝜃)𝑑𝜃 𝒜(Q) = 𝐴0(𝑄𝑍)𝐵0

0(𝑄 ⊥ ) 𝑗0

202 spherical Bessel function, whereas,  and  L are the radius and length of the cylinder, respectively. 𝑅𝐿

203 3.1.6 Intermediate scattering function of all contributions
204 In summary, the dynamics of liposomes studied by NSE includes diffusion, membrane 

205 fluctuations, and confined motion. By inserting equations 4, 5, and 9, in equation 3 we obtain:

𝑆𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒(𝑄,𝑡)

= (𝑛𝐻,ℎ𝑒𝑎𝑑 + 𝑛𝐻,𝑡𝑎𝑖𝑙 (𝒜(𝑄) + (1 ― 𝒜(𝑄))exp ( ― (𝑡
𝜏)𝛽)))exp ( ― (Γ𝑄𝑡)2/3)

exp ( ― 𝐷𝑡𝑄2𝑡) × 𝑆𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑄,𝑡)

(10)

206

207 Having identified the motion of the head groups, the tail dynamics can be analyzed more in detail, 

208 using protonated samples. Our results have shown that the contribution of  appears 𝑆𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑄,𝑡)

209 to be negligible in fully protonated liposomes. 

210 At the first glance with increasing the complexity of the models we seem to introduce more 

211 degrees of freedom. However, we combine several independent experimental techniques to acquire 

212 the results independently, which reduces the number of free parameters substantially. For example, 
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213 we use DLS to determine the translational diffusion coefficient of the liposome, which avoids free 

214 parameters in the analysis of NSE data. In addition, we have well separated time and length scale 

215 contributions, which allow a simultaneous fit. Additionally, we include the isotopic sensitivity of 

216 neutrons to independently determine the different contributions to equation 3. 

217 In a first step towards the understanding of the molecular dynamics in liposomes, we analyze 

218 NSE experiments on partially deuterated lipids, in which the fatty acids were contrast matched by 

219 the solvent. Suppressing the signal of the tails, confirms the importance of the tail motion in case 

220 of fully protonated samples. The following considerations improve the discussion by Zilman-

221 Granek, because it generalizes their statement of the lateral motion of lipids and relates it directly 

222 to the molecular potential.  

223 Moreover, as illustrated by equation 9, the scattered intensity in neutron scattering 

224 experiments is very sensitive to the number of protons and deuterons. In the case of fully 

225 hydrogenated lipids, all protons contribute to . The number of protons in the tails is much 𝑆(𝑄,𝑡)

226 greater than the number of protons in the head group. For example, in case of DOPC = 66, 𝑁𝑡𝑎𝑖𝑙 

227 and  = 18, which leads to the fractions   = 0.79, and = 0.21, respectively. Contrast 𝑁ℎ𝑒𝑎𝑑 𝑛𝑡𝑎𝑖𝑙 𝑛ℎ𝑒𝑎𝑑 

228 matching is the appropriate tool to distinguish head and tail motion.  The signal from the contrast 

229 matched tails is completely suppressed and the relative fraction of protons in the tail, i.e. = 𝑛𝐻,𝑡𝑎𝑖𝑙 

230 0. In this case, the weighting parameters,  and , reflect the presence or absence of the 𝑛𝐻,ℎ𝑒𝑎𝑑 𝑛𝐻,𝑡𝑎𝑖𝑙 

231 dynamic contribution of the lipid head and tail in the relaxation spectra.

232

233 3.2 Comparison of new with existing models 
234 Hereafter, we introduce existing concepts to analyze neutron spectroscopy data and identify 

235 differences to our new approach. The comparison illustrates that the neutron scattering theory used 
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236 to derive our model reduces the number of free parameters and provides a better understanding of 

237 their physical meaning than semi empirical concepts. 

238 3.2.1 Zilman-Granek model
239 At first glance, equation 3 is very similar to the ansatz by Zilman-Granek (equation 5). As 

240 explained in section 3.1.2, ZG introduced a separation ansatz to include translational diffusion of 

241 the entire vesicle, in-plane lateral motion, and the height-height correlations describing the 

242 dynamics in a plane perpendicular to the flat membrane surface.  Below, we show the importance 

243 of translational diffusion for our analysis and compare it with theoretical assumptions by Zilman-

244 Granek. Unlike the approach by Zilman-Granek, we use the term  to describe the 𝑆𝑡𝑎𝑖𝑙(𝑄,𝑡)

245 localized motion of lipids, without limiting it to lateral motions. Hereafter, we further advance the 

246 equation and generalize this contribution, which finally leads to a more detailed understanding of 

247 the respective correlation function. 

