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Abstract 

 

Siloxanes are molecules used extensively in commercial, industrial, and biomedical applications. 

The inclusion of short siloxane chains into phospholipids results in interesting physical properties, 

including the ability to form low polydispersity unilamellar vesicles. Moreover, hybrid siloxane 

phosphocholines (SiPCs) have been examined as a potential platform for the delivery of 

therapeutic agents. Using small angle X-ray and neutron scattering, vibrating tube densitometry, 

and differential scanning calorimetry, we studied four hybrid SiPCs bilayers. Lipid volume 

measurements for the different SiPCs (i.e., 1124.3 Å3, 1300.3 Å3, 1394.3 Å3, and 1306.6 Å3) 

compared well with those previously determined for polyunsaturated PCs. Furthermore, the 

different SiPC’s membrane thicknesses increased monotonically with temperature and, for the 

most part, a behavior also observed in unsaturated lipids, such as 1-palmitoyl-2-docosahexaenoyl-
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sn-glycero-3-phosphocholine and 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine, 

and the branched lipid 1,2-diphytanoyl-sn-glyerco-3-phosphocholine (DPhyPC).  

 

Abbreviations 

1,2-SiPC – 1,2-di(10-(1,1,3,3,3-pentamethyldisiloxanyl)decanoyl)-sn-glycero-2-phosphocholine; 

1,3-SiPC – 1,3-di(10-(1,1,3,3,3-pentamethyldisiloxanyl)decanoyl)-sn-glycero-3-phosphocholine; 

DPhyPC - 1,2-diphytanoyl-sn-glyerco-3-phosphocholine; POPC - 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine; DOPC - 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC – 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine; PDPC- 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-

phosphocholine; SDPC - 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine; SAXS – 

small angle X-ray scattering; SANS – small angle neutron scattering; PalValDSPC – 1-palmitoyl-

2-(5-(1,1,3,3,3-pentamethyldisiloxanyl)pentanoyl)-sn-glycero-3-phosphocholine; PalCpcDSPC - 

1-palmitoyl-2-(10-(1,1,3,3,3-pentamethyldisiloxanyl)decanoyl)-sn-glycero-3-phosphocholine; 

PalCpcTSPC - 1-palmitoyl-2-(10-(1,1,3,3,5,5,5-heptamethyltrisiloxanyl)decanoyl)-sn-glycero-3-

phosphocholine; OleCpcDSPC - 1-oleoyl-2-(10-(1,1,3,3,3-pentamethyldisiloxanyl)decanoyl)-sn-

glycero-3-phosphocholine; PCs – phosphocholines; SiPCs – siloxane phosphocholines.  

 

Introduction 

 

Siloxanes are compounds with a variety of industrial and cosmetic uses, and are sought after for 

their biocompatibility and other physicochemical properties that result from the unique nature of 

their dimethylsiloxy group.1,2 Lipids containing a silicon atom were first prepared in 1987 by 

Thompson and co-workers,3 but it would take another 30 years before the first siloxane-containing 

phosphocholines were synthesized and studied4 –  this is surprising considering the amount of 

research that has been dedicated to siloxane surfactants, 5-9 which share many characteristics with 

phospholipids, including the ability to self-assemble when introduced to water. Importantly, by 

combining the physicochemical features of organic and siloxane surfactants into a single molecule, 

new insights into the development of novel materials of industrial and commercial relevance may 

arise. Hybrid siloxane phosphocholines (SiPCs) with a siloxane chain attached to a phosphocholine 

lipid molecule may be a significant step toward this direction.10,11 

 Liposomes are frequently used as cellular mimics to study the biophysical interactions 

between lipids, proteins, and other substrates. 12  In the last few decades, self-assembled 
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phospholipid liposomes have become attractive vehicles for drug delivery, due to their 

biocompatibility, inherent low toxicity, and their ability to encapsulate both hydrophilic or 

