
                          Slastanova, A., Campbell, R. A., Snow, T., Mould, E., Li, P.,
Welbourn, R. J. L., Chen, M., Robles, E., & Briscoe, W. H. (2020).
Synergy, competition, and the “hanging” polymer layer: Interactions
between a neutral amphiphilic ‘tardigrade’ comb co-polymer with an
anionic surfactant at the air-water interface. Journal of Colloid and
Interface Science, 561, 181-194.
https://doi.org/10.1016/j.jcis.2019.11.017

Peer reviewed version
License (if available):
CC BY-NC-ND
Link to published version (if available):
10.1016/j.jcis.2019.11.017

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Elsevier at https://www.sciencedirect.com/science/article/pii/S0021979719313360#! . Please refer to any
applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1016/j.jcis.2019.11.017
https://doi.org/10.1016/j.jcis.2019.11.017
https://research-information.bris.ac.uk/en/publications/2f9d0336-5709-4f2a-baed-de7c4bdfd7d4
https://research-information.bris.ac.uk/en/publications/2f9d0336-5709-4f2a-baed-de7c4bdfd7d4


Journal Pre-proofs

Synergy, competition, and the “hanging” polymer layer: Interactions between
a neutral amphiphilic ‘tardigrade’ comb co-polymer with an anionic surfactant
at the air-water interface

Anna Slastanova, Richard A. Campbell, Tim Snow, Elizabeth Mould, Peixun
Li, Rebecca J.L. Welbourn, Meng Chen, Eric Robles, Wuge H. Briscoe

PII: S0021-9797(19)31336-0
DOI: https://doi.org/10.1016/j.jcis.2019.11.017
Reference: YJCIS 25634

To appear in: Journal of Colloid and Interface Science

Received Date: 13 August 2019
Revised Date: 3 November 2019
Accepted Date: 5 November 2019

Please cite this article as: A. Slastanova, R.A. Campbell, T. Snow, E. Mould, P. Li, R.J.L. Welbourn, M. Chen, E.
Robles, W.H. Briscoe, Synergy, competition, and the “hanging” polymer layer: Interactions between a neutral
amphiphilic ‘tardigrade’ comb co-polymer with an anionic surfactant at the air-water interface, Journal of
Colloid and Interface Science (2019), doi: https://doi.org/10.1016/j.jcis.2019.11.017

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Inc.

https://doi.org/10.1016/j.jcis.2019.11.017
https://doi.org/10.1016/j.jcis.2019.11.017


1

Synergy, competition, and the “hanging” polymer layer: Interactions between a neutral amphiphilic 
‘tardigrade’ comb co-polymer with an anionic surfactant at the air-water interface

Anna Slastanova a, Richard A. Campbell b, c, Tim Snow a, d, Elizabeth Mould a, e, Peixun Li f, Rebecca 
J.L. Welbourn f, Meng Chen g, *, Eric Robles h, Wuge H. Briscoe a, *

a School of Chemistry, University of Bristol, Cantock’s Close, Bristol, BS8 1TS, UK

b Institut Laue-Langevin, 71 Avenue des Martyrs, CS20156, 38042 Grenoble, France

c Current address: Division of Pharmacy and Optometry, University of Manchester, Manchester, M13 
9PT, UK

d Diamond Light Source Ltd., Diamond House, Harwell Science & Innovation Campus, Didcot, 
Oxfordshire, OX11 0DE, UK

e Current address: Infineum UK Ltd., P.O. Box 1, Milton Hill, Abingdon OX13 6BB, UK

f ISIS Facility, STFC, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK

g Procter & Gamble Beijing Innovation Centre, 35 Yu’an Rd, Shunyi District, Beijing, China

h Household Care Analytical, Procter & Gamble Newcastle Innovation Centre, Whitley Road, 
Longbenton, Newcastle, NE12 9TS, UK

Corresponding authors * E-mail: wuge.briscoe@bristol.ac.uk; Phone: +44 (0)117 3318256; 
chen.m.22@pg.com; Phone: +86 18519269128

Author contributions

A.S., W.H.B., E.R., and M.C. were involved in the experimental design and conducted the experiments 
with help of T.S., R.A.C, R.J.L.W., E.M., P.L. A.S. analysed the data with input from R.A.C., W.H.B. and 
T.S. A.S. and W.H.B. wrote the manuscript with input from all authors.

CRediT author statement

Anna Slastanova: Conceptualisation, Methodology, Validation, Formal analysis, Investigation, Data 
curation, Writing- Original draft

Richard A. Campbell: Methodology, Formal analysis, Investigation, Data curation

Tim Snow: Formal analysis, Investigation

Elizabeth Mould: Investigation

Peixun Li: Resources

Rebecca J.L. Welbourne: Investigation

Meng Chen: Conceptualisation, Resources, Supervision, Funding acquisition



2

Eric Robles: Conceptualisation, Investigation, Resources, Supervision, Funding acquisition

Wuge H. Briscoe: Conceptualisation, Methodology, Formal analysis, Investigation, Writing-Review & 
Editing, Visualisation, Supervision, Project administration, Funding acquisition

Conflicts of interest

There are no conflicts of interest.

Abbreviations

PEG-g-PVAc: polyethylene glycol grafted with polyvinyl acetate grafts

SDS: sodium dodecyl sulfate

NR: neutron reflectivity

cmc: critical micellar concentration

XRR: X-ray reflectivity

ACMW: air contrast matched water

MW: molecular weight

γ: equilibrium surface tension

γd: dynamic surface tension

: time

pmax(): maximum pressure experienced by a bubble at given 

p0: hydrostatic pressure due to capillary immersion

r: capillary radius

SLD, ρ: scattering length density

t: thickness

σ: roughness

φwater: water volume fraction in the layer

ILL: Institute Laue-Langevin

Q: momentum transfer perpendicular to the interface

R: detected intensity

Γ: surface excess

Na: Avogadro constant

nb: scattering length
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SM: supporting material

DFA: Dynamic Foam Analyser

Δγd: dynamic surface tension lowering over time

φpolymer: polymer volume fraction in the layer

φsurfactant: surfactant volume fraction in the layer

PEI: polyethylene imine

PEO: polyethylene glycol

PNIPAM: poly-N-isopropyl acrylamide

τFVS 50%: time at which the foam volume has reduced to 50 % its initial value (measure of foam

stability)

Vfoam max: maximum foam volume

Ravg initial: initial bubble radius

C12TAB: dodecyl trimethyl ammonium bromide

C12E5: pentaethylene glycol monododecyl ether
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Abstract

Understanding the structure of polymer/surfactant mixtures at the air-water interface is of 

fundamental importance and also of relevance to a variety of practical applications. Here, the 

complexation between a neutral ’tardigrade’ comb co-polymer (consisting of a hydrophilic 

polyethylene glycol backbone with hydrophobic polyvinyl acetate grafts, PEG-g-PVAc) with an 

anionic surfactant (sodium dodecyl sulfate, SDS) at the air-water interface has been studied. 

Contrast-matched neutron reflectivity (NR) complemented by surface tension measurements 

allowed elucidation of the interfacial composition and structure of these mixed systems, as well 

as providing physical insights into the polymer/surfactant interactions at the air-water interface. 

For both polymer concentrations studied, below and above its critical aggregation concentration, 

cac, (0.2 cac and 2 cac, corresponding to 0.0002 wt% or 0.013 mM and 0.002 wt% or 0.13 mM 

respectively), we observed a synergistic cooperative behaviour at low surfactant concentrations 

with a 1-2 nm mixed interfacial layer; a competitive adsorption behaviour at higher surfactant 

concentrations was observed where the polymer was depleted from the air-water interface, with 

an overall interfacial layer thickness ~1.6 nm independent of the polymer concentration. The 

weakly associated polymer layer “hanging” proximally to the interface, however, played a role 

in enhancing foam stability, thus was relevant to the detergency efficacy in such 

polymer/surfactant mixtures in industrial formulations.