248

249 3.2.2 Milner-Safran (MS) model
250 The Milner-Safran (MS) model has been successfully applied to analyze the membrane 

251 dynamics, such as small liposomes.42 The MS model decomposes membrane undulations in 

252 spherical harmonics to determine shape fluctuations of microemulsion droplets.43, 44 

𝑆𝑀𝑆(𝑄,𝑡) ≈ exp ( ― 𝐷𝑇𝑄2𝑡)[4𝜋𝑗2
0(𝑄𝑅) + ∑

𝑙
𝐹𝑙 × 〈𝑢𝑙0(𝑡)𝑢𝑙0(0)〉] (11)

253 Here, , is the weighting factor for the autocorrelation function, , with 𝐹𝑙(𝑧) 〈𝑢𝑙0(𝑡)𝑢𝑙0(0)〉 𝐹𝑙(𝑧) =  

254 , and,  is the Bessel functions of order  and . The idea (2𝑙 + 1)[(𝑙 + 2)𝑗𝑙(𝑧) ― 𝑧𝑗𝑙 + 1(𝑧)]2 𝑗 𝑙 𝑙 + 1

255 behind this factorization is that each bending mode, , contributes to . 𝑙 𝑆(𝑄,𝑡)

256 Similarly, to our approach the MS model uses a product ansatz and includes the 

257 translational diffusion. However the MS model takes into account only the undulation for the 
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258 length scale of the particle unlike the ZG prediction used in our model that results from the 

259 integration over all undulation wave vectors between the length scale of the particle and the lower 

260 cut-off molecular length scale.45 

261 While the MS model was successful in describing the dynamics of small microemulsion 

262 droplets for sizes on the order of 5 nm,53-5 it seems to fail for vesicles of radii > 20 nm.45, 46 

263 Therefore, our model includes the ZG approach that yields more plausible values for bending 

264 rigidities. Our model clearly shows the importance of the contribution of the tail dynamics to the 

265 total scattering function. 

266 3.2.3 Summation approach
267 The literature often uses a summation approach to analyze the dynamics of the liposomes42

𝑆𝑠𝑢𝑚,1(𝑄,𝑡) = exp ( ― 𝐷𝑡𝑄2𝑡){𝐴 + (1 ― 𝐴)exp [ ― (Γ𝑄𝑡)2/3]} (12)

268 A frequently used variation is the approximation by42 

𝑆𝑠𝑢𝑚,2(𝑄,𝑡) ≈ 𝐴exp ( ― 𝐷𝑡𝑄2𝑡) + (1 ― 𝐴)exp [ ― (Γ𝑄𝑡)2/3] (13)

269 While equation 12 is again a product ansatz that assumes independence of diffusion and 

270 membrane undulation, equation 13 is a weighted addition that includes a potential correlation 

271 between both processes. From existing experimental work it is known that both equations 12 and 

272 13 can successfully describe experimental data and yield plausible results.42, 47 In fact, the 

273 experimentally determined values agree within experimental accuracy.7, 25

274 At first glance,  used in our equation 10 and  used in the literature equation 12 seem 𝒜(𝑄) 𝐴

275 to have the same meaning. However, the literature equation 12 exclusively relates to the bending 

276 elasticity while our model describes the confined motion of the tail and the head. In this context, 

277 the literature equation 12 misses the tail motion and the parameter  is an empirical parameter. 𝐴
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278 3.2.4 Hybrid approach
279 The hybrid approach was used to understand the relation between membrane bending and local 

280 reorganization of the bilayer material undergoing intermonolayer sliding.46  The hybrid model 

281 assumes a coupling between membrane undulation as described by ZG type exponential function 

282 and an elastic contribution described by an exponential decay. The translational diffusion is 

283 considered to be statistically independent from these two processes, which leads to46, 48

𝑆ℎ𝑦𝑏𝑟𝑖𝑑(𝑄,𝑡)
≈ exp

( ― 𝐷𝑇𝑄2𝑡){𝐴𝑇(𝑄,𝑅) + (1 ― 𝐴𝑇(𝑄,𝑅))[𝑎𝑏𝑒𝑛𝑑exp ( ― (Γ𝑏𝑒𝑛𝑑𝑡)2/3) + 𝑎ℎ𝑦𝑏𝑆ℎ𝑦𝑏(𝑄,𝑡)]}
(14

)

