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This work reports novel Environmental Scanning Electron Microscopy (ESEM)/Energy Dispersive X-ray
(EDX) measurements on the equilibrium composition and kinetics of alkyl amide adsorption at the
polymer–air interface. This experimental approach provides certain advantages over other existing tech-
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niques for the study of the physisorbed molecules and offers potential for further development.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Adsorbed molecular layers are the central feature of many
cademic and industrial problems including detergency, colloidal
tability, catalysis, nanotechnology and photovoltaic applications.
ey to understanding and controlling the behaviour of these layers

s fundamental data on composition, structure and intermolecular
orces—information with both academic and industrial significance
1]. Molecular layers adsorbed to solid surfaces represent only a
mall fraction of the total material present, but can dominate the
bserved behaviour. The adsorbed layers are often completely dif-
erent in terms of structure, dynamics and reactivity to the bulk
hases. For example, washing involves the adsorption of particu-

ar molecules (surfactants) from a complex multi-component soap
olution to solid surfaces (clothes or skin) where they form a link
etween otherwise incompatible bulk materials (oil and water). The
nusual properties of these physisorbed layers usually arise from a
elicate balance of forces operating within the layer and between
he layer and the substrate, and often result in a complex and inter-
sting phase behaviour. The behaviour of these systems therefore

rovides insight into the nature and importance of the different
olecular-level interactions. Key to understanding the behaviour

s the characterization of the thermodynamics, composition and
tructure of these adsorbed monolayers and the identification

∗ Corresponding author.
E-mail address: stuart@bpi.cam.ac.uk (S.M. Clarke).

927-7757/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2008.11.039
of the parameters that control their formation and behaviour
[1–3].

Adsorbed monolayers are difficult to study, because, as men-
tioned above, they contain a very small amount of material, relative
to the amounts of the bulk phases present. Monolayers adsorbed at
the solid–vapour and liquid–vapour interfaces are relatively acces-
sible, relative to the ‘buried’ solid–liquid interface. However, even
the solid–vapour interface cannot be investigated using conven-
tional surface techniques (such as LEED) which are incompatible
with the presence of the vapour which would lead to evaporation of
the very molecules we wish to study. As a result, minimal informa-
tion on surface composition is available for adsorbed monolayers
of these types [1,4].

1.1. The importance of alkyl amide adsorption

Primary alkyl amides are an important class of materials with
a number of commercial applications that exploit their novel
behaviour at interfaces, particularly as friction modifiers in poly-
mers [5–7]. There is a significant body of technical literature
discussing the use and formulation of amides in materials, pre-
dominantly based on trial and error approaches, but without the
underlying fundamental physics and chemistry.
These materials are often derived from plant sources and usually
consist of a mixture of several alkyl chain lengths within a single
material. Hence it is important to consider the mixing behaviour
in the adsorbed layers. In addition, it is usually desirable to have a
limited amount of unsaturation (usually a single double bond) to

http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:stuart@bpi.cam.ac.uk
dx.doi.org/10.1016/j.colsurfa.2008.11.039
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educe the material’s melting point. Many natural materials have
predominance of ‘cis-’ isomers which can be considered to have
significant ‘bend’ in the alkyl chain relative to the saturated ana-

ogues. However, this difference in shape is expected to have a major
nfluence on the molecular packing in mixed layers.

Individual amides adsorbed from phenyl octane solution on the
urface of graphite and MoS2 at the solid–liquid interface have been
xperimentally characterized with Scanning Tunneling Microscopy
8]. Under these conditions an ordered array of molecules was
bserved laying flat on the surface with the carbon backbone par-
llel to the graphite surface. The amide heads are reported to be
ydrogen bonded into dimers and adjacent head groups hydrogen
onded together.

We have also recently performed an exploratory calorimetry
tudy of the solid monolayer formation of alkyl amides adsorbed
nto graphite from the liquid and from liquid mixtures for a range
f alkyl chain lengths, unsaturation and for different isomers. This
tudy identified that these adsorbates exhibit surprising and unex-
ected features when adsorbed at the solid–liquid interface—they
orm the most stable solid physisorbed monolayers yet observed
nd they exhibit abnormally efficient mixing behaviour. There is
lso evidence of a number of other calorimetric transitions as
et unidentified, possibly multi-layering or solid–solid transitions
9].

