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Abstract

We report the synthesis and phase behaviour of two anhydrous mannosides (ManC18 and 

ManC18:1) with stearyl and monounsaturated oleyl hydrocarbon chains that can be obtained 

from vegetable sources. These mannosides have been characterised by differential scanning 

calorimetry, polarised optical microscopy and small- and wide-angle X-ray scattering. The two 

compounds exhibited multiple d-spacing bilayer structures. ManC18:1 gives a distinct 

incommensurate lamellar that persists until high temperature. On the other hand, ManC18 

forms an incommensurate gel phase only at low temperature but undergoes a transition into the 

lamellar (Lα) liquid crystal phases on heating.  The results were confirmed by replica exchange 

molecular dynamics (REMD). The average hydrocarbon chain/headgroup tilt angles / , 〈𝜙〉 〈𝜃〉

and average chain bending angle  were calculated for the simulated bilayer systems at 〈𝜓〉

~25°C. The multiple averaged headgroup tilt angles  explain the observed incommensurate 〈𝜃〉

bilayer structures with different bilayer thicknesses in these long hydrocarbon chain of 

mannosides. Moreover, different tilting angles of the headgroup result in different surface areas 

per lipid. Relating the incommensurate phase properly to molecular parameters is important 

especially in multi-component membranes, where the interplay of different molecule types is 

difficult to predict on intuitive grounds.

Keywords: Glycosides; Mannosides; Incommensurate phases; REMD simulations; Oleyl

Mannoside; Stearyl Mannosides
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1. Introduction

The presence of small amounts of unsaturated lipids can have great impact on phase 

behaviour of biological membranes forming bilayers [1]. While trans unsaturated lipids are 

closely packed, a kinked cis double bond in the lipid chain disrupts the intra- and inter-

molecular van der Waals interactions in the region [2, 3]. Unsaturation in bilayers has been 

investigated on phospholipids, by considering the effect of the number [4] and position [5, 6] 

of the double bonds. In contrast, the effect of unsaturation on glycolipids is less studied, even 

though these are commonly found in Nature, for example, in thylakoid cell membranes [7]. A 

glycolipid consists of a hydrophilic sugar head whose OH groups form hydrogen bonds with 

neighbouring sugar groups. Consequently, the headgroup region forms a network of hydrogen-

bonded layer. Each sugar head is covalently linked to a hydrophobic hydrocarbon chain. The 

combination of hydrogen-bonding and non-polar interactions yields both rich thermotropic (in 

bulk) and lyotropic (in the presence of solvents) liquid crystalline behaviour, including 

lamellar, hexagonal, or complex three-dimensional cubic phases [8-21]. 

Molecular dynamics (MD) simulations can unveil complex phenomena of lipids and 

glycolipids, such as, raft formation [22-24], self-assembly [25], and interactions with 

membrane components [26-28]. Recently, we have observed that substitution of the 14 with 

16 glycosidic linkage within the headgroup significantly decreases bilayer spacing and 

modifies the pattern of inter-headgroup hydrogen-bonding [17]. Introducing branched lipid 

chains, on the other hand, alters the interactions of the lamellar assembly, resulting into more 

fluid-like hydrophobic regions [17], and thus promotes polymorphism from columnar to 

smectic phases in Guerbet maltosides [29]. Recently, an improved and optimised simulation 

technique based on replica exchange molecular dynamics (REMD) has been developed and 

may be used for such challenging and computationally intensive problems [30-33].

In the present work, we study in detail two long-chain mannosides containing stearyl and 

oleyl chains, ManC18 and ManC18:1, respectively (see Figure 1). Mannose is a simple sugar, 

which can be naturally found in fruits like cranberry. It is an epimer of glucose and has 

important therapeutic value to treat glycosylation-deficient patients and selective bacterial 

infections [34, 35].  Mannoside derivatives are reported to have good antibacterial and anti-

viral properties, that have become a growing interest to explore their potential for non-

antibiotic treatment in urinary tract infections [36] and anti-viral drugs for HIV treatments [37], 

respectively. Stearyl and oleyl fatty esters, on the other hand, are lipid components from palm 

oil. Thus, even though ManC18 and ManC18:1 (Figure 1) are synthetic molecules, both derive 
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from Natural products. These sustainable surfactants have potential broad applications in the 

pharmaceutical and biological applications.

Our aim is to study interactions at the atomic level that can explain the role of the mannose 

headgroup and the alkyl chains (saturated and unsaturated) on the formation of lamellar 

structures in these glycosides in the anhydrous state, which provide basic understanding of the 

material in its pure state.  To achieve this, DSC and SWAXS measurements were applied to 

determine the self-assembly properties, while both conventional atomistic MD and REMD 

simulations were used to verify the experimental findings. Taking advantage of the powerful 

simulation methodology, we also extracted detailed angular conformations of these lipids, 

namely, the headgroup,  and chain,  tilting angles as well as the chain bending,  angle. 〈𝜙〉 〈𝜃〉 〈𝜓〉

The headgroup tilting angle has also been studied by MD simulations [38]. A combination of 

such studies will unveil important correlations between molecular parameters and self-

assembly in these new glycosides. 

Figure 1. Molecular structures of ManC18 and ManC18:1 are shown in (a) and (b), 

respectively. In ManC18:1 structure, between C9 and C10 exists a double bond, which is not 

shown in the drawing. (c) gives a schematic drawing to illustrate how the angles are defined. 