hydrophobic therapeutics, including the recently developed mRNA vaccines.12,13,14 Phospholipids 

dispersed in aqueous media self-assemble into spherical vesicles, typically with multi lamellar 

morphologies. However, the lamellarity of liposomes can be controlled, to various degrees, by 

incorporating charged lipids, or lipids with differing chain lengths.15,16 The synthetic lipid, 1,2-

diphytanoyl-sn-glyerco-3-phosphocholine (DPhyPC) forms unilamellar vesicles (ULVs) so long 

as the amount of DPhyPC is greater than 50 mol% of the total phospholipid compliment.17 Non-

natural phospholipids, such as those connecting their acyl chains to their glycerol backbones 

through amide linkages, can also self-assemble into cuboid morphologies whose acyl chains are 

known to interdigitate. 18 , 19  For example, PCs possessing trisiloxanes self-assemble into low 

polydispersity ULVs.10 Hybrid SiPCs possessing a C8-C14 alkyl fatty acid chain in their sn-1 

position and a short disiloxane fatty acid in their sn-2 position, also form ULVs, but an increase of 

their fatty acid chain lengths to C16 or C18 results in multilamellar vesicles (MLVs).11 As chain 

length mismatch becomes larger, the propensity for fatty acid chain interdigitation between the 

inner and outer leaflet lipids also increases.  

 The thermotropic behaviour of siloxane PCs is unlike what is observed for saturated acyl 

chain PCs with similar chain lengths, and more closely resembles the thermotropic behaviour of 

unsaturated PCs. Differential scanning calorimetry (DSC) measurements of several SiPCs 

produced featureless thermograms between 5°C and 60°C, with the exception of a stearic acid-

containing hybrid SiPC that showed a weak phase transition near 16.8°C.11 The structure of the 

siloxane moiety disrupts acyl chain packing within the bilayer and the low barrier to linearization 

of the Si-O-Si linkage, which is only 1.26 kJ/mol (0.3 kcal/mol), has greater fluidity than pure 

alkyl chains.20 Moreover, the pendant methyl groups on silicon are reminiscent of the phytanoic 

acid tails in DPhyPC, which is also found in the fluid phase over an extended range of 

temperatures.21,22 

 Siloxane PCs with two siloxane chains have a larger cross-sectional area per lipid and lipid 

volume than saturated PCs with similar chain lengths. The dimethylsilyl groups account for much 

of the increased area that arises from both steric and dynamic contributions. Bonding between 

silicon and other atoms also results in longer bonds and larger bond angles. For example, the 

average Si-O (1.63 Å) and Si-C bonds (1.87 Å) are longer than the average C-C bond (1.54 Å), 

and Si-O-Si bond angles can extend to 145°, compared to tetrahedral C-C-C bond angles of 
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109.5°.1 These molecular characteristics impart a larger free volume to siloxane groups compared 

to pure alkyl chains. As a result, the cross-sectional areas, at 20oC, for the siloxane lipids 1,2-SiPC 

and 1,3-SiPC are 69±2 Å2 and 72±4 Å2,10 respectively, compared to 62.7±2 Å2 for POPC at 

20°C.43The lipid volumes for double-tailed SiPCs (1574 Å3 and 1577Å3) are ~15-20% larger than 

POPC (1247 Å3) and PDPC (1296.6 Å3), 23  and ~10% larger than DPhyPC (1425 Å3),43 

highlighting the steric contributions that result from the siloxane moiety. Hybrid SiPCs with short 

sn-2 chains possess a smaller volume than their double-tailed counterparts, and range in volume 

from 923 Å3 -1180 Å3.11  

 Here, we present a combined SAXS and SANS study of four hybrid SiPCs, namely 

PalValDSPC (1), PalCpcDSPC (2), PalCpcTSPC (3), OleCpcDSPC (4) (Figure 1) in order to 

study and compare their morphologies and structural properties to their PC counterparts 

specifically, area per lipid, lipid volume, and membrane thickness.   

