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Abstract: This paper presents the results of a study of the ordering in polyethylene terephthalate (PET)
film induced by Ar®* ions with an irradiation fluence of 2 x 10'? ions/cm?, and of the temporal stability
of the induced ordering in the irradiated sample, over a three month period. Immediately after
irradiation, sharp new reflections not seen at lower fluences were observed in X-ray diffraction patterns,
with angular positions of 2 8 = 9-10° and 19° and variable azimuthal intensities. X-ray reflections,
previously observed at lower fluences, were also seen: at 2 6 = 26° and 23°, associated with PET
crystallites, and at 2 0 = 5-12°, associated with induced ordering in the amorphous zone. Aging of the
irradiated sample led to significant growth of the ordering region in the amorphous zone for angles up
to 2 0 < 15°, as well as to dissipation and blurring of the new diffraction reflections at 2 8 = 9-10° and
2 0 = 19° and the formation of a new diffraction ring reflection in the range 2 = 11-16°. The azimuthal
distribution of diffraction reflection intensities immediately after irradiation displays a clear oblique
cross located predominantly along lines at angles of 71/4 with respect to the direction of the texture
of the PET film, indicating the formation of spiral structures based on the molecular strands of PET.
Our experimental results lead us to conclude that the formation of coherent scattering areas in the
amorphous region at 2 6 < 15° is due to intra-chain rotations of benzene-carboxyl subunits of repeat
units of the PET chain molecules interacting with the residual electric field of a single latent track;
whereas the formation of spiral structures is due to the inter-chain interaction of these preordered
asymmetric subunits under the influence of the electric fields from overlapping latent tracks.

Keywords: polyethylene terephthalate; latent tracks of heavy ions; irradiation-induced spirals;
intra-chain and inter-chain ordering

1. Introduction

Over the last three decades, the heavy ion irradiation of solid materials including polymers has
been the subject of extensive research, studying both the fundamental interaction mechanisms and the
opportunities for real-world applications. This is evidenced by a large number of articles summarized
both in reviews [1,2] and major monographs [3]. Irradiation of polymers with swift ions leads to
various irreversible effects, such as amorphization and destruction [4,5], surface modification [6-8],
and chemical cross-linking of polymers [9-11]. The irreversibility of these effects is due to them being
caused by highly energetic 6-electrons knocked out from the track core by the irradiating ions and
cascades of secondary electrons formed in turn by these 6-electrons [9-13]. The stochastic nature of
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these processes means that these changes in the molecular structure of irradiated polymers inside
the latent tracks are also stochastic [12-14], so cannot cause molecular ordering (which, as far as we
are aware, has never been observed), either directly or through the aging processes in irradiated
plastic films.

Ordered changes have, however, been observed in the radial electron density of the latent track.
In the experiments of Abu Saleh et al. [15], it was found that the radial electron density increased with
increasing radius, with the density in the inner core of the latent track (at radii less than 3 nm) being
only 20% of that in the shell of the latent track. It follows from Maxwell’s equations that there is a
radially inhomogeneous electric field across the latent track.

The work of Wang et al. [16], showed that there is a residual radial electric field in latent tracks after
irradiation. The stability of this electric field over time is determined by the properties of the irradiated
material and can be very long in the case of electrets [17]. The electric field can be significantly affected
by UV illumination, as shown by Wang et al. [16], who invented a special technique for processing
polyethylene terephthalate (PET) film known as the “track-UV technique’. This technique is very close
to the technology used to prepare ion irradiated films for etching [18] and is based on the general
sensitivity of PET to UV illumination [19].

The presence of a residual radial electric field in the latent track in PET is the cause of the induced
ordering of benzene-carboxyl subunits of repeat units of polymer molecules seen in [20]. Itis well-known
that these subunits have the ability to rotate relative to the backbone of the molecule: the rotational
properties of molecular subunits forms the basis of the field of stereochemistry, see e.g., [21].

