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Abstract 

Small-angle neutron scattering has been used to probe the interfacial structure of 

foams stabilised by small molecule surfactants at concentrations well below their 

critical micelle concentration. The data for wet foams showed a pronounced Q-4 

dependence at low Q and noticeable inflexions over the mid Q range. These features 

were found to be dependent on the surfactant structure (mainly the alkyl chain length) 

with various inflexions across the measured Q range as a function of the chain length 

but independent of factors such as concentration and foam age/height.  By contrast, 

foam stability (for C < CMC) was significantly different at this experimental range. 

Drained foams showed different yet equally characteristic features, including 

additional peaks attributed to the formation of classical micellar structures. Together, 

these features suggest the dynamic air-water interface is not as simple as often 

depicted, indeed the data have been successfully described by a model consisting 

paracrystalline stacks (multilayer) of adsorbed surfactant layers; a structure that we 

believe is induced by the dynamic nature of the air-water interface in a foam. 
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Introduction 

Foams are systems comprising concentrated dispersions of gas bubbles in a 

continuous aqueous phase, and are widely encountered as precursors in a number 

of applications, e.g. medical,1,2 insulation materials,3 cosmetic4 and firefighting.5  

There has also been a recent interest in these systems for their applications in food 

industries.6,7 For the majority of foams, the aqueous phase contains surfactants or 

proteins, which act as stabilisers. 

Physicochemical properties of the solutions formed the foams such as ionic strength, 

pH, and temperature significantly affect the interfacial behaviour of the foaming 

agents or stabilisers (surfactants). It is well established that surfactants and their 

blends are of crucial importance to foam formulations.8–10 In the absence of 

surfactants, a foam will catastrophically coalesce and collapse,11,12 whereas in their 

presence, the interface is efficiently stabilised by (monomer) adsorption at the air-

water interface as evidenced by changes to the surface tension, surface shear 

viscosity and surface elasticity.13,14  

Recently, it has become clear that surfactant stabilised air-water interfaces are not 

as simple as initially thought. Thomas et al. have extensively reviewed the formation 

of multilayer surfactant structures at the air-water interface using tensiometry and 

neutron reflectivity (NR). Contrary to the classical monolayer picture, the surfactants 

(as dioctyl sulfosuccinate sodium (AOT), didoceyldimethylammonium bromide 

(DDAB), sodium laureth sulfate (SLES)), investigated presented multilayering 

phenomenon over a wide range of systems, with and without additives.15  

Above some (bulk) critical micelle concentration (CMC), there are substantial 

changes in several characteristics of the properties of the solution.16–19 A similar 

situation exists in foams. Petkova et al.12 have determined a “transitional 

concentration” above which, foams were found to be stable, these concentrations 

being 10-30 times below the CMC for the surfactants studied (sodium dodecylsulfate, 

dodecyltrimethylammonium bromide and Brij 35). This indicates that the surfactant at 

the interface has a very different character than the surfactant in the bulk phase.  

Partially hydrophobic colloidal silica particles have also been shown to adsorb at the 

air-water interface where it was found that these particles form a “colloidal armour” at 

the interface that stabilises the foams for durations up to months.20,21 Most studies 
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have necessarily focused on the process of foaming and foam stabilization using 

traditional measurements (foam half-life, bubble size measurement, etc.), but far 

fewer studies have investigated directly the complex interfacial structure formed by 

these molecules, within macroscopic foam and/or single foam films.  

Neutron and X-ray reflectivity have been used extensively to quantify the gas-liquid 

interface, but on planar interfaces, and not under dynamic conditions relevant to 

the foam.22–28 There also have been a number of small angle scattering studies on 

foams, 29–34 illustrating the viability of the technique, but the conclusions have been 

largely qualitative and are yet to improve the understanding of the assembly of 

stabiliser at the air-water interface.  