In addition, to their importance at the solid–liquid interface,
mides are commercially very important additives for their sur-
ace properties at the polymer–air interface [5,7]. Pure polymers
an often be very ‘sticky’ leading to problems—many will be famil-
ar with the problem of blocking of plastic bags. To prevent this tack,
mides are added to the polymer prior to formation of the polymer
heet. Once formed the amides are believed to migrate through the
ulk polymer to the surface with a consequent reduction in tack and
riction coefficient. However, there is only very poor composition
ata and essentially no structural data on these materials to con-
rm this picture. In addition, some amides also show a number of
nexpected effects such as an initial fall in the friction coefficient
ith time but followed by a subsequent rise. This behaviour has

een suggested to arise from in-plane surface ordering or oxida-
ion of the amides to a non-slip species with time. Also, given that
he polymer is hydrophobic as is the ‘air’, the amide could easily
dsorb as a monolayer or a bilayer.

The use of amides as slip agents is particularly important for
olymers such as polyethylene and polypropylene. However, an
dditional complication in the study of adsorbed layers at the
olymer–air interface arises from the semi-crystalline nature of
hese materials. There is no ‘flat’ surface that will allow the study
y new approaches such as X-ray or neutron reflectivity which
ermit roughness at only an atomic lengthscale. In addition, the
istribution of the adsorbate across the polymer–air surface is also
ignificant with interesting questions about the amount of amide
n the crystallites compared to the amorphous regions.

There are other related techniques to those described here
here samples in an ambient atmosphere can be probed, such

s PIXE (particle induced X-ray emission) [10] which is quantita-
ive, and sensitive to trace elements. However, there are significant
ssues with these approaches for our systems particularly that
lements lighter than Ne cannot be easily investigated—hence
xcluding H, C, N and O of central importance to the present study.

.2. Novel experimental methods and approaches
Recently we, and others, have been developing a number
f experimental techniques to probe the structure, composition,
ynamics and phase behaviour of ‘buried’ adsorbed layers. These
pproaches have a number of key advantages including, sensitivity
o fractions of monolayer, they are non-invasive and they can probe
ysicochem. Eng. Aspects 337 (2009) 47–51

each component of multi-component mixtures. Sensitive calorime-
try [4] was used to map the monolayer phase diagram of mixed
adsorbed systems [4,11,12], X-ray and neutron powder diffraction
[13] were employed in order to obtain detailed information about
the state and in-plane structure of a crystalline adsorbed layer and
its mixing behaviour and Quasi-Elastic Neutron Scattering (QENS)
was used to identify the adsorbed amounts, multi-layers and the
formation of rotator phases. QENS is complemented by similar NMR
approaches [14].

1.3. Environmental Scanning Electron Microscopy (ESEM)

In the current work we consider the adsorption of amides at the
polymer–air interface using electron microscopy. Scanning elec-
tron microscopy has a long history of exploitation for the study of
surfaces. However, given the very strong scattering of electrons by
condensed matter and dense vapours, essentially all surface studies
require UHV conditions. This is incompatible with the study of del-
icate physisorbed layers of interest here: the adsorbate molecules
will be ‘sucked off’ the surface before a measurement can be made.
The surface can be cooled to try to prevent desorption, but this is
likely to dramatically alter the state of the adsorbed layer we are
trying to study.

Unlike conventional Scanning Electron Microscopy, where, as
mentioned, high vacuum is maintained throughout the instru-
ments, ESEM [4,15] is based on the use of a multiple aperture
graduated vacuum system, which allows specimens to be imaged
under water vapour or other auxiliary gases, such as nitrogen or
nitrous oxide [16]. In this way, the chamber can be held at pressures
of up to 20 Torr [17] while the gun and column remain at pressures
of ∼7.5 × 10−7 Torr. Moreover, by using a correct pumpdown pro-
cedure [18] and by controlling the temperature of the specimen,
which in the ESEM is usually done by using a Peltier stage, dehy-
dration can be inhibited and hence samples can be imaged in their
‘natural state’ without the need of conductive coating. The presence
of a significant water vapour pressure in the microscope chamber
means that our polymer–amide samples will not rapidly lose (or
not lose at all) their amides at the surface, which will allow us to
study their layers.