, is the angle between the vector  of atom O1 to O4, to the bilayer normal  and hence 𝜃 𝑣1  (𝑧) 𝜃 =

, , where  is the vector from C1 to C18 and , is as cos ―1 (𝑣1 ∙ 𝑧) 𝜙 = cos ―1 (𝑣2 ∙ 𝑧) 𝑣2 𝜓 𝜓 =

, where  and  represent the unit vectors pointing from C9 to C1 and C9 cos ―1 ( ― 𝑣3 ∙ 𝑣4) 𝑣3 𝑣4

to C18, respectively.  is defined in such a way that the more bent is the chain, the bigger its 𝜓
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value. 

2. Experimental procedure

2.1. Materials preparation

All chemicals used in the synthesis of ManC18 and ManC18:1, D(+)-mannose 

monohydrate and boron trifluoride diethyl etherate, BF3.O(C2H5)2, were purchased from Sigma 

Aldrich, while acetic anhydride, 1-octadecanol and cis-9-octadecen-1-ol were purchased from 

Merck. Solvents for synthesis were analytical grade. All chemicals and solvents were used 

without further purification.

2.2. Synthesis

The mannosides, ManC18, and ManC18:1, were synthesised using a three-steps method 

consisting of peracetylation, glycosylation, followed by deacetylation. The detailed synthetic 

procedure is described in the electronic supplementary information (ESI, section 1) and the 

chemical structures of ManC18, and ManC18:1, were confirmed by 1H-NMR spectroscopy, 

using a Bruker NMR Systems spectrometer at 400 MHz (see Figure ESI1 and ESI2).

2.3. Characterisation techniques

Polarised optical microscopy (POM) and differential scanning calorimetry (DSC) were 

used to determine the phase behaviour of the mannosides. The textural analysis was carried out 

using an Olympus BX51 microscope equipped with cross-polarising filters coupled to a Mettler 

Toledo FP82HT hot stage. Samples for POM analysis were placed between two glass slides, 

heated to their respective isotropic phases, and cooled down to room temperature prior to the 

analyses. DSC measurements were performed in subsequent heating and cooling cycles, 

ranging from –40°C to above their respective clearing temperatures, at rates of ±5°C/min, using 

a Mettler Toledo differential scanning calorimeter 822e equipped with a Haake EK90/MT 

intercooler. Preparation of DSC samples involved drying in a vacuum oven at 50°C for at least 

3 h in the presence of diphosphorus pentoxide, before placing the samples in 40 μl-sized 

aluminium pans for the measurements. 

Small- and wide-angle X-ray scattering (SWAXS) was used to determine the repeat 

distance of the self-assembly of the sample. The small-angle region probes larger molecular 

assembly structures with dimensions typically between 1–100 nm. Whereas the wide-angle 

scatterings provide complementary information of the structure at the atomic length scale 
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between 0.1–1 nm [39, 40]. Thus, the bilayer d-spacing is obtained from the small-angle region, 

while those at wide-angle typically give an interplanar distance of the lipid chain packing.

SWAXS experiments were conducted using an Anton Paar SAXSpace equipped with a 

DX-Cu 12×0.45 SERFERT X-ray tube generating CuKα radiation with wavelength, λ = 

0.1542 nm at 40 kV and 50 mA. The Goebel-mirror-focused and Kratky-slit-collimated X-ray 

beam was line-shaped (17 mm horizontal dimension at the sample). The scattered radiation 

from the samples measured in the transmission mode was recorded on a one-dimensional 

Dectris MYTHEN-1k microstrip solid-state detector. The q-range of the setup extends from 

0.1 to 20.0 nm−1 at a sample-to-detector distance of 121 mm, where q is the scattering vector 

given by , 2  is the scattering angle with respect to the incident beam, and λ 𝑞 = 4𝜋(sin 𝜃)/𝜆 𝜃

is the wavelength of the X-ray beam. Silver behenate, which has a d-spacing of 5.84 nm (where 

 is the lamellar spacing obtained from the position of the first-order reflection ), 𝑑 = 2𝜋/𝑞1 𝑞1

was used as a standard. Samples were dried in a vacuum oven at least for 48 h at 30°C before 

being placed inside a paste cell sample holder. The SWAXS measurements were run at various 

temperatures using a temperature-controlled sample stage (TCStage 300) within an accuracy 

of ±0.1°C. For ManC18, the SWAXS patterns were obtained on heating at T= –10, 25, 50, 75, 

and 100C, whilst for ManC18:1, the patterns were attained at T= –10, 25, and 100C. Prior to 

the measurements, the mannosides were first heated, then cooled down to –10C; ManC18 

was heated above its clearing temperature, T~173C, and ManC18:1 at T= 150C. All samples 

were thermally equilibrated for 5 min at each temperature before measurements. Data were 

calibrated by normalising the primary beam using SAXStreat software. The liquid crystal 

phases and the corresponding d-spacing were determined using SGI software (Space Group 

Indexing, V.03.2012). Data were analysed using the software package OriginPro 8.5, version 

2010. 

2.4 Computational methodology

Model construction

The initial coordinates of ManC18 and ManC18:1 were constructed and geometrically 

optimised using the Avogadro modelling software package [41]. Oxygen atoms in the 

headgroup and carbon atoms in the tail, are labelled as shown in Figure 1. An in-house program, 

written in FORTRAN, was then used to arrange the molecules in 8 × 8 monolayers. Each 

monolayer was geometry optimised, rotated by 180° and shifted to form a bilayer with the tail 
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group of the molecules pointing toward each other at the centre of the bilayer, and the 

headgroups facing opposite directions. The resulting simulation cells contained 128 lipids (64 

per leaflet) without water, to represent the anhydrous single bilayer system.

Simulation details

The initial bilayer structures were applied as starting configurations for the subsequent MD 

simulations, where their intra- and intermolecular interactions were defined by a complete 

atomistic force field of CHARMM36 [26, 42, 43]. These systems were simulated over a time 

of 400 ns in the isothermal-isobaric NpT simulation at 25C. 

