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ABSTRACT: The vertical depth distribution of individual additive components (cetyltrimethylammonium 
bromide (CTAB) and deuterated pentaethylene glycol monododecyl ether (d25-C12E5) and deuterated 
glycerol (d-glycerol) in PVA film have been isolated and explored by ion beam analysis techniques and 
neutron reflectometry.  The additives display an unexpectedly rich variety of surface and interfacial 
behaviour in spin-cast films.  In separate binary films with PVA, both d-glycerol and CTAB were evenly 
distributed, whereas d25-C12E5 showed clear evidence for surface and interfacial segregation.  The 
behaviour of each surfactant in PVA was reversed when the plasticiser (glycerol) was also incorporated 
into the films.  With increasing plasticiser content, the surface activity of d25-C12E5 systematically 
decreased, but remarkably when glycerol and CTAB were present in PVA, the surface and interfacial 
activity of CTAB is dramatically increased by the presence of glycerol.  Quantification of the surface excess 
by ion beam analysis reveals that in many cases the adsorbed quantity far exceeds what could reasonably 
be accounted for by a single layer; therefore indicates a wetting transition of the small molecules at the 
surface or interface of the film.  It appears that the surface and interfacial behaviour is partly driven by 
the relative surface energies of the components, but is also significantly augmented by the 
incompatibility of the components. 

 

INTRODUCTION 

 

Poly (vinyl alcohol) (PVA) is a semi-crystalline 
synthetic polymer with excellent film forming ability 
and optical transparency.  PVA is used primarily in 
the food packaging, medical and now increasingly in 
the laundry industry due to its resistance to organic 
solvents, aqueous solubility, biodegradability and low 
environmental impact.  The food packaging industry 
has used PVA to prolong the lifetime of stored foods 
without contamination,

1
 and there are many medical 

applications including both implantable and non-
implant devices.

2-5
 PVA’s primary use in the laundry 

industry is the encapsulation of detergent for unit 
dose clothes washing.  While neat and plasticised 
PVA have been studied extensively, relatively little 
attention has been devoted to the surface properties 
of thin PVA films. 

PVA cannot be synthesised directly from vinyl 
alcohol, but is instead prepared by the hydrolysis of 
poly (vinyl acetate) (PVAc), and so is typically a 
copolymer of PVA with some residual PVAc.  The 
degree of hydrolysis (DH) is a measure of the 
percentage of –OC(=O)CH3 acetate groups that have 
been converted to -OH groups in the final polymer, 
and the number and position of residual acetate 
groups largely determines the properties of the 
polymer, having the most significant effect on water 
solubility.  Resins with lower DH (< 95%) show a 
significant increase in solubility because crystallinity 
is decreased by the presence of more hydrophobic 
acetate groups, which disrupt the stereoregularity of 
the polymer chain and do not readily participate in 
intra/intermolecular H-bonding.

6
  Degree of 

polymerisation has also shown to be correlated to 
water-solubility, with lower molecular weight PVA 
chains showing greater solubility at ambient 
temperatures.

7
  However desirable mechanical 

properties such as tensile strength are also reduced at 



 

lower molecular weight
8
, so these characteristics of 

the resin must be tailored to the application. 
Although the properties of pure PVA films are 
extensively customisable through altering these 
parameters, PVA alone is still generally too brittle 
and inflexible for many uses. 

Plasticizers can be introduced to improve film 
flexibility whilst maintaining relatively good 
mechanical properties (tensile, shear strength).  In 
PVA, plasticiser collects in the amorphous regions of 
the polymer, causing an increase in free volume and a 
lowering of glass transition temperature (Tg).  
Glycerol is commonly used to plasticize PVA due to 
its low molecular weight, low volatility and good 
compatibility with the host polymer.

9
 A truly 

compatible plasticiser should exhibit homogenous 
distribution throughout the host polymer matrix, 
hence mapping of the glycerol locale within PVA can 
be used to characterize the nature of plasticization.  
Plasticized films used in industry come in to contact 
with a number of compounds and environments 
depending on their intended use, and long-term 
product stability may be compromised by migration 
and adsorption of plasticisers in or out of the PVA 
matrix.  Our interest is in determining how small 
molecules such as surfactants and plasticisers are 
distributed in simple mixtures with PVA, and how 
this behaviour is altered by the complexity of 
multiple components. 

Mixtures of polymers and small molecules are 
widely applied in plasticised materials for packaging, 
adhesives and coatings, and their use in complex 
formulations is well characterised, but usually only 
on an empirical level.  There remains a fundamental 
science challenge in predicting the behaviour of all 
but the simplest model systems, as the interplay 
between different components involves complex 
interactions between ionic, polar and nonpolar 
groups and phenomena arising from these 
interactions span length scales ranging from 
atomistic to several microns.  The presence of 
surfaces or interfaces further complicates this 
situation, although it is at least possible to rationalise 
the key factors responsible for the preferential 
segregation of one component over another at an 
interface.  Firstly the component with the lowest 
surface energy should be enriched at the surface of a 
mixture.  In the absence of any discernible difference 
in surface energy, it has been shown that molecular 
size is significant, with the lower molecular weight 
component, being enriched at the surface.