Using small-angle neutron scattering (SANS), Axelos et al.30 studied a series of wet 

and dry foams generated with sodium dodecylsulfate (C12SO4Na, SDS) with varying 

concentrations. Under steady state foaming conditions (the so-called “wet foam”), a 

pronounced Q-4 dependence was observed with a number of peaks - “bumps” - 

varying in shape and position, depending on the surfactant concentration. Specifically, 

SANS from wet foams stabilised by SDS at 3 g/L shows a pronounced Q dependence 

at low Q, but no peaks were observed in the data. At higher SDS concentrations, 25 

g/L, a single peak at high Q was observed, similar to the q value obtained from SDS 

in bulk solution i.e. micelles were present in the liquid in the walls. Upon drainage (“dry 

foams”), peaks were also observed at intermediate Q (Q ≈ 0.03 Å-1) for different SDS 

concentrations, attributed to the film thickness.  

Ropers et al.31 along with the previous authors studied hexadecyltrimethylammonium 

bromide (CTAB), and polysaccharide/CTAB complex stabilised free draining foams 

also by SANS. A different approach towards data interpretation was used and the data 

were analysed from both scattering and reflectivity points of view. They concluded that 

the polysaccharide addition yields a shift in the peak position towards lower Q values 

and that the peak was attributed to the film thickness. It was also postulated that this 

shift is insensitive to the drainage duration and that the emergence of yet another peak 

was the result of a thicker liquid film.  

Micheau et al.34 have investigated foams from the pH sensitive nonaoxyethylene 

oleylether carboxylic acid, where their modelling and analysis was shaped by the work 

of Axelos and co-workers. Similar SANS data features were observed and the authors 

concluded that the oscillations in the data originate from the reflectivity of neutrons 
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within thin liquid films within the foam. The thickness of these liquid films was found to 

be sensitive to pH and surface charge.  

However, it was not entirely clear how the contribution of micelles and lamellar 

structures on the observed scattering was taken into account. The concentration of 

the surfactant in those samples was well above the CMC, and as such, complex 

structures (micelles and foam-induced surfactant lamellae) are expected to be 

present. These structures would give rise to significant scattering in those Q regions 

under discussion. Similarly, Axelos et al. previously correlated the observed scattering 

features with micelles present in the liquid in the walls of wet foams stabilised by SDS 

above the CMC. 

There is still a debate as to whether these inflexions arise from the film thickness of 

the bubbles (160-180 Å) or a surfactant structure at the interface. Fameau et al.35 have 

studied a series of foams stabilised by thermo-sensitive fatty acids (12-hydroxy-stearic 

acid, 12-HSA) using SANS amongst other techniques, where they compared 

scattering data from bulk solution and the foams (wet and dry). A series of Bragg 

peaks were observed at different Q positions, which they attributed to the presence of 

multilamellar tubular arrangement of the fatty acid bilayers in the foam. They have 

also studied these systems at different H2O/D2O compositions from both scattering 

and reflectivity points of view, utilising contrast variation. It was found that for a 

reflectivity experiment, as the H2O content increases, the position of the peaks shift, 

and for a SANS experiment, when the H2O content increases, no shift in the peaks 

were observed but only a decrease in the scattering intensity was recorded. Based on 

these findings, the authors have demonstrated that the SANS signal originates from 

tubes present in the liquid foam and eliminated the possibility of the signal originating 

from the reflectivity of neutrons at the air-water interface.  

Fameau et al.28 have also studied the interfacial structure of the ethanolamine salt of 

the same thermo-sensitive fatty acid mentioned above in solution, using tensiometry 

and NR. The NR data showed a series of fringes which the authors related to the 

presence of a large layer of fatty acid materials at the air-water interface. This layer 

was found to be of thickness of ≈ 300 Å. The NR data was modelled according to 

different possible arrangements of the fatty acid layer, and it was concluded that the 

presence of the fringes in the data is due to the multilamellar tubes from the fatty acid 

being adsorbed at the air-water interface. 
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NR was deployed by Ederth et al.36 to monitor the structure of foam films from AOT. 

The authors observed weak Bragg peaks, which have been attributed to a lamellar 

structure of AOT bilayers in the foam films. This weak intensity profile of the Bragg 

peaks has been related to the small number of layers of AOT that contributes to the 

scattering in the films, films inhomogeneities and the presence of other structures such 

as disk like micelles or discontinuous bilayers. 

Foams stabilised by SDS in the presence of high concentrations of sodium and 

potassium chloride; NaCl and KCl, were studied by Zhang et al.32 The high salt 

concentrations induced the precipitation of the SDS at the surface of the bubbles 

leading to the formation of ultrastable foams. This was attributed to the stopping of the 

ageing of the foam due to the presence of the surfactant crystals between the bubbles. 