284

285 Where , with , the zeroth-order spherical Bessel’s function, and 𝐴𝑇(𝑄,𝑅) = 4𝜋[𝑗𝑜(𝑄,𝑅)]2 𝑗0 Γ𝑄 =

286 , the Zilman-Granek relaxation rate. The internal mode is given by . For a Γ𝑍𝐺 𝐴𝑖𝑛𝑡 =  1 ― 𝐴𝑇(𝑄,𝑅)

287 rigid membrane, , and for highly elastic membrane the hybrid mode is given by a 𝑆ℎ𝑦𝑏(𝑄,𝑡) = 1

288 single exponential decay . 𝑆ℎ𝑦𝑏(𝑄,𝑡) = exp ( ― Γℎ𝑦𝑏𝑡)

289 The model can describe the experimental data reasonably well for rigid membranes, however, it 

290 fails for elastic membranes.46 The model predicts a systematic faster relaxation at longer times 

291 than that was observed experimentally.46 

292 Again, it shares the similarity of statistical independence of the diffusion from undulation like our 

293 model. Unlike our model the prefactor  is only related to the undulation of the membranes 𝐴𝑇(𝑄,𝑅)

294 but not to the tail motions.

295 3.3 Comparison of the new model with experimental data
296 The intermediate scattering function, , from NSE for h-DOPC, h-DMPC and h-SoyPC 𝑆(𝑄,𝑡)

297 in D2O are presented in Figure 1. The abbreviation for the different samples investigated is 

298 reported in Table 1. The NSE data covers a maximum Q-range from 0.04 to 0.16 Å-1. The solid 

299 lines in Figure 1 illustrate a comparison between the height correlation as defined by the ZG 
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300 model, , (Figure 1 (a-c), equation 5) with our new model using the factorization 𝑆ℎ𝑒𝑖𝑔ℎ𝑡(𝑄,𝑡)

301 approach (Figure 1 (d-e), equation 10). In the fitting routine, the relaxation amplitude in equation 

302 5 is kept as a free parameter rather than fixing it to A = 1. The reason for this procedure will become 

303 obvious below. 

304 We note that the calculated  shows deviations for short Fourier times (t < 5 ns (h-𝑆ℎ𝑒𝑖𝑔ℎ𝑡(𝑄,𝑡)

305 DOPC), t < 3 ns (h-DMPC) and at t < 10 ns (h-SoyPC)), even more pronounced at higher 

306 momentum transfers, Q’s. First, we tested whether translational diffusion can be responsible for 

307 these deviations. Following the estimates by Zilman-Granek, the effect of translational diffusion 

308 should be negligible for  = 4.4 s. We calculated the numerical value using a radius of 𝑡 ≪ 𝜂𝑅3/𝜅

309 liposome (DOPC),  nm in D2O with viscosity, D2O = 1.25 mPas, and  = 20 kBT.25 At first 𝑅 ≈ 66 𝜅

310 glance, it appears that the diffusion is irrelevant and not visible in the NSE experiments. However, 

311 in a recent publication, we illustrated that translational diffusion of the liposomes can affect  𝑆(𝑄,𝑡)

312 at higher Fourier times but noteworthy for .25 For this test, we used the diffusion 𝑡 ≪ 1 μs

313 coefficient independently determined by dynamic light scattering. We conclude that only the 

314 contribution of translational diffusion cannot explain the deviations at low Fourier times. 

315 Therefore, we tested the influence of the confined motion. The model calculations with 

316 equation 10 describe the experimental data very well, including lower Fourier times. In the data 

317 modelling the fraction of the relative fractions of protons in the head is kept fixed to,  = 𝑛𝐻,ℎ𝑒𝑎𝑑 

318 0.21, for h-DOPC,  = 0.23 h-SoyPC, and,  = 0.25 for h-DMPC. As experimentally 𝑛𝐻,ℎ𝑒𝑎𝑑 𝑛𝐻,ℎ𝑒𝑎𝑑 

319 explored by Nagao et al. the head group correlations hidden in the intermediate scattering function 

320 of fully protonated liposomes and can only be visualized studying partially deuterated lipids.6, 33 

321 Following their findings, it seems to be justified to neglect   in the analysis of fully 𝑆𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠(𝑄,𝑡)
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322 protonated liposomes. If added, this term does not visibly affect the calculated  of fully 𝑆(𝑄,𝑡)

323 protonated liposomes.

