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Imaging of polymer monolayers attached to
silica surfaces by element specific
transmission electron microscopy
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Transmission electron microscopy was used to study monolayers of polystyrene covalently attached to the
surfaces of highly dispersed silica gels. The layers were grafted by using immobilized azo initiators and
performing the polymerization reaction directly at the surface of the particles. Mono-energetic inelastically
scattered electrons were used to map the silicon, oxygen and carbon distribution of the modified silica and
create element specific images of the specimen. The micrographs give a direct image of the attached
monolayers of the polymer molecules. From an analysis of the gray value profiles of the micrographs it can
be concluded that the silica particles are surrounded by a continuous, polystyrene layer, approximately

10 nm thick.
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INTRODUCTION

Polymer layers adsorbed on the surface of highly
disperse materials such as silica have been studied by a
large variety of different techniques. Infra-red (i.r.)
spectroscopy under diffuse reflectance conditions
(DRIFT)', solid-state nuclear magnetic resonance
spectroscopy 3, X-ray photoelectron spectroscopy
(X.p.s.)*, and small -angle neutron scattermg5 are just a
few examples of the methods® which have been used to
elucidate the composition and thickness of the attached
monolayers. Most of these methods, however, have very
limited spatial resolution and the desired information
can only be obtained about a large surface area. Direct
observation of the attached polymer layer with both high
vertical and lateral resolution (i.e. on a submicron level)
cannot be achieved.

High-resolution images of modified particles can
generally be obtained by transmission electron micro-
scopy (TEM). However, a major obstacle for imaging of
ultrathin polymer films is that frequently only a low
contrast between particle, attached film and support can
be observed and micrographs with sufficient resolution
for imaging of monolayers are difficult to obtain when
only light elements (Z < 20) are present. An enhance-
ment of the contrast is possible, when element specific
images7_15 are generated. The element spectroscopic
1mag1ng (ESI) technique has been used for elemental
mapping of a large number of biological”® and to some
extend polymerlc especially multiphase polymer,
systems’ !>, While conventional TEM uses elastically
scattered electrons for generation of the micrograph
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image, ESI utilizes the inelastically scattered ones!*!>.

Electrons passing through the specimen undergo a
specific energy loss AE depending on the elements
present at the location of transit. The electrons are
separated with respect to their energies and images are
generated using these ‘mono-energetic’ electrons, thus
showing the net element distribution in the samples.

In this paper ultrathin poiystyrene layers covalently
attached to highly disperse silica are studied by
transmission electron microscopy with electron energy-
loss (e.e.l) spectroscopy and electron spectroscopic
imaging (ESI). The aim of these studies is to investigate
the composition, homogeneity and thickness of these
films. The polymer monolayers are generated by
immobilization of a radical chain initiator on the surface
of the silica and subsequent polymerization (‘grafting
from’), which yields a monolayer of polymer covalently
attached to the solid substrate.

EXPERIMENTAL

The silica employed in these studies (Aerosil A3OO
Degussa) had a specific surface area of 285 + 5m? g

according to the Brunauer—Emmett—Teller (BET) nitro-
gen adsorption method and an average diameter of the
primary particles of 7nm. The primary particles form
large aggregates of 0.1 to several yum diameter. An azo
compound (4,4"-azobis(cyanopentanoic  acid)) was
immobilized on to the silica surface by using «,w-
functional silanes in a three-step synthesis. The structure
of the polymer layer obtained in this way is schematically
depicted in Figure I. Using this method polystyrene films
with graft densities of up to 10 g of polymer per g of silica
could be attached. The covalently bound monolayers
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Figure 1 Preparation of the immobilized azo compound and polymer
monolayer covalently bound to a silica surface

n

were characterized by using a variety of techniques,
including diffuse reflectance i.r. spectroscopy, X.p.s., and
elemental analysis. Details of the grafting reactions and
characterization of the attached monolayers are
described elsewhere!®!”.

The graft density of the sample chosen for this study
was approximately 1g of polymer per g of silica
according to elemental analysis and was the lowest
graft density of the materials synthsized. A material with
a very low graft density was chosen on purpose, because
with an increasing graft density the relative volume
content of the silica substrate particles decreases
strongly. Additionally, when relatively low graft densi-
ties were employed measurements of the film thickness
by electron microscopy could be compared to the results
of other methods of thickness determination, e.g. by
X.p-s.

