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Abstract

The staining of poly(ethylene terephthalate) (PET) by ruthenium tetroxide (RuQO,) is used to obtain a contrast at the crystalline lamellar
scale in transmission electron microscopy. This paper demonstrates the efficiency of this technique conducted in vapor phase on ultracut bulk
samples. Advantages of this method against other contrast enhancing techniques and the parameters of staining are discussed. The depth of
attack is measured and is shown to be limited by a crosslinking process. The chemical mechanisms are investigated by grazing infrared
spectroscopy and involve the oxidation of the aliphatic moeities of PET.
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1. Introduction

Since its introduction from the fields of cellular biology
and histology [1], the ruthenium tetroxide (RuO,) staining
technique has been widely used to obtain an improved
image contrast in the transmission electron microscopy
(TEM) of a number of polymers. Apart from its use in the
study of polymer blends [2—9], this method was in some
cases also successful in producing a contrast at a lamellar
resolution, i.e. between the crystalline polymer lamellae and
the amorphous regions, for semi-cristalline homopolymers
[8—18] or block copolymers [15,19,20].

Other adequate staining reagents for that purpose include
a.0. chlorosulphonic acid (CISO;H) and osmium tetroxide
(OsOy). In the first case, a chlorosulphonic acid attack
followed by an uranyl acetate staining proved to be efficient
for polyethylene, but was of limited applicability for other
polymers [14,21]. On the other hand, osmium tetroxide long
remained the reagent of choice for unsaturated polymers
[22] but its lack of reactivity towards aromatic and saturated
aliphatic polymers, and the two-step staining process that it
often required, led to the adoption of the stronger oxidizer
RU.O4.

First introduced by Trent [10] who studied its interaction
in a number of polymer systems, its use was later refined by
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Montezinos [11] who proposed its in situ production by the
means of a reaction between ruthenium trichloride (RuCls)
and aqueous sodium hypochlorite (NaClO). It was first
applied to polyethylene and polypropylene but its use was
quickly extended to a large variety of polymers.

Regarding polyesters, while staining of poly(butylene
terephthalate) (PBT) [15] or polycarbonate (PC) [3,6]
proved easy enough, poly(ethylene terephthalate) (PET)
staining is reputedly very difficult. As a matter of fact, only
two mentions of a lamellar contrast obtained by TEM on
stained samples are found in the litterature for pure PET.
The first uses OsO, as reagent [23] but this result was later
criticized as being non-reproducible [24]. Other attempts of
050y, staining were based on a two-step process involving
prior attack by a double-bond containing reagent. They did
not, however, succeed in providing lamellar-scale contrast.
The second claim of lamellar contrast obtention for pure
PET, using a ruthenium-based technique similar to the one
described here, was made more recently [25]. This followed
a noticeable observation of isolated lamellar stacks of PET
in a poly(ether imide) (PEI) blend [9].

Other techniques have also contributed to the study of
the lamellar microstructure of PET, but each of these
techniques has its drawbacks and limitations. PET single
crystals were isolated after hydrolysis [26], but scanning
electron microscopy (SEM) on samples etched by amino-
lysis [27] or plasma only allowed, by removal of the less
ordered zones, the observation of gross superstructures.
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Fig. 1. TEM micrograph of RuOy-stained PET.

Micrographs of carbon replicas [28] revealed a lamellar
structure but this technique does not allow quantitative
evaluation of the morphology.

Recent results obtained by atomic force microscopy
(AFM) [29] revealed the lamellar structure at the surface of
films and even allowed a real-time study of the crystal-
lization process. Despite this interesting result, the direct
observation of the lamellar morphology of PET by TEM
still offers much interest. Although it does not support real-
time crystallization study, the technique is not limited to
thin films but can also be applied to sections of bulk
samples. This therefore yields observations free of confine-
ment and free surface effects characteristic of thin films, so
far a major drawback of most AFM-based observations.

In this context, this paper proposes a simple and efficient
staining technique to reach lamellar-scale contrast for PET.
The described method is based on the exposition of ultracut
polymer samples or thin films to the vapor of RuO,,
produced in situ from the reaction of RuCl; and aqueous
NaClO. The parameters, mechanisms and efficiency of this
system are discussed.

2. Experimental

PET, grade E47 (M, = 20000), was obtained from
Imperial Chemical Industries. Small pellets (20 mg) were
isothermally crystallized from the melt at 230 °C for 1 h
under a nitrogen flow in a Perkin Elmer DSC7, then
quenched at room temperature. These samples were faced
using a glass knife then cut at room temperature on a
Reichert ultracut equipped with a diamond knife. Ultrathin

sections (50—100 nm thick) were deposited on 400-mesh
TEM copper grids.

