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We present a new hypothesis and supporting experimental evidence about the essential role played by small
impurities of dicarboxystilbene in the process of UV treatment of PET films irradiated with swift heavy ions
(SHI). This treatment both forms highly selective membranes with permeability values comparable to natural
ones (the track-UV technique) and sharply accelerates the etching of latent tracks in membrane production (the
track-etching technique). We hypothesize (1) that these high permeability value is due to the presence of a
molecular motor of an Archimedes screw type in the central part of the latent track formed by photoinduced
trans-cis isomerization of dicarboxystilbene molecules that are anchored in helical conformations in the latent
track; and (2) that the acceleration of etching rates is due to the preferential accumulation of phenanthrene-type
molecules in the central part of the latent track due to the existence of a cyclization channel for photoexcited
molecules of cis-dicarboxystilbene. In the presence of alkali solution, phenanthrene molecules release electrons
which behave as strong anions in aqueous solution, catalyzing alkaline hydrolysis of PET molecules in the central
part of the track. We present experimental observations of photoinduced changes in transmission light intensity
after track-UV light treatment of both pristine and SHI irradiated PET films that confirm the presence of trans-cis
isomerization of dicarboxystilbene molecules and show their contribution to the formation of new helical con-
formations in SHI irradiated PET films during the light treatment.

1. Introduction without the UV treatment and the authors note that ageing of the PET

film for at least one week in air after the track-UV treatment contributes

There is considerable commercial interest in polymer membranes
with high ionic selectivity and high transport rates. In Refs. [1,2] such
membranes were produced by swift heavy ion (SHI) irradiation of thin
polymer films of polyethylene terephthalate (PET) in a vacuum, using
Au and Bi ions of energy 2.2 GeV and 1.4 GeV respectively, with sub-
sequent UV light treatment (the ‘track-UV’ technique). Fluences of (5 +
50) x 10° cm 2 were used with mean energy losses of about (16 + 1.5)
keV nm~l. These results have attracted the attention of many re-
searchers [3-10].

For 2 pm thick PET Lumirror® film prepared using the track-UV
treatment, ultrafast ion sieving was observed with the film used as a
separation membrane in a conductivity cell with an aqueous solution of
salts of alkaline and alkaline earth metals and a constant voltage of up to
10 V applied across the film [1,2]. Ultrafast sieving did not occur

to achieving the final result. The transport rate is proportional to the
fluence of the SHI irradiation and to the concentration of electrolyte ions
and increases rapidly and non-linearly with increasing voltage applied
to the membrane. It also increases rapidly and non—linearly with
increasing exposure of both sides of the SHI-irradiated film to poly-
chromatic UV/vis light (280 < 600 nm) of flux density of about 4 mW
cm 2, for up to 4 h. The authors found that a 12 pm thick PET Hos-
taphan® film demonstrates higher selectivity, but a transport rate three
orders of magnitude lower than that of 2 pm thick film in a similar cell at
the same applied voltage. The treatment of the thicker film, however,
differed: it was not aged in air, a narrower spectral range of UV light was
used (300 + 450) nm, and the maximum exposure was 3 h rather than 4
h.

In [1], the authors suggest that a prerequisite for high selectivity is
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the use of SHI with a linear energy loss above 7 keV nm L. In Ref. [3],a
slightly higher threshold of 9 keV nm™! is proposed. The study presented
in Ref. [11] of the formation of cylindrical pores in SHI track-etched
polyimide film, which is similar in properties to PET film, suggests
that Xe and Kr ions of specific energy of about 2 MeV u™! have linear
energy losses in a polyimide film of, respectively, 11 keV nm ! and 8
keV nm . This raises the possibility that ultrafast sieving membranes
might be produced using heavy noble gas ions, which are much more
widely used and available than Au or Bi ions.