In this paper, we report a novel ordering effect in PET film irradiated with swift Ar®* ions at
a higher fluence (of 2 x 1012 ions/cm?) than used in [20]. This new structural effect is expressed
in sharp X-ray diffraction peaks, at 2 0 = 9-10° and 2 0 = 19°, with variable azimuthal intensity.
As seen previously, the increase in fluence causes a reduction in the average intensity of the crystalline
phase diffraction reflections at 2 6 = 26° and 2 6 = 23°. At this higher fluence, however, both of these
previously isotropic azimuthal distributions now exhibit non-isotropic behavior. In the amorphous
phase, we again see an area of induced ordering along the direction of the molecular texture of the
polymer with an intensity that coincides with that seen at the lower fluence of 1 x 10'? ions/cm?. These
new effects go beyond those seen at lower fluences, but since these higher fluences are achieved by
longer periods of exposure to the same incident beam, these effects build cumulatively on those of
lower fluences.

The appearance of these new features in the X-ray diffractograms suggests that there has been a
change in the nature of structural transformations in the polymer under the influence of this higher
irradiation dose. In order to explore the nature of these structural transformations, and to confirm that
the changes we observed are not an experimental artifact, we conducted a study of their evolution
over time. After 3 months of observation, the changes in the structural characteristics provided clear
evidence of the underlying mechanisms for their occurrence and temporal evolution.

2. Experimental Techniques

The subject, experimental equipment, and techniques for studying structural changes in a sample
of PET film of thickness 12 microns (HOSTAPHAN® polyester films, Mitsubishi Polyester Film GmbH)
irradiated with Ar®* ions with an energy of 70 MeV were described in [20]. In this study, we used a
fluence of 2 x 10'2 ions/cm?. Irradiation was carried out in a vacuum at room temperature. The angle
of ion incidence was 42° with respect to the normal line to the surface. The direction of irradiation of
the film coincided with the direction of motion of the film through the irradiation chamber. We used
angled irradiation in order to maximize the electrical interaction of the irradiating ions along the
polymer molecular chains, since it is well known that PET films and fibers have a strongly pronounced
molecular texture in the direction of motion during their production [22,23].

According to our X-ray data for the pristine film [20], the ratio of the crystalline and amorphous
parts of PET was 43:57, which corresponds well with the manufacturer’s passport data and with the
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results of fundamental work on the study of PET structures [24]. The method for calculating this ratio
via analysis of X-ray diffractograms was taken from [22].

X-ray images of the irradiated sample were taken immediately after irradiation. Aging of the
irradiated PET film sample lasted for three months at room temperature without access to sunlight,
and with periodic diffractometric observation to monitor any changes.

3. Results and Discussion

We previously conducted a systematic study of the effects of irradiation on the structure of PET
polymer films, using swift Ar8t ions with an energy of 70 MeV and fluences of 2 X 1010, 5 x 1011,
and 1x 10'? ions/cm? [20]. Radiation-induced ordered regions were found in the amorphous phase of
PET, using the X-ray diffraction method in the Bregg—Brentano geometry with a circular azimuthal
sweep. We found that an increase in the irradiation fluence led to an increase in the areas of structural
ordering, caused by the rotation of polar benzene-carboxyl subunits of repeat polymer units under
the influence of the residual electric field around the ion trajectory. We found that the growth of
ordering in the amorphous phase caused stresses to be transmitted along the PET molecules, deforming
their crystalline regions. Thermal annealing of irradiated samples showed that the deformation
of PET crystallites is elastic. We also found that irradiating samples with a fluence greater than
5 x 10! ions/cm? led to a sharp increase in the value of the atomic displacement from the equilibrium
position, which we associated with the onset of the overlapping of single latent tracks.

Figure 1 shows X-ray diffraction patterns of the studied sample in the pristine state and after
irradiation. A full description of the structural characteristics of the pristine sample was presented
in [20] and can be summarized by the presence of the following characteristic areas: a haloat2 0 = 5-15°
indicating the presence of an amorphous zone in the PET film under study and two isotropic azimuthal
ring diffraction reflections with maxima at 2 6 = 23° and 26° that belong to the PET crystalline phase [25];
and a transition area in the angular range 2 6 = 15-20° (see Figure 1a).
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Figure 1. X-ray diffractograms of the polyethylene terephthalate (PET) sample: (a) pristine
(X-ray diffractograms for the pristine sample were taken from [20] for comparison); (b) after irradiation
with a dose of 2 x 1012 jons/cm? in the geometry of ¢ = 0-271; (c) temporal evolution of the diffraction
spectra of the irradiated PET sample.