324 Table 1: Summary of abbreviations of different phospholipids mentioned in this paper

Abbreviations Lipid mass fraction 

in D2O

Sample names

h-DOPC 5 wt% Protonated-1,2-dioleoyl-sn-glycero-phosphocholine

h-DMPC 5 wt% Protonated-1,2-dimyristoyl-sn-glycero-3-phosphocholine

h-DSPC 5 wt% Protonated-1,2-distearoyl-sn-glycero-3-phosphocholine

h-SoyPC 5 wt% Protonated-L-α-Phosphatidylcholine

dt -DPPC 10 wt% Tail deuterated-1,2-dipalmitoyl-sn-glycero-phosphocholine

dt -DMPC/DSPC 10 wt% Mixture of Tail deuterated-DMPC (41.5 wt%) and DSPC 

(48.3 wt%) in h-DMPC (4.49 wt%)-h-DSPC (1.1 wt%)

325
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326

327 Figure 1: Lin-log representations of the normalized intermediate scattering function, S(Q,t)/S(Q), as 

328 a function of Fourier time, t, for different Q’s, for, (a, d) 5 %  lipid mass fraction of protonated 

329 DOPC at 20C (data from reference 25), (b, e) 5 % lipid mass fraction of protonated DMPC at 

330 37C (data from reference 8) and (c, f) the 5 %  lipid mass fraction of protonated Soy-PC sample 

331 at 30C (data from reference 25), each dispersed in D2O. The same data sets are analyzed by fits 

332 using the (a-c) Zilman-Granek model (ZG) (equation 5) and (d-f) the full model that starts from 

333 equation 3 and includes diffusion and confined motion (equation 10). The error bars representing 

334 one standard deviation. The corresponding figure in log-log is presented in the electronic 

335 supplementary information.

336 The NSE data illustrating the intermediate scattering function  for tail contrast matched 𝑆(𝑄,𝑡)

337 samples are presented in Figure 2 (a) and (b) for DPPC and for a DMPC - DSPC binary mixture, 

338 respectively.6, 20 In these partially deuterated samples the neutron scattering length density of the 

339 tail is contrast matched with D2O. For this case,  = 1 and   = 0, i.e., the contribution 𝑛𝐻,ℎ𝑒𝑎𝑑 𝑛𝐻,𝑡𝑎𝑖𝑙 
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340 of the tails to the intermediate scattering function in equation 10 is expected to disappear. As 

341 Figure 2 (a) and (b) illustrate the model describes the experimental  very well. This 𝑆(𝑄,𝑡)

342 indicates the absence of the short time contribution to the signal and connects the short-time 

343 dynamics observed in the fully protonated lipids with the motion of the fatty acid tails.   

344

345 Figure 2: Normalized intermediate scattering function, , as a function of Fourier time, 𝑆(𝑄,𝑡)/𝑆(𝑄)

346 t, for different Q’s (a) for mixture of protonated and deuterated tail DPPC in D2O sample at 50C 

347 and (b) for the 100 mg/ml of equimolar mixture of tail contrast matched deuterated (dt) DMPC 

348 and DSPC at 65C, each 10% lipid mass fraction. The data is fitted using our model, equation 10, 

349 with  = 1, and,  = 0. NSE data are adapted from literature 6, 20.𝑛𝐻,ℎ𝑒𝑎𝑑 𝑛𝐻,𝑡𝑎𝑖𝑙 

350 Apparently, data in Figure 1 and 2 can be well described by the modeling concept. 

351 Hereafter, we use the MSD to illustrate the different contributions. Using the cumulant expansion 

352 in equation 2 and superimposing the MSDs in the ZG regime we obtain . The results are 〈Δ𝑟(𝑡)2〉𝑁
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353 illustrated in Figure 3 (a) and compared with different phospholipid samples such as h-DOPC, h-

354 DSPC, h-DMPC, and h-SoyPC.25 The results from MD simulations of h-POPE (palmitoyl-oleoyl-

355 phosphatidylethanolamine) are also included (grey circles).49 

356 Figure 3 (a) clearly illustrates the absence of t0.26 regime for the calculated MSDs from 

357 lipids with contrast matched tails, dt-DPPC and dt-DMPC/DSPC mixture (open circles). This does 

358 not imply the absence of the process in these samples, but rather reflects hiding the contribution 

359 of the tails for neutrons by contrast matching. More importantly, it shows the universal height-

360 height correlation in pure lipids and lipid mixtures. It experimentally connects the emergence of 

361 the t0.26 regime with the dynamics of the fatty acid tails. It demonstrates that if the lipid tail is 

362 invisible to the neutrons the ZG region extends to smaller Fourier times and covers the entire time 

363 window, as one observes in the analysis of single membrane layers, e.g. from microemulsions.25 

364 The absence of the t0.26 adds further evidence to the argument on the hidden lipid tail motion in 

365 tail contrast matched samples. We have incorporated the relaxation spectra from equation 8 to 

366 calculate the effective MSD similar to the cumulant analysis in equation 1 and have included that 

367 in Figure 3 (a) for comparison. They are illustrated by the black and green solid lines for dt-DPPC 

368 and dt-DMPC/DSPC, respectively. It describes the impact of membrane thickness fluctuations on 

369 the NSE data for the tail contrast matched samples (dt-lipids).6, 20, 33 It overlaps with the 

370 experimental data (open circles), where the deviation at t < 10 ns is missing. 