Keywords

Polymer/surfactant interactions, air-water interface, synergy, competition, foaming, comb co-

polymer, neutron reflectivity

Introduction
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Polymer/surfactant interfacial organisation is important to many processes such as foaming [1-

3], detergency [4], solubilisation [5], flotation [6], encapsulation [7], and lubrication [8], as well 

as applications such as personal care products [9],  pharmaceuticals [10, 11], and oil industries 

[12]. Recent studies using surface-sensitive experimental techniques such as X-ray reflectivity 

(XRR) and neutron reflectivity (NR) have considerably advanced our understanding of the 

interfacial behaviour of polymer/surfactant mixtures [13-17]. NR is particularly well suited for 

probing adsorbed surfactant layers at the air-water interface [13, 18-21]. In addition to the 

structure of the surfactant monolayer, the surface excess (or coverage), thickness, and the degree 

of solvation at the interface can also be determined [22]. 

Macromolecular architectures are crucial to polymer/surfactant interfacial interactions. For 

instance, association of polyelectrolytes with oppositely charged surfactants is understood to be 

driven by hydrophobic interactions at low degree of neutralisation (i.e. a relatively low surfactant 

concentration), and electrostatic attractions and entropic gains from liberated counterions at 

higher degrees of neutralisation (i.e. a higher surfactant concentration) [23, 24]. This balance can 

be influenced by changes in pH or variations of the polymer architecture (e.g. linear vs branched 

polymer) [25, 26], and leads to different polymer/surfactant micelle-like complexes (bottle-brush 

and spherical or worm-like micelles when hydrophobic interactions prevail; and electrostatic 

interactions enabling formation of lamellar complexes) [27]. 

Self-assembly and interactions between surfactants and a large number of neutral polymers (i.e. 

in the absence of the electrostatic driving force and utilising hydrogen bonding) in the bulk [28, 

29] and at the air-water interface [13, 30] have also been studied. These neutral polymers can be 

linear or branched and form parts of rich architectures (such as, brush-like, dendritic, and star-

shaped) that can be exploited in formulations and industrial applications. Different chemical 

groups can also be incorporated to generate graft co-polymer architectures, such as comb, bottle-
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brush and centipede [31, 32], with additional functionality (such as antimicrobial properties and 

friction modifiers) [33-35] and a range of self-assembled structures (such as bilayers, vesicles, 

micelles and nanogels) [36]. 

The polymer architecture (determined by NMR, Figure S1 and S2 in the Supplementary Material, 

SM) of particular interest here can be described as a ’tardigrade’ comb co-polymer PEG-g-

PVAc, with ~5-8 hydrophobic polyvinyl acetate (~13-19 PVAc monomer units) grafts along the 

hydrophilic polyethylene glycol (PEG) backbone (i.e. one graft every ~20 PEG monomer units). 

We termed the polymer tardigrade due to the superficial resemblance of its architecture to the 

morphology of the water-dwelling eight-legged segmented micro-animal (also known as “water 

bears”). The tardigrade polymer is surface active and self-aggregates in aqueous solution at 

concentrations above ~ 0.001 wt% (~ 0.067 mM). We refer to this concentration as a critical 

aggregation concentration, cac. The self-folding behaviour of chemically analogous PEG-g-

PVAc co-polymer has been demonstrated before [37, 38]. The unique molecular architecture of 

this tardigrade polymer stems from the balance between the hydrophobic PVAc grafts and the 

hydrophilic PEG backbone, with both the number and the length of the PVAc grafts important. 

If the grafting density is too high, the overall architecture of the polymer is analogous to a brush 

co-polymer and surfactant binding to such a non-ionic polymer would be significantly 

suppressed due to high steric repulsion [39]. On the other hand, if the grafting density is too low 

and the grafts are relatively long, the self-folding in the water would lead to a formation of single-

chain nanoparticles [37] which can phase-separate at very high concentrations and in presence 

of surfactants [40]. There have been numerous patents highlighting the efficacy and widespread 

usage of similar graft co-polymers in consumer products [41-47], mainly as a detergent additive 

to prevent soil redeposition. The comb co-polymer is efficient at solubilising soil and preventing 

its deposition onto fabrics after a wash cycle, working well in conditions where other polymer 



7

architectures fail, specifically at higher water hardness levels. To our knowledge, the interfacial 

properties of the ‘tardigrade’ neutral co-polymer architecture are yet to be reported. 

Despite a number of studies attempting to establish the correlation between foaming behaviour 

of polymer/surfactant mixtures and other physical properties (such as the interfacial surfactant 

layer structures [16, 48, 49] and charge [1, 2, 50], bubble stability determined by small angle 

neutron scattering [51, 52], disjoining pressure isotherms and the thin film stability [53, 54], and 

surface tension [55]), a complete understanding of foaming and foam stability facilitated by comb 

-polymer/surfactant complexes is yet to emerge [56].

In this study, we have used dynamic and equilibrium surface tension measurements and NR to 

study the compositional and structural characteristics of comb -polymer/surfactant mixtures at 

the air-water interface. Sodium dodecyl sulfate (SDS) was chosen as a model surfactant, as it is 

an analogue of anionic surfactants commonly used in detergent formulation [57]. Foaming 

behaviour of the comb-polymer/surfactant mixture was also evaluated to correlate with the 

surface tension and NR observations. The results, among the first on the interfacial structure 

containing the comb polymers, show both synergistic and competitive behaviour depending on 

the surfactant concentration. Such knowledge is relevant to fundamental understanding of the 

correlation between the comb architecture and its surface activity, and its efficacy in mediating 

detergency and foaming in industrial applications. 

Experimental Section

Materials

Both hydrogenous and deuterated sodium dodecyl sulfate (h-SDS, C12H25SO4, ≥99.0%, Sigma-

Aldrich; d-SDS, C12D25SO4, ≥98.0%, Sigma-Aldrich and ISIS Deuteration Facility) were 

recrystallised from ethanol (absolute >99.8%, Sigma-Aldrich). MilliQ water (Millipore, 

resistivity 18.2 MΩ cm, <5 ppb organic matter) was used for solution preparation for surface 



8

tension measurements, as well as for the preparation of air contrast matched water (ACMW; 

H2O:D2O, 91.1:8.9 w:w). D2O was supplied by Sigma-Aldrich (99.9%).

The amphiphilic tardigrade comb co-polymer (Figure 1) consisting of a PEG backbone and short 

PVAc grafts (Mn 15 kDa, PEG136-g-PVAc104 with the subscripts indicating the number of 

monomers; or PEG(6000)-g-PVAc(9000) with the corresponding segmental Mn indicated) was 

commercially available (~20 wt% in water, BASF). It was freeze-dried and re-dissolved in H2O, 

D2O, or ACMW for sample preparation.

Surface Tension Measurements

The equilibrium surface tension (γ) data was collected at room temperature using the Wilhelmy 

plate method with a Krüss K100 force tensiometer (measurement stopped after standard 

deviation of last 5 data points recorded at 10 s intervals was <0.01 mN m-1), and the dynamic 

surface tension (γd) was collected using the Krüss BP100 bubble pressure tensiometer using a 

glass capillary. The platinum Wilhelmy plate was flamed before every measurement to ensure 

cleanliness and surface activation. The cleanliness of both the glass vessel and the platinum plate 

Figure 1 Molecular structures (with corresponding schematics) of SDS and PEG-g-PVAc co-polymer.
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was confirmed by measuring γ of MilliQ water as γ = 72.5 ± 0.3 mN m-1 prior to every 

measurement. 

