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1. Neutron reflectivity fitting procedure

The neutron reflectometry (NR) full-Qz approach was used to resolve the structure of PLL/SDS 
films at a 4.5:1 compression ratio in 3 different isotopic contrasts. The three contrasts measured 
are important to get specific information about the structure of the film. The d-SDS/ACMW 
contrast is very sensitive to SDS molecules both in the surface monolayer and the extended 
structures (ESs). The h-SDS/D2O contrast provides a sensitive measurement of the amount of ESs, 
as the difference between the scattering length density (SLD) of SDS and the bulk is high. Thus, 
the penetration of h-SDS molecules into the D2O subphase causes a strong modulation of the 
reflectivity profile. Lastly, the d-SDS/D2O contrast is essential to determine the presence of PLL 
in the ESs. Here, the SDS molecules and the subphase have a similar SLD but it is very different 
from that of PLL.
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The data analysis has been performed in the Motofit software package of Igor Pro.1 The analysis 
followed the general procedure of co-refining fits of the data in different isotopic contrasts using 
a structural model with a minimum number of layers. The optimised model has 6 stratified layers: 
(1) SDS tails, (2) SDS headgroups with PLL and solvent, (3) PLL, (4) PLL/SDS ESs and solvent, (5) 
PLL, and (6) PLL/SDS ESs and solvent. The multilayer structure is shown schematically in Figure 
SI1. Each layer, i, is characterized by four parameters: the SLD (ρi), the thickness (di), the 
roughness and the solvent volume fraction (Vf,solvent). Table SI1 shows the values of scattering 
length, b, molecular volume, Vm, and scattering length density, ρ, of SDS and PLL.

Figure SI1. Schematic representation of the multilayer structure used in the NR data analysis. 

Table SI1. Scattering length (b), molecular volume (Vm) and scattering length density (ρ) used in 
this work for the different components studied.

Component b (fm) Vm (Å3) ρ (x 10–6 Å–2)
SS Headgroups 29.71 61 4.87
C12H25-Chains –13.76 352 –0.39
C12D25-Chains 246.53 352 7.00

SDS Molecules 15.95 413 0.39
d25-SDS Molecules 276.24 413 6.69

PLL (in ACMW) 18.85 173 1.09
PLL (in D2O) 53.35 173 3.09

All interfaces were given a roughness of 3.5 Å, which is consistent with the presence of capillary 
waves.2 All ‘surface monolayer’ (layers 1 and 2) parameters were fixed to those previously 
obtained with a 2:1 compression ratio,3 as it was observed that the monolayer composition did 
not change after collapse, e.g., the thickness of the SDS tails was 8.5 Å as the SDS surface excess 
in the monolayer (i.e. the surfactant layer in contact with air with hydrated polyelectrolyte bound 
to the headgroups) equals 4.0 ± 0.1 µmol/m2

.
2 In the case of the headgroups layer (layer 2), there 

were two important constraints applied. First, the surface excess of tails and headgroups was 
constrained to be equal to ensure physical reality. Second, the SLD of the headgroups layer 
depended on the subphase used since PLL has labile protons in the amine groups that can 
exchange with the solution. We assumed 90% proton/deuterium exchange for PLL,4 which 
translates into a headgroups SLD of 1.09 × 10–6 Å–2 in ACMW and 3.09 × 10–6 Å–2 in D2O.



To minimise the number of free fitting parameters, a number of further model assumptions were 
made. First, the two layers of ESs were constrained to have the same thickness, given that they 
are each dominated by self-assembly of patches of SDS bilayer. Second, the same PLL/SDS 
stoichiometry as in the surfactant headgroups layer (layer 2) was used in the ESs (layers 4 and 6), 
i.e. 40% PLL.  Third, as the solvent volume fraction of the PLL layers (layers 3 and 5) converged to 
zero in each preliminary fit, solvent was excluded in the optimised model. Five free fitting 
parameters remained: d of layers 3 (PLL), 5 (PLL) and 4 = 6 (ESs), and the solvent volume fraction, 
vf, of layers 4 (ESs) and 6 (ESs). A genetic algorithm used, restricting fitting ranges of parameters 
to a physically meaningful values: 2–15 Å and 20–30 Å for the thicknesses of the PLL and ESs 
layers, respectively, with 0–1 for the two solvent volume fractions. Residual background values 
were used as follows: 5 × 10–6 for d-SDS in ACMW and 3 × 10–6 for d-SDS and h-SDS in D2O. The 
parameters used and fitted are shown in Table SI2. The uncertainties of the fitting parameters 
have been calculated as the difference between the optimised parameter and the variation of 
the optimised parameter that gives rise to an increase of the χ2 of the fit by 10%.

Table SI2. Thickness (di), scattering length density (ρi), and composition obtained from the 
correspondent fit for each layer of the PLL/SDS films spread from overcharged aggregates, where 
i is the layer number.