 

Experimental 

 

Synthesis of Siloxane Phosphocholines. 

 

Siloxane phosphocholines 1-3 were prepared as described in reference 11, and their spectroscopic 

analyses were consistent with those in literature – detailed synthetic procedures and spectroscopic 

characterization for SiPC 4 are described in the Supporting Information. SiPCs were synthesized 

using a two-step approach. Firstly, lyso-PCs were prepared by melting palmitic acid or oleic acid 

with α-glycerophosphocholine in the presence of 10% w/w of N435, providing access to 16:0 or 

18:1 lyso-PCs. Of note, is that phosphoryl migration is known to occur during the synthesis of 

lyso-PCs and can result in the cyclization of the phosphate group and subsequent elimination of 

the choline moiety, resulting in a cyclic phosphatidic acid, or the migration of the phosphocholine 

group from the sn-3 to the sn-2 position of the glycerol backbone.24,25 Proton-decoupled 31P-NMR 

spectra of lyso-PCs exhibited a single resonance, with a 31P NMR chemical shift comparable to 

that observed in standard samples of lyso-PCs, indicating that all synthesized lyso-PCs retained 

their phosphocholine groups in the sn-3 position. Additionally, there was little evidence found to 

suggest acyl migration between the sn-1 and sn-2 positions, which has been suggested to occur, 

albeit with low frequency. Lyso-PCs were then further elaborated on using a Steglich 
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esterification, resulting in the hybrid SiPCs 1-4. Spectroscopic characterization of the SiPCs was 

in agreement with previous reports.11,26 

 

Liposomes for SANS and SAXS Measurements. 

 

ULVs composed of SiPCs were prepared by hydrating thin films of lipids formed on the walls of 

glass vials by transferring stock lipid solutions to glass vials and then removing the chloroform 

using a stream of argon gas and gentle heating (~25oC). Residual solvent was removed by placing 

samples under vacuum for no less than 8 h. Dried lipid films were then hydrated with 100% D2O 

–MLVs – for SANS measurements, followed by 7 freeze-thaw-vortex cycles. ULVs were 

produced by extruding MLVs using 50 nm diameter LipX single use polycarbonate filters (T & T 

Scientific, Knoxville, TN). Other than being rinsed with D2O, filters were used as received. Prior 

to small angle scattering experimentation, final vesicle size distribution was determined by 

dynamic light scattering (DLS). SANS samples were then divided into two aliquots and diluted to 

the desired external contrast condition (i.e., 100 and 75% D2O) using the appropriate amounts of 

D2O and/or H2O to achieve a final lipid concentration of 12 mg/ml. The 100% D2O sample was 

used for SAXS measurements.  

 

Small Angle Neutron and X-Ray scattering. 

 

SiPC ULVs were loaded into 1 mm path-length quartz banjo cells (Hellma USA, Plainview, NY) 

and mounted in a temperature-controlled cell holder. SANS measurements were performed at the 

High Flux Isotope Reactor (HFIR) CG-3 Bio-SANS instrument located at Oak Ridge National 

Laboratory (ORNL).  Data were collected at a sample-to-detector distance (SDD) of 7 meters using 

6 Å wavelength neutrons (FWHM of 15%). Scattered neutrons were detected using a 1 m x 1 m 

two-dimensional (192 x 192 pixel) 3He position-sensitive detector (ORDELA, Inc., Oak Ridge, 

TN) and a 1 m x 0.8 m wing detector (160 x 256 pixel). The merged data from the two detectors 

resulted in a total scattering vector (q) of 0.007 - 0.90 Å-1.  Two-dimensional data were reduced 

into a one-dimensional scattering intensity (I) vs scattering vector (q) plot using ORNL’s 

MANTID software.27 SAXS data were measured with a Rigaku BioSAXS-2000 home source 

system with a Pilatus 100K detector and a HF007 copper rotating anode (Rigaku Americas, The 

Woodlands, TX) using a fixed capillary flow-cell. SAXS data were collected in 24, 10-min 
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snapshots, and the averaged one-dimensional scattering curves were generated using the SAXSLab 

software. 