In order to measure the molecular weight of the
attached polymer, the ester group connecting the
polymer to the surface was cleaved off and the molecular
weight of the degrafted material was determined by size
exclusion chromatography to give M, = 160000 g mol ™!
(polydispersity, M, /M, = 2.8; calibration with narrow-
molecular-weight polystyrene standards).

For the preparation of the electron microscopy speci-
men the unmodified silica gel was dispersed in water
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(1%) and the silica gel plus grafted polystyrene dispersed
in chloroform (1wt%). The solutions were stirred for
12 h. One drop of the obtained dispersion was placed on
a carbon (10nm) coated electron microscope grid (400
mesh) and the solvent was allowed to evaporate at room
temperature.

The transmission electron microscopy investigations
were carried out at a temperature of 110K on a Zeiss
CEM 902 instrument equipped with a Castaing-Henry
filter lens, using an acceleration voitage of 80keV. For
e.e.l. spectrometry a photomultiplier was employed,
while for image acquisition a video system was used.
E.e.l. spectra were recorded on an area of 1600 nm” using
a dwell time of 0.6seV™ (magnification = 250 000).
Electron spectroscopic images were collected by a
silicon-intensified target (SIT) camera (Dage Inc.). The
intensity of the scattered electrons was assigned a gray
value between 0 (black) and 255 (white). Image storage
and image processing was carried out by using the IBAS
2.0 image system from Kontron. Except for background
correction no other image processing was carried out.

No decay or alteration of the specimen was observed
during image acquisition. The maximum electron dose
during recording of the images was ~0.04Ccm 2.
Although the occurrence of radiation induced processes
such as crosslinking of the polymer is likely to occur'®,
the dose to which the polymers have been exposed
remained well below the characteristic dose for removal
of carbon from comparable organic compounds at this
temperature'® !, Repeated imaging of the same location
and measurement of the thickness of the polymer film on
the same particle showed no significant changes.

RESULTS AND DISCUSSION

Conventional TEM images (magnification =250 000) of
unmodified and modified silica gels are depicted in Figure
2. Image (a) shows the silica without any surface
modification, and image (b) the same material with a
covalently bound polystyrene film. While the unmodified
silica gel gives a clear image with sharp boundaries
between particle and supporting carbon film, the image
of the specimen with the grafted polystyrene (SiO,-PS)
appears somewhat blurred, although both micrographs
were obtained under the same conditions. The low
contrast between the attached layer and the support is
probably due to the fact that both phases consist mostly
of carbon and consequently the electron density differ-
ences are too small to give sufficient differences in
scattering behaviour. While it can be clearly seen that the
primary particles in the SiO,—-PS specimen are, as a result
of the additional polymer layer, more than twice the size
of the primary particles of the unmodified silica, the
increase in size brought about by the attachment of the
polymer monolayer is, however, difficult to quantify
exactly. To circumvent this problem TEM studies using
the electron spectroscopic imaging technique were
carried out.

Typical e.e.l. spectra of an unmodified silica gel and of
one with an attached polystyrene monolayer are shown
in Figure 3. The location of the specimen, from which the
spectrum of the polymer-modified silica was obtained, is
encircled in the bright field image shown in Figure 4d.
Both loss spectra show loss signals due to the presence of
silicon (Sif, 3 at 110eV) and oxygen (O at 532eV). The



TEM study of polymer layers on silica surfaces: A. Ribbe et al.

b

Figure 2 Transmission electron micrographs of (a) an unmodified
silica gel and (b) silica with an attached polystyrene monolayer;
magnification — 250 000, scale bar represents 20 nm

loss spectrum of the unmodified silica gel (upper trace)
shows only a very weak carbon absorption signal (Cg at
284 eV) caused by the carbon support and/or carbon-
containing impurities (carbon content of the unmodified
silica <0.3wt% according to combustion analysis)
adsorbed on the particles. In contrast to this the silica
plus grafted polystyrene (lower trace) shows a strong
carbon signal due to the presence of the polymer
monolayer.