Figure 1b shows an X-ray reflection, typical of induced ordering, in the angular range of 2 = 5-12°
with a maximum intensity at 2 0 = 5° of 24,200 cps in the amorphous zone. This is of the same intensity

0'2 ions/cm? (see Figure 4a

and angular range as that seen for a lower irradiation fluence of 1 x 1
in [20]), showing that the growth of this induced ordering zone has stopped for both parameters. Sharp
diffraction peaks have appeared at 2 6 = 9-10° in the amorphous zone and 2 6 = 19° in the transition
zone, both with variable azimuthal intensity. The diffraction reflection rings in the crystalline phase
at2 6 =26° and 2 8 = 23°, which were previously azimuthally isotropic, now also show azimuthal
variations in intensity, of about 10% at 2 8 = 26° and rather lower at 2 8 = 23°.

Figure 1c shows X-ray diffraction patterns of the irradiated sample after 3 months of aging.
The sharp diffraction peaks at 2 6 = 9-10° have disappeared. Both the intensity and 2 8 angular range
of the induced ordering reflection in the amorphous zone have increased, but the azimuthal angular
size has remained almost the same. A new broad diffraction ring has formed with a maximum at about
2 0 = 13° and with some azimuthal variation in intensity. The sharp diffraction peaks at 2 8 = 19° were
observed to move to 2 6 = 17°, towards the amorphous zone, diffusing and reducing in intensity but
preserving the general form of their azimuthal anisotropy.

More details about azimuthal variations of all structural parts of the obtained X-ray diffraction
patterns are shown in Figure 2.

The crystalline reflection rings at 2 8 = 26° and 2 6 = 23° have reduced in intensity with aging,
showing an anti-correlation with the intensity of the induced ordering reflection in the amorphous
zone, as was previously observed in [20] and attributed to the transmission of stresses along the PET
chain molecules. The azimuthal variations in intensity have changed, as can be seen more clearly
in Figure 2e,f below. After aging, the intensity of the diffraction ring at 2 6 = 26° has a well-defined
symmetry with respect to the direction (0,7). Before aging, the intensity of the diffraction ring at
2 0 = 23° was broadly isotropic except for a local maximum at ¢ approximately 377/2. After aging the
local maximum is at ¢ approximately 7.
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Figure 2. Azimuthal variations in the intensity of diffraction reflections after irradiation with a dose of

2 % 1012 jons/cm? (red lines), and after aging for 3 months (pink lines). Pristine behavior (black lines) is
included for reference: (a) 26 =9-10°; (b)26 =13°(c) 20 =17°,(d) 20 =19°, (e) 20 =23°; (f) 2 6 = 26°.

All of the diffraction rings described above have azimuthal distributions of intensities consisting
of rings on which long or short arcs with variable intensity are superimposed. The diagrams in Figure 3
show that there is some symmetry in the peak azimuthal intensities in the polar coordinate system
(20,¢). After irradiation, there is a clear oblique cross located predominantly along lines at angles of 7t/4
with respect to the direction of the texture. After aging the picture is more complicated but still contains
some cross-like symmetries. Such X-ray diffraction patterns are typical of solid polymer materials
consisting of chain molecules coiled in spirals, in which rings due to the polycrystalline character of the
material are superimposed with arcs due to the spiral configuration of the chain molecules [22,25,26].
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Figure 3. Diagram showing peak azimuthal intensities in the polar coordinate system (26,¢): (a) after