The presence of these crystals was later confirmed by SANS, where two peaks arising 

from the crystals were observed at high Q. It was concluded that these two peaks are 

related to the interplanar distance present in the SDS lamellar structure. 

Solution and foam structures from the non-ionic surfactant polyglycerol ester (PGE) 

were studied by Curschellas et al.33 using a combined approach of electron 

microscopy, NR and SANS. The SANS measurements have allowed the authors to 

draw a comparison between the scattering behaviour of the bulk solution and its 

corresponding foam. In solution, the SANS data revealed that the PGE forms 

multilamellar structures, confirmed by the presence of Bragg peaks. Whilst in the foam 

case, there was no significant difference from the scattering of the bulk solution. This 

was concluded to be a result of the scattering from the entrapped bulk solution, which 

in return, helped produce more stable foams as the vesicles presence blocked the 

plateau borders and eventually had an effect on the drainage.  

Hurcom et al.37 have previously successfully used SANS to study air-in-water foams 

stabilised by a series of Pluronic block copolymers at different concentrations below 

and above the CMC. Similar SANS features were observed for all the foams for all 

systems. The data below the CMC was interpreted and modelled as a paracrystalline 

stack of polymeric surfactant lamellae at the air-water interface. The thickness of these 

layers was found to be dependent on the EO and PO block characteristics and the 

overall molecular weight of the polymer.  
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Against this backdrop, the hypothesis being advanced here follows our previous work 

(Soft Matter, 2014, 10, 3003-3008), where SANS was used to demonstrate the 

presence of a surfactant multilayer structure at the foam air-water interface. The 

current experiments here have been designed to study the interfacial structure of wet 

foams (continuously generated) stabilised by a range of small amphiphilic molecules; 

alkyl sulfates (CnH2n+1SO4Na) and alkyl bromides (CnH2n+1TABr) at concentrations 

well below the established bulk surfactant CMCs, as measured by surface tension, 

Figure S.1 and S.2 (Table S.1 and S.2 in very good agreement with literature38,39). 

Hence, this study is differentiated from others in the sense that since it is assumed 

that the surfactant concentrations within the water film are too dilute to contain any 

conventional micelles. 

 

Experimental  

Materials 

Homologous series of ionic surfactants were used as received, as listed in Tables S.1 

and S.2. Solutions for SANS experiments were prepared in deuterated water (99.9%, 

Sigma Aldrich).  

 

Methods 

Tensiometry. Surface tension measurements were carried out using a maximum 

bubble pressure tensiometer (SITA science on-line t60, Germany), calibrated by 

reference to de-ionized water. Surface tension was recorded at a bubble lifetime of 10 

seconds. All measurements were performed at 25 ± 1°C. 

 

Foam stability. Foam stability measurements were carried out in a graduated glass 

column, 45 cm in height and 20 mm in diameter. The column was fitted was a porous 

frit disk (porosity of 2 µm) placed at the bottom of the column. The airflow was 

controlled via a flow meter (0-0.5L/min). Nitrogen gas was passed through the sample 

(2.5 cm3 of the surfactant solution placed in the bottom of the column) at a constant 

flow rate of 0.04 L/min and 0.4 bar pressure. Foam with a standard height of 15 cm 

was generated, after which the gas flow was turned off and the foam was allowed to 

drain. The half-life taken by the foam to lose half of its original height recorded. All 

measurements were recorded twice; new aliquots of surfactant solution were used for 
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each foam test and the column was washed with deionised water and dried between 

each test to ensure reproducibility.  

Small-angle neutron scattering (SANS). As wet foams were of main interest in this 

work, there was a continuous bubbling through the surfactant solution, which produces 

constantly regenerated foam. As such, the bubbles appear spherical and thick lamella 

walls separate them (ESI). All experiments were performed at room temperature. 