A simulation system with a rough potential energy surface with several local minima, 

depends on its initial structure.  Thus, a different starting configuration will lead the system to 

a different local minimum. There are a number of techniques to prevent the simulation run 

from being trapped in a local minimum, such as the conformational flooding technique [41]  

and replica exchange molecular dynamics (REMD) [30]. In this work, the REMD technique 

was used, where the ordinary MD system propagation is combined with the Monte Carlo 

replica exchange [42, 43], such that the low temperature structure can be frequently exchanged 

with the high temperature structure. The input structure for the subsequent REMD temperature 

simulation was the last structure snapshot of the NpT simulations. REMD requires a series of 

simulations at different temperatures running in parallel. The series of temperatures was chosen 

such that the potential energy distribution of each temperature run overlaps with those of its 

neighbouring temperature runs. For our REMD simulations, the number of replicas was 12, 

ranging from T= 20 to 87C (namely, 20.00, 25.49, 31.10, 36.84, 42.70, 48.68, 54.79, 61.01, 

67.10, 73.36, 80.39, and 87.01C). The chosen temperatures of these replicas were determined 

using a C++ program developed by Yang et al. [44] and the exchange probability is 0.07.  The 

exchanges between neighbouring replicas were checked every 1 ps, which is sufficient to 

compare the coupling times of the heat bath. Hence, there were 400,000 replica exchanges 

during the simulation. The data were collected every 20 ps.

The GROMACS version 5.0.1 [45, 46] was applied to our simulation in which the semi-

isotropic pressure was maintained at 1 bar by using the Parrinello-Rahman pressure barostat of 

5 ps relaxation time and 4.5 × 10−5 bar−1 compressibility [47]. The temperature was maintained 

by the Nose-Hoover thermostat of 0.1 ps relaxation time. Periodic boundary condition (PBC) 

has been applied to simulate the bulk liquid crystal phase  [48].  In lipidic simulation, PBC is 

usually applied to a single bilayer of hydrated systems. Recently many simulations of a single 
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bilayer with low hydration also applied PBC [28, 49]. Therefore, in the present study we have 

utilised PBC to an anhydrous single bilayer. However, when simulating the anhydrous lipid 

system with PBC, Doxastakis et al. suggested that the multi-bilayer configuration is preferable 

(to a single bilayer) due to a reduction of coupling along the bilayer normal [50].  For 

comparison, we have also run MD simulations of double bilayer systems and the differences 

between the single and double bilayer systems were relatively insignificant (=1.3% and 1.4%).  

The detailed comparison is given in electronic supplementary information (see ESI, section 3 

and Figure ESI3). The atomic motions were propagated through the leap-frog algorithm [51], 

while all the bonds are constrained by using the LINCS algorithm truncated after the fourth 

order [52]. A time-step of 2 fs was used. Electrostatic interactions were treated by Particle-

Mesh Ewald (PME) [53] of 1.6 Å Fourier mesh spacing, using a fourth-order interpolation with 

a cut-off of 12 Å. Meanwhile, the non-bonded interactions have a cut-off of 12 Å. The long-

range dispersion correction was applied on energy and pressure.

3. Results and discussionD

3.1 Phase behaviour and structure

3.1.1 Differential scanning calorimetry (DSC)

The phase behaviour of ManC18 and ManC18:1 was studied from their DSC thermograms 

obtained from second heating scans, shown in Figure 2. Their transition temperatures and the 

corresponding enthalpies are extracted from the thermal profiles and are summarised in Table 

1. 

For ManC18, a step-like peak associated with the glass transition temperature (Tg) was 

discernible at 28°C. Above the Tg, a sharp endothermic peak observed at 72ºC can be attributed 

to the melting of a solid gel phase (L), as previously reported [54]. On further heating, 

exothermic and endothermic peaks were observed at ~75°C and 83°C (respectively), associated 

to devitrification/recrystallisation and melting transitions of a liquid crystalline phase (Figure 

2). A similar solid-to-liquid crystalline phase transition was reported in β-stearyl glucoside 

(βGluC18)[54]. However, in that system, multiple crystal-to-crystal transitions were detected 

prior to entering the liquid crystal phase [54], while only a single crystal transition was 

observed in ManC18. 

On cooling under POM, ManC18 exhibits a focal conic fan texture suggesting a lamellar 

phase, L (see Figure ESI4a). The high clearing transition observed at Tc=173°C from the DSC 
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thermogram compared to others n-alkyl -mannosides (6 ≤ n ≤ 14, with Tc ranging between 

85–163°C) [55], is justified by the greater energy required to break interactions to form the 

isotropic phase upon chain elongation.

Whilst the DSC curve of ManC18:1 only exhibits a single glass transition at Tg~0°C (see 

again Figure 2), we identified focal conic fan textures corresponding to L phases below 

~150ºC (Figure ESI4b). The absence of other first order transitions at the DSC thermogram is 

attributed to a loosely packed bilayer resulting from the presence of a double bond in the alkyl 

chain [54]. Unsaturation in alkyl chains is known to destabilise glycosides bilayers, reducing 

their corresponding clearing temperatures (for examples, βGluC18:1 and βGalC18:1 by Tc ~-

20ºC, as compared to their stearyl counterparts; βGluC18 and βGalC18) [56-59].