irradiation and (b) after 3 months.
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X-ray diffractometry of chain molecules is a well-studied field of radiography with its own
terminology and is described in a large number of major monographs (e.g., [22]). According to the
terminology used in X-ray diffractometry, the term “meridian” is used in place of the term “texture
direction” that we have been using to describe the direction along the axis of the chain molecule.
The direction perpendicular to the meridian is referred to as the “equator”. The position of arcs
and spots along the meridian, equator, and/or at an oblique angle to both of them provide complete
information about the parameters of the spirals formed by these chain molecules. In particular,
the presence of a cross-like pattern in an X-ray diffraction pattern is a reliable confirmation of the
existence of a spiral in the structure of chain molecules (e.g., see Figure 90, p. 142 in [22]). The X-ray
diffraction patterns of helical polymer chain molecules are so well-understood that analysis of their
details can be used to determine properties of the polymer material. For example, in [25] X-ray
diffractometry of isotactic poly(methyl methacrylate) (it-PMMA), whose molecules are coiled in a
double helix, was used to determine the mechanical properties of this polymer. The physics of the
formation of double helical polymer chains is also well-understood as being due to dipole-dipole
interactions between neighboring chain molecules together with the rotation of subunits of the repeat
units of the chain molecules.

For example, in [26], the formation of a double helix in a sample of synthetic sulfonated aramid
polyanion, poly-2,2” - disulphonyl-4,4" - benzidine terephthalamide (PBDT), was shown to be due to
rotation of benzene rings associated with dipole units such as -5O3— and -NHCO-. A repeat unit
of PBDT polymer molecule contains three benzene rings separated from the axis of the molecule
by o-hinges, but only two of them contain attached asymmetric dipole groups, which allows them
to rotate during intermolecular interactions. In addition, the repeat PBDT unit includes a carboxyl
group, which also has the ability to rotate on o- hinges. The authors showed the helical conformation
via X-ray diffraction, NMR spectroscopy, and molecular dynamics (MD) simulations. The authors
explain the emergence of a helix formation in a pre-ordered PBDT solution as due to the joint action of:
intermolecular forces between functional units such as -SO3~ and -NHCO™ in neighboring chains;
ni-stacking; and dipole-dipole interactions, together with the rotation of each subunit within the chain
PBDT molecule.

If we apply this body of knowledge to our data, we can conclude that molecular helical structures

0'2 jons/cm?. These helical structures

appeared in the PET film when irradiated with a fluence of 2 x 1
degraded with aging, in contrast to the region of induced ordering in the amorphous zone, which not
only did not dissipate with aging but increased in both intensity and 2 0 angular size. It is possible to
understand the observed evolution of spiral structures after high irradiation fluence via the well-known
fact that the overlap of the zones of influence of latent tracks increases with increasing irradiation
fluence [27,28]. If the irradiation fluence is too low to cause overlap, the residual cylindrically symmetric
electric fields inside each zone of influence act independently of each other and the dipole groups of
the benzene-carboxyl subunits interact only with the residual electric field of a single track. This results
in cylindrically symmetric ordering of these subunits, as shown in [20].

If the fluence is high enough to cause overlapping of latent tracks, the behavior of benzene-carboxyl
subunits will be determined not only by the residual electric field of a single latent track but also by the
fields of neighboring tracks. Because of the cylindrical symmetry of the latent tracks, the individual
electric fields in overlapping regions act in opposition to each other to reduce the effective electric
field. This, together with the fact that the benzene-carboxyl subunits are already ordered, allows
dipole—dipole interactions between the subunits of neighboring chain molecules, causing correlated
rotations of these subunits. The asymmetric nature of the dipoles in the subunits, together with their
rotations, is sufficient in this situation for the formation of a spiral conformation of the subunits in
neighboring chain molecules, as shown in [26]. As with PBDT, repeat units of PET chain molecules
contain an aromatic ring with an attached dipole —CO unit. The only difference between PBDT and
PET is that the repeat unit of PET contains a single benzene ring and a single type of dipole unit.
We consider the explanation given by the authors of [26] to be physically well-founded and confirmed



Crystals 2020, 10, 427 7 of 10

experimentally. In our explanation of the spiral formation effect we found, we follow the physical
representations described in [26]. In our case, however, the only rotatable subunits are benzene rings,
and the only cause of the interchain interaction is a dipole-dipole interaction.

It is known from the physics of the class of polymer electrets to which PET belongs that
dipole—dipole interactions between neighboring chain molecules have low energy (0.02-0.9 eV) [29],
which leads to low temporal stability of dipole—dipole conformational structures, as observed here.

We would like to emphasize that, as in [20], we clearly see the reversible nature of this additional
ordering, in contrast to the irreversibility of the processes of radiation crosslinking caused by &-electrons
and their cascades of secondary electrons, both immediately after irradiation and throughout the aging
of irradiated polymer films [9,10,12].