10
  The 

extent of surface segregation is further augmented by 
reducing the compatibility of the components.  In 
surfactant solutions it is well known that increasing 
the hydrocarbon chain length of a surfactant in an 
aqueous solution reduces the equilibrium surface 

tension by promoting adsorption at lower 
concentrations.

11
  In polymer blends increasing 

incompatibility (increasing Flory Huggins interaction 
parameter) enhances surface segregation, and 
ultimately leads to the formation of a wetting layer.

12
 

Although the surface adsorption of surfactants and 
polymers in solutions is a mature area of research, 
the reverse case where the solvent is replaced by a 
high molecular weight polymer has received less 
attention.   Of particular relevance to our present 
work is that of Edler et al concerning film forming 
polymers and surfactants.  Here it has been noted 
that significant interactions between ionic groups of 
cationic surfactants and lone pairs of water soluble 
polymer, notably poly(ethyleneimine), “PEI”,can lead 
to the formation of complexed films.

13-14
  The fact that 

film formation is spontaneous indicates that 
surfactant polymer interactions may have quite 
dramatic effects on the properties of polymer films, 
which is the focus of our work.  Here we explore for 
the first time the surface and interfacial segregation 
of two model surfactants and a plasticiser in PVA 
film.  The ion beam analysis and neutron reflection 
techniques that we have used enable the depth 
distribution of a single component within a complex 
mixed film to be isolated.  In addition to simple 
binary polymer + surfactant or plasticiser mixtures, 
we also consider the more complex and (industrially 
relevant) situation of surfactant and plasticiser in a 
PVA film.  Commercial formulations of PVA film 
interact with plasticizers and surfactants when used 
in several products; therefore the distribution of 
these components is very relevant to the bulk and 
surface properties of these materials.  Our results 
show that even simple models for complex industrial 
formulations, a surprisingly rich variety of behaviour 
can result from their interactions. 

 

EXPERIMENTAL 

 

Materials and sample preparation. 

PVA resin (Sigma-Aldrich P8136, Mw = 30-70 
kg/mol, degree of hydrolysis (DH) = 87-90%), 
glycerol (Aldrich), d5-glycerol (CK isotopes), CTAB 
(Acros Organics, 99+%) were purchased and used as 
received.  Pentaethylene glycol deuterated 
monododecyl ether (d25-C12E5) was prepared at 
Rutherford Appleton Laboratories according to the 
method described elsewhere.
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Aqueous 4 w/v% PVA solutions were prepared in 
de-ionized water, by heating to 75 °C and stirring 
until the resin had completely dissolved.  Aqueous 
solutions of the small molecules: glycerol, d5-
glycerol, CTAB and d25-C12E5 were also made at 4% 
(w/v).  Polymer + surfactant and/or glycerol solutions 



 

were then prepared from these stock solutions in 
defined mass ratios and thoroughly mixed to yield 
4% (w/v) solutions from which films could be cast.  
Films of between 150 and 300 nm thickness were 
prepared by spin-coating the mixed solutions onto 
fresh silicon wafers. Prior to coating, the silicon 
wafers were cleaned with acetone to remove any 
traces of hydrophobic impurities and ensure 
consistent film production.  

 

Ion beam analysis. 

Vertical concentration profiles of components 
within the spin-cast films by the ion beam analysis 
techniques of Rutherford backscattering 
spectroscopy (RBS) and nuclear reaction analysis 
(NRA), using a National Electrostatics Corporation 
5SDH Pelletron Accelerator with RC43 endstation.  
The application of ion beam analysis techniques to 
soft matter are described in greater detail 
elsewhere.

17-18
  During these experiments, sample 

integrity was maintained by cooling to below -50 °C 
using a liquid-nitrogen cooled sample holder.  As well 
as minimising sample degradation due beam damage, 
this step was essential to retain the low molecular 
weight components in the films under the vacuum (< 
4×10

-6
 Torr).  Due to the low film thickness and 

macroscopic surface area, glycerol and non-ionic 
surfactant evaporation under ambient conditions 
were detectable over a period of hours, so films for 
ion beam analysis were vitrified by submerging the 
sample in liquid nitrogen immediately prior to ion 
beam analysis experiments.   