SANS experiments were performed on either (i) the time of flight (a) LOQ and (b) 

SANS2d diffractometers at the ISIS pulsed spallation neutron source, Rutherford 

Appleton Laboratory, Didcot, UK. A range defined by Q= (4π/λ) sin (θ/2) between 

0.009 and ≥  0.5 Å-1 (LOQ) and 0.005 and ≥ 0.3 Å-1  (SANS2d) was obtained by using 

neutron wavelengths (λ) spanning 2.2 to 10.0 Å with a fixed detector distance of 4 m 

(LOQ) and 1.75 to 16.5 Å with a fixed detector distance of 4 m (SANS2d). (ii) steady-

state reactor sources at (a) D11 diffractometer at the ILL, Grenoble where a Q range 

is selected by choosing three instrument settings at a constant neutron wavelength 

(λ) of 8 Å (ILL) with a sample detector distance of 1.2, 8 and 39 m, and (b) KWS-1 

diffractometer at the Jülich Centre for Neutron Science at FRM II, Garching, using 

three detector distances (2, 8 and 20 m) and a neutron wavelength of 5 Å.   

Experimental measurement times were around 5 minutes (LOQ and SANS2d) and 

between 10-15 minutes (MLZ and ILL, longer as three detector distances were used 

with no hysteresis). All scattering data were (a) normalized for the sample 

transmission, (b) background corrected using the empty foam cell and, (c) corrected 

for the linearity and efficiency of the detector response using the instrument specific 

software package and the scattering from a polystyrene blend taped to the front of the 

foam cell, Figure 1. 
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Figure 1. SANS sample environment for studying foams. The foam was 

generated by pushing nitrogen gas through a 20 µm frit (A) at the base of a 

Perspex column (height of 25 cm, diameter of 4.6 cm), which contains 

approximately 50 mL of the surfactant solution. A 2 cm wide groove has been 

removed and covered with aluminium foil to allow the neutrons to cross the 

sample. The neutron beam impinges on the aluminium foil between (B) and (C) 

behind which the Perspex has been partially removed. For stable foams, the 

reservoir (D) collects the foam sample and returns it to the base via the plastic 

tube at (E). The cell is also be equipped with a controlled heating set up (heating 

jacket) at (F) and (G); however, it was not used in this study to actively control 

the temperature. 37 
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Results and Discussion 

The bulk of this study presents the scattering from foams that are continuously 

generated; foams pass into the neutron beam within seconds of creation. These we 

call “wet foams”. One can also look at draining foams by removing the gas flow and 

observing the foam within the beam at different levels of drainage (or time and height). 

These we call “draining” or “dry foams”, but such foams are of secondary importance 

in this paper but presented to reinforce the interpretation of the scattering from the wet 

foams. We are also particularly interested in solutions well-below the CMC, but again, 

we present data from C> CMC to highlight similarities and therefore differences with 

the C < CMC data.  

SANS from wet foams for C > and C < CMC; an empirical comparison 

The scattering in these systems may arise from (a) any structure normal to the air-

water interface, which would follow an approximate Q-4 dependence given that these 

interfaces are not perfectly flat, (b) any in plane structure normal to the interface, (c) 

fluctuations in the composition of the interfaces parallel to the beam, (d) structures 

that would be present in the liquid junctions between the bubbles, this may resemble 

the ‘bulk solutions’ at appropriate concentration, and (e) in the aged polyhedral foams, 

the long almost cylindrical regions at the junction of bubbles associated with the 

plateau borders. 

Representative data are presented in Figure 2a (recorded on D11) from continuously 

generated foams from a series of small molecule surfactants (SMS). The data shows 

a number of features; the pronounced Q-4 dependence at low Q, characteristic of the 

Porod scattering from a smooth surface with a large radius. Over the mid Q range, 

there are the noticeable inflexions or “bumps” around 0.038 Å-1 for C12SO4Na 

corresponding to d-spacing (2π/Qpeak) of 165 Å, whilst for the C12TAB case, the 

inflexion occurs at 0.037 Å-1 corresponding to a spacing of 170 Å.   

Given that these concentrations are below their CMC, no (solution-like) micelles are 

assumed to be present. Therefore, the observed peaks do not arise from the micellar 

form factor P(Q). As justification, the scattering from foams stabilised by C12SO4Na 

solutions above the CMC (10 mM) is also shown in the inset in Figure 2a, these data 

are in excellent agreement with Axelos et al.30 and Hurcom et al.37, where the maxima 

at Q ≈ 0.04 Å-1 relates to the micellar scattering from the surfactant micelles in the 

liquid forming the walls. For Q > 0.2 Å-1, the data decay into an incoherent background 
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scattering that varies from one system to another depending on the amount of the 

sample in the beam. It is worth mentioning that the SANS data were obtained 

reproducibly for foams from all the four different diffractometers used in this study, and 

were all in excellent agreement in terms of features and peak positions (exemplary 

data from C12TAB foams is presented in Figure S.3).  