Ruthenium tetroxide used for staining was produced in
situ by mixing 0.1 g ruthenium trichloride hydrate (Acros)
with 5 ml of 13% active chlorine aqueous sodium hypo-
chlorite (Acros). The polymer sections were exposed, at
room temperature, to vapors of this freshly made solution
for times ranging from 5 min to 1 h. Stained and unstained
samples were observed in a Philips EM 301 transmission
electron microscope operating at 80 kV. For staining
experiments performed below or above room temperature,
the closed vessel containing sample and stain was simply
placed in a freezer or oven, respectively.

PET thin films were obtained by spincoating a 50 g/l
solution of PET in hexafluoroisopropanol (HFIP, Acros) on
floated glass, silicon and gold-coated silicon. Their thick-
ness was characterized with a Jobin Yvon ellipsometer and
is about 200 nm (the refractive index of PET was first
estimated from a set of measurements performed on PET
films spincoated from solutions with varying concen-
trations). 20 pm-thick films were produced by solvent-
casting the same solution on floated glass. Amorphous
100 pm-thick films were obtained by melt-pressing PET
between Kapton polyimide sheets using an aluminum
intercalate, then quenching it in cold water. These films
were stained using the above-described method.

FTIR transmission spectra were recorded on a Perkin
Elmer model 1760-X spectrophotometer (4 cm™ ' resol-
ution). IRAS (Infrared Reflection Absorption Spectroscopy)
spectra were obtained on a Bruker Equinox 55 FTIR
(4 cm ™! resolution) with a grazing beam accessory (non-
polarized light at incident angle of 80°). The spectra were
baseline corrected and absorbance-normalized on the
732cm~ ' B—C=0 phenyl peak. Peaks were assigned
according to Daniels and Kitson [30] and more recent
results [31].

EDS (Energy Dispersion Spectroscopy) elemental
microanalysis and cartography was conducted on a high
resolution FEG Digital Scanning Microscope 982 Gemini
from Leo operating at 25 keV, equipped with a Phoenix
EDAX detector.

Steric exclusion chromatography (SEC) analysis was
performed with a 98:2 vol. mixture of chloroform and HFIP
as solvent. Two Waters HRSE Styragel columns were used
in series with a 0.8 ml/min flow rate. Detection was made by
a Waters 484 UV detector at 254 nm. A universal
calibration curve was obtained from polystyrene (PS)
standards using the Mark-Houwink coefficients for PS and
PET published by Weisskopf [32].

3. Results
3.1. Staining parameters

Fig. 1 displays clearly resolved lamellae in a bulk PET
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Fig. 2. TEM micrographs of PET stained at (a) 80 °C for 15 min and (b)
—15°C for 2 h.

sample stained for 15 min at room temperature according to
the conditions described in Section 2. This result alone
allows interesting studies about the crystalline morphology
of PET that will be the subject of a following paper [33].
This section will, however, concentrate on the varying
parameters that account for this empirical success.
Qualitative analysis based on visual control of the image
contrast shows that the duration of staining has an obvious
cumulative effect. In addition, temperature was also found
to be an important kinetic factor since conducting the
staining procedure at 80 °C caused a fast sample ‘burning’,
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Fig. 4. One-dimensional average of staining profiles: staining time of (a)
0 min, (b) 15 min, (c) 30 min and (d) 60 min.

characterized by the destruction of polymer crystals and the
appearance of numerous small RuO, aggregates. On the
opposite, a temperature as low as — 15 °C required staining
times of about 2 h to obtain a proper contrast, as is shown in
Fig. 2. The regulation of the staining atmosphere also
appeared to play a major part. A closed system procedure
favors fast saturation of the atmosphere. A suitable
displacement of the equilibrium of RuQ4 vapor formation
is, on the other hand, also favorable. This was obtained by
placing an easily oxidized material, such as commercial
polypropylene, in a glass staining cell or by simply using a
polypropylene container, acting as sinks for the RuO, vapor.
Poorer results were obtained for experimental setups not
containing a RuOy sink.

3.2. Depth of attack
The knowledge of the depth reached by RuOy staining is

important in order to evaluate the significance of the
morphology observed on ultracut samples. Amorphous

c) d)

Fig. 3. Staining profiles of a 100 wm-thick PET film observed by TEM on a cross-section: staining time of (a) 0 min, (b) 15 min, (c) 30 min and (d) 60 min.
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Fig. 5. Staining profile of a 100 pm-thick PET film, RuO,-stained for 30 min, observed by EDS: (a) carbon, (b) oxygen, (c) ruthenium, (d) secondary electrons

image and (e) EDS spectrum from the stained part of the sample.

thick films (100 wm) of PET were thus stained for varying
times and transversally cut to determine their staining
profile.

Direct TEM observation of these samples reveals a dark,
very contrasted and somewhat irregular surface layer
corresponding to the stained zone, as can be seen in Fig.
3. Its roughness might be attributed to cut-induced
distorsion, since in some places a separation of the skin
from the bulk was even observed. This also indicates the
strong cohesion of the stained layer. Its thickness is
evaluated as 180 nm and does not vary much with staining
time. On the contrary, the intensity of staining, semi-

quantitatively determined by the normalized contrast of
TEM micrographs of the surface layer, does increase with
staining time, as is shown in Fig. 4.