Figure 2. DSC curves of ManC18:1 (top) and ManC18 (bottom) corresponding to their second 

heating scans. The inset highlights the Tg of the mannosides. In these graphs, curves have been 

rescaled and shifted along the y-axis.
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Table 1. Thermal properties of ManC18 and ManC18:1 obtained using differential scanning 

calorimetry. Error in the measured temperature is <1°C, whereas error in the enthalpy is <0.1 

kJ·mol-1

Mannosides Tg, (°C) Tm, (°C) Hm*, (kJ·mol-1) Tc, (°C) Hc*, (kJ·mol-1)

ManC18
§ 28 83 4.1 173  1.1

ManC18:1 ~0 - - - -

*ΔHm and ΔHc are enthalpies associated with melting and clearing transitions, respectively.
§Between Tg and Tm, a sharp endothermic peak and an exothermic peak were observed at 72 and 75°C, 

respectively.

3.1.2 Small- and wide-angle X-ray scattering (SWAXS)

Figure 3 shows the scattering pattern of ManC18 at small- and wide-angle regions 

measured at T= –10, 25, 50, 75, and 100 C, and the respective d-spacings (bilayer thickness) 

are tabulated in Table 2. The measured temperatures were selected according to transition 

points observed in the DSC thermograms. In general, the small-angle X-ray scattering (SAXS) 

region of ManC18 exhibited equidistant peaks that are characteristic of lamellar structures. All 

the scatterings at q < 2.0 nm-1 appear to have a shoulder (see Figure 3b), which will be discussed 

later.

The wide-angle X-ray scattering (WAXS) region of ManC18 below Tm (–10, 25, and 50 

°C) shows a symmetric sharp peak (Figure 3a), associated to the formation of an ordered 

lamellar phase with alkyl chains adopting an all-trans configuration [60, 61].  At T= –10 and 

25 °C, this symmetric sharp peak was observed at q~15.3 nm-1 with a d-spacing of 0.41 nm, 

and at 50 °C, this peak shifted slightly to q~15.0 nm-1, with a corresponding d-spacing of 0.42 

nm. The peak can be attributed to the formation of a gel phase, where alkyl chains are packed 

in a hexagonal lattice ordering [61-63]. When the temperature was increased to T= 75 °C (> 

Tg), the strong peak in the WAXS region of ManC18 disappeared, and two very weak peaks 

appeared at q~14.5 and 15.9 nm-1, with d-spacing of 0.43 and 0.40 nm, respectively (Figure 

3a). These changes indicate a transition from the gel phase to the less ordered liquid crystalline 

phase, previously observed in the DSC curves. On further heating to T= 100 °C, ManC18 

forms a lamellar liquid crystalline phase, as evidenced by a broad peak centred at q= 12.8 nm-

1 (d= 0.49 nm) (Figure 3a).



12

Figure 3. (a) SWAXS patterns of ManC18 at T= –10, 25, 50, 75 and 100 C obtained on 

heating while (b) highlights scatterings at the small-angle region. In (c), multiple peak fitting 

of the shoulder peak into its constituent peaks at all temperatures is shown. Curves in (a) and 

(b) are arbitrarily shifted along the y-axis.



13

The presence of the shoulder in the small-angle region of ManC18 (q< 2.0 nm-1, see Figure 

3b) could be associated to multiple lamellar arrangements. Multiple peak fitting of the peak to 

several individual contributions is shown in Figure 3c, and their corresponding d-spacing 

values are tabulated in Table 2. Whilst ManC18 shows two distinctive spacings in the gel 

phase (T< Tm), its liquid crystalline phase (T> Tm) is characterised by three lamellar d-spacings. 

The X-ray wide-angle scattering region of ManC18:1, on the other hand, displayed broad 

diffuse peaks that indicate the formation of liquid crystalline order throughout the measured 

temperatures (Figure 4a). At temperatures below the glass transition, T= –10 °C, the broad 

peak at wide angles (q~13.8 nm-1) denotes a glassy state with corresponding d-spacing of 0.46 

nm, similar to that reported for β-dodecyl maltoside [60]. This is consistent with the well-

known trend of amphiphilic compounds to form glassy phases that retain liquid crystalline 

phases on cooling, albeit with restricted inter/intramolecular motions due to the strong 

interactions within the headgroup region [64]. When the temperature increased to T= 25 °C, 

the glassy state prevailed, accompanied with a slight increase in the d-spacing (0.48 nm) 

promoted by the higher molecular mobility. Upon further heating to T= 120 °C, the peak 

becomes less defined and shifts to q= 13.1 nm-1 with a d-spacing value of 0.48 nm, due to the 

transition of ManC18:1 into a Lα phase. Our WAXS scattering results suggest that the oleyl 

tail occupies a larger volume that disrupts lateral packing of the molecules, due to the presence 

of the cis unsaturation.

At all measured temperatures, the small-angle region of ManC18:1 shows the presence of 

equidistant peaks consistent with the formation of lamellar phases. At low temperatures, the 

assigned glassy phase has a persisting lamellar structure, and will be defined as LαG. The 

presence of several overlapped contributions in Figure 4b was investigated by multiple peak 

fitting at different temperatures (see Figure 4c). The results are summarised in Table 2, 

consisting of: two distinguished LαG peaks at T= –10 oC (d-spacings of 3.46 and 4.00 nm), three 

peaks at T= 25 oC (3.23, 3.42, and 3.67 nm), and only two contributions at T= 120 oC (3.19 

and 3.44 nm). For this unsaturated lipid (ManC18:1), the d-spacings tend to decrease on 

heating. Similar results were observed for the palm kernel oil-based mannoside, αManPKO, 

which suggested the co-existence of two lamellar phases [65]. To further correlate the 

occurrence of multiple d-spacings to the bilayer structure of our samples, we perform in the 

next section molecular simulation studies.
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Figure 4. (a) SWAXS patterns of ManC18:1 at T= 10, 25, and 120 C, obtained on heating, 

where (b) highlights scatterings at the small-angle region and Bragg peaks denoted by arrows; 

(c) shows the multiple peak fitting of the SWAXS peak at T= 10, 25, and 120 C, into its 

constituent contributions. Curves in (a) and (b) are arbitrarily shifted along the y-axis.