At equilibrium the adsorbate will have a non-zero vapour pres-
sure. The external pressure will consist of the ‘imaging gas’ and
evapourated additive (at its saturated vapour pressure for the given
temperature). If the additive can maintain its saturated vapour pres-
sure then evaporation will stop (in a dynamic equilibrium). If the
external pressure is too low then the evaporation will continue
and the additive will keep evaporating. ‘Normal’ UHV conditions
have essentially zero vapour pressure and continued evaporation
of the additive would continue until entirely removed. In ESEM
the saturated vapour pressure of the additive can be reached and
equilibrium established preventing further additive loss.

The presence of the amides at the polymer surface can be
addressed by following the appearance of oxygen of the amide at
the surface using Energy Dispersive X-ray (EDX) analysis, which
can also be carried out in the ESEM [19]. The energy of the emission
from the oxygen at the surface gives rise to a characteristic peak,
the intensity of which can be measured.

In this initial study we have attempted a proof of concept to see
if ESEM combined with EDX analysis can determine the composi-
tion of the surface of thin polyethylene (PE) and polypropylene (PP)
films, as well as the migration of amide additives to the surface
as a function of time. The focus here is to explore the potential of

the ESEM technique to observe additives surface selectively (in the
presence of bulk species). If successful, as it seems, this approach
has the potential to be used in the future to study additives that
might not be assessable by related techniques (e.g. that require UHV
conditions) and to map 2D distributions of additives at a polymer
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urface. Structural information on a molecular level still requires
ther complementary methods.

. Materials and methods

Polymer thin film samples were prepared for this study, by
roda Europe Ltd., UK, using both polyethylene (LDPE) (Lupolen
420H) and polypropylene (HPP) (Borealis DH204CF). The rate of
igration to the surface is believed to be significantly slower for

olypropylene than polyethylene, as determined by the variation
f the coefficient of friction with time [20]. Hence we have used
olypropylene in the kinetic studies to allow a longer time window
o prepare samples and measure the kinetics.

The PE films were produced by blown film extrusion using a
5-mm single screw extruder (24:1, l/d) fitted with a 50-mm annu-
ar blown film die. Heater temperatures were 180–200 ◦C (feed
o die). Film thickness was controlled by adjusting nip roller and
xtruder speed. PP films were produced on a small-scale cast film
ine through a 150-mm die “coat hanger style” at 190–210 ◦C onto
hilled rollers (15 ◦C). The amide was dosed in by batch-mixing a
elletized concentrate of polymer-containing 2% additive prior to
xtrusion. The film thickness was controlled by the draw rate and
repared with thicknesses, 50, 40, 30 and 20 �m. Samples were
repared as pure polymer and with 500 ppm of an alkyl amide (eru-
amide: C22H43NO, CH3(CH2)11CH CH(CH2)·7CONH2. A C22 alkyl
hain amide with a single double bond in the nine position, CRODA
ommercial grade CrodamideER).

Erucamide is typical of an important class of amide surface
gents with commercial importance and hence an ideal represen-
ative species for this preliminary study. Based on the temperature
ariation of the boiling points of erucamide under reduced pressure
21] (180 ◦C, 0.4 Pa and 245 ◦C, 60 Pa), equilibrium vapour pressure
f erucamide at room temperature is expected to be very small, well
elow that of the ESEM external pressure (approximately 100 Pa).
nder much lower external pressures than the ESEM, the desorp-

ion of erucamide from polymer surfaces has been reported be
omplete in approximately 1 day (pressure of 8 × 10−3 Pa and at
0 ◦C) [22]. Hence we conclude that we do not expect erucamide to
esorb in these EDX/ESEM experiments with the particularly low
apour pressure of erucamide at room temperature. However, the
DX signal of erucamide at the surface of the polymer is expected

o be very similar to other amide additives where the vapour pres-
ure and desorption at room temperature is more significant and
xploration under UHV prohibitive.