This increase in the number of inelastically scattered
electrons is used for image generation in the electron
spectroscopic imaging technique'*!>. As the image is
constructed exclusively from inelastically scattered elec-
trons, the intensity of the image is high in those regions
where the element is present in the specimen in significant
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Figure 3 Electron energy-loss spectra of an unmodified silica particle
(upper trace) and a silica gel plus a covalently bound monolayer of
polystyrene (lower trace); dashed lines indicate extrapolated back-
grounds; E| and £, are the upper and lower energy values, respectively,
of the carbon image, while I, is the background and 7. the carbon
contribution to the overall intensity

concentrations. In all other regions the intensity is low
and an element specific contrast is obtained.

However, the signal caused by the loss process cannot
be used directly for image generation as it is super-
imposed on a descending background. Therefore, in
order to obtain images with sufficient contrast, the
background contribution /;, has to be subtracted from
the total signal intensity.

The spectral intensity of an energy loss process can be
described by the following:

I(E) = Ae "exp(—r) (1)

where A and r are parameters which depend on the
energy and intensity of the inelastically scattered
electrons and therefore on factors such as electron
density and thickness of the sample®*®’. Accordingly,
they assume different values at every adsorption edge of
the spectrum and also at different locations of the
sample. The background contribution I to the total
signal intensity of an ESI image can be calculated
according to Egerton®?3 as follows:

Iy = (Tf—r)(Ezl*' - E7) 2)

where E| and E, are the lower and the upper energy limit,
respectively, of the energy window for generation of the
element image.

The position of the absorption edges, and the energies
at which element and reference images were recorded, are
summarized in Table 1. Two reference images were taken
at energies below the adsorption edge and the back-
ground contribution [, to the intensity of the ‘as-obtained’
element image calculated according to equation (2) for
each pixel. The extrapolated background signals obtained
were digitally subtracted from the total intensity and the
net intensity I. for each pixel of the image was then
obtained (‘three-image method’). Figure 4a shows a
typical image of the net carbon distribution of an
agglomerate of SiO,—PS after background subtraction.
The image was recorded at a magnification of 140 000.
The polymer layer attached to the silica can be seen as a
white area around the image of the silica particles, where
the latter appear black. The gray value of each pixel of
the image represents an intensity 7(A), which is specific
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Figure 4 Electron spectroscopic images of a monolayer of polystyrene covalently bound to a silica surface, showing (a) carbon, (b) silicon and (c)
oxygen distributions; bright areas indicate high, while dark areas indicate low concentrations of element contents, with the lines showing the regions
from which gray value profiles were obtained. (d) Bright field image of the same area as (a)—(c) at a magnification of 140000 (encircled area shows
region where spectrum of Figure 3 was taken); scale bar represents 40 nm (see text for further details)

Table 1 Values obtained for the absorption edge AFE of elements
present in the polymer-modified silica gels and energies of the element
and reference micrographs used for element spectroscopic imaging of
the samples

Energy
V)
AE -
Element (eV) Reference | Reference 2 Element
Carbon —284 —260 —270 —300
Oxygen ~532 —515 —525 —550
Silica -99 —80 -90 —120
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to the loss process and directly correlated to the element
contents N of the measured location according to the
following®:

I(A) = No(A)(A) (3)

where I, (A) is the intensity present in the region with low
energy loss, o is the reduced cross-section, and A is the
energy range from F to E + A.

When particles at the edge of the agglomerates are
studied, it can be clearly seen that the polymer layer
around the silica particles is continuous. While many
different locations in a large number of silica aggregates
were analysed no location could be detected where
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coverage of the substrate with the polymer layer was
incomplete.

In the centre of the silica agglomerates the interpreta-
tion of the micrographs is not straightforward, because
in some of those areas the thickness of the specimen is so
large that multiple scattering of the electrons occurs. In
this case, the gray value of the image is not directly
correlated to the carbon content of the specimen.
Multiple scattering occurs when the sample thickness ¢
of the specimen becomes comparable or larger than the
mean free path of the electrons, and for large values of
t/ X the intensity is no longer directly correlated to the
element concentration as described in equation (3).