371 The corresponding non-Gaussianity, , is presented in Figure 3 (b). For all 𝛼2(𝑡)

372 protonated samples, we observe finite non-Gaussianity,  > 0 for low Fourier time. If the tail 𝛼2(𝑡)

373 is contrast matched, we obtain  = 0 for the full-time window of our NSE experiment. This 𝛼2(𝑡)

374 elucidates the fact that non-Gaussianity is directly related to the motion of the tail groups. 
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375

376 Figure 3 (a) Normalized mean square displacement, , vs. Fourier time, t, for 0.1%, 1% 〈𝛥𝑟(𝑡)2〉𝑁

377 and 5% h-DOPC, 5% h-DSPC, 1% h-DMPC and 5% h-SoyPC samples, adopted from our previous 

378 study.25 The data for 10% dt-DMPC/DSPC mixture and 10% dt-DPPC are calculated using 

379 S(Q,t)/S(Q) from the literature.6, 20 The dashed lines represent the experimental power-law 

380 dependence, filled circles from MD simulation for h-POPE.49 The solid lines represents the 

381 calculation for thickness fluctuation from equation 8  for dt-DPPC (black) and dt-DMPC/DSPC 

382 (green), as explained in the text. (b) The corresponding non-Gaussian parameter .𝛼2

383 The representation of  by  and its power-law dependence, , (x 𝑆(𝑄,𝑡) ⟨𝑟2(𝑡)⟩ 〈Δ𝑟(𝑡)2〉 ∝ 𝑡𝑥

384 = 0.26 or 0.66) emphasize the fact that at least three different processes contribute to the relaxation 

385 within the length and time scale of the NSE experiments. The absence of the  power-law for 𝑡0.26

386 tail contrast matched samples is a direct experimental evidence that the associated  is only 𝑆(𝑄,𝑡)

387 connected to the dynamics of the fatty acid tails. The appearance of three different regions in ⟨𝑟2(𝑡)
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388  emphasizes the importance to analyze the data with a function that goes beyond the simple height-⟩

389 height correlation model traditionally used in the literature. 

390 With the experimental evidence of the existence of the fast-local tail motion that determines 

391 the fast relaxation we can analyze the experimental results more in detail. In a next step we will 

392 explore the motion of the tail group more in detail and obtained  as obtained from the fit of 𝒜(𝑄)

393 the experimental data by equation 10. We also compared  or the equivalent EISF from the 𝒜(𝑄)

394 QENS data.8 

395 Figure 4 (a) presents the  as obtained from NSE. We modeled the data by a sphere 𝒜(𝑄)

396 and by a cylinder. The fit values are listed in Table 2. However, only a dynamic Guinier plateau 

397 is visible in our NSE data. This is to be expected, because the bilayer thickness fluctuations 

398 correspond to Å-1. From this value we estimate a dynamic length Å.6, 20 𝑄0 ≈  0.091 2𝜋 𝑄0 = 69 

399 Equation 3 assumes the motion of a single lipid tail, which is less than half of the distance between 

400 the heads in the inner and outer leaflets. In other words,  at least doubles, which indicates that 𝑄0

401 our NSE experiments did not reach the dynamic Porod region or even the transition to the dynamic 

402 Porod region. The appropriate length-scales are accessible by QENS experiments, which easily 

403 access  Å-1. Therefore Figure 4 (b) includes the equivalent EISF as obtained from QENS 𝑄 >  0.2

404 data. 

405 The data in Figure 4 (a) is modeled using the   for a particle confined in a sphere and 𝒜(𝑄)

406 for a cylinder as explained in section 3.1.5. Both equally well describe the experimental results. 