3.3. Chemical reactions

A SEM-EDS analysis confirms the presence of ruthe-
nium in the contrasted layer, as well as a parallel increase in
oxygen concentration (see Fig. 5). Chlorine is not detected
within the sensitivity of the instrument, while aluminum
traces come from the sample holder. The measured
thickness of the stained zone is about 170 nm, which
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Fig. 6. Infrared spectra (IRAS) of PET thin films stained for increasing
times. Decreasing CH, peaks and increasing bands at 1640 and 950 cm ™'
are highlighted.

correlates well with the length obtained from TEM. The
chemical mechanisms underlying the staining effect were
further probed using infrared spectroscopy in grazing
incidence reflection mode (Fig. 6).

Being normalized on a phenyl peak (see Section 2), the
spectra obviously contain few variations for other phenyl
peaks. A noticeable exception to this is the decreasing band
at 1183 cm ™', but this peak has sometimes been attributed
to CH, twisting [34] too. As regards CH, peaks, most of
them decrease (1341, 1042, 895 and 840 cmfl). However,
other CH, peaks stay almost unchanged (1373 cm™ ') or
even slightly increase (1450 cm™'). But so is the phenyl
peak at 1410 cm” !, which lead us to conclude to the
insignificance of these local discrepancies, maybe due to the
appearance of a broad peak around 1430 cm™'. One thus
notices a global decrease of CH, groups.

While the C—O-C triplet (1266 cm™') stays almost
constant, the C=O stretching band (1730 cm~ ) both
increases and shifts. An important unknown peak also

appears at 950 cm™'. Finally, wavenumbers above
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Fig. 7. Steric exclusion chromatograms with varying staining times.

1800 cm ™" are dominated by intense broad peaks around
3400 and 2740 cm ', at least partly due to the buildup of
water, which is also noticed at 1640 cm™

Another information on the chemical mechanism is
provided by the observed insolubility of the stained surface
layer in HFIP. The whole thin film is actually seen floating
off, indicating a very cohesive nature. This directly hints to a
crosslinking mechanism. SEC performed on the soluble
fraction of the film shows an almost constant weight-
averaged molar weight at about 30,000 g/mol (see Fig. 7),
concurrently with the appearance of compounds with molar
weights smaller than PET cyclic oligomers.

4. Discussion and conclusion

Staining by ruthenium tetroxide is admittedly due to the
precipitation of fine ruthenium dioxide particles, resulting
from the local oxidation of the amorphous phase of the
polymer. The presence of these localized electron-rich
particles creates contrast in TEM imaging. A nodular
background on the nanometer scale is indeed visible on
TEM micrographs of PET, possibly due to deposited RuO,
nanocrystals [35]. Obviously, a deposition of RuO, crystals
on the surface only does not occur since the modified depth
was determined to be about 180 nm. Large-scale surface
RuO, crystals are more probably linked to long attack
durations or high temperatures leading to the overoxidation
of the sample.

As regards the chemical mechanisms of staining, infrared
analysis mainly suggests an oxidation of the aliphatic
moeities of PET only, with the rise of new C=0O and few
unknown peaks. The role of chlorine is unknown, but a
catalytic action was suggested [8]. Concurrently, cross-
linking occurs, resulting a.o. in a much higher mechanical
cohesion and a well-known stabilizing effect against
electron beam damage. At the same time, the marked
ruthenium concentration front confirms that the crosslinked
and stained layer is an obstacle to further diffusion of the
staining agent [16].

Historically, Trent [10] considered that polyolefins were
stainable only thanks to the presence of unsaturated groups,
while PET could be stained through its hydroxyl chain-ends.
Present results, as well as those obtained for PE and PP [12],
rather highlight an oxidation mechanism of CH, groups. In
the case of PET, aromatic rings are indeed protected against
oxidation by their electron-withdrawing neighbouring
groups. This may cast a new light on previous results:
PBT, subject to the same protection, is probably more easily
stained than PET because of both its longer aliphatic chain
and its lower glass transition temperature, thus higher
diffusion rate of RuO,. This might also explain why
bisphenol-A polycarbonate (PC), with its electron-donating
CHj; near the phenyl, is preferentially stained in PC/PBT
blends, as was already pointed out [4,6]. Staining by
ruthenium tetroxide is nevertheless a complex solid-state
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reaction and one should be careful before applying these
conclusions to other polymer blends.

In this paper, we were able to determine a set of staining
conditions for poly(ethylene terephthalate) allowing obser-
vation of the crystalline morphology at the lamellar scale.
This method is useful for thin films but also for sections
from the bulk, from pure PET or from blends. Such a
successful staining, which results from a delicate equili-
brium between reactivity and diffusion, will be exploited in
a coming paper to study in detail the semi-crystalline
morphology of PET [33].
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