In this case, the intensity of the inelastically scattered
electrons becomes very strongly dependent on the local
thickness of the specimen. Eventually, it will even
decrease with increasing thickness as the fraction of
elastically scattered electrons increases, as follows®*:

I; = Texp(—1/A)[1 — exp(—1/X)] (4)

where A; and ), are the mean free paths, respectively, of
the elastically and inelastically scattered electrons.
Therefore, a quantitative analysis was carried out only
on particles at the edges of agglomerates, where the
thickness of the specimen was sufficiently low.

Although the silica particles are completely surrounded
by the attached polymer layer, electrons passing through
the core of the particles are much more likely to be
scattered than those passing only through the polymer
shell as a result of the larger scattering cross-section of
the silicon and oxygen atoms compared to the carbon
and hydrogen of the polymer film. Therefore at those
locations where silica is present, fewer electrons reach the
detector and the image appears black, despite the fact
that carbon is present both on top and below the particles.

This interpretation is directly confirmed when the
images of the silicon (Figure 4b) or oxygen distribution
(Figure 4¢) and the bright field image (Figure 4d) of the
same location are compared to that of the carbon
distribution (Figure 4a). Figures 4b and 4c were generated
by using mono-energetic electrons inelastically scattered
at silicon (Figure 4b) or oxygen atoms (Figure 4c). The
same technique as described above for the net carbon
distribution was applied. It is only at locations where
silica is present that the intensities I5; and Iy are high,
and therefore only these locations appear white in the net
element distribution.

In the bright field image (Figure 4d) the silica particles
appear black. This is due to their higher atomic number
and therefore larger scattering cross-section of the silicon
and oxygen atoms in the particles when compared to the
polymer, which consists of carbon and hydrogen atoms
only. The increased scattering cross-section leads to an
increase in the ratio of elastically vs. inelastically
scattered electrons and a smaller number of electrons
reaching the detector.

When primary particles at the edge of the agglomerate
are analysed, the gray value profile of the carbon
distribution gives direct information about the polymer
layer thickness. Traces, along which the gray value
profiles were recorded, are depicted as white lines in
Figure 4a. As shown in Figure 5, the signals due to the
carbon content of the specimen are superimposed on a
descending background. This decrease of the signal
intensity from the middle to the edges of the image is due
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Figure 5 Gray value profile of the net carbon image along the trace
indicated in Figure 4, where the straight line shows the curve fit; for
the background contribution a square-root function was used, while for
the signal exponential functions were employed. Insert depicts the
difference between the measured data and the curve fit

to the intensity profile of the illuminating beam. The
absolute number of electrons passing through the speci-
men is not the same in all locations, but varies with
respect to the distance to the optical axis of the
microscope. The strongest intensity of the electron
beam is in the centre of the irradiated areas and decreases
out to the edges.

From an analysis of the gray value profiles the
thickness of the attached monolayer can be directly
estimated. The highest gray value is obtained directly at
the interface between the silica particle and the polymer
layer, as schematically depicted in Figure 6a. When a
trace is followed from the interface through the polymer
layer, the gray value decreases with increasing distance
from the surface of the silica particle. This decrease is
caused by a convolution of the sample geometry and the
segment density profile of the attached macromolecules.
When the trace is followed in the opposite direction (i.c.
to the centre of the silica particles) the intensity drops off
rapidly, due to the fact that more and more electrons are
scattered by the particles and fewer electrons reach the
detector.

The thickness of the polymer layer can be obtained
directly from the image, when the distance is measured
where the value of the intensity of the gray value profile
of the carbon signal reaches zero after background
correction. This average distance was measured to
10 + 2nm in many different locations of the sample
and was very well reproducible when different samples
having the same graft density, and which were prepared
by the same experimental procedures, were studied.

This thickness value for the polymer layer obtained
from the element specific electron microscopic images was
found to be in good agreement with the calculations of the
layer thickness from X-ray photoelectron spectrometry
(X.p.s.) measurements'®'”. The attachment of the poly-
mer layer causes a strong attenuation of the signals of the
silica substrate. An analysis of the relative signal
intensity of the Sils and Si2p (substrate) signals,
compared to that of the Cls signal of the attached
polystyrene films gave good agreement with the electron-
microscopy-analysis thickness values of 8 nm for the
attached polymer film, depending on the preparation and
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Figure 6 (a) Schematic description of gray value profiles of ESI micrographs. (b) [llustration of differences in the conformations of tethered polymer
molecules grafted to locations with positive (spheres) and negative (pores) curvatures

polymerization conditions. In films with thicknesses
larger than 10 nm substrate signals are no longer visible
and no thickness determination by X.p.s. can be
performed.