3.2 Molecular simulation

3.2.1 Bilayer thickness and distribution

Prior to performing the simulations, initial model structures for ManC18 and ManC18:1 

were built based on their low-energy conformations. For the simulation of ManC18, the 

starting configuration was constructed in such a way that the lipid chain consists of only all-

trans alkyl chain (Figure 5a). During the simulation, these single bonds will be freely rotating 

to take all possible conformations. In the case of ManC18:1, the lipid is modelled to contain 
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one double bond at C9, preventing free bond rotation between C9 and C10 carbons. This 

strategy generates two possible low-energy conformations as described by Rich [66], namely, 

the U-shaped conformation with the double bond in the most curved region, and the somewhat 

‘linear’ conformation. In our simulation, we employed this ‘linear’ conformation in the lipid 

bilayer systems of ManC18:1, to provide close comparison with ManC18, and the minimised 

structure is shown in Figure 5b. 

For the 400 ns simulations, the bilayer thicknesses of the two compounds at T= 25°C are 

given in Figure 5c, which shows that the bilayer spacing for ManC18 and ManC18:1 fluctuates 

around 3.6 nm. From 50 ns up to 400 ns, the bilayer spacings for ManC18 and ManC18:1 are 

3.58 ± 0.03 and 3.55 ± 0.05 nm, respectively. These bilayer spacings lie within the range of 

those measured by SAXS (see Table 2). At all measured temperatures the X-ray d-spacings are 

less than twice the lipid lengths due to configurational isomerisation.  It should be noted that 

the SAXS measurements for these compounds depict two or more d-spacings. However, our 

MD simulations only show a unique bilayer thickness obtained from the averaging process of 

the simulation run. Over the last 350 ns, the bilayers in ManC18 and ManC18:1 did not reach 

the thickness as low as 3.4 nm, observed experimentally (see the final MD bilayer configuration 

Figure ESI3). This suggest that there could be an energy barrier that prevents the bilayers to 

change from 3.6 nm to other significantly shorter spacing. If such barrier is significantly higher 

than the thermal fluctuation, longer simulation times would not help the layer thickness of the 

system to further evolve. Furthermore, calculating these energy barriers requires understanding 

the potential energy surfaces of these bilayer systems, and this is nontrivial.

To overcome the dependence of the simulation on the initial glycolipid structures, we 

applied REMD. At T= 25.49°C, the 400 ns REMD simulations evidence the formation of 

ManC18 and ManC18:1 bilayer spacings, as displayed in Figure 6a and 6c, respectively. 

Results in Figure 6a show that ManC18 forms bilayers thickness ranging from 3.4 nm to 3.8 

nm, while its final REMD bilayer configuration is given in Figure ESI5. Beyond 150 ns, the 

bilayer thickness distribution narrows down to two values: around 3.4 and 3.7 nm. The non-

Gaussian plot in Figure 6b (blue curve) denotes a superposition of bilayer thickness 

distributions. At T= 25.49°C, two most dominant peaks in ManC18 are observed at 3.45 and 

3.65 nm (with ~5% error), which is in good agreement to the two bilayer thicknesses observed 

in the X-ray scattering pattern fitted at 3.42 and 3.72 nm (see Table 2). Simulation of ManC18 

at T= 48.68°C, on the other hand, resulted in a superposition of many Gaussian curves (see 

green curve in Figure 6b), with the main peak bilayer spacing at ~3.65 nm becoming more 
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dominant. This is in fair agreement with the SAXS results at T= 50°C, where the dominating 

bilayer had a thickness of 3.4 nm, Figure 3c. The high temperature simulation at T= 73.36°C 

produced a broad distribution of bilayer thickness peaked at 3.55 nm.

Figure 5. The MD simulation of ManC18 and ManC18:1 at T= 25°C; (a) side view of the 

initial guessed bilayer structure of ManC18; (b) side view of initial guessed bilayer structure 

of ManC18:1 with interdigitation; (c) bilayer thickness throughout 400 ns MD simulation of 

the two different initial structures.
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Figure 6. The REMD simulation results: bilayer thicknesses over the simulation time for: (a) 

ManC18 and (c) ManC18:1. Bilayer thickness distributions (from 400 ns frame) of: (b) 

ManC18 at T= 25.49, 48.68, and 73.36°C; and (d) ManC18:1, at T= 25.49, 48.68, and 

87.01°C.

This result poorly matched the d-spacing from those measured by SAXS at T= 75°C (Figure 

3c), whose small-angle scatterings after multiple peak fitting produce three bilayer thickness 

of 3.32, 3.82, and 4.03 nm. The bilayer thicknesses obtained from simulation are tabulated in 

Table 2. There are two possible reasons behind this apparent disagreement. On the one hand, 

REMD could not be suitable to simulate first order phase transition [68], which in this case 

occurred for ManC18, as observed from the X-ray scatterings at T= 75°C (Figure 3b).  A 

display of multiple sets of Braggs peaks usually indicates a transition of an ordered phase (non-

crystalline) to a less ordered phase (lamellar phase). On the other hand, the forcefield could be 

limited to model the carbohydrate conditioned at high temperature. The CHARMM forcefield 
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[26, 42, 43] for carbohydrates was developed and tuned to match their crystalline and aqueous 

condense phase (at T= 25°C), therefore it might not perform well in the case of high 

temperatures.