Neutron Reflectivity (NR)

The surface excess of adsorbed species is determined from fitting only the low Q range of the 

NR data obtained in ACMW, where the fitting is only sensitive to the product of t and ρ of the 

given layer and no other parameters. This approach was developed recently [16, 58, 59]. 

The structural information of the interface is elucidated from the fitting parameters of the 

interfacial layer: thickness (t), roughness (σ) and water volume fraction in the layer (φwater) over 

the whole accessible Q range. Determination of the composition of interfacial structures (i.e. the 

volume fraction, φ) is based on fitting the reflectivity profile using calculated scattering length 

densities (SLDs, ρ) of the adsorbed species [60]. 

The NR data was obtained at the FIGARO beamline at Institut Laue-Langevin (ILL, Grenoble, 

France) [61] and at the INTER beamline at ISIS Neutron Source (STFC Rutherford Appleton 

Laboratory, Didcot, UK) [62]. Briefly, a neutron beam is detected by a time-of-flight detector, 

accessing a Q range of ~ 0.005-0.25 Å-1 at FIGARO and ~ 0.01-0.2 Å-1 at INTER by using 

neutrons with a range of wavelengths (λ = 2 – 30 Å at FIGARO and λ = 1.5 – 17 Å at INTER) at 

two different grazing incidence angles (θ = 0.62° and 3.79° at FIGARO and θ = 0.80° and 2.30° 

at INTER) at the air-water interface. Here Q is the momentum transfer perpendicular to the 

interface, . The obtained reflectivity profile can be plotted as reflectivity, R(Q) vs. Q, 𝑄 =
4𝜋 sin(𝜃)

𝜆

or alternatively as RQ4(Q) vs. Q to highlight mild fringes by compensating the intrinsic R(Q) 

decay with Q-4. The background was subtracted from the data recorded at FIGARO thanks to use 

of the 2D detector but not from the data recorded at INTER.
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The surface excess was calculated from the data acquired in ACMW in the low Q range following 

the recent approach described in [16, 58]. The data fitting was performed using the Motofit 

package in IGOR Pro [63], with a fit tolerance of 5 % which can be taken as an estimated relative 

error.

Surface Excess Calculation

Surface excess, Γ, is the amount of species at the interface per unit area (in μmol m-2 in the case 

of SDS, and in mg m-2 in the case of PEG-g-PVAc). Γ of a single component layer can be 

determined from NR data in ACMW using: 

 (Equation 3)𝛤 =
𝜌𝑡

𝑁𝐴𝑛𝑏

where ρ is the fitted SLD of the adsorbed species, t is the fitted thickness, Na is Avogadro’s 

constant, and nb is the theoretically calculated scattering length of the adsorbed species in the 

layer. It is also feasible to determine Γ of a two-component system (cf. Section S4 in the SM) 

using a low Q approach. The derivation of equations used in the low Q approach is shown in the 

SM. The ΓPEG-g-PVAc is shown in mg m-2 for clarity, due to the large size of the molecule and 

therefore a very small ΓPEG-g-PVAc value in μmol m-2.

Foaming Measurements

All foaming measurements were performed with a Krüss Dynamic Foam Analyser (DFA 100), 

using 60 mL of a solution in a glass column of 4 cm in diameter. The foam was generated by air 

flow through a sintered porous glass filter (pore size 40-100 μm, 3 cm in diameter) at a flow rate 

of 0.3 L min-1 for 12 s. The liquid, foam, and total height were detected using blue light 

illumination and a camera. 
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Results and Discussion 

Equilibrium and Dynamic Surface Tension: From Synergistic Cooperative Adsorption to 

SDS-Polymer Competition 

The equilibrium () and dynamic surface tension  data of the pure polymer and SDS, as well as 

their mixtures, is shown in Figure 2a,c. At low SDS concentrations (< ~0.5 cmc), for the 

polymer/surfactant mixtures at both 0.2 and 2 cac polymer concentrations ( and  respectively 

in Figure 2a), there is a significant synergistic effect observed compared to pure SDS (), 

evident from the lowering in the equilibrium surface tension by ~13-18 mN m-1 of the mixture. 

This is likely due to polymer/SDS cooperative adsorption to the interface, where the polymer 

could form loops and trains at the interface [64], as well as interacting with, and thus 

accommodating, the surfactant molecules. Compared to pure 0.2 cac polymer solution (; 

   mN m-1), the synergy is also evident, with  of the 0.2 cac-polymer/SDS mixture lower by 

10-12 mN m-1. For the 2 cac-polymer/SDS mixture, the synergistic effect is less pronounced, 

with  lowering by only ~1-2 mN m-1 relative to the surface tension of the pure polymer above 

its cac (   mN m-1). This suggests that the cooperative adsorption was much less pronounced 

in these mixtures, and it is likely the polymer adsorbed preferentially at the interface in these 

systems. 

For the mixtures containing 0.2 and 2 cac polymer with 0.5 cmc SDS, a transition from the 

regime of cooperative to competitive adsorption behaviour was observed (cf. also the fitted 

thickness of the interfacial layer, Figure 5). The surface tension values for the mixtures are 

similar (  43.3 ± 0.8 mN m-1 for mixtures containing 0.2 cac PEG-g-PVAc and  40.5 ± 2.9 mN 

m-1 for mixtures containing 2 cac PEG-g-PVAc, from 5 separate measurements each) and fall 

between those of pure SDS ( ~ 40 mN m-1 ) and pure polymer ( ~55 and 44 mN m-1 for 0.2 and 

2 cac, respectively). This suggests that the interface was largely occupied by the surfactant at the 
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Figure 2. a) Equilibrium surface tension  vs. surfactant or polymer concentration (in their respective cmc and 
cac determined experimentally) using the Wilhelmy plate method. Four sets of data are shown for pure SDS 
(), pure polymer (), and the polymer (0.2  and 2 cac ) mixed with SDS at different concentrations. Data 
points labelled 1-11 indicate specific polymer and surfactant concentrations. (b) The legend table lists the 
polymer and surfactant concentrations for the 11 dynamic surface tension curves, with the corresponding 
symbols for the plots in (a) and the corresponding numbers in (a), (c) and (d). The dynamic surface tension d 
vs. the surface age  is shown in (c), using the bubble pressure method. Curves 9-11 in (c) (5 cmc SDS) overlay 
with each other. (d) A bar chart showing the d at  ~10 ms for curves 1-11, with the surface tension lowering 
Δd (d at  ~10 ms - d at  ~4 min). The error bars in all cases are determined as a standard deviation from an 
experimental error determined from 3 separate measurements. 

 

0.5 cmc SDS concentration, which had been attributed to polymer partial desorption from the 

interface [65]; this led to a slight increase in the surface tension compared to that of pure SDS. 

In the case of 0.5 cmc-SDS mixtures with higher polymer concentration (2 cac PEG-g-PVAc), 

the surface tension values from 2 measurements showed a synergistic effect, whilst 3 other 

measurements pointed towards a competitive behaviour with less polymer adsorbing to the 
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interface. The interfacial behaviour at this SDS concentration is therefore assumed to be the 

transition point between the cooperative polymer-surfactant adsorption and the competitive 

behaviour where SDS adsorbed preferentially to the interface compared to PEG-g-PVAc.