RBS experiments were carried out using a 1.5 MeV 
4
He

+
 ion beam incident on the sample surface at 80° 

degrees to the sample normal.  The energy of 
backscattered 

4
He

+
 ions was determined using 

Canberra PIPS detector with nominal energy 
resolution of 17 keV at 170° to the incident beam in 
Cornell geometry.  The same detector setup was used 
for NRA experiments, except in this case, a 700 keV 
3
He

+
 ion beam was incident on the samples.   

RBS is particularly well suited to quantifying the 
vertical concentration profile of heavy elements in a 
matrix of lighter elements.  In these experiments, the 
cationic surfactant, cetyl-trimethylammonium 
bromide (CTAB) was chosen as a model ionic 
surfactant.  The bromide ion of each CTAB molecule 
is by far the heaviest element present in the sample; 
therefore is sensitively resolved by RBS.  The absence 
of any other ionic species within the CTAB / PVA 
films coupled with the requirement of charge 
neutrality ensures that the Br- ion depth distribution 
is representative of the CTAB distribution as a whole. 
Under these experimental conditions, RBS provides a 
depth resolution of ~15 nm. 

The other two species of interest, glycerol and a 
non-ionic surfactant contain no elements that 
distinguish them from the PVA matrix, so their 
deuterium labelled analogues were used as model 
materials.  Deuterium labelling enables the depth 
distributions of these molecules in PVA to be 
quantified by nuclear reaction analysis (NRA) or 
neutron reflectometry (NR), while having a minimal 
impact on their physic-chemical properties.  NRA 
experiments were carried out on samples containing 
deuterium labelled glycerol and deuterium labelled 
non-ionic surfactant (d25-C12hE5).  The glycerol was 
1,1,2,3,3-d5 glycerol, chosen so that only non-labile C-
D hydrogens of the molecule were deuterated, but 
the hydroxyl groups were not.  (Isotope exchange 
between labile OH and OD bonds must be avoided to 
maintain the ability to resolve the small molecules 
from the polymers.)  For these experiments, samples 
were irradiated with a beam of 0.7 MeV 

3
He

+
 ions at 

80° to the sample normal.  The energy of the 
backscattered protons resulting from the reaction 
between 

3
He and 

2
H within the polymer was analysed 

to determine the composition versus depth profile of 
the deuterated component. Under these 
experimental conditions, NRA provides a depth 
resolution of ~8 nm, which, similarly to RBS is large 
compared to the molecular dimensions, but sufficient 
to quantify adsorption of these components at 
exposed surfaces or buried interfaces.  All IBA data 
were analysed with the Surrey University 
DataFurnace

19
 software (WiNDF v9.3.68 running 

NDF v9.6a) to determine the concentration versus 
depth profile, where the densities of PVA and 
glycerol were assumed to be 1.19 g/cm

3
 and 1.26 g/cm

3
 

respectively.  Rutherford scattering cross sections 
were assumed for the RBS analysis and NRA data 
were analysed using the scattering cross sections of 
Möller and Besenbacher.

20
  In order to avoid over-

parameterisation, model composition profiles were 
restricted to either two or three layers, for which the 
composition and thickness was allowed to vary to 
obtain the best possible fit to the experimental data.  
Further particulars of data analysis with DataFurnace 
are discussed elsewhere.

21-23
 

 

Neutron reflectometry. 

Vertical concentration profiles of components 
within the spin-cast films were also determined by 
the neutron reflectometry (NR) analysis techniques 
using SURF at the science and technology facilities 
council (STFC) facility ISIS.  Sample preparation was 
similar for NRA experiments, except that films were 
somewhat thinner (70 nm) in order to maximise the 
sensitivity of the measurement to changes in film 
thickness from the Kiessig fringes in the reflectivity 
profiles.  NR offers significantly better depth 



 

resolution (0.5 nm) than is achievable with IBA, 
provides a direct measure of film surface roughness 
and can be performed under atmospheric conditions. 
Specular reflectivity, R(Q), was measured from before 
the critical edge (Q ~ 0.01 Å

-1
 to the point at which 

the signal is indistinguishable from the background 
(Q~0.25 Å

-1
).  This measurement required three 

angles of incidence and approximately 2 hours of 
acquisition time per sample in order to obtain data of 
sufficient statistical quality over the entire Q-range.  
This latter factor imposes a requirement that films 
must be stable for at several hours, as any alteration 
in film thickness during measurement would make 
accurate interpretation of the data impossible. 

The scattering length densities of the silicon 
substrate the organic components in the film are 
shown in Table 1, along with the approximate value 
for the native oxide layer, which is consistent with 
results that have been inferred from previous 
experiments on silicon substrates. 

24-26
  

 

RESULTS 

 

Composition versus depth profiles for individual 

components within PVA films, which have been derived 

from ion beam analysis and neutron reflectometry 

experiments.  For each composition profile presented, the 

numerical values for the layer composition and thickness 

are tabulated and have been provided as supporting 

information. (S.I.1.) 