Turning our attention to ManC18:1, its REMD simulation at T= 25.49°C gives bilayer 

thicknesses ranging from 3.2 nm to 3.7 nm (see Figure 6c and Figure ESI5 for its bilayer final 

configuration). It should be noted that this range is wider and the minimum and maximum 

values of the bilayer thickness of ManC18:1 are both lower compared to those of ManC18 

(Figure 6d).  The corresponding average surface areas of headgroup per lipid (A) for both 

systems were found to be around A = 0.39 ± 0.01 nm2, which is in the expected range for 

glycolipids (see Table ESI1) [17, 69-72]. However, the surface area per lipid presents different 

values (see Figure ESI6), implying that this averaged A value is not unique, which is consistent 

with the multi-d-spacing values of the bilayers reported above.  Given the limitation of the 

small simulation system size, this observation may be indicative of incommensurate phases.

The distribution of the bilayer thicknesses in Figure 6c at T= 25.49°C is given by the blue 

curve in Figure 6d, with a maximum at d = 3.38 nm (main contribution), with two secondary 

peaks at d = 3.23 and 3.54 nm. The simulation provides a similar range of bilayer thicknesses 

with constituent peaks of d = 3.23, 3.42, and 3.67 nm, (see Figure 4c).  At T= 48.68°C, the 

ManC18:1 bilayer thickness distribution shows a major broad peak of around 3.50 nm (green 

curve in Figure 6d), suggesting that larger bilayer thicknesses are more dominant at higher 

temperatures.  At the highest temperature of our REMD simulations, T= 87.01°C, the bilayer 

thickness of ManC18:1 was broadly distributed and ranged from d= 3.0 nm up to 3.6 nm, with 

a maximum at 3.25 nm (see Figure 6d). If we project this result of T= 87.01°C to a higher 

temperature of T= 120°C, we expect that the distribution will remain as one broad peak because 

of the higher thermal fluctuation. Based on this projection, the REMD simulations seem not 

able to reproduce the ManC18:1 bilayer thickness distribution at T= 120°C observed in the X-

ray measurement. This again suggests the limitations of the forcefield at high temperatures.
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Table 2. Thickness of the bilayers/d-spacings (d) of ManC18 and ManC18:1 obtained by 

SWAXS and REMD simulations. The d-spacing values of SWAXS are reported for the small-

angle and wide-angle regions while in case of REMD, only d-spacing values at the small-angle 

region are reported. Error in the d-spacing measurements is <0.01 nm.

SWAXS REMD Simulation

Bilayer thickness /

d-spacings, nm

Bilayer 

thickness /

d-spacings, 

nm

Compound

Temperature, 

C

small-

angle*

wide-

angle

Simulated 

temperature, C

small-angle

 3.42, 3.63 0.41 - -

25 3.42, 3.72 0.41 25.49 3.45, 3.65

50 3.40, 3.61 0.42 48.68 3.48, 3.65

75 3.32, 3.82, 

4.03

0.43 & 

0.40

73.36 3.55a

ManC18

100 3.80 0.49 - -

 3.46, 4.00 0.46 - -

25 3.23, 3.42, 

3.67

0.46 25.49 3.23, 3.38, 

3.54

- - - 48.68 3.28, 3.45, 

3.50

- - - 87.01 3.25b

ManC18:1

120 3.19, 3.44 0.48 - -
*d-spacing values at small-angle region were obtained from multiple peak fitting of X-ray scatterings.
a,bd-spacing values obtained from the peak of the broad distributions.

In the following section, we investigate the simulated structures by examining the lipid 

tilting angles with respect to the bilayer normal, and the bending angle within the hydrocarbon 

chain. For a particular configuration the bilayer thickness depends on the headgroup and 

hydrocarbon chain tilting angles. A lower average headgroup and hydrocarbon chain tilting 

angles implies a larger bilayer thickness. Meanwhile, the average bending angle reflects on the 

ordering of the chain region, where higher bending angle means lower ordering. The sugar 
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headgroup is relatively rigid [73] compared to the hydrocarbon chain, therefore three angles 

were examined, namely the configurational average tilting angle of the headgroup , the 〈𝜃〉

tilting angle of the hydrocarbon chain  and the bending angle of the chain  (see Figure 〈𝜙〉 〈𝜓〉

1).

At T= 25.49°C, the REMD simulation results are in relatively good agreement with those 

obtained from the X-ray measurements (at T= 25°C).  Therefore, we analyse the tilting and 

bending behaviours of the simulated bilayer systems at this temperature, where ManC18 and 

ManC18:1 give the gel phase and lamellar glassy phase, respectively. The configurational 

average tilting and bending angles ( ,  and , and ,  and 〈𝜃〉𝑀𝐷 〈𝜙〉𝑀𝐷 〈𝜓〉𝑀𝐷 〈𝜃〉𝑅𝐸𝑀𝐷 〈𝜙〉𝑅𝐸𝑀𝐷

) for MD (T= 25°C) and REMD (T= 25.49°C) simulations of ManC18 and ManC18:1, 〈𝜓〉𝑅𝐸𝑀𝐷

are shown in Figure 7, and the respective values are tabulated in Table 3.

3.2.2 Distribution of tilting and bending angles

The MD angular distributions of ManC18 (Figure 7a) are narrower compared to those 

from the REMD simulation (Figure 7b). This implies that lesser bilayer thickness fluctuation 

(~0.2 nm) occurs during MD simulation compared to that in REMD (i.e., ~0.5 nm), (as seen in 

Figure 5c and 6a, respectively).  Interestingly, the distribution profiles of chain tilting  〈𝜙〉𝑅𝐸𝑀𝐷

(Figure 7b, red curve) and chain bending  (Figure 7b, green curve) obtained from the 〈𝜓〉𝑅𝐸𝑀𝐷

REMD simulations, are similar in shape to  (Figure 7a, red curve) and  (Figure 7a, 〈𝜙〉𝑀𝐷 〈𝜓〉𝑀𝐷

green curve) obtained from MD, and their peak positions in both REMD and MD simulations 

are different by 2°. On the other hand, the headgroup tilting  distribution profile from 〈𝜃〉𝑅𝐸𝑀𝐷

REMD simulations shows two peaks (Figure 7b, blue curve), while that of MD shows one sole 

peak (Figure 7a, blue curve). The two peaks in  may be related to the two observed 〈𝜃〉𝑅𝐸𝑀𝐷

bilayer thicknesses in the REMD simulation (Figure 6a and 6b) and thus support the X-ray 

findings of two distinct bilayer spacings of ManC18. 