At higher SDS concentrations (1.2 cmc and 5 cmc), the  values of the mixtures (~ 37 and 38 mN 

m-1 for 0.2 cac  and 2 cac  polymer, respectively; Figure 2a) are very similar to that of the 

pure SDS solution ( ~ 37 mN m-1). This indicates competitive adsorption between SDS and the 

polymer, with the polymer largely depleted and an SDS monolayer present at the interface.

Such interfacial behaviour of transitioning from synergy to competition of the polymer/surfactant 

mixture has not been reported widely from previous observations. It has been more commonly 

observed that the addition of a polymer would typically increase , by essentially lowering the 

amount of SDS in the bulk solution from the surfactant cmc to its cac (critical aggregation 

concentration), hence leading to a lower corresponding adsorbed amount at the air-water 

interface [66]. In our case, any preferential adsorption of PEG-g-PVAc over SDS was not 

observed in the mixed system, even after a prolonged equilibration time (up to 48 h, Figure S3); 

neither was there evidence for adsorption of the depleted polymer to the interface with time.

This synergy-to-competition transition is also consistent with the dynamic surface tension data 

(d as a function of time  (surface age); Figure 2c). The onset of the lowering of d is presumed 

to correspond to the adsorption of the polymer, surfactant and their mixture at the air (bubble)-

water interface. Curve 1 in Figure 2c () for 0.2 cac PEG-g-PVAc shows relatively slow 

adsorption of the polymer, with d lowering onsetting at  ~ 1 min after interface formation, and 

decreasing from ~ 75 mN m-1 to ~ 68 mN m-1 within ~4 min. The adsorption of 2 cac PEG-g-

PVAc (Curve 2; ) was much faster, onsetting at ~ 2 s and with a total d lowering of ~ 24 mN 

m-1, to ~ 50 mN m-1, within the timeframe of the measurement. 
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Curves 3, 6 and 9 show the data for pure surfactant systems containing 0.05, 0.5 and 5 cmc SDS, 

respectively. There is no appreciable d lowering in the case of 0.05 cmc SDS (Curve 3 ), with 

γd remaining at ~ 70 mN m-1 throughout the measurement time (4 min). In the case of 0.5 cmc 

SDS (Curve 6 ), fast adsorption of the surfactant was observed at τ ~ 10 ms (γd ~ 62 mN m-1), 

with γd then lowering to ~ 44 mN m-1 at τ ~ 4 min. Even faster γd lowering and thus surfactant 

adsorption was observed in the case of 5 cmc SDS (Curve 9 ), with γd ~ 46 mN m-1 already at 

τ ~ 10 ms, which reached a plateau value of γd ~ 38 mN m-1 rapidly at τ ~ 1 s.

The strong synergistic effect at low SDS concentration (0.05 cmc) is evident from the difference 

in adsorption of polymer/surfactant mixtures (Curves 4 and 5: 0.2 cac PEG-g-PVAc + 0.05 cmc 

SDS, and 2 cac PEG-g-PVAc + 0.05 cmc SDS) compared to either of the pure systems (Curves 

1, 2 and 3). Compared to pure 0.05 cmc SDS (Curve 3), the presence of PEG-g-PVAc at 0.2 cac 

(Curve 4) and 2 cac (Curve 5) led to both faster adsorption kinetics and a greater reduction in the 

surface tension. This is evident from their similar initial γd ~ 71-73 mN m-1 at τ ~ 10 ms, a γd 

lowering at τ ~ 4 min of Δγd ~ 13 and 24 mN m-1, respectively (i.e. final γd ~ 60 and 46 mN m-1 

for the mixtures containing 0.2 and 2 cac PEG-g-PVAc with 0.05 cmc SDS). 

At 0.5 cmc SDS (Curves 6-8 in Figure 2c), the initial γd decay for both SDS-polymer mixtures 

(Curves 7,8) started from a similar value (γd ~ 62 mN m-1) and tracked that in pure SDS solution 

(Curve 5), attributed to fast SDS adsorption to the interface. Subsequent polymer adsorption to 

the interface further lowered surface tension. For the mixture containing 0.2 cac PEG-g-PVAc + 

0.5 cmc SDS (Curve 7), γd begins to deviate from that of pure 0.5 cmc SDS at τ ~ 2 s (γd ~ 52 

mN m-1), and a further surface tension reduction ~ 7 mN m-1 was observed (i.e. at τ ~ 4 min, Δγd 

~ 26 mN m-1 for the mixture, compared to Δγd ~ 18 mN m-1 in the case of pure 0.5 cmc SDS). 

Similar behaviour, with more pronounced secondary polymer adsorption, was observed in the 

case of 2 cac PEG-g-PVAc + 0.5 cmc SDS (Curve 8). The γd data starts differing from that of 



15

pure 0.5 cmc SDS at τ ~ 200 ms (γd ~ 54 mN m-1). The final γd, at τ ~ 4 min was γd ~ 33 mN m-

1, which corresponds to an additional Δγd relative to that of pure 0.5 cmc SDS (Curve 6) of Δγd ~ 

11 mN m-1, and Δγd ~ 4 mN m-1 relative to that of 0.2 cac PEG-g-PVAc + 0.5 cmc SDS. This 

behaviour is interpreted to be due to the presence of a secondary “hanging” polymer layer 

adsorbing to an interface already partially covered by SDS molecules, likely via interacting with 

the SDS headgroups. This is also consistent with the NR data presented below (cf. Figure 5).

In the mixtures containing 5 cmc SDS (Curves 10, 11 in Figure 2b), the γd decay tracked closely 

that of a pure 5 cmc SDS (Curve 9) from τ ~ 10 ms (γd ~ 45 mN m-1) and then throughout the 

measurement time (at τ ~ 4 min, γd ~ 40 mN m-1). This observation is consistent with competitive 

adsorption, where SDS rapidly forms a complete monolayer at the interface, with the polymer 

depleted from the interface and no further secondary polymer adsorption.

It is not straightforward to determine the surface excess of each of the adsorbing species within 

a mixture using the Gibbs isotherm from surface tension data, therefore the surface excess was 

determined from the NR data, which also yields the out-of-plane structure and composition of 

the interfacial layer. The equilibrium and dynamic surface tension data, however, offer 

qualitative insights of the polymer/surfactant adsorption behaviour and the transition from 

cooperative adsorption of SDS and the polymer at low SDS concentration to competitive 

adsorption at high SDS concentration.

Neutron Reflectivity Results: Interfacial Layer Composition and Structure

The composition of interfacial polymer/surfactant layer at the air-water interface was determined 

by the means of Γ calculation, in connection with t, σ, ρ and φwater data fitting to obtain the 

structural information of the interfacial layer.

Γ of SDS and PEG-g-PVAc was determined by fitting the NR data using a 1-layer model at a 

restricted low Q range in 2 isotopic contrasts (h-SDS and d-SDS with h-PEG-g-PVAc) in 
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ACMW. This approach, pioneered over the last few years on the FIGARO beamline and 

described in detail in [16, 58, 59], provides a more direct measure of the interfacial composition 

compared to a structural analysis, as it is independent of the model applied. We summarise Γ vs 

surfactant concentration in Figure 3 (and in Figure S4 in SM). It shows that the amount of SDS 

at the interface is affected by the presence of the polymer only at SDS concentrations below its 

cmc value, with an increasing value from ΓSDS ~ 0.13 μmol m-2 to a plateau value of ΓSDS ~ 4.2 

μmol m-2 at concentrations above the cmc of SDS. Correspondingly, ΓPEG-g-PVAc in the same 

mixtures decreases with the increasing SDS concentration, from ΓPEG-g-PVAc ~ 2.0 mg m-2 to ΓPEG-

g-PVAc ~ 0.02 mg m-2, suggesting that the polymer is depleted from the interface by the surfactant. 