407 The corresponding fit parameters are reported in Table 2. It should be noted that for some of the 

408 samples where the radius is less than equal to the length of the cylinder, a motion confined to a 

409 cylindrical potential could also be represented by an ellipsoidal symmetry. However, our 

410 experimental results do not permit to make such a detailed analysis. 
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411 Assuming a cylinder and realizing that the crossover to the diameter is far outside the NSE 

412 Q range, we can only determine the length of the cylinder, to be between 1.4 Å and 2.7 Å for the 

413 different lipids, whereas, the length of the individual lipid molecule, , is between 11 Å and 21 δT/2

414 Å (Table 2). This comparison indicates that the confinement is caused within ~ 1/8th the length of 

415 the lipid tail, which is approximately the size of the CH2 or CH3 part of the acyl group of the fatty 

416 acid.50  

417

418 Figure 4: (a) The (Q) obtained from modeling the NSE relaxation spectra following equation 9. 𝒜

419 The solid and dashed lines are fits using the EISF for a particle diffusion in a sphere and cylinder 

420 models, respectively. (b) The (Q) for h-DMPC obtained from NSE and QENS studies,8 over a 𝒜

421 broad Q-range. The data is modeled using (Q) for a sphere, cylinder in comparison with three 𝒜

422 and two site jump models. The error bars representing one standard deviation. The two-site jump 

423 model with a radius of  Å (solid red line) is compared with three-site jump model for a radius 1.5

424 of 1.34 Å (solid blue line) and 0.99 Å (dashed blue line).
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425

426 To extend the length (Q-range) and time scale of the observed dynamic confinement in Figure 4 

427 (b) we have included the  obtained from quasi-elastic neutron scattering (QENS) 𝒜(Q)

428 experiments.8 The data from NSE and QENS are modeled simultaneously. 

429 The fatty acid tails are mobile objects. Thus, several processes could account for . A spherical 𝒜(Q)

430 potential, a lipid confined to a cylinder, a two-site jump model of the lipid tails, which is related 

431 to rotational diffusion of the head perpendicular to the bilayer, and three site jumps of the protons 

432 in the methyl group. The lipid molecule has a total of 5 methyl groups, with 2 in the tails and 3 in 

433 the head group that can contribute to the signal. The results are displayed in Figure 4 (b), the 

434 fitting values are listed in Table 2. 

435 We can describe the experimental data by a two-site jump model choosing a radius of  1.5

436 Å (solid red line), whereas the three-site jump model is calculated for using 1.34 Å (solid blue 

437 line) and 0.99 Å (dashed blue line). The last value represent the distance from each H-atom of a 

438 methyl group to the center of gravity is 0.99 Å.37 These are the values where we find the closest 

439 match to the experimental results. However, we witness notable discrepancies. Therefore, despite 

440 the existence of these motions their contribution does not strongly affect the experimental data. 

441 The diffusion inside a cylinder with length L = 3.72  0.2 Å and radius  set to  Å 𝑅𝐿  0.5

442 yields the best description. From the fit of the dynamic Guinier range alone, we obtain L = 3.73  

443 0.4 Å. These values are very close to an independent QENS study on h-DMPC by Wanderlingh et 

444 al. 51 who report  Å and  Å. The diameter of the cylinder is very close to the 𝐿 =  3.73 𝑅𝐿 =  4.25

445 distance between two CH3 groups in the fatty acid tail. However, we note that these values are 

446 only an estimate, because even the QENS experiment does not resolve the dynamic Porod region.

447  
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448 Table 2: Summary of the lipid tail motion considering a potential of spherical symmetry of radius, 

449 R, or a cylindrical object of radius, RL, and length, L, obtained from the analysis of the data in the 

450 Figure 4 by equation 10. The lipid tail thickness, , from literature, and the estimates of the 𝛿𝑇

451 relaxation time, , of the confined tail is reported. The gel-fluid transition temperature, Tm,26  and 

452 the distance to the measurement temperature, T - Tm, from the literature illustrates that all samples 

453 are in the fluid state.

A(Q), CylinderSamples Tm (C) T - Tm 

(C)

A(Q), 

Sphere, R 

(Å)

RL (Å) L (Å)

Lipid tail 

thickness  𝛅𝐓

(Å) (literature)

 (ns)  

h-DOPC -16.5 36.5 1.7  0.1 2 1.4  0.1 25.00  0.0525 2.8

h-DMPC 23.6 13.4 2.0  0.2 0.5 3.7  0.2 22.6  0.66 2.0

h-DSPC 54.4 10.6 2.3  0.1 2 1.9  0.2 32  0.26 3.0

h-SoyPC -18.5 48.5 2.2  0.2 3 2.1  0.2 23  352 3.2

dt -DPPC 37.5 12.6 N/A N/A N/A 30  0.36 N/A

dt -DMPC/DSPC 20.5 / 50.5 44.5 / 14.5 N/A N/A N/A 40.9  106, 20 N/A

454

455 The length of the fully extended tail of h-DMPC is between, 11 Å and 13 Å (  in Table δT/2

456 2), our observed length of the cylinder ~ 1/3rd of that. This indicates a strong confinement inside 