Consideration of the conditions under which sieving performance
was measured for 2 pm and 12 pm films in Refs. [1,2] suggests that it
may be possible to improve the performance of thicker films, which are
much more widely available than thin ones. The same voltage was
applied to both films in the measuring cell, resulting in an electric field
in the thin film six times higher than in the thick one. A voltage of 60 V
would be required for the electric field in a 12 pm film to be the same as
that due to a voltage of 10V applied to a 2 pm film. The measured de-
pendences in Refs. [1,2] of the transmembrane current on the voltage
applied to the conductivity cell for films of a given thickness are
approximately exponential, so the dependence on the magnitude of the
electric field in the film is also exponential. Reducing the electric field by
a factor of six therefore has a very strong effect (~€® ~ 400 times) on the
value of the ion current through the measurement cell. This accounts for
most of the difference found in ion conductivities between the two
thicknesses of film, reducing the part that may be due to the difference in
thickness from three orders of magnitude to a difference of several times.

The effect of UV illumination has traditionally [12,13] been associ-
ated with the photo-oxidation of broken parts of polymer chain mole-
cules destroyed by the SHI in the inner parts of latent tracks [6,9,14-17].
In Refs. [12,13], measurements of the etching breakthrough time in
polycarbonate (PC) films irradiated with massive charged fission frag-
ments of 2>2Cf and then placed in an a.c. conduction cell filled with
etching solution showed that, if the irradiated films are aged or exposed
to soft UV light before etching, the etching rate increases very noticeably
only in the inner core of the latent tracks. The absence of any noticeable
effect of UV illumination on the etching rate of the bulk material of the
PC film was also noted in Refs. [12,13]. The authors concluded that the
combined action of UV and oxygen is important for this increase in
etching rate and associated it with photochemical oxidation reactions
involving radical groups in the inner core.

In SHI-irradiated PET films, the etching rate of the material along the
latent track was found to be up to three orders of magnitude greater than
the bulk material [15,18] and the connection with UV illumination
confirmed by a number of experiments [19-22]. In contrast to PC films,
UV illumination of PET films has some effect on the etching rate of the
bulk material, which increases by more than an order of magnitude and
also depends on the spectral distribution and light intensity [21].

A number of researchers have sought to investigate the changes in
molecular structure leading to such high differences in etching rates via
studies of variations in the intensities of absorption lines of various
conformations of the ethylene glycol moiety located between neigh-
boring terephthalate groups in the PET polymer chain molecule, in the
far infrared region of the spectrum (6-7 pm or about 0.2 eV) [6,9,23,24].
It is well known, however, that the biggest variations between the op-
tical spectra of pristine and irradiated PET films is observed not in the far
infra-red but in the visible and near UV (energy range 1.6-4eV): the
so-called “red shift” of the absorption edge. There is general agreement
that the red shift results from delocalization/the growth of conjugated
systems, although there is a divergence of views on how SHI irradiation
causes this growth [2,10,24-26].

Using analysis of the optical spectra to investigate the changes in the
interaction of light with PET films after SHI irradiation is complicated by
the presence of interference fringes [25-27]. One technique for over-
coming this difficulty is described in Refs. [28,29] where it is shown that
for thin films the spectral transmission function, taking into account the
spectral dependences on the coefficient of absorption and refractive
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index, is given by the geometric mean of continuous envelopes of the
positions of the interference maxima and minima. In Ref. [10], we
showed that the spectral transmission function obtained by this method
is sensitive to changes in the electron distribution in the latent tracks
after electrification of the PET film sample.

Since the UV treatment used in Refs. [1,2] is based on an internal
photoelectric effect, it leads to a change in the distribution of electrons
inside the latent track due to the residual electric field, which exists for a
long time after SHI irradiation because of the electret properties of the
PET film [7,8,10,30-33]. We would therefore expect to see changes in
the spectral transmission function in the visible and near UV parts of the
spectrum after UV light treatment.

Furthermore, commercial PET films luminesce [34], and the
non-thermal nature of luminescence makes it a sensitive tool for
studying electronic processes including those involved in changes in the
properties of PET films after SHI irradiation. It is well-known that
luminescence increases with growth in the level of delocalization in
organic materials [35], making it a promising tool here since the red
shift in the absorption edge is due to an increase in delocalization. In
Ref. [36] it was shown that an increase in the absorption edge red shift of
an irradiated PET film was accompanied by an increase in luminescence
intensity.