The relevant ΓSDS and ΓPEG-g-PVAc values are later presented alongside the NR data fitting over 

the whole Q range in 4 isotopic contrasts. 

Figure 3 The calculated Γ vs SDS concentration of mixed PEG-g-PVAc + SDS systems is shown. The ΓSDS is 
shown in μmol m-2 on the left axis and represented by the filled markers, and ΓPEG-g-PVAc is shown in mg m-2 on 
the right axis and represented by the empty markers. The dashed lines act as a guide to the eyes only. 
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Figure S5 (Supporting Material, SM) shows NR data at the air-water interface in 2 isotopic 

contrasts (h-polymer in ACMW or D2O) for the pure comb polymer at 0.2 and 2 cac, which can 

be well described by a homogenous 1-layer model of hydrated polymer, with the corresponding 

fitted scattering length density (SLD) ρ profiles also shown in Figure S5 and the fitting 

parameters t, σ, and φwater listed in Table 1. Consistent with the surface tension measurement, the 

NR data indicates the surface activity of the comb polymer, likely due to the short hydrophobic 

PVAc grafts covering the air-water interface, although a single layer model could describe the 

data satisfactorily (without having to divide the interfacial layer into a PVAc layer and PEG 

layer), as the PVAc and PEG layers would be very thin separately. The interfacial polymer layer 

thickness increased from t ~ 10.8 Å (ΓPEG-g-PVAc ~ 1.17 mg m-2) at 0.2 cac to t ~ 28.0 Å (ΓPEG-g-

PVAc ~ 2.79 mg m-2) at 2 cac. 

The NR data and the fitted ρ profiles using a 1-layer model for SDS at 0.1 cmc and a 2-layer 

model for SDS at 1.2 cmc are shown in Figure S6 in the SM section, with two separate layers: 

the hydrocarbon chain layer (its ρ depending on h- or d-surf used) and the headgroup layer (same 

ρ for both h- and d-surf). It has been shown that fitting of NR data of ionic surfactant above its 

cmc in multiple isotopic contrasts and over the accessible Q range requires the use of two 

separate layers [18]. However, this was not discussed in the case of a low surface coverage (i.e. 

low surfactant concentration, such as 0.1 cmc) in which case the low layer t indicates highly 

tilted molecules at the interface and so removes the need for separating the tails and headgroups 

in the fitting model. The fitting parameters listed in Table 1 show that the SDS layer thickness 

and coverage at the air-water interface increased (overall t ~ 7.2 Å, ΓSDS ~ 2.66 μmol m-2 and t ~ 

11.9 Å, ΓSDS ~ 4.38 μmol m-2 for 0.1 and 1.2 cmc SDS respectively) with its bulk concentration, 

which is consistent with the literature [67]. 
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For the polymer/surfactant mixtures, two approaches were taken to analyse the NR data over the 

whole accessible Q range. In the first trial approach, a single layer model was used to fit the NR 

data (Figure S7), with the layer composition calculated from the fitted ρ value to obtain the 

volume fraction of the polymer (φPEG-g-PVAc) and the surfactant (φSDS). 

To gain more structural information, the NR data was further fitted using a multilayer model, 

where appropriate. A more detailed description of various different models used is discussed in 

the SM. Here, we present the models optimised to fit the data. In the multilayer model, an attempt 

was made to keep the σ values for separate layers constant, as this approach ensures conservation 

of mass in the fitted layer even though high roughness causes smearing of the ρ profile. However, 

this was not possible in our system, possibly due to the polymer loops increasing the σ of the 

layers around the PEG-g-PVAc. It was shown that highly asymmetrical σ values in a multilayer 

model could cause unphysical σ profiles with a negative amount of material [18]; therefore, the 

σ variations within the layers were kept to minimal. The physicality of our fits was proved by 

the fact that in all cases the largest difference between σ values at different interfaces (so different 

layers) of the same model divided by the smallest t in the model was <1/3 (conservation of mass), 

and the ρ profile (although significantly smoothened) did not suggest negative amounts of 

adsorbed species at the interface.  

For the mixtures of 0.05 cmc SDS with 0.2 and 2 cac polymer, the NR data (as RQ4(Q) vs. Q) and 

the fits with the corresponding fitted ρ profiles and schematic representations of the layer 

structure are shown in Figure 4; those for the mixtures with 0.5 and 5 cmc SDS are shown in 

Figure 5 and Figure 6, respectively. The NR data at other two mixtures with 0.1 and 1.2 cmc 

SDS are shown in Figure S8 and S9 in SM. All of the fitted parameters are listed in Table 1 

below. 
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Table 1 The fitted parameters (with a fit tolerance of 5 % which can be taken as an estimated relative error) for the 
optimised multilayer models for mixtures of PEG-g-PVAc and SDS, as well as the pure systems. The superscripts 
for the fitted scattering length density (SLD) ρ values in the table correspond to the following polymer/surfactant 
volume fractions: 1 90% PEG-g-PVAc + 10% SDS, 2 74% PEG-g-PVAc + 26% SDS, 3 71% PEG-g-PVAc + 29% 
SDS headgroup, 4 97% PEG-g-PVAc + 3% SDS, 5 95% PEG-g-PVAc + 5% SDS, 6 63% PEG-g-PVAc + 37% SDS 
headgroup. The σbkg is the roughness between the water and the interfacial layers. 
PEG-g -PVAc SDS Bkg

conc      
(cmc)

conc 
(cmc)

t 1        

(Å)

h-ρ 1       

(10-6 Å-2)

d-ρ 1    

(10-6 Å-2)
φ water-1 

(%)
σ 1       

(Å)
t 2        

(Å)

ρ 2         

(10-6 Å-2)
φ water-2 

(%)
σ 2        

(Å)
t 3        

(Å)

ρ 3         

(10-6 Å-2)
φ water-3 

(%)
σ 3        

(Å)
σ bkg       

(Å)

0.2 0.05 12.3 0.97 1 1.61 1 20 3.6 - - - - - - - - 2.6
0.2 0.1 10.0 0.87 2 2.55 2 22 5.0 - - - - - - 3.1
0.2 0.5 5.8 -0.39 7.00 0 3.3 5.3 2.42 3 47 2.8 - - - - 4.2
0.2 1.2 8.7 -0.39 7.00 0 4.9 5.7 5.82 78 3.5 4.4 1.03 93 4.9 4.5
0.2 5 9.3 -0.39 7.00 0 4.0 3.9 5.82 66 5.0 3.2 1.03 82 4.0 4.0

2 0.05 22.3 1.01 4 1.21 4 15 7.9 - - - - - - - - 6.2
2 0.1 19.4 1.00 5 1.32 5 16 6.6 - - - - - - - - 4.3
2 0.5 4.9 -0.39 7.00 0 4.5 4.7 2.80 6 44 4.1 - - - - 4.2
2 1.2 8.3 -0.39 7.00 0 4.8 3.3 5.82 63 4.3 4.4 1.03 83 5.3 4.3
2 5 9.2 -0.39 7.00 0 5.0 3.2 5.82 58 5.7 2.7 1.03 92 5.0 5.4

0.2 - 10.8 1.03 - 12 3.9 - - - - - - - - 3.2
2 - 28.0 1.03 - 19 3.6 - - - - - - - - 5.2
- 0.1 7.2 0.4 6.85 0 3.2 - - - - - - - - 3.0
- 1.2 9.0 -0.39 7.00 0 4.0 2.9 5.82 55 3.4 - - - - 4.3