 

Table 1. List of scattering length densities for 
hydrogenous and deuterated materials 

component SLD  

x10
6
 / Å

-2
  

PVA 0.67 

Si 2.07 

SiOx 3.0-3.5 

glycerol 0.61 

d5-glycerol 4.65 

C12E5 0.13 

d25-C12E5 4.47 

 

 

Segregation of individual components in PVA films 

Nuclear reaction analysis data and fits for d-
glycerol in PVA films are shown along with the 
derived concentration profiles for these mixtures in 
figure 1a.  This technique allows the depth 
distribution of a single deuterium labelled species to 
be isolated from an arbitrary matrix of other 
components over a range which can be chosen to be 

between approximately 100 nm to 10 m, and with a 

depth resolution of around 5-10% of the range.  The 
sharp onset in the spectrum at channel 12.77 MeV 
corresponds to deuterated species present at the film 
surface, and the gradual decline in proton yield 
(counts per channel) is in this case due to the 
decrease in nuclear reaction scattering cross-section 
as the beam penetrates the sample and loses energy.  
Due to the inverse kinematics of the nuclear reaction 
in backscattering geometry, protons generated at the 
surface of the sample are detected at the lowest 
energy and protons from greater depths are detected 
at higher energies.

27
  The curve fitted to the 

experimental data is the calculated proton yield for a 
homogeneous distribution of d5-glycerol, as indicated 
by the flat composition versus depth profile.  Note 
that ion beam analysis is sensitive to composition in 
terms of ‘atom’ fraction, where molecules are 
represented by ‘atoms’ of their average elemental 
composition.  (The mass fractions of the components 
would be scaled by their relative densities.)  The 
small discrepancy between the model fit and the 
experimental data at approximately 13.1 MeV 
indicates some roughness or variation in effective 
film thickness, which is not accounted for in the 
model composition profile.  Nevertheless, the data 
are consistent with the d5-glycerol being evenly 
vertically distributed within the film.  Figure 1b shows 
complementary NR data for the even distribution of 
plasticizer throughout the matrix.  Although the film 
studied in this experiment was somewhat thinner 
and contains a lower loading of d5-glycerol than the 
sample examined by NRA, the result is qualitatively 
similar; i.e. the d5-glycerol is evenly distributed 
throughout the depth of the film. 

In complete contrast to the behaviour observed for 
d5-glycerol, Figure 2a shows that the non-ionic 
surfactant d25-C12E5 is very unevenly distributed 
within the PVA film.  The large peak in counts per 
channel near 12.77 MeV corresponds to a significant 
surface excess of the surfactant, where surface excess 
is defined as 

 

             
 

 

 

(1) 

Here, b is the bulk concentration adjacent to the 

surface excess region, and (z) is the depth (z) 
dependent volume fraction profile of the near surface 
region.  The fit to the experimental data yields the 
composition profile shown in the inset, from which 
z* may be calculated.  NR data presented in figure 2b, 
confirms the presence of surface and interfacial 
excesses of d25-C12E5 in PVA, which forms 
spontaneously during spin-casting and is stable for at 
least the duration of the measurement.  Furthermore, 



 

NR is able to resolve the precise composition profile 
of the surface and interfacial region, and indicates 
that the surface and interfacial excess layers are 
typically not pure surfactant, but contain a significant 
amount of PVA too.   

 

 

 

 
 

Figure 1(a).  Nuclear reaction analysis data (proton 
spectrum) for 30% d-glycerol in thin PVA films.  The 
fitted curve to the data corresponds to the 
composition versus depth profile of the d-glycerol, 
presented in the inset. (b) Neutron reflectometry data 
and fit and corresponding composition profile for 10% 
d-glycerol in thin PVA films.   

 

 

The depth distribution of a cationic surfactant, 
CTAB, in PVA film is revealed by RBS results shown 
in figure 3.  The solid curve fitted to the data data in 
the inset corresponds to the concentration profile of 
the main figure.  In this case the scattering observed 
in the region of channels below 0.6 MeV is due to the 
lighter elements in the sample: C, O and Si, of which 
Si makes the dominant contribution.  Scattering 

observed from 0.7-1.3 MeV arises from the Br- ions in 
the CTAB surfactant.  

 

 

 

 

 
 

Figure 2(a).  Nuclear reaction analysis data and 
Datafurnace fits for 5% (filled squares), 15% (open 
triangles) and 25% (filled circles) d25-C12E5 in thin PVA 
films.  The derived concentration profiles are shown 
in the inset.  (b) Neutron reflectometry data (offset) 
and fits for 10% (filled squares), 20% (filled triangles) 
and 30% (filled circles) d25-C12E5 in thin PVA films.  
The derived SLD profiles are shown in the inset.  