We note that luminescence has consequences for the correct inter-
pretation of measurements by many commonly-used spectrophotome-
ters (including the one we use), which are designed on the assumption
that studied samples are passive light absorbers. Their recording
photodiode measures the integral intensity of all the light reaching it,
including any luminescence from the film due to the spectrophotometer
incident light, but records this as transmitted light of the incident
wavelength, regardless of what the actual spectral distribution is. An
example of explicit consideration of the luminescent properties of a
photoactive material when studying its absorption spectra can be found
in the experimental study described in Ref. [37].

The origin of luminescence in PET films remains an open question.
Some researchers have suggested that it is the chromophore group of a
repeat unit of the PET chain molecule that luminesces [34,38]. Others
have suggested that the luminescence is due to trace impurities, basing
this hypothesis on experimental results showing that: polycrystalline
terephthalic acid (TPA) powders exhibit the same luminescent proper-
ties as PET film; the form of luminescence spectra depends on the degree
of purity of TPA; and the chromophore TPA groups that coincide with
those in PET do not luminesce. These researchers attribute the lumi-
nescent properties of both PET films and TPA powders to trace amounts
of dicarboxystilbene and dicarboxydiphenyl, by-products of the pro-
duction of TPA. Together with TPA and ethylene glycol these molecules
participate in the polymerization reaction that creates PET, and can be
embedded in the PET chain molecule, forming defective luminescent
links in them [39,40]. Non-covalent interactions between these mole-
cules and the solid matrix are also possible, due to the band structure of
PET film [41].

The impact of impurities on the properties of PET fibers and films is
well known. For example, breakage of the polymer chain is associated
with the presence of p-carboxybenzaldehyde (one of the byproducts of
TPA production) in the reaction mixture, and the fact that the actual
strength of the polymer material is far lower than the theoretical value is
known to be a consequence of the chain heterogeneity of PET molecules
[39,40,42-44]. It is also well known that luminescence in an imperfect
molecular crystal, which a semi-amorphous PET film is, is associated
with defects or impurities [45-49]. These optically active impurities can
be either acceptors, receiving and re-emitting the photon energy
absorbed by the matrix, or donors, absorbing photons and transferring
their energy to the matrix via a non-radiative process. Energy transfers
between the matrix and the impurity are influenced by several structural
factors, such as the orientation and deformation of the impurity mole-
cule, its environment, the presence or absence of a free molecular vol-
ume etc. [50-52].
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There are a number of well-known features of stilbene and its de-
rivatives (stilbenes) that distinguish them from other impurities or
contaminants in PET film, leading us to hypothesize that stilbenes play a
role in the changes that occur inside latent tracks during UV light
treatment. We develop our hypothesis as follows.

Stilbenes exhibit classic photoisomerization between trans and cis
isomers, where in the photoexcited state one of the phenyl rings rotates
relative to the other around the ethylene bond, transforming planar trans
and twisted cis isomers into one another. Stilbene luminescent proper-
ties are mainly due to the trans isomer, rather than the cis isomer. Due to
the difference in the thermodynamic stability of these two isomers,
stilbenes usually overwhelmingly occur as trans isomers, but after pho-
toisomerization, the cis isomers can remain stable. In the presence of
oxygen, alongside return to the trans isomer, there is a second channel in
the photoreaction in which cis isomers transform to phenanthrenes. The
concentration of phenanthrenes increases with increasing exposure to
light. The quantum yield of this reaction is 0.10 or more. Phenanthrenes
are known for their easy oxidation and reduction reactions with partial
disruption of the aromatic system. Molecules of stilbenes are also
characterized by strong bonds with their environment, and can be either
donors or acceptors of energy. The photoisomerization reaction of stil-
benes demonstrates a strong dependence on the value of the free mo-
lecular volume and can be suppressed in favor of other energy transfer
channels in the absence of free molecular volume [51,53-55].