Layer Parameter d-SDS/ACMW d-SDS/D2O h-SDS/D2O
d1 (Å) 8.5

ρ1 (x 10–6 Å–2) 7 7 -0.391
Composition 100% SDS chains

d2 (Å) 4
ρ2 (x 10–6 Å–2) 2.90 3.94 3.94

2
Composition

37% SDS heads
40% PLL

23% solvent
d3 (Å) 12.0 ± 0.7

ρ3 (x 10–6 Å–2) 1.09 3.09 3.093
Composition 100% PLL

d4 (Å) 26 ± 2
ρ4 (x 10–6 Å–2) 6.35 6.47 0.55

4
Composition

73% SDS
5% PLL

22% solvent
d5 (Å) 3 ± 1

ρ5 (x 10–6 Å–2) 1.09 3.09 3.095
Composition 100% PLL

d5 (Å) 26 ± 7
ρ5 (x 10–6 Å–2) 6.35 6.47 0.55

6
Composition

9% SDS
1% PLL

90% solvent



2. NR fitting demonstration of PLL between the ESs

Figure SI2 shows the reflectivity profiles and fits using the optimised model (A) with and an 
alternative model (B) without PLL (layer 5) located between the two layers of ESs (layers 4 and 
6). A fit of the data using the optimized model where the PLL layer is included between the ESs 
results in a χ2 value of 18 (panel A), while the absence of this layer leads to a χ2 of 25 (panel B), 
i.e. an increase of > 40% where the relative increase in number of free fitting parameters is 25%. 
In the case where the PLL layer is omitted, the model fit of the d-SDS/D2O contrast (i.e. the data 
most sensitive to the penetration of PLL beneath the surface monolayer) deviates strongly from 
the experimental data around the Kiessig fringe, emphasising the need for PLL to be included 
between the ESs. This result is also supported by the physical nature of oppositely charged 
polypeptide electrostatically screening the charges of the surfactant headgroups in the ESs.

 

Figure SI2. Neutron reflectivity profiles of a PLL/SDS film compressed to a 4.5:1 ratio using d-
SDS/ACMW (red circles), d-SDS/D2O (blue circles) and h-SDS/D2O (orange circles) contrasts. The 
continuous lines show the fits using a model (A) with PLL between the ESs layers and (B) without 
PLL layer between the ESs layers. 

3. Surface pressure and ellipsometry stability measurements

Ellipsometry was used to probe the stability of PLL/SDS and PLA/SDS films compressed to ratios 
of 2:1 and 5:1. These two compression ratios were chosen as the first is representative of the 
states of the films during the surface pressure collapse, and the second is representative of the 
states after the second kink in the isotherms where the apparent Π increases above Πc. These 
experiments are considered insightful for assessing whether the films could be transferred to 
solids for future applications. The use of a technique such as Langmuir Blodgett/Schaefer would 
require films with the ESs to be stable for a period under optimal transfer conditions.

The experiments were performed by compressing the films at a constant speed until the 
maximum compression ratio was reached and the barriers were stopped. Both Π and dΔ were 



recorded during compression and for at least 1 h at maximum compression. Figures SI3 and 4 
shows the results obtained using a maximum compression ratio of 2:1 and 5:1, respectively. In 
all cases, Π relaxes after the barriers are stopped but dΔ values remain stable indicating that the 
films presenting ESs that retain the excess of material are stable over long periods of time.

The high stability of the films makes it possible to determine their structure using NR. Such 
structural measurements usually lasts between 40 min and 1 h. Therefore, ellipsometry confirms 
that the amount of material present at the interface does not change during the NR 
measurement. Furthermore, the stability and the solid character of the films at high compression 
ratios indicates that they are suitable candidates for transfer to solid supports.

 

Figure SI3. Variation of Π (black line) and dΔ (purple diamonds) as a function of time of (A) 
PLL/SDS and (B) PLA/SDS spread films at a 2:1 compression ratio.

Figure SI4. Variation of Π (black line) and dΔ (purple diamonds) as a function of time of (A) 
PLL/SDS and (B) PLA/SDS spread films at a 5:1 compression ratio.



4. Verification of surface pressure values at high compression ratios

Figure SI5 shows data obtained in an experiment performed using 2 surface pressure sensors on 
PLL/SDS films with respect to compression of the surface area to a ratio of 10:1. The experiments 
were performed because of doubts over possible artefacts in measurements of Π that exceeded 
Πc in case a phase transition of the film to a solid nature meant that the plate experienced an 
additional force from being pulled sideways during the compression process, and hence the 
values of Π no longer represented true surface pressure. Sensor 1 with a single plate was placed 
in contact with the film at the air/water interface and kept at the same position during the 
compression, while sensor 2 was repeatedly made to contact the film with a fresh plate each 
time while the barriers has briefly stopped the compression process. It was assumed that sensor 
2 could not be affected by the possible artefact of the plate being pulled sideways. The 
approximately constant values obtained with sensor 2 after the collapse point indicates that the 
increase in surface pressure above Πc is related to the additional force exerted by the solid film.

Figure SI5. Variation of Π as a function of A using two different pressure sensors according to the 
methodology described in the text above.
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