A simple approach to adopt towards the visualization of data with a strong Q-n (where 

n = 4 ± 0.05) is Porod plots; Qn I(Q) vs Q. This entirely removes the Q-n dependence 

and emphasises any other features observed in the data, i.e. the peaks, and clearly 

allows for the comparison with solution scattering, Figure 2b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2a. SANS from foams stabilised with 4 mM C12SO4Na, (circles) and 7 mM 

C12TAB (diamonds) in D2O. Typical Q-4 dependence is presented as a solid line. 

Data have been offset for clarity. Inset presents the scattering from foams 

stabilised by 10 mM C12SO4Na in D2O. Data recorded on D11. 
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Figure 2b. Porod analysis, I(Q)*Qn (circles) from foams stabilised by SDS, C > 
CMC (D11) and I(Q)/cm-1 (diamonds) from SDS, C > CMC in bulk solution (LOQ). 

 

On can clearly deduce that the Q ≈ 0.04 Å-1 peak is related to the micelle form factor 

P(Q). The Q ≈ 0.015 Å-1 peak is not and could be attributed to the presence of a 

lamellar ordering of the C12SO4Na between the foam walls, and suggest that the 

foams induce this surfactant lamellar structure.  

Similar observations could be noted from the SANS data from wet foams stabilised by 

lower C12SO4Na concentrations. At concentrations as low as 1 mM (significantly below 

the bulk CMC), the data still shows the pronounced Q-n behaviour along with the peak 

at mid Q. This peak position remains insensitive to the surfactant concentration used 

to stabilise the foams, Figure 3 (SANS2d). This is a very interesting observation, given 

that the foam stability measurements (Figure S.4) shows a noticeable difference as 

the surfactant concentration varies from 1 mM to 4 mM. One would expect there has 

to be some dependence of the rates of the foam coalescence and eventual collapse 

on the concentration of the surfactant40, which in turn is expected to vary the film 

thickness. 

 

Wavevector,Q/Å
-1

0.001 0.01 0.1 1

S
c

a
tt

e
ri

n
g

 f
u

n
c

ti
o

n

1

10



13 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Porod plots from wet foams stabilised with C12SO4Na, at different 

concentrations, 1 mM (circles) and 4 mM (diamonds) in D2O. Data have been 

offset for clarity.   Inset presents the I(Q) vs Q from the same data. Data recorded 

on SANS2d. 

This observation can also be extended to the C12TAB case, where upon further 

decrease in its concentration, 0.25 mM (60 times lower than its CMC), the SANS data 

for the wet foam, Figure S.7, shows the same features observed at the higher 

concentration. No significant change in the q-value of the peak was observed (0.035 

Å-1), confirming the assumption that the surfactant concentration in the films was too 

low to form micelles. 

 
We have also performed neutron scattering experiments to investigate foams 

stabilised by C12SO4Na at three different drainage conditions, as shown in Figure 4 

(recorded on D11). Upon draining, very well defined peaks emerge with maxima at Q 

≈ 0.015 Å-1 and 0.042 Å-1. Tables 1a and 1b highlight the peak positions obtained by 

SANS from C12SO4Na foams and in bulk solution (at different concentrations).  The 
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scattering is dominated by the solution in the film borders. SANS data from C12SO4Na 

in bulk solution have been included in the ESI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SANS from foams stabilised by C12SO4Na at different air flow 

conditions and concentrations. Data have been offset for clarity. Data recorded 

on D11. 

 

 

 

 

 
Table 1a. Positions of first and second maxima in the scattering data from 
C12SO4Na foams at different airflow conditions/concentrations. 

 

 

 

 

Table 1b. Correlation peak positions from C12SO4Na micelles in D2O at different 
concentrations. 
 