 

The low energy edge of the RBS spectrum 
corresponding to Br around channel 100 is noticeably 
more diffuse than the high energy edge for surface Br.  
Some evidence for film roughness was apparent from 
the relatively diffuse tail in the RBS spectrum around 
0.8 MeV, and 0.55 MeV, which correspond to the 
elemental composition profiles of the deepest Br and 
Si closest to the film surface respectively.  By fitting a 
film roughness of 10% of the total film thickness,

28
 

both of these features are captured by the 
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DataFurnace fit to the experimental data.  Most 
significantly, the CTAB in PVA is remarkably evenly 
distributed throughout the 187 nm film.  There is no 
evidence for surface segregation, which would be 
apparent as a sharp peak around channel 1.3 MeV.  
The calculated surfactant concentration obtainable 
from Figure 3 is 25% which is in good agreement with 
the nominal composition of the spin-cast film. 

 

Figure 3. Depth distribution of CTAB in thin, spin-
cast PVA film.  The inset shows the RBS data and fits 
for thin films from which the profile was determined. 

 

 

 

Influence of glycerol plasticiser on d25-C12E5 non-
ionic surfactant  

Despite the d5-glycerol plasticizer showing no 
inherent surface segregation itself, the presence of 
glycerol in the PVA film has quite a profound and 
unexpected impact on the distribution of the 
surfactants.  Figure 4 shows NRA data and fits for the 
influence of (hydrogenous) glycerol on the depth 
distribution of d25-C12E5 in PVA.  The mass fraction of 
surfactant was maintained at 30% and the mass 
fraction of glycerol was systematically increased by 
replacing some of the PVA in the film with glycerol.  
With increasing glycerol concentration, the surface 
activity of the non-ionic surfactant systematically 
decreases.  This is evident from the reduction in the 
relative size of the surface excess peak at ~12.77 MeV 
in the NRA data when compared to the protons 
detected at higher energies corresponding to d25-C12E5 
that is deeper within the PVA film. The model 
composition profiles determined from fits to the NRA 
data enable this effect to be quantified.  Using 
neutron reflectometry, the influence of glycerol on 
the nature of the surface excess profile was 
investigated.  As well as confirming the result 
obtained by NRA, the near-surface composition 
profiles presented in figure 5, show that the primary 

influence of glycerol is on the surface concentration, 
rather than the spatial extent of the surface enriched 
layer.  Furthermore, the high sensitivity of NR was 
able to show that when the isotopic labelling was 
reversed, it was evident that the d5-glycerol was 
enriched at the surface of C12E5 + PVA films.   

While it is clear that glycerol has the effect of 
reducing the surface activity of C12E5, it appears that 
the same plasticiser has the opposite influence over 
the distribution of CTAB.  Here, the addition of 
glycerol to the PVA induces a dramatic change in the 
RBS spectra with significant peaks emerging in the 
parts of the spectra corresponding to surface and 
interfacial bromide.  The roughness was only 
marginally greater than was observed for the glycerol 
free film with values of 11-16 nm being determined 
from the RBS analysis.  In other words, we 
demonstrate significant levels of both surface and 
interfacial activity in the CTAB, when glycerol is 
added to the formulation, despite neither CTAB nor 
d-glycerol showing any discernible segregation when 
present in isolation in PVA.  So far the effect of 
plasticiser on surfactant has been studied; a 
secondary experiment was carried out with NR to 
determine the effect of surfactant on plasticiser 
distribution.  The same result in binary films of d-
glycerol and PVA was found; in the absence of 
surfactant, d-glycerol shows no surface activity.  
However upon introduction of h-C12E5 to the system, 
which is similar in SLD to the PVA matrix, leaving d-
glycerol as the only labelled species, the 
concentration profile of d-glycerol takes a form, 
which is remarkably similar to that of the non-ionic 
surfactant. (figure 5(b)). 

 

Figure 4.  Concentration profiles of 30% d25-C12E5 in 
mixed PVA/glycerol films as a function of glycerol 
content.  Glycerol concentrations are annotated in the 
main figure.  NRA data and fits are shown in the inset. 
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Figure 5.  NR data, fits and composition profiles for 
(a) 20% d25-C12E5 in PVA, (b) 20% d5-glycerol and 20% 
C12E5 in PVA and (c) 20% d25-C12E5 and 20% glycerol in 
PVA.  The composition profiles are for the single 
deuterated component in each case. 

 

 

Figure 6(a).  RBS data and fits for the depth 
distribution of 25% CTAB in mixed PVA/glycerol films 
as a function of glycerol content.  Data are offset for 
clarity and annotated with glycerol content.  (b) 
Concentration profiles corresponding to the 

Datafurnace fits: black (0%), mauve (10%), blue 
(20%), red (30%). 