 

Volume Measurements. 

 

Samples for volumetric measurements were prepared by hydrating 25 mg of SiPC films with 1.5 

g of degassed ultra-pure water – obtained from a High-Q purification system (Wilmette, IL) – 

followed by incubation at 50 °C for 30 min with periodic vortexing (~every 10 min.). The 

temperature dependent density of water (ρw) and of the SiPC lipid dispersions (ρs) were determined 

by a temperature-controlled Anton-Paar DMA5000 (Graz, Austria) vibrating tube densitometer, 

using previously established data collection methods.11,23,28 The lipid volume (VL) for a given 

temperature was calculated as: 

𝑉𝐿 =
𝑀𝑊𝐿

𝑁𝐴𝑚𝐿
(

𝑚𝐿 + 𝑚𝑊

𝜌𝑠
−

𝑚𝑊

𝜌𝑤
), 

 

where MWL is the molecular weight of the lipid, NA is Avogadro's number, and mL and mw are the 

masses of the lipid and water, respectively. The impact of temperature on lipid volume was further 

quantified by determining the thermal volume expansivity (αT
V) for each of the lipids at a constant 

surface pressure (Π) as follows:29 

 

𝛼𝑉
𝑇 = (𝛿𝑉/𝛿𝑇)𝛱 𝑉−1. 

 

Differential Scanning Calorimetry (DSC). 

 

SiPC liposomes for DSC were prepared by diluting thin films of lipid to a final concentration of 

~1.6 mg/mL in ultra-pure water. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was 

included as a reference sample and was prepared at a concentration of 0.8 mg/mL. The thermal 

phase transitions of DPPC are well characterized, with pre-transition and main transition 

temperatures of 34°C and 41°C, respectively. DSC thermograms over a temperature range of 

between 3°C and 60°C were acquired using a Nano DSC (TA Instruments, New Castle, DE) and 

scan rates of 1.0, 0.5, 0.2 and 0.1 °C/min.  
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Dynamic Light Scattering (DLS). 

 

ULVs were diluted more than 150-fold in 12 mm x 75 mm culture tubes and their size distribution 

measured using DLS. Autocorrelation curves were modelled using the cumulant analysis 

performed by the instrument software (Brookhaven Instruments, Holtsville, NY).30 

 

RESULTS and DISCUSSION. 

 

 

Differential Scanning Calorimetry. 

 

Hybrid SiPCs liposomes were DSC to determine their thermotropic behaviour (Figure 2); DPPC 

was used as a standard phospholipid. By way of comparison, POPC’s sn-2 fatty acid chain 

possesses a single double bond and the lipid has a thermal phase transition at -2°C, while 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), with two unsaturated fatty acid chains, has a gel-

to-liquid phase transition at -17°C.31 Despite SiPCs 1-3 possessing a palmitic fatty acid chain in 

their sn-1 positions, their thermograms did not exhibit a gel-to-liquid phase transition between 5°C 

and 60°C, 11 in agreement with what has previously been reported, including for vesicles with 

siloxane surfactants.32 Knowing this, it was unsurprising that SiPC 4 with an oleic acid in its sn-1 

position did not show a phase transition over the temperature range studied. Siloxane fatty acids 

resemble the branched phytanoic acids found in DPhyPC, which do not have a demonstrable gel-

to-liquid phase transition between -120°C and 120°C.21 The absence of a thermal phase transition 

in SiPCs 1-4 is reflective of the degree of disorder in the membrane that is imparted by the siloxane 

subunits, and the resultant lower degree of packing taking place among their fatty acid tails.  

 

Volume Measurements. 