Layer 1 Layer 2 Layer 3

At low SDS concentrations (0.05 and 0.1 cmc), the NR data for the SDS/polymer mixtures is 

well described by a 1-layer model (a comparison to a 2-layer model fitting is shown in Figure 

S10 in the SM), with a mixed interfacial layer comprising mostly the polymer and the thickness 

of this layer was dependent on the polymer concentration (t ~ 12.3 Å and ~ 22.3 Å for 0.2 and 2 

cac polymer, respectively). However, it is important to note that the data cannot be fitted with a 

pure polymer layer, suggesting that there was cooperative adsorption at the interface at low SDS 

concentrations. The corresponding schematic representation shows a uniformly mixed layer of 

surfactant and polymer at the interface (Figure 4), of thickness similar to that of a pure polymer 

layer. The fitted φPEG-g-PVAc is higher in the mixed layer from the sample with 2 cac PEG-g-PVAc 

(φPEG-g-PVAc ~ 97% polymer, corresponding to ΓPEG-g-PVAc ~ 2.05 mg m-2 and ΓSDS ~ 0.13 μmol 

m-2, equivalent to ΓSDS ~ 0.04 mg m-2), compared to that from 0.2 cac PEG-g-PVAc (φPEG-g-PVAc 

~90% polymer, or ΓPEG-g-PVAc ~ 0.98 mg m-2 and ΓSDS ~ 0.38 μmol m-2, which is equivalent to 

ΓSDS ~ 0.11 mg m-2, respectively), with the thickness and associated roughness almost twice the 

value (t ~ 22.3 Å with σ ~ 7.9 Å compared to t ~ 12.3 Å with σ ~ 3.6  Å, respectively). This is 
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Figure 4 Fitted NR data for 0.05 cmc SDS with 0.2 and 2 cac PEG-g-PVAc, with the fitted ρ profiles and schematic 
representation based on the fitted parameters. The data is colour coded as follows: red represents mixtures of PEG-
g-PVAc and dSDS in D2O, green represents mixtures of PEG-g-PVAc with hSDS in D2O, blue represents mixtures 
of PEG-g-PVAc with dSDS in ACMW, and purple represents mixtures of PEG-g-PVAc with hSDS in ACMW. 
The error bars associated with the data points were determined from the data reduction, larger at higher Q values 
due to lower contrast between the solvent and sample. The solid lines show the fitted curve, with the fitted 
parameters also shown, including thickness (t), solvent volume fraction (φwater), and roughness of the layer (σ).

consistent with cooperative adsorption at the interface, with a homogenously mixed layer of SDS 

and the polymer, likely forming polymer loops and trains [64] associated with surfactant 

molecules. As the polymer itself contains hydrophobic regions and is intrinsically surface active, 

synergistic adsorption with SDS is conceivable, as reported before for other polymer/SDS 
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complexes [68]. The polymer/surfactant distribution, however, could not be obtained from the 

single-layer model. 

At intermediate concentration of SDS (0.5 cmc), the NR data was best fitted using a 2-layer 

model, with an upper layer at the air-water interface attributed to the surfactant hydrocarbon tails 

and a second underlying layer comprising a mixture of the SDS headgroups and the polymer 

(Figure 5). The headgroups are likely interacting with the PEG backbone, forming a tighter 

packed layer compared to a pure SDS layer [69]. For comparison, the fits using a 1-layer model 

are also shown in Figure S11. The much smaller fitted t1 of the surfactant hydrocarbon tail layer 

(t1 ~ 4.9-5.8 Å  depending on the polymer concentration, Table 1) compared to a pure monolayer 

of SDS (t1 ~ 9.0 Å)  suggests there is a tilted layer of SDS forming at the interface (with an 

average tilt angle  of 50° in the case of 0.2 cac PEG-g-PVAc and 57° in the case of 2 cac 

PEG-g-PVAc with respect to the surface normal of pure 1.2 cmc SDS monolayer), with an 

underlying mixed polymer/SDS headgroup layer (cf. the schematic in figure insets). 

The fitted t2 of the polymer layer associated with SDS headgroups is relatively thin in both cases. 

Intriguingly, the headgroup/polymer layer thickness decreases with increased polymer 

concentration (from t2 ~ 5.3 Å to t2 ~ 4.7 Å). Correspondingly, φPEG-g-PVAc in the layer decreases 

from ~ 71 % to ~ 63 %. The adsorbed amount values at the interface are as follows: ΓPEG-g-PVAc 

~ 0.25 mg m-2 and ΓSDS ~ 2.77 μmol m-2 (equivalent to ΓSDS ~ 0.80 mg m-2) in the mixtures 

containing 0.2 cac PEG-g-PVAc, and ΓPEG-g-PVAc ~ 0.38 mg m-2 and ΓSDS ~ 2.36 μmol m-2 

(equivalent to ΓSDS ~ 0.68 mg m-2) in the mixtures containing 2 cac PEG-g-PVAc. This indicates 

preferential adsorption of the surfactant in the mixed layer at the lower polymer concentrations. 

Additionally, the SDS hydrocarbon tail thickness is also smaller in the mixture containing higher 

PEG-g-PVAc concentration, suggesting a more compact layer due to stronger interaction 
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between the SDS and the polymer molecules at this concentration than at any other mixtures in 

the current series of measurements (0.05-5 cmc SDS and 0.2/2 cac PEG-g-PVAc).

Figure 5 Fitted NR data for 0.5 cmc SDS with 0.2 and 2 cac PEG-g-PVAc, with the fitted ρ profiles and schematic 
representation based on the fitted parameters. The data is colour coded as follows: red represents mixtures of PEG-
g-PVAc and dSDS in D2O, green represents mixtures of PEG-g-PVAc with hSDS in D2O, blue represents mixtures 
of PEG-g-PVAc with dSDS in ACMW, and purple represents mixtures of PEG-g-PVAc with hSDS in ACMW. 
The error bars associated with the data points were determined from the data reduction, larger at higher Q values 
due to lower contrast between the solvent and sample. The solid lines show the fitted curve, with the fitted 
parameters also shown, including thickness (t), solvent volume fraction (φwater), and roughness of the layer (σ).
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For mixtures with the SDS concentration above its cmc, a 3-layer model best describes the NR 

data: a SDS hydrocarbon tail layer at the air-water interface, an SDS headgroup layer, and an 

underlying PEG-g-PVAc layer (Figure 6). For comparison, the fits using a 1-layer model are also 

shown in Figure S12. The thickness of the hydrocarbon tails (t1 ~ 9.2 Å in both cases) is similar 

to that of a pure SDS above its cmc (fitted t1 ~ 9.0 Å, consistent with literature [18]), suggesting 

a complete SDS monolayer at the interface was formed (overall ΓSDS ~ 4.17 μmol m-2). The fitted 

SDS headgroup layer thickness (t2 ~ 3.2-3.9 Å) and φwater agree with the literature values and 

theoretical calculations. The polymer layer beneath the SDS headgroups is very thin with a large 

interfacial roughness relative to its t (t3 ~ 3.2 Å with σ3 ~ 4.0 Å for SDS/0.2 cac PEG-g-PVAc, 

and t3 ~ 2.7 Å with σ3 ~ 4.1 Å for SDS/2 cac PEG-g-PVAc), which together with the high φwater 