 

 

 

DISCUSSION 

 

Surface enrichment in two-component PVA films 

It is well documented
29-30

 that glycerol is 
sufficiently compatible with PVA to be an effective 
plasticiser, and our results are also consistent with a 
single phase mixture in that the depth distribution is 
at least vertically homogeneous.  Surface adsorption 
on the other hand is the defining feature of 
surfactants; furthermore blooming of plasticisers to 
surfaces is also is well known for many materials.  
Therefore, some level of surface enrichment of these 
molecules at the surface of PVA film might still be 
expected.  In the following discussion we address 
some of the underlying physical causes of surface 
segregation in order to evaluate their contributions 
to the observed behaviour.   

In these mixtures of relatively large (PVA) and 
smaller (glycerol or surfactant) molecules, there is a 
configurational entropy penalty associated with 
deformation of larger molecules at a planar surface; 
therefore some surface and interfacial segregation of 
the smaller molecules might be expected.  However, 
this is a relatively weak effect and in single phase 
mixtures the levels of surface adsorption are limited 

to partial coverage
10

 and have a correlation length , 
which is given by  

 
 

  
 

  

  
  

  

  
           (2) 

 

where  is the bulk volume fraction of the i
th

 
component and Ri is the characteristic dimension of 
this component.

31
  From the data of Brandrup and 

Immergut
32

 we obtain the expression for the radius of 
gyration of PVA as 

 

              

 

         (3) 

 

where Mw is the molecular weight in g/mol, yielding a 

value of approximately 6.7 – 10.5 nm for the PVA used in 

this work.  Because the d-glycerol has a Rg of 

approximately 0.5 nm, the correlation length of any 

adsorbed layer with 30% d-glycerol in PVA would be 

dominated by this smaller component and  would be of 

the order of 0.6 nm.  This value is very small compared to 

the depth resolution of NRA.  While we cannot exclude 

the possibility of some enrichment of d-glycerol at PVA 
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surfaces our NRA results at least confirm that the 

plasticised film is behaving as a single phase mixture.   

The concentration profiles of CTAB in PVA were 

qualitatively identical to glycerol, which is much more 

surprising.  Firstly, the RBS measurement is more 

sensitive than NRA because of the strong sensitivity of 

Rutherford backscattering to heavy elements such as 

bromine, especially at the surface of a film of light 

elements.  We can predict that even a partial monolayer 

of CTAB would fall within the detection threshold of the 

measurement, and this is demonstrated in a quantitative 

simulation provided in the supporting information (S.I.2).  

Moreover, as a surfactant CTAB, might be expected to 

display some surface or interfacial activity.  Our results 

appear to suggest that the propensity of small molecules 

to segregate the surface is overwhelmed by some more 

significant factor.  We therefore turn our attention to the 

surface energies of the components present in the films.  

PVA surface energy has been shown to vary with DH 

and Mw. 
33

 Two sources quote the surface energy of PVA 

as 37 mN/m at 20 °C 
34-35

 but values of 42-59 mN/m have 

been given by others.
36-38

  The surface energy of PVA 

decreases with decreasing DH and Mw, and since the PVA 

used in this study is classed as ‘partially hydrolysed’ 

(contains at least 10% PVAc) the surface energy is likely 

to be at the lower end of the range of values established 

by other authors.  In comparison, glycerol has a surface 

tension value of 63.4 mN/m at 20 °C,
39

 much higher than 

the surface of PVA.  In this case, adsorption would not 

cause any reduction in surface energy, so is not expected 

to be spontaneous. 

 While there is considerable variation of energy values 

for PVA in the literature, all are much lower than the 

surface tension of water.  If CTAB adsorption does not 

significantly reduce the surface energy of the PVA film in 

which it is dispersed, then there would be little 

thermodynamic impetus for this process to occur 

spontaneously.  We are unaware of any measure of the 

surface energy of CTAB in the pure state, and the 

relevance of such a measure on an ionic solid to the 

dispersed and dissociated surfactant in PVA is 

questionable.  However, CTAB surface activity has been 

rigorously studied in aqueous solutions, where this 

surfactant can reduce the surface tension from 72 mN/m 

to a limiting surface tension (at concentrations above the 

critical micelle concentration, c.m.c.) of 32-36 mN/m.
40

  

The lower values were obtained when KCl was added to 

the solution, which has the effect of screening the charged 

groups of the surfactant, enabling closer CTAB packing 

on the solution surface.  In our case, no such additional 

ions are present, so while we should be cautious in 

comparing the surface energy of PVA to that of a CTAB 

solution above the c.m.c., it is plausible that the lack of 

adsorption of CTAB at the PVA-air surface is due to their 

relatively similar surface energies.   