Similarly, the ManC18:1 angular distribution from MD simulation (Figure 7c) are narrower 

than those of REMD (Figure 7d). For ManC18:1, the MD chain tilting  distribution 〈𝜙〉𝑀𝐷

(Figure 7c, red curve) has two peaks while the REMD counterpart only shows one peak (Figure 

7d, red curve). On the other hand, the chain bending angle distributions from both MD ( ) 〈𝜓〉𝑀𝐷

and REMD ( ) simulations have similar profiles and peak positions (see Figure 7c and 〈𝜓〉𝑅𝐸𝑀𝐷

7d respectively, green curves). The ManC18:1 headgroup tilting  distribution (Figure 〈𝜃〉𝑅𝐸𝑀𝐷

7d, blue curve) shows three peaks, which differ from the  distribution (Figure 7c, blue 〈𝜃〉𝑀𝐷
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curve), with only one peak. The multiple  peaks in ManC18:1 correspond to the 〈𝜃〉𝑅𝐸𝑀𝐷

different bilayer thicknesses found in REMD simulations (see Table 2). This again suggests 

that the multiple bilayers thicknesses in ManC18:1 are due to the headgroup arrangements, 

which have more than one distinct preferred tilting angle. For both compounds, the width of 

head tilting angle distributions  are narrower compared to those distributions for  〈𝜃〉𝑀𝐷 〈𝜙〉𝑀𝐷

and , which implies that the headgroups fluctuate less (around 3.6 nm) during the MD 〈𝜓〉𝑀𝐷

simulations. The low fluctuation of the headgroup is due to the hydrogen bonds between 

headgroup that restricts their motion.

3.2.3 Average tilting and bending angles

The average chain bending angle  for ManC18 is 50.5° (Table 3), which is lower by 〈𝜓〉𝑀𝐷

13° than that of the ManC18:1.  REMD also shows the same differential between the two 

compounds (see Table 3). These observations suggest that the presence of an unsaturated bond 

in the ManC18:1 lipid tail increases significantly the average chain bending angle of the 

bilayer.

 
Figure 7.  Distributions of average angles obtained from the MD and REMD simulations, 
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obtained at T= 25 and 25.49°C respectively, for ManC18 and ManC18:1: hydrocarbon chain 

tilting angle , (red curve); headgroup tilting angle , (blue curve); and hydrocarbon chain 〈𝜙〉 〈𝜃〉

bending angle , (green curve).〈𝜓〉

Table 3. The calculated average hydrocarbon chain bending angle, , average hydrocarbon 〈𝜓〉

chain tilt angle, , and average headgroup tilt angle, , of ManC18 and ManC18:1 bilayers 〈𝜙〉 〈𝜃〉

in the MD and REMD simulations at T= 25 and 25.49°C, respectively. 

MD simulation REMD simulation

ManC18 ManC18:1 ManC18 ManC18:1

Average hydrocarbon chain bending 

angle,  (°)〈𝝍〉

50.5 63.5 49.5, 51 64

Average hydrocarbon chain tilt angle, 

 (°)〈𝝓〉

42 37.5, 41 40 41.5

Average headgroup tilt angle,  (°)〈𝜽〉 47 50.5 51.5, 56 49.5, 53.5, 

58.0

For ManC18, the average chain tilting angle is  = 42° (Table 3), while the presence 〈𝜙〉𝑀𝐷

of a double bond in ManC18:1 results in two possible values for  at 37.5 and 41° (Figure 〈𝜙〉𝑀𝐷

7c). These unexpected double peaks could be due to an inadequate MD equilibration, since this 

peak almost disappears in the distribution plot of  (see Figure 7d). The average chain 〈𝜙〉𝑅𝐸𝑀𝐷

tilting angle in REMD for ManC18 is 40° (Table 3).

The MD simulation gives average headgroup tilting angles of  = 47.0 and 50.5°, for 〈𝜃〉𝑀𝐷

ManC18 and ManC18:1, respectively.  In the REMD simulation, on the other hand, we report 

 = 51.5 and 56°, for ManC18, while we found three peaks at = 49.5, 53.5 and 〈𝜃〉𝑅𝐸𝑀𝐷 〈𝜃〉𝑅𝐸𝑀𝐷

58.0°, for ManC18:1 (Table 3).

3.3 Discussion on general phase behaviour of ManC18 and ManC18:1

Recent X-ray diffraction studies have reported incommensurate phases in block 

copolymers containing azobenzene derivatives [74] and non-symmetric dimesogens connected 

via hydrogen-bonding [75]. In the former, superposition diffractions of the primary peak were 

observed, while for the latter, the incommensurate phase was detected from the display of two 

sets of Bragg reflections, indicating a coexistence of smectic phases. Similar scattering patterns 
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as that of the azobenzene block copolymer have been observed for ManC18 and ManC18:1. 