 

Lipid volume (VL) is an important structural parameter used to evaluate the different structural 

parameters of lipid bilayers.43,48 We used the vibrating tube densitometer protocol developed by 

Pan et al.28 to determine the lipid volume (VL) for each of the four hybrid SiPCs; for comparison 

we included POPC, a naturally occurring phospholipid. Lipid volumes, and volume expansivities 

are presented in Table 1 and Figure 2.  
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 For each SiPC examined, VL increased with increasing temperature and a plot of VL vs 

temperature did not show any discontinuities, suggesting that over the temperature range studied 

there was no gel-to-liquid phase transition; this observation was also supported by DSC data 

(Figure 2). At 30°C, SiPC 1 has a VL of 1124.3 Å3 and is the only lipid that has a volume smaller 

than POPC (VL 1256.0 Å3).45 The remaining SiPCs at 30°C have volumes as follows: SiPC 

2=1300.3 Å3, SiPC 3= 1394.3 Å3, and SiPC 4= 1306.6 Å3. All SiPCs have volumes larger than 

POPC and the saturated PCs studied (Table 2). Increasing the length of the sn-2 fatty acid from 

C5 to C10 results in a significant increase in VL, as expected. Increasing the siloxane group from a 

disiloxane to a trisiloxane, as in the case of SiPC 2 and 3, increases the lipid volume by ~94 Å3. 

Even though SiPC 4 has an oleic acid in the sn-1 position, it has a VL comparable to SiPC 2.  

 From the VL data, it is clear that the incorporation of short siloxane units into fatty acid tails 

increase SiPC volumes such that, they are comparable to polyunsaturated PCs like, for example, 

PDPC (VL =1306.4 Å3) and SDPC (VL = 1366.4 Å3) (Table 2).23 Hybrid SiPCs are considerably 

smaller than their double-tailed trisiloxane-containing counterparts, which have VL of 1574 Å3 and 

1577 Å at 20 oC3.10 The increased molecular volumes of hybrid SiPCs are, in part, related to the 

increased flexibility of the siloxane linkage and the added volume of the dimethylsiloxy groups.  

The hybrid SiPC volume expansivities (𝛼𝑉
𝑇) for SiPC 1-3 are quite comparable with those reported 

for conventional PC lipids, POPC for example, reported in Kučerka et al.43 (2011). This 

observation is further consistent with an increased flexibility of the siloxane linkage and the added 

volume of the dimethylsiloxy groups. The thermal volume expansivity for SiPC 4 is nearly double 

that observed for SiPCs 1-3 owing to the coupled interaction of the oleic acid moiety in the sn-1 

position and the siloxane acid in the sn-2 position. 

 

SANS and SAXS Analysis. 

 

SANS and SAXS data were jointly analyzed using the EZ-SDP symmetric bilayer model in 

Vesicle Viewer33, an online data analysis software (Figure 3). The EZ-SDP model is a five-slab 

model that breaks the bilayer down into two headgroup slabs, two methylene slabs and a terminal 

methyl slab. Since the lipid structure is parsed into these five-slabs the model applicable for a 

variety of different lipid structures, including our hybrid SiPCs. As with any model, there are 

potential deficiencies, in the case of our implementation one must be cognisant that the EZ-SDP 

model may struggle to recapitulate the chain length mis-match of our hybrid SiPCs; SiPC 1 in 
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particular. How the hybrid SiPCs are projected into the EZ-SDP model is illustrated in SI Figure 

1 (refer to ref 33 for a thorough explanation of the EZ-SDP model). The area per lipid (AL), 

headgroup-headgroup distance (DHH), bilayer thickness (DB), and hydrocarbon thickness (2DC) 

were then determined (Table 2). With the exception of AL – which is a variable fitting parameter 

– all other parameters were geometrically derived using AL and the experimentally obtained lipid 

volumes.  