System Description Qpeak 1 (Å-1) Qpeak 2 (Å-1) 

4 mM C12SO4Na (wet foam) 0.038 -- 

C12SO4Na  – draining 0.016 0.042 

C12SO4Na  – drained 0.018 0.045 

10 mM C12SO4Na  (wet foam) 0.017 0.044 

System Description Qpeak  (Å-1) 
10 mM C12SO4Na 0.040 

15 mM C12SO4Na 0.040 

20 mM C12SO4Na 0.045 

30 mM C12SO4Na 0.047 
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As the foam drains, we observe significant changes in the scattering patterns, Figure 

S.8. The emergence of the asymmetric scattering “spikes” on the right is a signature 

of the transition from spherical (curved bubble walls) to polyhedral bubbles (flat single 

films34,41) as the liquid fraction in the foam decreases. 

 
As the scattering is observed from any appropriately sized structures within the 

neutron beam, a question arises regarding the relative contributions from interfacial to 

“bulk” structures. Consider the wet foam as a series of spherical bubbles (radius, R), 

with film thickness, T, regularly distributed in a cubic array (with cube length 2 (R+T)). 

As the core of the bubble contains no liquid, the scattering will arise from the structures 

present at the interfaces and within the “bulk” liquid in the interstitial volumes. It is a 

relatively simple exercise to calculate the volume of the “halo” of the spherical 

structure, and the interstitial volumes between the bubbles (the volume of the cube 

less the volume of the sphere). For millimetre sized bubbles (R = 1.0 x10-3 m), with 

micron thick interfaces (T= 1.0 x 10-6 m), over 90% of the total volume in the beam is 

present in the interstitial zones. Accordingly, for systems above or approaching the 

CMC, micellar structures will be clearly evident, but for C < CMC, the scattering is 

necessarily dominated by the interfacial structures. 

As a result of these observations, we suggest the inflexions are not related to the total 

film thickness as suggested by Axelos30 or most recently Micheau et al.34 as the d-

spacing values (180 Å ± 5) are too small to represent the thickness of the wet foam 

films. Similar SANS observations were recorded from lamellar structures present in 

emulsions stabilised by Pluronic L92,42 more recently in foams35 as discussed earlier 

and in foam thin films by NR.36  

Given the observation of multi-layers at equilibrium air-water interfaces under certain 

conditions15, and against the background just presented, we invoke a model of the air-

water interface that embodies multi-layer stacks that captures all of these significant 

features in the data. 
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SANS data analysis and modelling C < CMC 

The Q-n Porod plots; QnI(Q) vs. Q representation is useful as it removes the Q-n 

dependence but does not provide any further detailed structure information. We have 

therefore employed a model of the air-water interface that comprises multilayers 

(treated as a paracrystal to account for repeating spacing, Figure 5) of M thin 

surfactant/water layers (number of stacks), of thickness L, separation D and 

diffuseness Ti (the variation in interface structure perpendicular to the interface; an 

ideal interface will have zero diffuseness).43,44 To this, a Qn term is added to account 

for the scattering from the smooth air-water interface. To limit the functionality of the 

fit, the diffuseness Ti has been constrained to 0.01. In this model, I(Q) = I(Q)*S(Q), 

where I(Q) is expressed as: 

𝐼(𝑄) ⟶ 𝑁 (𝜌1 − 𝜌3)2𝑉2 (
sin(

𝑄𝐿1

2 )

𝑄𝐿1

2

)

2

 

where N is the number of particles per unit volume, cm-1, ρ1 is the scattering length 

density (SLD) of the surfactant layer, ρ3 is the SLD of the solvent, V is the volume of 

the scatterer and L is the thickness of the surfactant layer. The S(Q) used here is that 

of a one dimensional paracrystal, equations (9) to (12) in the detailed model 

description by Kotlarchyk et al.44 The main contributing terms to the S(Q) are M , D as 

explained earlier and a Gaussian distribution term, σD/D. The data are fitted in an I(Q) 

vs Q representation, and the Q-n component removed post-fitting.    

Typical starting values for the heterogeneity of L and D are σ(L)/L and σ(D)/D = 0.2, 

though these values have shown to have a negligible effect on the overall quality of 

the fit within reasonable bounds. The SLDs (contrast) of the various materials is such 

that in D2O, the scattering arises equally from the air–D2O and surfactant–D2O 

interfaces, and any further deconvolution of the data is not feasible, at least in these 

systems.  
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Figure 5. Schematic presentation of the multilayer model of the adsorbed SMS 
layers at the air-water interface. L is the layer thickness and D defines the 
separation. Not to scale. 