We also note that here we are discussing an effect that appears immediately after irradiation: aging
helps us understand it but it is not due to the aging itself. As we mentioned in the introduction, we are
aware of no literature describing any molecular ordering occurring from the aging of polymer films
irradiated by swift ions. There remains a lack of clarity in the understanding of the processes that occur
in polymer films under ion irradiation. There are many different models and hypotheses describing
the formation of latent tracks in solids, including polymers, such as the Coulomb explosion model,
the exciton self-trapping model, the thermal soldering model, the electronic braking hypothesis of energy
losses of incoming ions, etc., (see e.g., [3]). These models and hypotheses have all been formulated
to explain such experimental facts in ion-irradiated polymers as polymerization, amorphization,
radiolysis, change in phase composition, and chemical cross-linking. A number of models described
in [3] lead to effects such as saturation of the defect concentration when latent tracks overlap. This
circumstance was used in [30] to estimate the transverse dimensions of latent tracks in crystals
and polymers.

In the wider context, we can make two observations about the results here and in [20].
First, reversing the arguments above, in this situation some information about the structure of
the residual electric fields in the PET film is provided by the x-ray diffractograms, even though
they only map positions of reflecting centers in the molecules, because these show the rotation of
benzene-carboxyl units responding to a residual electric field. In other words, the benzene carboxyl
subunits are acting as nanoindicators of the gradient of the electric field, but provide no information
about its magnitude. This information could be provided by optical studies of irradiated films,
for example, using the Franz—Keldysh effect [31], which the authors plan to do in the future. Second,
our results, together with those in [26] for a very different experimental situation, suggest that
preordering is a very important, and perhaps essential, prerequisite for the emergence of spiralization.

We now turn our attention to understanding the increase of the induced ordering in the
amorphous zone after aging. This type of induced ordering is associated with the intrachain rotation
of benzene-carboxyl subunits [20] and is as stable as the residual electric field itself. Figure 4a shows
that the value of the root mean square (RMS) atomic displacement from equilibrium positions for the
irradiated PET sample is almost constant over time, confirming the well-known long-term stability of
latent tracks in polymers such as PET. For example, [15] shows the presence of a residual electric field
in a latent track in polyamide foil after irradiation with uranium ions at a distance of up to 3 nm from
the center of the track after 10 years of storage.

The general decrease in the intensity of the main diffraction reflection at 2 8 = 26° alongside a
simultaneous increase in the meridian reflection associated with the induced ordering in the amorphous
zone [20] is observed over a time frame typical for creep-like effects. This leads us to suggest that
not only mobile benzene-carboxyl subunits but also molecular chains themselves are involved in the
post-irradiation ordering processes caused by residual electric fields.
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Figure 4. (a) Temporal dynamics in RMS displacement of the sample irradiated with a dose of
2 x 10'? ions/cm? and (b) RMS displacement immediately after irradiation for four fluences between
5 x 1010 and 2 x 10'2 jons/cm? (data for the first three taken from [20]).

Figure 4b shows that the RMS atomic displacement from the equilibrium position for the highest
fluence of 2 x 10'2 ions/cm? fits into the previously established trend of a sharp increase in RMS value
for fluences above 5 x 10! jons/cm?. In the case of irradiation of solid materials with a well-defined
crystalline lattice, an increase in atomic displacement from the equilibrium position is usually taken as
an indication of growing disorder and amorphization in the structure of the crystalline lattice. In this
study, however, the conformational rotation of mobile subunits of repeat units of the chain molecules
leads both to increased levels of ordering and to the large atomic displacement values.

4. Conclusions

The experimental results presented here and in [20] confirm the existence of induced ordering in
PET caused by residual electric fields of latent tracks after irradiation with swift argon ions. Induced
ordering occurs both as a result of intra-chain rotation of the mobile subunits of repeat units of the
chain molecules within single latent tracks and, when the irradiating fluence is high enough to cause
overlapping of latent tracks, inter-chain interaction of these mobile subunits, leading to the creation of
spiral conformations of the subunits in neighboring chain molecules.
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