 The scattering data show SiPCs forming bilayers that have similar properties to fluid phase 

PC bilayers with similar fatty acid chains (Table 2). Although not common, we used the DB 

(2VL/AL) to compare relative degrees of chain order using the SAXS data. In doing so, we found 

good agreement between DB and the average C-D order parameter (SCD) determined by 2H-NMR, 

shown in the top panel to Figure 4. SiPCs also have a similar degree of chain order when compared 

to mixed chain polyunsaturated fatty acid (PUFA)-containing PCs, but they are significantly more 

ordered than the branched-chain DiPhyPC, with the exception of SiPC 1 (Figure 4). Indeed, there 

is no fundamental law demanding that our hybrid SiPCs follow the trends of conventional 

phospholipids; however, the impact of chain dynamics on the geometry of the bilayer should be 

invariant to what chemical groups are inducing the disorder within the chains. The lipid shape 

parameter is an example of how lipid parameters are deconstructed into geometric parameters 

regardless of the lipid chain chemistry.34 We note that the upper panel of Figure 4 was constructed 

from SCD derived from NMR and independently derived DB from SAXS/SANS data. Furthermore, 

we observed a monotonic increase in AL as a function of temperature for SiPCs, not unlike what 

was observed for other PC lipids. In contrast, the different SiPC thicknesses (DB, DHH, and 2DC) 

did not change with temperature as was observed in their PC counterparts (Figure 5). This would 

suggest that the increased AL and relative acyl chain disorder are induced by the Si-containing acyl 

chain, as the sn-1 acyl chain is expected to remain relatively unaffected by temperature. Siloxanes 

also exhibit a higher degree of vibrational and rotational freedom compared to the fatty acid chains 

found in natural phospholipids, owing to longer Si-O and Si-C bond lengths and larger bond 

angles, which allow for local regions of increased volume around the silicon atoms, resulting in 

greater siloxane moiety movement. 35  Moreover, the weak repulsive interactions between the 

silicon methyl groups leads to less well-packed acyl chains, thus the larger VL values for SiPCs 

compared to PCs.36 

 In particular, SiPC 1, previously analyzed using the Global Analysis Program (GAP) model 

developed by Pabst et al.,37,38 exhibited unusually small bilayer thicknesses, the result of potential 
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partial chain interdigitation across the bilayer or chain bending into its respective leaflet.  Using 

the SDP model, we found that SiPC 1 has a DHH = 30.0 Å, a value comparable to the 28.26 

Å11determined using the GAP model, while the other three SiPCs had DHH values of 36.0 Å (SiPC 

2), 38.0 Å (SiPC 3), and 36.8 Å (SiPC 4). By comparison, DPPC and POPC had DHH values of 

38.4 Å and 36.5 Å, respectively. As mentioned, the “thin” SiPC 1 bilayer was the result of chain 

interdigitation or chain bending, features commonly observed in bilayers with mixed chain length 

lipids. 39 ,40 ,41  Given the large chain length mismatch of SiPC 1, and the recent work on the 

interdigitation of chain-asymmetric PCs, it is most likely that there is a combination of 

interdigitation and chain bending backwards.41 The work of Frewein et al. demonstrates through 

both SANS/SAXS measurements and specifically MD simulations, that there is a high fraction of 

chains bending back towards their own headgroup. Moreover, the bilayer thickness of SiPC 1 

results in an unusually large AL that can be rationalized by the chain length mismatch which 

induces disorder in the longer of the chains. In other words, the short chain induces disorder in the 

longer. The terminal methyl behaviour of our hybrid SiPC is largely speculation based on only the 

SAS data since we do not have MD simulations to support our interpretation (force fields currently 

do not exist for SiPC lipids). Our observation of a thinning membrane is driven by chain mismatch 

is consistent with the notion that chain length mismatch impacts hydrocarbon chain ordering by 

inducing disorder in the longer of the two hydrocarbons, 16:0 in our case. 