457 the lipid bilayer. It should be noted that all these length scales correspond to a dynamic 

458 confinement length, rather than the static lengths. The dynamic length of a lipid is not expected to 

459 match the static value. However, in this case, the well-fitted data from NSE and QENS confirm 

460 our assumption that we can model  from NSE and QENS for the lipid tail motion 𝒜(Q)

461 simultaneously. 
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462 The importance of the spherical confinement for the lipid motion has been extensively 

463 studied using QENS. Previous QENS study have revealed the existence of solvation cage for the 

464 whole lipid molecule in the fluid phase,53 whereas, the motion of the lipid tail is highly 

465 heterogeneous.54 It was also suggested in combination of MD simulations and QENS that this 

466 dynamic heterogeneity originates from the fact that in a spherical confinement the proton diffusion 

467 is greater at the chain ends than at the glycerol backbone.54, 55 

468 Table 3: Bending moduli,  as obtained by the analysis of the data in Figure 5 by equation 7, and 𝜅𝜂

469 from literature. Please note that some of the values from literature required a recalculation to 

470 account for different numerical prefactors used in the literature. For the calculation of  we used 𝜅𝜂

471 the prefactor 0.0069 as detailed in section 3.1.3, cf. equation 6. The ratio (literature)  is 𝜿𝜼  /𝜿𝜼

472 included for comparison. The gel-fluid transition temperature, Tm,26  and the distance to the 

473 measurement temperature, T - Tm, from the literature illustrates that all samples are in the fluid 

474 state.

Samples Tm (C) T - Tm (C) 𝜿𝜼/𝒌𝑩𝑻 𝜿𝜼/𝒌𝑩𝑻

(literature)

Ratio

(literature)𝜿𝜼  /𝜿𝜼

h-DOPC -16.5 36.5 18  2 23  1 7 1.3

h-DMPC 23.6 13.4 12  3 24.6  1.38 2.1

h-DSPC 54.4 10.6 23  3 42.0  1.2 33 1.8

h-SoyPC -18.5 48.5 6.0  2 8.4  1 25 1.4

dt -DPPC 37.5 12.6 19.5  2 24.2  26 1.2

dt -DMPC/DSPC 20.5 / 50.5 44.5 / 14.5 13  2 28.0  1 20 2.2

475

476
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477 We note an obvious difference to bicontinuous microemulsions in which diffusion is 

478 absent. There,  which indicates that only height-height correlations can be found. ⟨𝑟2(𝑡)⟩ ∝ 𝑡0.66

479 Thus, the analysis by the ZG model, or the asymptotic approach,56 or the more sophisticated MS 

480 model44 is valid. On the other hand, it becomes clear that our results indicate that the analysis by 

481 a simple ZG model (without considering additional effects) is not enough and necessarily leads to 

482 inaccuracies in the parameters. Since the ZG model is very common in the literature, we now 

483 attempt to estimate the errors involved in neglecting the local lipid motion.  

484 For that purpose, we use equation 7 to determine the bending rigidity, , as a 𝜅𝜂/𝑘𝐵𝑇

485 function of the Fourier time from  in Figure 3. The results are illustrated in Figure 〈Δ𝑟(𝑡)2〉𝑁

486 5. It is obvious that  has a pronounced time dependence, initially proportional to , for 𝜅𝜂 𝑡1.22 ± 0.09

487 , x = 0.26  0.03. The constant full lines represent the expectations from the ZG 𝜅𝜂 𝑘𝐵𝑇 ∝  𝑡2 ― 3𝑥

488 model, . We included those values from the analysis of our data by the ZG model and added the 𝑡0

489 bending rigidities determined from the multiplicative approach (equation 10). 

490 At the first glance even the more advanced model seems to have some discrepancies with 

491 the experimental data. However, this is related to the fact, that the calculated  is affected by all 𝜅𝜂

492 motions, including the translational diffusion. 