The effect of film thickness is to alter the ratio of the bulk vol-
me to surface area of the film. A thick film will be expected to have

ig. 1. Casino v.2.42 simulation showing the interaction volume (a) and (b) X-ray intensi
epth ∼1.7 �m). Similar results were obtained for the PP specimens.
ysicochem. Eng. Aspects 337 (2009) 47–51 49

a larger potential reservoir of amide for a given surface area, com-
pared to a thin film which will only have a small amount of bulk
polymer for the same surface area. Hence, we expect that there will
be more amide at the surface of thick films than thin films. The
full range of thicknesses of PE films was used for the static, equilib-
rium study. Only 50-�m thick PP samples were used for the kinetic
measurements.

The analysis was carried out on an FEI XL-30 ESEM, equipped
with an EDAX X-ray analysis system. Small samples (approximately
5 mm across) were placed onto an Al-sample holders in the ESEM
chamber and analyzed under water vapour at room temperature,
at an operating voltage of 10 kV (spot size 4–5), a commonly used
pressure of ∼1.0 Torr and working distance of ∼9.0 mm. The EDX
spectra were obtained using a raster scan of areas approximately
30 �m × 30 �m at a scan rate of 1.68 ms. It is obvious that most
of the above parameters can be varied significantly, which would
undoubtedly have an effect on the final results. It was found that
lower operating voltages resulted in lower peak intensities, while
higher voltages resulted in significant beam damage, which in both
cases would make the interpretation of any results extremely diffi-
cult. Pressures of around 1 Torr were required in order to minimize
sample charging, whereas higher pressures would most probably
result in an increased skirting effect [23] and ultimately increase the
experimental error. After the acquisition of the EDX spectra of the
studied specimens, the intensities of the peaks were normalised to
the intensity of the carbon peak obtained for the specimen without
amide additives, by using the EDAX software.

Calculations, using Casino v.2.42 software, addressing the pen-
etration depth of the beam, and hence the volume over which we
are sensitive to the composition are illustrated in Fig. 1. These cal-
culations indicate that the majority of the scattering arises from the
top 1.7 �m of the specimen. Furthermore, from the simulated data
for the intensity of the X-rays, presented in Fig. 1b, it is also evident
that the escape depth of the X-rays is in the region of 600–800 nm.

3. Results and discussion

3.1. Static measurements

Fig. 2 presents the results for specimens with and without

oxygen-containing amide additives. These samples have been
allowed to age for a period well in excess of that required to obtain
equilibrium (in excess of 2 weeks—see measurements below). The
appearance of the oxygen signal in the samples with amide relative
to that without clearly indicates that EDX can be successfully used

ty distribution of a 50-�m thick PE sample (beam voltage = 10 kV and penetration
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Fig. 2. EDX spectra of 50 �m PE specim

n determining the presence of oxygen-containing species on poly-
hene films. Due to the fact that the intensity of the ‘amide’ peak is
airly low it will be extremely difficult to give the absolute amide
omposition at the surface from this data. An alternative approach
o obtain quantitative information to compare with the ESEM/EDX
pproach would be neutron scattering, and this will be attempted
n the future.

The variation of amide signal (normalized net intensity) for
ifferent PE samples thicknesses is given in Fig. 3. Again these sam-
les have been allowed to age for a period well in excess of that
equired to obtain equilibrium. It can be seen that the total inten-
ity of the oxygen peak, increases with increasing sample thickness.
his would suggest that the thicker the specimen, the more amide
resent on its surface. This is in good agreement with the results of
riction coefficient measurements discussed above.

However, there is some question over the interpretation of the
ariation of oxygen signal with thickness. If the beam were not
trictly surface sensitive, but in fact scattered from the whole thick-
ess of the sample illuminated by the beam of a given cross-section
f area, then we would also expect to see a similar increase in oxygen

ignal for thicker samples relative to thinner sample. For a thicker
ample, using a fixed electron beam diameter, the total amide con-
ent measured in the sample would be more than for a thinner
ne.