~ 82-92% suggests this layer is extremely inhomogeneous (low surface coverage and therefore 

very likely patchiness). This polymer layer is therefore likely to be stretching towards the bulk 

liquid sub-phase, and only have negligible effect on the γ (cf. Figure 2 and no visible Δγ lowering 

compared to the pure SDS above its cmc). Such a behaviour suggests a strong competitive 

adsorption where the SDS forms a complete monolayer at the interface and the polymer is 

depleted from the interface with an extremely small amount associated with the interface, where 

the SDS headgroups can still interact with the solubilised polymer. This is reflected in the 

corresponding adsorbed amounts: ΓPEG-g-PVAc ~ 0.01 mg m-2 in mixtures containing 0.2 cac PEG-

g-PVAc, ΓPEG-g-PVAc ~ 0.03 mg m-2 in mixtures containing 2 cac PEG-g-PVAc, and ΓSDS ~ 4.17 

μmol m-2 (equivalent to ΓSDS ~ 1.20 mg m-2) independent of the polymer concentration. 
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Figure 6 Fitted NR data for 5 cmc SDS with 0.2 and 2 cac PEG-g-PVAc, with the fitted ρ profiles and schematic 
representation based on the fitted parameters. The data is colour coded as follows: red represents mixtures of PEG-
g-PVAc and dSDS in D2O, green represents mixtures of PEG-g-PVAc with hSDS in D2O, blue represents mixtures 
of PEG-g-PVAc with dSDS in ACMW, and purple represents mixtures of PEG-g-PVAc with hSDS in ACMW. 
The error bars associated with the data points were determined from the data reduction, larger at higher Q values 
due to lower contrast between the solvent and sample. The solid lines show the fitted curve, with the fitted 
parameters also shown, including thickness (t), solvent volume fraction (φwater), and roughness of the layer (σ).
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Figure 7 A schematic representation of the polymer/surfactant adsorption behaviour at the air-water interface 
derived from the combination of dynamic surface tension and NR data. Top row: synergistic cooperative 
adsorption regime. Fully cooperative adsorption of the polymer/surfactant system at very low SDS 
concentration (0.05 cmc SDS + PEG-g-PVAc) at all timescales and as a fully mixed complex at the interface. 
Middle row: transition regime. SDS molecules adsorbed at the air-water interface first, followed by a 
secondary and much slower polymer adsorption towards the interface, forming a “hanging” polymer layer 
interacting mainly with the SDS headgroups at the interface, consistent with the data obtained for mixtures of 
0.5 cmc SDS + PEG-g-PVAc. Bottom row: competitive adsorption regime: formation of SDS monolayer at 
the air-water interface followed by micellisation in the bulk and likely formation of polymer/SDS micelle 
complexes, consistent with data obtained for 5 cmc SDS + PEG-g-PVAc. The secondary adsorption of the 
polymer towards the interface can be derived from the NR data fitting, as there is no influence of the polymer 
on the final surface tension data in the systems containing 5 cmc SDS.
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The trends observed from the calculated Γ data are consistent with the trends of the fitted t from 

the NR data, and the interfacial adsorption behaviour derived from the surface tension 

measurements. In general, over the range of samples examined, with increasing SDS 

concentration, t1 and ΓSDS increase and ΓPEG-g-PVAc (also φPEG-g-PVAc where relevant) and t3 

decrease progressively. That is, we have observed evidence for synergistic adsorption of 

SDS/PEG-g-PVAc mixtures at low SDS concentration, with a transition to competitive 
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adsorption at the interface for mixtures at higher SDS concentrations (as schematically 

represented in Figure 7). At the SDS concentrations >0.5 cmc, the interfacial layer comprises 

predominantly of an SDS monolayer, with PEG-g-PVAc depleted from the interface.

Foaming Behaviour of the polymer/surfactant mixtures: The “hanging” polymer layer affects 

the foamability and foam stability

The foam stability, measured as the time at which the foam volume has reduced to 50% of its 

initial value and denoted as τFVS 50%,  is enhanced after the addition of PEG-g-PVAc compared 

to that of a pure SDS solution foam even at high surfactant concentration (Figure 8a, Table 2). 

The most pronounced τFVS 50% enhancement is evident in the systems containing SDS 

concentrations below its cmc. In the pure system containing 0.05 cmc SDS, τFVS 50% ~ 246 s, 

compared to τFVS 50% ~ 3555 s in the system containing 2 cac PEG-g-PVAc + 0.05 cmc SDS 

showing synergistic behaviour in the polymer/surfactant foam stabilisation. The most 

pronounced foam stability enhancement was observed in systems containing 0.5 cmc SDS (τFVS 

50% ~ 3632 s for 0.5 cmc SDS, τFVS 50% ~ 10840 s for 0.5 cmc SDS + 0.2 cac PEG-g-PVAc and 

τFVS 50% ~ 11822 s for 0.5 cmc SDS + 2 cac PEG-g-PVAc). At this concentration, we deduced a 

mixed SDS headgroup/polymer from NR fitting at the air-water interface (Figure 5). This 

interfacial layer will therefore be present in the foam bubbles, enhancing the foam stability via 

the presence of interacting polymer/headgroup layer. 

The foamability (or the maximum foam volume produced, Vfoam max, Figure 8b) is not 

significantly influenced by the addition of polymer to an SDS solution at higher SDS 

concentration with Vfoam_max ~ 83 mL in all systems containing SDS at 0.5 and 5 cmc, including 

the polymer/surfactant systems. Furthermore, it is only slightly influenced by the presence of 
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Table 2 The Vfoam max, τFVS 50% and Ravg initial determined from foam measurements of PEG-g-PVAc mixtures with 
SDS.

PEG-g- PVAc 
conc (cac)

SDS       
conc (cmc)

Foam half-life 
time, τ FVS 50% (s)

Maximum 
foam volume, 
V foam max (mL)

Initial average 
bubble radius, 
R avg initial (μm)

0.2 - 10.4 ± 8.3 11.7 ± 4.0 14.0 ± 0.5
2 - 121.7 ± 46.0 48.4 ± 6.8 180.7 ± 30.0
- 0.05 245.8 ± 134.3 69.3 ± 1.7 125.7 ± 11.6

0.2 0.05 66.4 ± 9.1 65.3 ± 5.1 129.7 ± 2.3
2 0.05 3555.0 ± 526.2 78.4 ± 0.8 134.0 ± 4.4
- 0.5 3632.4 ± 2215.0 84.0 ± 4.3 136.0 ± 5.6

0.2 0.5 10839.8 ± 1837.3 82.6 ± 5.0 128.0 ± 1.7
2 0.5 11821.9 ± 676.4 82.7 ± 1.8 130.0 ± 1.0
- 5 3538.0 ± 296.5 80.8 ± 1.4 141.3 ± 2.1

0.2 5 4863.7 ± 326.1 83.9 ± 3.6 129.7 ± 6.5
2 5 4633.0 ± 767.8 83.3 ± 0.8 125.7 ± 7.1

polymer in the mixtures containing low concentration SDS, with Vfoam_max ~ 78 mL in 2 cac PEG-

g-PVAc with 0.05 cmc SDS, compared to Vfoam_max ~ 69 mL in the pure 0.05 cmc SDS. 

The initial bubble radius, Ravg initial (Figure 8c), is essentially constant within the error margins of 

the measurements for the polymer/surfactant mixtures with the pure surfactant system. The 

bubble size of the pure polymer sample above its cmc value is larger (Ravg initial ~ 180 μm) than 

that of the mixed systems (Ravg initial ~ 130 μm for all the mixed systems studied), so we can 

conclude that SDS governs the bubble size at the initial stages of the foaming (Ravg initial  ~ 125-

140 μm for SDS at 0.05-5 cmc).