493 One can expect a constant value for  over the calculated time window. However, 𝜅𝜂/𝑘𝐵𝑇

494 the strong deviation from the constant value at t < 5 ns is a result of the finite non-Gaussianity, 

495   0. The average value of  in the ZG regime is presented in Table 3. The deviation from 𝛼2(𝑡) 𝜅𝜂

496 the  prediction of the ZG model suggests presence of additional dynamics.57, 58 𝑡0
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497

498 Figure 5: The membrane rigidity calculated over the entire NSE time window from the MSD using 

499 equation 7. The results for protonated and partially deuterated lipids are presented for 

500 comparison. The error bars represent one standard deviation in a log-log plot. The NSE data for 

501 DMPC, DPPC and DSPC are calculated using   from the literature.6, 8, 20 The NSE data for 𝑆(𝑄,𝑡)

502 DOPC, Soy-PC, DSPC are from our previous study.25 A comparison to our calculated  𝑡1.22 ± 0.09

503 power-law dependence is illustrated by the dashed line.
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504

505 Figure 6: Schematic representation of the different dynamics of the liposome and the lipid bilayer 

506 as discussed in this paper.

507 4 CONCLUSION
508 We presented experimental evidence of the existence of constrained local dynamics 

509 inside the lipid bilayer using neutron spin echo spectroscopy (NSE). A comparison of the MSD 

510 from fully protonated and tail contrast matched phospholipids reveals the absence of the t0.26 

511 power law in tail contrast matched samples. Experimental result and analysis relate the fast 

512 time dynamics very strongly to the motion of the lipid tails. Our results demonstrate that the 

513 time-scales for the fast-local relaxation of lipids and the height-height correlation of 

514 membranes can be treated by statistically independent functions, which clearly shows the need 

515 for the new model function derived in the present work. We demonstrated the limitation of the 

516 ZG model to a finite time range between a fast and a slow motion, i.e., time range 

517 approximately from 5 to 100 ns. The slow motion was identified to be the translational 

518 diffusion of liposomes. If not included then the overall relaxation behavior is not analyzed 

519 correctly, especially at long Fourier times. The analysis of the fast dynamics connects the 
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520 dynamics of the lipid tails with a very confined motion. It cannot be described by the ZG model 

521 that assumes height-height correlations. Independently of its origin it needs to be included in 

522 the considerations, otherwise the fit provides wrong values for the bending elasticity. 

523 Furthermore, our results demonstrate that the need of a better understanding of neutron 

524 spectroscopic data, e.g., by including parameters like the translation diffusion of liposomes 

525 from dynamic light scattering. For example, if the time range of the NSE experiment is too 

526 limited, then DLS is the only means to determine the most accurate value, but NSE can utilize 

527 it to improve the accuracy of the result on the bending elasticity.  A schematic illustration of 

528 the different dynamics is presented in Figure 6.

529 The simplest model that is compatible with our data at fast Fourier times is a potential 

530 with cylindrical symmetry. Our analysis emphasizes the importance of the motion of the lipid 

531 tails over a broad range of length-scales. The present paper advances the understanding, by 

532 relating the term trapped motion to confined motion. This is the first experimental evidence 

533 that identifies the origin and the nature of the trapped motion in the bilayer over multiple length 

534 and time scale. 

535  The availability of experimental data over a broad range could advance older literature, 

536 e.g., in which the confined motion of lipids was described by a spherical potential using a 

537 distribution of confinement sizes.54 In other words, the results strongly indicate that the lipids 

538 relax in a cylindrical confinement, where the dynamic length scale represents only around 

539 about 1/3rd the length of the lipid tail. 

540 The MSD shows power laws  with . These so-called sub-diffusive motions are 𝑡𝑛 𝑛 < 1

541 assumed to be important for cellular signaling and regulatory process. Transient trapping or the 

542 confined motion has a power law with  = 0.26. Numerous examples connect transient trapping to 𝑛
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543 biophysical processes. (i) It has been reported that it is important for compartmentalization of 

544 mRNA into smaller subcellular regions in living cells.59 Clustering of “gene encoding interacting 

545 proteins” in this confined space facilitates a transfer of genetical information between living cells. 

546 (ii) It has been shown that the length scale associated with transient trapping corresponds to the 

547 distance that proteins move to find binding sites on DNA.60 (iii) A similar phenomenon has also 

548 been observed for transmembrane proteins that recognize specific adaptor molecules for binding.61 

549 (iv) Recent studies on potassium channels of the plasma membrane of living cells have 

550 demonstrated the anomalous nature of the diffusion following a transient trap defined by CTRW 

551 model described by the observed non-Gaussianity.15 

552 It should be noted that following the CTRW model by Akimoto et al.49 the importance of 

553 dynamic heterogeneity behind the origin of transient trapping of the lipid tail, where the lipid tail 

554 in the fluid phase are disordered and randomly oriented, similar to that observed in colloids62 and 

555 glassy materials.63 The ability to identify the confined motion in experimental data, to analyze it 

556 and to study the impact of different environments is important and stimulates future studies.
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