 

 AL values for SiPCs 2-4 were larger than those of POPC and DPPC, but are comparable to 

values for PUFA-PCs, such as PDPC and SDPC (Table 2). Moreover, AL values for SiPCs 2-4 are 

similar and significantly smaller than the AL value for DPhyPC (Table 2). These data can be 

attributed to the siloxanes decorated fatty acids, and as previously suggested, behaved similarly to 

monounsaturated PCs – our analysis suggests that a better comparison would be PUFA-PCs. 

 

Conclusions. 

 

We synthesized four hybrid SiPCs with different siloxane fatty acids in their sn-2 position and 

characterized their self-assembled bilayers. DSC measurements did not show the presence of a 

thermal phase transition in any of the SiPCs studied, implying that the attached siloxane groups 

disorder the bilayer to an extent that the bilayers remain in the same phase for the temperature 

range studied. This observation was borne out by volumetric measurements, where a plot of VL vs 
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temperature did not show any discontinuities. In addition to calorimetric and volumetric 

measurements, SiPCs bilayers were interrogated using a combination of SANS and SAXS.  Joint 

refinement analysis of the scattering data showed that the SiPCs studied are, in many respects, 

similar in structure to phosphocholines containing polyunsaturated chains. The increased fluidity 

imparted by the siloxane groups allows SiPC bilayers to remain in the fluid phase under 

physiologically relevant conditions.  

 

Conflicts of Interest. 

 

The authors have no conflicts of interest to declare. 

 

Acknowledgements. 

 

SANS studies on Bio-SANS were supported by the OBER funded Center for Structural Molecular 

Biology (CSMB) under Contract FWP ERKP291, using the High Flux Isotope Reactor, a DOE 

Office of Science User Facility operated by the Oak Ridge National Laboratory (Oak Ridge, 

Tennessee, USA). JK is supported through the Scientific User Facilities Division of the 

Department of Energy (DOE) Office of Science, sponsored by the Basic Energy Science (BES) 

Program under Contract DEAC05-00OR22725. DM acknowledges support from the Natural 

Sciences and Engineering Research Council (NSERC). PMZ acknowledges support from the 

Natural Sciences and Engineering Research Council (NSERC) and the Advanced 

Biomanufacturing Centre (ABC) at Brock University.  



   

 

 12 

Figures and Tables. 

 

 

Figure 1 Structures of the siloxane phosphocholines 1-4 studied. 
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Table 1 Lipid volumes (VL) and volume expansivities (𝛼𝑇
𝑉) of the different SiPCs. Estimated 

uncertainties are below ±1 %. 

 PalValDSPC (1) 11 PalCpcDSPC (2) PalCpcTSPC (3) OleCpcDSPC (4) 

TEMP 

(°C) 

VL 

(Å3) 

𝛼𝑉
𝑇  

(10-4/°C) 

VL 

(Å3) 

𝛼𝑉
𝑇  

(10-4/°C) 

VL 

(Å3) 

𝛼𝑉
𝑇  

(10-4/°C) 

VL 

(Å3) 

𝛼𝑉
𝑇  

(10-4/°C) 

10 1103.0 8.4 1278.8 7.6 1369.4 8.0 1278.5 14.7 

15 1108.6 8.3 1284.1 7.6 1375.8 8.0 1284.8 14.6 

20 1114.9 8.3 1290.4 7.6 1383.2 7.9 1293.6 14.5 

25 1119.9 8.2 1295.8 7.5 1389.1 7.9 1306.8 14.3 

30 1124.3 8.2 1300.3 7.5 1394.3 7.9 1306.6 14.4 

35 1128.5 8.2 1305.1 7.5 1399.3 7.8 1312.0 14.3 

40 1133.1 8.1 1309.8 7.4 1404.8 7.8 1321.9 14.2 

45 1137.2 8.1 1314.5 7.4 1409.7 7.8 1331.5 14.1 

50 1141.8 8.1 1319.4 7.4 1415.3 7.7 1345.9 13.9 

55 1146.0 8.0 1323.4 7.4 1420.3 7.7 - - 

60 1149.7 8.0 1327.8 7.3 1424.8 7.7 - - 

 

  



   

 

 14 

Table 2 Average molecular volumes (VL), molecular areas (AL) and membrane thicknesses (DHH) 

of the different fluid phase phosphocholines (PC) studied. Unless indicated, data correspond to 

samples at 30°C. 