In contrast to the plasticiser and cationic surfactant, our 

NRA and NR experiments show clear surface segregation 

of the non-ionic surfactant d25-C12E5 to the surface of 

PVA films.  A powerful feature of NRA is that it allows 

the surface excess of the surfactant to be determined 

directly, and it appears that there is a layer of ~8 nm of 

almost pure deuterated surfactant at the air surface.  The 

magnitude of surface excess is very significant, since it 

far exceeds the maximum value obtainable for a dense 

monolayer of the surfactant.  The maximum all-trans 

length of a C12E5 molecule is ~3.7 nm, and this defines 

the limiting value of adsorbed layer thickness that could 

exist if the surfactant molecules were orientated 

perpendicular to the film surface.  Since the measured 

surface excess is approximately twice this value, it 

accounts for the equivalent of approximately 2 end-to-end 

molecules.  Both experimental and computational studies 

of C12E5 adsorption on water indicate that it forms single 

layers with the hydrophobic tails outermost and 

somewhat tilted with respect to the sample normal.
15, 41

  

Although NRA lacks the resolution required to 

characterise the orientation of the d25-C12E5 chains, it does 

unambiguously reveal the presence of multilayer 

adsorption at the surface, which signifies the presence of 

a wetting layer of surfactant coexisting with the PVA-rich 

film beneath it.   

Surface tension and surface energy arguments can 

again help to rationalise this phenomenon; C12E5 has a 

limiting surface tension of 29.9 mN/m at concentrations ≥ 

0.1 mM in water
42

, which is appreciably lower than the 

equivalent measure of any other component under 

consideration.  It therefore seems likely that surface 

adsorption of d25-C12E5 in PVA is favoured by the 

reduction in surface energy associated with this process, 

and is considerably enhanced by the relatively poor 

compatibility of these materials.  Inspection of the 

composition profiles in figure 2 suggests that the 

maximum concentration of d25-C12E5 in PVA in the bulk 

of the film is approximately 10%, which could be taken 

as an upper limit to the binodal composition of the 

mixture. 

 

Influence of plasticiser on surface properties of 3 

component PVA films. 

In order to resolve the origin of the large surface excess 

of d25-C12E5 in PVA films, the impact of replacing some 

fraction of the PVA with (hydrogenous) glycerol was 

explored.  Both the NRA and the NR experiments in 

figures 4 and 5 respectively clearly showed that when 

some of the PVA in the film is replaced with glycerol, 

there is a fairly systematic decrease in the surface excess 

of d25-C12E5.  The surface excess values calculated from 

the NRA experiments, in which the bulk composition of 

the film is taken to be the composition of the middle 

region adjacent to the surface excess, is presented in 

figure 7.  This decrease cannot be explained if the driving 

force for d25-C12E5 surface adsorption were purely due to 

the difference in surface tension.  We can draw this 

conclusion because glycerol has a higher surface tension 

than any of the reported surface energy values for PVA.  

On this basis, it is evident that the surface segregation 

seen for d25-C12E5 in PVA and PVA/glycerol mixtures 

may be directed by differences in surface energy, but the 



 

extent of segregation arises largely from the 

incompatibility between the surfactant and the other 

components.  Furthermore, it appears that glycerol leads 

to an increase in compatibility of d25-C12E5 with the 

matrix; increasing the solubility of the surfactant and so 

decreasing the proportion of surfactant that segregates to 

the film surface.   

The relatively high compatibility of d25-C12E5 in 

glycerol is further supported by the evidence of the NR 

experiment in which the glycerol was the only labelled 

component (figure 5).  In this case, the contrast in SLD 

between the PVA and the C12E5 is nearly an order of 

magnitude smaller than the contrast between the d5-

glycerol and these components; therefore the NR signal is 

completely dominated by the depth distribution of the 

plasticiser.  In the absence of C12E5, d5-glycerol was 

shown to have no surface activity in PVA film (figure 1), 

but it is clear from figure 5 that it becomes surface-active 

when C12E5 is also present.  We can therefore conclude 

that the compatibility between C12E5 and glycerol causes 

them to become co-located; the C12E5 induces some 

surface segregation of the glycerol, and the glycerol, 

being relatively compatible with PVA also, enables more 

C12E5 to be distributed throughout the bulk of the PVA 

film. 

 

 

 

Figure 7.  Surface excess (solid symbols and solid 
lines) and interfacial excess (open symbols and dotted 
lines) of d25-C12E5 (circles) and CTAB (triangles) in 
PVA film as a function of added glycerol 
concentration. 