It is known that the density of the material in the core of SHI latent
tracks in polymer films is significantly lower than in the peripheral re-
gions [1-3,56]. Photoisomerization of stilbene-type impurities present
throughout the PET film is therefore most likely to occur in the latent
track core, and phenanthrenes will be preferentially produced and
accumulate in the central part of the core. The system of n-conjugations
in phenanthrenes provide good deep traps for storing excess electrons.
These electron traps can be much more easily disrupted by an active
agent such as an alkali, than regular fragments of PET chain molecules.
Trap disruption is accompanied by the release of free electrons during
etching. These electrons behave like anions in an aqueous medium, with
a redox potential of —2.87 V enhancing the effect of alkali hydroxyl
groups on aryl molecules [57,58]. This would account for the observed
high etching rate along the axis of the latent track.

Production of the cis isomer by light treatment of PET films is a key
part of our hypothesis and would result in a reduction in the level of
luminescence in the UV region, and hence a reduction in the level of
light detected by the photodiode of our spectrophotometer after light
treatment. In this article, we report the results of our experiments to
detect photoinduced changes in both pristine and SHI irradiated PET
films.

2. Experiment

For investigation we used pristine PET film from industrial rolls of
Hostaphan® Mitsubishi Polyester Film RNK12 (Mitsubishi Polyester
Film GmbH, Wiesbaden, Germany) with a thickness of 12 pm. SHI
irradiation using Kr*'% ions of energy 1.33 MeV u™! was performed in
normal geometry at the DC-60 heavy ion accelerator in Astana, Republic
of Kazakhstan. This energy is sufficient for incident ions to pass through
the film [59].

We expect higher fluences to produce stronger effects but want to
avoid the complications of overlapping tracks so we chose a fluence
comfortably below the onset of overlap. According to the X-ray dif-
fractograms in Ref. [7] the molecular restructuring associated with the
overlap of SHI latent tracks in PET films irradiated by Kr ions begins to
manifest itself at irradiation exposure of around (4 + 5) x 101% em~2.
Accordingly, we used a fluence of 2 x 10'° em™2, measured using a
Faraday cylinder. We also included in our study a sample taken from a
roll being prepared for commercial membrane production, which had
been irradiated with Kr*!° jons of energy 1.75 MeV u" and a fluence of
4 x 10" cm™2
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Optical transmission spectra of samples of pristine and irradiated
PET films were collected using Jena Specord-250 Plus analytical spec-
trophotometer (Analytik Jena, Jena, Germany) with a double mono-
chromator across the wavelength range (190 + 1100) nm. To avoid the
influence of texture on the spectral dependences of the commercial film
samples used in the experiment, they were placed in the spectropho-
tometer window in such a way that their machine direction coincided
with the direction of the slit of the device. Interference fringe-free
spectral transmission functions were obtained using the method
described in Refs. [28,29], an example of which is shown in Ref. [26].
Unless otherwise stated, spectra were taken in 0.1 nm steps with a scan
rate of 1 nm s 1.

We used two forms of light treatment in our studies. First, we used a
scheme similar to those in Refs. [6,8,9,60] which treated polymer film
samples with the light of two LE-30 lamps (LISMA, Saransk, Russia) with
a length of about 90 cm and a power of 30 W each. The manufacturer’s
description states that the lamps are low-pressure mercury fluorescent
lamps with phosphor applied to the inner surface of the bulb that gen-
erates UV light in the range from 280 nm to 380 nm (~4.4 eV-3.2 eV)
with a spectrum tailing off into the visible (~480 nm/2.6 eV). The
distance between the sample and the lamps in Refs. [6,8,9,60] was about
10 cm and a filter of 12 pm pristine PET film was used to protect the film
from the part of the UV spectrum above the PET absorption edge. The
intensity of the UV illumination was ~0.5 mW cm 2 without the filter
and ~0.4 mW cm 2 with it. We used the same lamps, distances and filter
to give the same light intensity of about 0.4 mW c¢m ™2 which resulted in
the temperature of the ambient air near the sample during UV illumi-
nation being no more than 30 °C, corresponding well with [6].