PC Temp. VL (Å
3) 

AL 

(Å2) 

DB 

(Å) 

DHH 

(Å) 

2DC 

(Å) 
Model Reference 

1  1124.3 71.0 31.4 30.0 22.3 EZ-SDP This work 

  1124.3   28.26  GAP Ref. 11 (Frampton et al. 2018) 

2  1300.3 66.9 38.6 36.0 29.0 EZ-SDP This work 

3  1394.3 68.8 40.2 38.0 30.87 EZ-SDP This work 

4  1306.6 69.6 37.3 36.8 28.1 EZ-SDP This work 

1,2-SiPC 20°C 1574 69  36.3  GAP Ref. 10 (Frampton et al. 2017) 

1,3-SiPC 20°C 1577 72  35.3  GAP Ref. 10 (Frampton et al. 2017) 

POPC  1256 64.4  36.5  Full 

SDP 

Ref. 43 (Kučerka et al. 2011) 

DOPC  1303 72.4 44.8 36.7 26.8 SDP Ref. 42 (Pan et al. 2008) 

DPPC 50°C 1228.5 63.1  38.4  Full 

SDP 

Ref. 43 (Kučerka et al. 2011) 

  1228.5 65.7 38.5 35.2 27.5 EZ-SDP Ref. 44 (Marquardt et al.) 

PDPC  1306.4 71.1  33.2  Full 

SDP 

Ref. 23 (Marquardt et al. 2020) 

SDPC  1366.4 70.4  35.2  Full 

SDP 

Ref. 23 (Marquardt et al. 2020) 

DPhyPC  1425.8 80.5  36.4  Full 

SDP 

Ref. 45 (Tristram-Nagle et al. 

2010) 

  1426.7 80.5  36.4  Full 

SDP 
Ref. 43 (Kučerka et al. 2011) 
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Figure 2 DSC thermograms (Panel A) and lipid volumes as a function of temperature (Panel B) 

of SiPC lipids, including DPPC (A). Estimated uncertainties are below the data point size (>1 %) 
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Figure 3 Fits (solid lines) to the experimental SAXS (Panel A) and SANS (Panel B) scattering 

data (points) for SiPC 4 (OleCpcDSPC) at 20°C using EZ-SDP. Note: SANS data was collected 

up to q=0.9 Å-1 and q=0.4-0.9 Å-1 is incoherent background. Panels C and D show the bilayer 

electron densities and neutron scattering length densities, respectively. Panel E illustrates the 

volume probability distributions of the key lipid structural features. Note that the total probability 

is equal to 1 at each point along the bilayer normal.  
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Figure 4 Top: The linear relationship between DB and 2H-NMR SCD for common lipids are 

displayed. 2H-NMR SCD values are from Leftin and Brown46 (POPC (27), DMPC and DLPC) and 

SCD values for POPC (30) and DOPC are from Marquardt et al.47. DB (2VL/AL) values were 

tabulated in Kučerka et al. 43, except for DOPC, which is from Kučerka et al. 48. Bottom: DB values 

for the different SiPCs studied  and from those of representative lipids, i.e.,  PDPC,23 SDPC23 and 

DPhyPC43. Bottom panel, the lipids are arranged in increasing DB values. 
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Figure 5 Different bilayer thicknesses of SiPCs 1-4 (1 – gold triangles, 2 – red circles, 3 - black 

squares, 4 – blue triangles) bilayers. 
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