The macroscopic foaming behaviour of PEG-g-PVAc/SDS mixtures containing 5 cmc SDS is 

shown in Figure 9. The surface tension data of this mixture suggests near complete polymer 

depletion from the interface, hence we would not expect a significant much influence of the 

polymer presence on the foaming behaviour in mixtures containing high SDS concentration. 

However, from the NR data fitting, we inferred the presence of a thin layer of the polymer (t3 

~0.3 nm; cf. Figure 6) beneath the SDS monolayer. The slightly enhanced foam stability (Figure 

8a) demonstrates the role of this polymer layer, even though it is depleted from the interface, 

highly solvated and inhomogeneous. The polymer is present at sufficiently low concentration so 
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Figure 8 Foaming data showing the: a) foam half-life  time (τFVS 50%) which is a measure of foam stability, b) 
maximum foam volume (Vfoam max)  which is a measure of foamability, and c) initial average bubble radius (Ravg initial) 
showing the radius of the foam bubbles during the foam generation. The data in orange represents the pure SDS 
solutions at 3 concentrations, the data in blue represents data for the pure polymer at 2 concentrations. The mixed 
polymer/surfactant systems are shown in pale and dark purple for SDS with 0.2 cac PEG-g-PVAc and SDS with 2 
cac PEG-g-PVAc respectively. 
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as to not significantly change the viscosity of the mixed polymer/surfactant liquid sample 

compared to that of a pure SDS solution and so does not influence the foam stability purely by 
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10 s

1 min

10 min

30 min

1 hr

5cmc SDS 5cmc SDS + 0.2cac PEG-g-PVAc 5cmc SDS + 2cac PEG-g-PVAc

Figure 9 Macroscopic foaming behaviour data (overall foam volume) and foam bubble size recorded over a 
given period after foam generation are shown, comparing the pure 5 cmc SDS system (left column) to the mixed 
systems containing 5cmc SDS + 0.2 cac PEG-g-PVAc (middle column) and 5cmc SDS + 2 cac PEG-g-PVAc 
(right column). The bubble size is colour coded as follows: green is for smallest bubble radius, followed by blue, 
purple, pink and the largest bubbles are shown in white, with the scale bar shown representing 1 mm.

increasing the viscosity., We attributed the increased foam stability to the presence of the 

“hanging” polymer layer interacting with the SDS at the air-water interfaces in the foam solution.

The foamability is relatively constant and not influenced by the addition of polymer to an SDS 

solution (Figure 8b), and so the polymer is thought to influence mainly the foam breakdown 

mechanism rather than foam formation. During the foam formation, the fast-adsorbing SDS 

molecules form thin film layers at the bubble interface which stabilise the foam during its 

generation. This effect can also be observed by comparing the bubble size at the initial stage of 

the foaming (Figure 8c), where the initial bubble size is governed by the SDS in the 

polymer/surfactant mixtures. The bubble size then varies with time during the foam 

destabilisation, with larger bubbles (on average) formed in the mixtures containing the polymer. 

The mixtures also exhibit a slightly more homogenous bubble size distribution (Figure 9). The 
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enhanced foam stability is also shown visually in Figure 9 where the volume of foam present 1 

hour after foam generation is larger for the polymer/surfactant mixtures than pure SDS.

Concluding remarks

We have studied the interaction between a neutral ‘tardigrade’ co-polymer (consisting of a 

hydrophilic polyethylene glycol backbone with hydrophobic polyvinyl acetate grafts, PEG-g-

PVAc) and an anionic surfactant (sodium dodecyl sulfate, SDS) at the air-water interface. The 

polymer concentration in the mixture was 0.0002 wt% (corresponding to 0.013 mM or 0.2 cac) 

and 0.002 wt% (corresponding to 0.13 mM or 2 cac, respectively), whilst the SDS concentration 

was varied between 0.05 – 5 cmc. Contrast-matched neutron reflectivity (NR) complemented by 

surface tension measurements allowed elucidation of the interfacial composition and structure of 

these mixed systems, as well as providing physical insights into the polymer/surfactant 

interactions at the air-water interface. The foaming behaviour of these mixtures was also 

examined. 

Surface tension measurements (Figure 2a) indicate a synergistic effect (cooperative adsorption) 

of the mixture at low surfactant concentration. At higher surfactant concentrations, the surface 

tension data points towards competitive adsorption with the polymer being depleted from the air-

water interface, where the surface tension of the mixture had the same value as that of the pure 

SDS above its cmc. 

Our observation of synergy at low surfactant concentration and the transition to competitive 

behaviour purely by increasing SDS concentration is not a commonly observed behaviour and 

has not been pinpointed out before, as such. Competitive behaviour of SDS with methacrylate-

PEO comb co-polymers [70] and SDS with linear and branched PEO even before the cac [71] 

has been shown previously. In a system of SDS with PNIPAM, the polymer adsorption was not 

influenced before the cac, with depletion of the polymer from the air-water interface observed 
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above cac [72]. We can conclude that both the molecular architecture (comb co-polymer of 

certain graft density and graft lengths) and the chemical characteristics of the co-polymer 

(hydrophilic PEO backbone with more hydrophobic PVAc grafts) play an important role in the 

interfacial behaviour and interactions with SDS. 

Such a synergy-to-competition transition has also been observed from fitting the NR data of the 

mixtures at the air-water interface, which yielded structural and compositional information on 

the interfacial layer. There is a significant synergistic effect observed at low concentrations of 

SDS and PEG-g-PVAc, with a less pronounced synergy in the mixtures of the higher polymer 

concentration (2 cac). The synergy-to-competition transition occurred at ~0.5 cmc SDS, where 

the interfacial behaviour changed from cooperative to competitive adsorption. The air-water 

interface was predominantly covered by an SDS monolayer, whilst PEG-g-PVAc interacted 

strongly with the SDS headgroups in the water subphase. The polymer was found depleted from 

the interface at SDS concentrations above its cmc, forming a thin, non-uniform layer “hanging” 

just underneath the SDS monolayer. 

The implications of such structural and compositional characteristics of the interfacial layer for 

foaming behaviour of the polymer/surfactant mixture were also evaluated. Our preliminary foam 

stability measurements (on the foam half-life, height, and initial bubble size) show enhanced 

foam stability in the presence of PEG-g-PVAc polymer, as compared to pure SDS solutions, 

even when the polymer was depleted from the interface and did not contribute significantly to 

the surface activity (as gauged by the surface tension). This points to the subtle and complex 

behaviour of foams, and the importance of the structural information in providing interpretation 

of the foaming efficacy of polymer/surfactant mixtures. 

Our study thus highlights the importance of using a combination of different methods which can 

unravel structural and compositional details of polymer/surfactant mixtures at the air-water 
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interface, such as the observation of transition in interfacial behaviour from synergy to 

competitive adsorption. Such information can complement classic surface tension measurements 

to gain insight into foam behaviour, important in understanding thin film stability and detergency 

efficacy of such polymer/surfactant mixtures widespread in industrial and personal care 

formulations. In addition to the polymer architecture, the chemical characteristics of the 

surfactant is also crucial to the structure and composition of the interfacial layer. We have also 

studied the mixture of the PEG-g-PVAc co-polymer with cationic C12TAB 

(dodecyltrimethylammonium bromide) and non-ionic C12E5 (dodecyl pentaethylene glycol 

ether) at the air-water interface, and the effect of the surfactant headgroup will be evaluated and 

its contribution towards the polymer/surfactant interactions (the effect on the synergy to 

competition transition) and the interfacial behaviour of such mixed layers discussed in a future 

publication [73].
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