For example, the SAXS scattering gives a shoulder below q= 2.0 nm-1. Thus, we suggest that 

the long chain mannosides in the current study form incommensurate phases resulting from 

having inhomogeneous bilayer with different thickness in certain regions (see Figure 8). From 

the REMD simulations, the formation of incommensurate bilayer by the glycolipids is possible, 

as shown in Figure 8a. Incommensurate or frustrated phases in three dimensions have been 

described previously [76] and is thought to be the result of a competition between different 

characteristic length scales [77]. Frustrated behaviour in a thermotropic system is usually 

observed when the molecule contains a polar terminal group, such as a cyano group, where the 

competition is between the molecular length and the length of the anti-parallel molecular pairs 

to minimise the dipolar energy [78]. Another example of incommensurate phase occurs in a 

phospholipid monolayer, which is related to the headgroup ordering.  In this case the frustration 

arise from different spatial requirements of aliphatic tails and headgroups [79, 80]. The 

resulting modulated phases with the tilt angle vary periodically along the surface.

In our present SWAXS analysis we have detected incommensurate phases when the 

mannosides were heated above their respective clearing temperature and cooled down to T= 

°C prior to measurement. Meanwhile, the cooling step is important to expedite molecular 

relaxation as the molecules slowly rearrange into the lowest level of free energy at room 

temperature. Samples that were cooled down to T= 25 °C do not show similar SAXS patterns. 

Additional REMD simulations support the SAXS findings at T ~25 °C, where multiple bilayer 

thicknesses were observed for both ManC18 and ManC18:1 (see Table 2). 

From the angular analysis, chain tilting  and chain bending  are similar in value 〈𝜙〉 〈𝜓〉

(within error) for both compounds. However, the headgroup tilting angles for both compounds 

show distinct behaviours. The REMD simulation for ManC18 endows with two average 

headgroup tilting angles , which may cause the systems to exhibit double bilayer spacing 〈𝜃〉

(Figure 8b). While for ManC18:1, there are three tilting headgroup angles producing three 

bilayer spacings as observed by SAXS (illustrated in Figure 8c). Long flexible hydrocarbon 

chains are necessary to provide a wide range of surface area of headgroup per lipid, so that the 

carbohydrate molecules can develop multiple tilting angles. Without such flexibility and 

variable surface area of headgroup per lipid, only one bilayer thickness is formed, such as short 

hydrocarbon chain glycolipids [65]. Nevertheless, as the temperature increase above the 

melting temperature, the incommensurate phase in ManC18 becomes less obvious as the 
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molecules have more freedom to assemble with each other in a more uniform manner (Figure 

8b). In contrast, due to the presence of the double bond in the lipid chain, the ManC18:1 
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Figure 8. (a) A representation of the incommensurate bilayer at ambient temperature obtained 

from the REMD simulations, where the central box is replicated (9 times).  Schematic phase 

behaviour with possible head or tail tilting (orange-coloured) that leads to the formation of the 

incommensurate phase in the self-assembly systems of (b) ManC18 and (c) ManC18:1.
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molecule may easily get tilted in the system thus forming a bilayer with two average thickness 

(Figure 8c).

Previous simulations have been performed to calculate the tilting of lipid headgroups in 

1,2-di-O-acyl-3-O-β-D-galactopyranosyl-sn-glycerol (MGDG) [38], which contains a 

galactose headgroup, hence a glycolipid, similar to our mannosides.  Interestingly, they indicate 

that the galactose headgroup tilts at around 38° which is about 10° lower than those found in 

our mannoside systems (by REMD simulation).  Given that the MGDG system is in a fully 

hydrated state, while the present studied systems are in dry state, the difference in angles is 

acceptable. Hence, the headgroup is more tilted in the dry state as compared to the hydrated 

state, due to the headgroup relaxation in the presence of water. It is clear that the degree of 

hydration is important in lipid membrane phenomena, and it may help understand membrane 

elastic stress and consequently membrane fluidity [81-84].

Lastly, it could be argued that the incommensurate phase reported here corresponds to a 

ripple phase (P’). P, normally observed in hydrated lipid bilayers of amphiphilic molecules, 

such as, dipalmitoylphosphatidylcholine (DPPC). The transition from gel to ripple phases is 

typically attributed to a decrease in chain tilting on heating, whereas hydration and mobility of 

the headgroup tend to increase.  The absence of sawtooth-shaped SAXS scatterings in the 

vicinity of the main lamellar peaks [85, 86], however, seems to discard the formation of the P 

phase in our mannosides, which is also consistent with their anhydrous character.

 Conclusion

The two mannose-based glycosides, ManC18 and ManC18:1, exhibited multiple bilayer 

structures at various selected temperatures, with distinct bilayer behaviour as observed from 

their SWAXS data analysis.  The calculated bilayer thickness and distribution at T= 25.49 °C 

obtained from REMD simulation further support the multiple d-spacing occurrence in X-ray 

scattering at T~ 25 °C in the gel phase (ManC18) and lamellar glassy phase (ManC18:1). The 

corresponding analyses gave two and three preferred tilting angles of the average headgroup, 

 in the simulated bilayer systems in ManC18 and ManC18:1, respectively, which 〈𝜃〉

microscopically correlates to the formation of multiple bilayer thicknesses. The REMD average 

surface areas of headgroup per lipid (A) for both ManC18 and ManC18:1 are similar in value, 

but the corresponding plots distribution display other peaks, which supports the existence of 

multiple d-spacings in these incommensurate bilayers, emanating from the competing packing 

requirements of aliphatic tails and headgroups.  
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Highlights:
• Phase behaviours of long-chain mannosides with stearyl and monounsaturated oleyl
hydrocarbon chains.
• From the SWAXS, these mannosides exhibited multiple d-spacing bilayer structures –
incommensurate phases.
• The multiple headgroup tilt angles, 〈𝜃〉 from the REMD simulations explained the observed
incommensurate bilayer structures.
• Different tilting angles of the headgroup will correspondingly give different surface areas
per lipid.