 

 

Given the tendency of glycerol to suppress the 
surface segregation of d25-C12E5 in PVA, the increase 
in surface and interfacial activity of CTAB in PVA 
with increasing glycerol content, which is apparent 
from the appearance of the peaks in the RBS data in 
figure 6, is quite surprising.  The surface and 
interfacial excess values derived from the 

composition profiles are shown in figure 7.  The 
surface activity of CTAB will depend on surface 
tension of the medium in which it is dispersed.  In 
this case the medium is a mixture of PVA and 
glycerol, for which the surface tension would be 
dominated by that of the lower surface tension 
component, PVA.  Increasing the amount of glycerol 
in the PVA should not significantly increase the 
surface tension of the mixture; therefore it is unlikely 
to drive the dramatic dependence of surface activity 
on glycerol content.  It is most likely that CTAB is 
much less compatible with PVA when it is plasticised 
with glycerol than when it is in its pure state.  The 
reason for this is still not clear, but we speculate that 
glycerol out-competes CTAB for its favourable 
interaction with amorphous regions of PVA.   
Although beyond the scope of this first investigation, 
it seems plausible that CTAB cations bind to the lone 
pairs of PVA hydroxyl groups in a similar manner to 
the behaviour that have been previously reported for 
film forming mixtures of CTAB and imine groups of 
PEI.

14
  It would be interesting to explore whether 

similar mesostructures such as cylindrical micelles 
are formed between CTAB and PVA, as these might 
considerable reduce the mobility of CTAB and so 
inhibit the surface segregation in unplasticised films. 

An interesting consequence of the diametrically 
opposed changes in surfactant solubility in PVA as a 
function of plasticiser content is that the barrier 
properties of this film with respect to different 
surfactants may also follow this pattern; i.e. 
unplasticised PVA may be a relatively good barrier 
with respect to non-ionic surfactants like C12E5 and 
while plasticised PVA may be a better barrier with 
respect to cationic surfactants.   

 

Interfacial segregation of surfactants 

 Our discussion has so far focused on the 
segregation of surfactants at the exposed surfaces of 
PVA films in the presence or absence of plasticiser, 
but it is noticeable that in many cases the surfactant 
species was also found to be enriched at the buried 
interface between the film and the siliconoxide 
surface of the silicon wafer substrate.  The magnitude 
of the excess of surfactant at the siliconoxide 
interface is comparable to that of the surface excess, 
although perhaps having a more diffuse distribution.  
These values are compared in figure 7.  This 
phenomenon has some significance to our 
interpretation of our results, since it further supports 
the case for surface and interfacial segregation being 
driven by incompatibility, leading to phase-separated 
wetting layers on the film surface.  The observed 
concentration profiles are consistent with the profiles 
seen for surface directed spinodal decomposition in 
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polymer blends by several authors in the 1990s.
12, 43-45

  
Formation of wetting layers on silica is perhaps also 
significant in the context of some application where 
silica particles may be added to PVA films to prevent 
cohesion between PVA surfaces.  Our results indicate 
that some combinations of plasticiser and surfactant 
in PVA could lead to the silica particles becoming 
engulfed by the surfactant and may reduce their 
effectiveness in this application. 

 

CONCLUSIONS 

 

We have explored the surface and interfacial 
segregation behaviour of two surfactants and one 
plasticiser in PVA film by a variety of ion beam 
analysis techniques and neutron reflectometry, which 
allow the surface excess of individual components to 
be isolated from these mixtures.  In binary mixtures 
with PVA, neither the model plasticiser (d-glycerol) 
nor a cationic surfactant (CTAB) showed any 
discernible surface segregation within the detection 
limit of the measurements.  However, d25-C12E5 was 
found to be strongly segregated to the exposed (air) 
surface of PVA films and the surface excess was 
quantified by NRA.  It appears that the surface 
segregation is directed by surface energy differences, 
but augmented by the incompatibility of the 
surfactants with the matrix in which they are 
dispersed.  The presence or absence of surface 
segregation is therefore consistent with the relatively 
low limiting surface tension of C12E5 solutions, 
somewhat higher limiting surface tension of CTAB 
and significantly higher surface tension of glycerol.  
The addition of glycerol plasticiser to the PVA + 
surfactant mixed films has some dramatic and 
unexpected effects: the surface activity of d25-C12E5 
systematically decreases with increasing glycerol 
content, while the opposite effect was observed when 
glycerol was included in the PVA + CTAB films.  We 
attribute these effects to the different compatibility 
of these surfactants with respect to glycerol and the 
surface segregation being driven significantly by 
incompatibility.  These opposing trends with respect 
to plasticiser content has significant implications for 
the barrier properties of plasticised PVA films with 
respect to surfactant mixtures, as well as the 
application of inorganic nanoparticles on PVA films 
to inhibit cohesion. 
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SYNOPSIS TOC :   

Surface and interfacial activity of surfactants in PVA 
film is controlled by their surface energies and their 
compatibility with PVA and glycerol plasticizer. 

 

 

 

 

 

 

 

 

 

 