Fig. 3. Intensity of amide signal as a function of specimen thickness.
ith (a) and without (b) amide additives.

To address this issue and confirm the surface sensitivity of the
ESEM/EDAX approach, we have performed a time dependent study.
For a given sample initially prepared with no amide at the surface
we expect to see a very weak oxygen signal, if the signals do indeed
come from the near-surface region. As the amide migrates to the
surface we should see the oxygen signal increase only if the scatter-
ing is surface sensitive. If the scattering is from the entire thickness
of the sample then the intensity of the oxygen signal should be
independent of time.

3.2. Time dependent study

A set of typical spectra obtained in this study for the 50-�m PP
amide-containing samples are presented in Fig. 4. In this figure it is
clear how the intensity of the oxygen peak increases with time, con-
firming that ESEM and EDX can successfully be used in determining
the presence of oxygen in thin polymer (PP) films. Fig. 5 shows the
variation of the net intensity as a function of time indicating the
pronounced rise in oxygen with time as expected on adsorption of
the amide, over a period of ∼12 days, after which the intensity levels
off.

There is an issue concerning the possible oxidation of the double
bonds at the surface of the polymer–amide film which may also give
rise to an increased level of oxygen with time. We have addressed
this issue with an adsorption study of saturated amides where this

oxidation cannot occur. The results from this study were similar
to those obtained for the PP specimens, i.e. the amount of amide
increases with time and therefore it can be concluded that if oxi-
dation of the double bond takes place it does not have a significant
effect on the EDX measurements.

Fig. 4. Set of typical EDX spectra for a 50-�m thick amide-containing PP specimen
showing that the intensity of the oxygen peak increases with time.
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ig. 5. Net intensity as a function of time for the amide-containing PP specimens.

However, at present we have no explanation for the absence of
he nitrogen edge in these samples which should also form part
f the amide head group. The reason for this may be insufficient
ensitivity of the EDX technique, due to the very small concentration
f nitrogen, or some other sensitivity issue. It is clear that this issue
s not a feature of the surface science because there is no nitrogen
eak in measurements of the pure bulk amide.

These measurements of the bulk amide also proved a crude
caling for the amount of amide adsorbed at the surface of the poly-
ers. The count rate for the oxygen peak from the bulk amide is

5 cps. The saturated surface layer has a count rate of approximately
5 cps. This suggests that the surface layer represents approxi-
ately 3/4 of the bulk amide density in the saturated layer. We

ecognize that this is a very crude estimate until we can establish
ore precise surface excess measurements to use as more effective

tandards.
Fig. 6 presents the variation in the static and dynamic coeffi-

ient of friction (COF) as a function of EDX intensity (and hence
ome estimate of adsorbed amide). This figure indicates that these
arameters are related as might be expected—higher surface con-
entrations of amide will give higher EDX intensity and lower
oefficient of friction. The static COF is more linearly related to the
DX intensity than the dynamic COF. Although this correlation is
s one might expect it is not appropriate at this stage of the ESEM
echnique development to draw any more significant conclusions

t present.

ig. 6. Coefficient of friction (static and dynamic) as a function of EDX intensity.
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4. Conclusions

Environmental Scanning Electron Microscopy, together with
Energy Dispersive X-ray analysis can be successfully employed in
the study of additive adsorption to the surface of thin polymer
films. It was found that oxygen, present in the form of amides on
the surfaces of the films can be detected at an operating voltage
of 10 kV and water vapour pressure of ∼1 Torr. Further analysis
revealed that the intensity of the oxygen increases with increas-
ing specimen thickness, which indicates that more molecules are
present per unit area in the thick polythene samples. We have
also been able to demonstrate that the amount of amide at the
surface increases with time from an initially blown polymer film.
We have eliminated a number of potential experimental arti-
facts such that we are confident that the ESEM/EDX results do
not simply determine the overall composition of the sample in
the cross-section of the electron beam, but are surface sensi-
tive.
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