However, it should be noted that upon careful
measurement of the film thickness by ESI it was observed
that the polymer layer thickness in the pores, created by
aggregation of the primary particles, was somewhat
larger (depicted schematically in Figure 6a). This can be
easily understood when it is considered that the polymer
chains in the pores are much more crowded and therefore
have to assume a geometry different to those on the
positively curved surfaces. It has been theoretically
predicted25 ~27 that the terminal attachment of polymer
molecules with a small distance between the graft sites
leads to a stretching of the polymer coils perpendicular to
the surface. This stretching is driven by the concentration
gradient between the (solvent-filled) immobile polymer
layer and the pure solvent surrounding the polymer-
modified particles. As the polymer chains are covalently
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bound to the surface they cannot diffuse away, but
solvent molecules diffuse into the polymer layer to
decrease this gradient, leading to an extension of the
polymer molecules perpendicular to the surface. This
stretching is counterbalanced by the elastic forces of the
chains, as the elongation of the chain is energetically
unfavourable for entropic reasons (decrease of the number
of possible conformations)® %', On positively curved
surfaces the concentration gradient, and consequently
the driving force for the stretching of the molecules,
becomes rapidly smaller with an increasing distance from
the surface as more and more volume becomes accessible
for the chains. Inside those pores having dimensions
close to those of the tethered chains, however, the
situation is completely different. With an increasing
distance from the surface no further volume becomes
accessible, but instead more chains compete for the same
volume (Figure 6b). Therefore the conformation of the
polymer chains on concave surfaces should be on
average more stretched thus leading to a filling of the
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pores and a strong decrease in the surface area of the
aggregates.

This strong decrease in the surface area can be directly
seen when the specific surface of the polymer modified
particles is measured by the BET method. It is observed,
that the specific surface area is reduced upon grafting
of the polymer monolayer, from 160 m* g~ for the Si0,
with the immobilized azo compound to <10 m? g~ ! after
attachment of the polymer.

It should be noted that the thickness value obtained by
the electron microscopic measurements is that of a
polystyrene film in high vacuum and therefore the
polymer molecules are in a solvent-free, collapsed state.
When films consisting of polymer molecules deposited by
attachment of preformed polymer molecules with func-
tional groups to appropriate reactive sites of the surfaces
of substrates (the ‘grafting-to’ technique), or simply by
physical adsorptlon only layer thicknesses of 3 to S5nm
can be obtained?®. The thickness value of 10 nm for films
prepared by the method described in this paper is not the
maximum which can be achieved by this method. As
already mentioned above the graft density of the film
studied here was on of the lowest prepared in a large
series of experiments.

The direct measurement of the film thickness, where
the molecular weight and graft density of the polymer
chains on the surface can be measured on the same
sample, allows a detailed insight into the behaviour of
polymer chains tethered to a solid surface of highly
dispersed materials. Studies on such tethered polymer
chains, with a large variation in molecular weight and
graft density of the attached polymer molecules, have
been carried out and will be described in a subsequent
communication®®

CONCLUSIONS

Transmission electron microscopy with an element
spectroscopic set-up, which allows the generation of
element specific images, offers many new possibilities for
the characterization of ultrathin films attached to the
surfaces of highly dispersed particles. When inelastically
scattered, mono-energetic electrons are used, images
with high contrast between the attached layer, substrate
and support can be obtained. The chemical composition
of the attached film can be mapped and the homogeneity
of the bound ultrathin layer can be measured with high
spatial resolution. Even very local changes in the
composition of an attached polymer layer should be
easily detected when they are accompanied by corre-
sponding changes in the element distribution. Analysis of
the gray value profile allows the direct measurement of
the thickness of the bound film.

The application of this technique to the study of
ultrathin films attached to surfaces of solid materials
holds great promise for the characterization of these
layers at a submicron level.
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