The thickness L (bilayer of surfactant) value was estimated by calculating the critical 

chain length (Å) of the surfactant (1.5 + (1.26 x Nc) x 2)), where Nc is the number of 

carbon atoms in the alkyl chain. The value of M (number of layers) was found to 

produce suitable fits at small values (≈5), while larger values did not significantly 

improve the quality of the fit. No significant difference was observed between the 

values obtained for D from the fitting routine and the d-spacing values obtained from 

the scattering data. Key parameters from the fit are presented in Table 2. 

As the SMS hydrophobic chain length increases, subtle changes in the data can be 

observed. This could be seen in both Figures 6 (alkyl sulfate series) and 7 (alkyl 

bromide series). As shown in these figures, the multilayer model seems to reproduce 

the coarse features of the data rather well. An extensive modelling of the data showed 

that the fit was more sensitive to L than D, via the position of the peak, while the peak 

width is a compound function of both parameters.  

 

 

 

 

 

 

Table 2. Fit parameters to the scattering from small molecule surfactant 

stabilised foams at different concentrations below their CMC.  

System Description L (Å) ±2 M D (Å) ±5 

50 mM C8SO4Na  26 5 190 

16 mM C10SO4 Na 30 5 180 

4 mM  C12SO4Na 36 4 175 

72 mM C8TAB 26 5 185 

29 mM C10TAB 30 4 180 

7 mM C12TAB 40 5 180 

1.8 mM C14TAB 50 5 177 

L 

D 

Bulk air 

D
2
O rich 

SMS rich 
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In the ensuing plots, the Q-n term is removed, and subtle deviations from the fitting 

become more apparent. In Figures 6 and 7, the multilayer model approach 

reproduces - to a large extent - the position and shape of the main peak in the data, 

confirming the lengthscales relevant in these systems. In some datasets, the fitting 

also predicts the presence of the observed secondary features, though those 

characteristics are captured less well. We interpret these deviations as having their 

origins in the degree of homogeneity in the multilayer(s). 

 

 

 

 

 

 

 

Q/Å
-10.01 0.1

I(
Q

)*
Q

n

0.1

1

10

Figure 6. Porod plots from foams 

stabilised with 50 mM C8SO4Na 

(circles), 16 mM C10SO4Na (triangles) 

and 4 mM C12SO4Na (hexagons). 

Solid lines are fits to the 

paracrystalline (multilayer) model 

described in the text. Data have been 

offset for clarity. Data recorded on 

D11. 

 

Figure 7. Porod plots from foams 

stabilised with 72 mM C8TAB 

(circles), 29 mM C10TAB (triangles) 

and 7 mM C12TAB (diamonds) and 1.8 

mM C14TAB (hexagons) in D2O. Solid 

lines are fits to the paracrystalline 

(multilayer) model described in the 

text. Data have been offset for clarity. 

Data recorded on D11. 
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Conclusions 

Foams are air-in-water colloidal systems often stabilised by small molecule 

surfactants or partially hydrophobic particles. Here, model “wet” foams stabilised by 

surfactant(s) have been characterised using small-angle neutron scattering to 

determine the nature of the surfactant layer at the interface. The SANS data showed 

a strong Q-4 dependence, with a superimposed series of inflexions over the mid Q 

range, whose interpretation is the subject of debate. We interpret these features within 

the context of a paracrystalline stack of small molecule surfactant layers. Data fitting 

revealed that the thickness of the stacks, L, was sensitive to the surfactant chain 

length, and comparable to twice the fully extended length of the hydrophobic moiety. 

Other parameters such as the separation of the layers, D showed minimal sensitivity 

to the increasing surfactant chain length and in most of the cases was estimated to be 

(190-175 Å). When comparing both the fitted D values and a simple calculation of the 

d-spacing from the reciprocal of the peak position, one can hypothesise that D is a 

term that corresponds to a defined water film between the surfactant layers. There 

was no obvious correlation between the interfacial structures of these surfactants and 

equilibrium dynamics of air-water interfaces, as characterised by film collapse or 

dynamic surface tension data. The insight gained in this study will assist in the rational 

design of surfactants used to stabilise such common systems. 
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