We subjected only one side of the sample to light treatment for 30
min, a typical exposure time for the track-etching technique.

The second form of light treatment was developed from our obser-
vations in the course of experimental tests to establish optimum condi-
tions for recording spectra. We noticed that repeated measurements on a
given sample did not, as might be expected, give identical results. The
more the measurement was repeated, the bigger the changes in the
spectra. This demonstrates that the spectrophotometer can act not only
as a measuring device but also as a low-intensity source of highly
monochromatic radiation. In order to use our spectrophotometer as a
source of UV light treatment we set it to record the spectra of each
sample repeatedly and continuously for 1 h across the range of photon
energies from 3.65 eV to 3.97 eV (340 - 312) nm. Before and after this
light treatment we recorded the full transmission spectra across the
entire range available in our spectrophotometer (190 < 1100) nm.

For technical reasons, direct determination of the light intensity in
our experiment is difficult so we estimate it from published data from
similar experiments using a monochromator as a light source where
experimental set ups permitted such measurements [61-63]. In
Ref. [61], a Nernst source of illumination was used as a photon source to
study the spectrum of charge traps in electret materials by the photon
stimulated discharge current (PSD) method at photon energies up to 1.4
eV (the source power is not specified in the article, however, the usual
value in laboratory practice is 50 W). This provided a photon flux on the
surface of the studied samples of the order of 10'° cm ™2 571, which at the
maximum energy of the photons used corresponds to an irradiation in-
tensity of about 0.2 mW cm 2. In Refs. [62,63], a 450 W Xe arc lamp was
used as a light source for the PSD study of the effect of UV illumination
on the electret properties of polymer films. Light passed through an
aqueous IR filter before being decomposed into a spectrum using a
monochromator. The resulting photon flux on the sample surface in
Ref. [62] at 400 nm (3.1 eV) was measured as 3 x 10 em2s ! om L
For a1 nm s~ ! scan rate such as used in our experiment, this corresponds
to an intensity of 0.15 mW cm 2. In Ref. [63], a similar value of 0.1 mW
em~2 nm~! was found. According to the manufacturer’s data, the light
source in the UV region of the spectrophotometer used by us is a ~40W
deuterium lamp, from which we conclude that (0.10 + 0.15) mW cm 2
provides an upper estimate of the UVA light intensity in our experiment.
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In our second form of light treatment, we have chosen the spectral
distribution of the light incident on the sample to be from (3.97 = 3.65)
eV. In the first form, the short wavelength boundary of the poly-
chromatic incident light is approximately the same, since the filter very
largely cuts off light above 3.97 eV, but at long wave lengths the incident
spectrum is that of the LE-30 lamp itself and extends down into the
visible. We note that some similar studies used intensities one [1,2] or
two [20-22] orders of magnitude higher than in the articles cited above
and will consider these, and differences in processing times, when
comparing the results of experiments on the effect of light treatment on
the properties of PET films.

3. Results

To baseline our studies, the observed UV/VIS/near IR transmission
spectra T(hv) for pristine and SHI irradiated PET film samples are shown
in Fig. 1. Since the spectral changes due to light treatment are small, we
follow the approach used in Ref. [64] and present our experimental
observations after light treatments in the form of transmission difference
spectra. Fig. 2a and b shows the transmission difference spectra AT(hv)
of the pristine and irradiated samples, obtained by subtracting the
spectra of samples before light treatment from the spectra after light
treatment for each form of light treatment. Negative values of AT(hv)
correspond to a decrease in transmission after light treatment, and
positive values correspond to an increase.

It is immediately apparent that the two different light treatments
lead to quite different results. Looking first at the results for pristine film
after monochromatic light treatment, the difference spectrum in Fig. 2a
(black line) exhibits no regular pattern of interference fringes, indicating
that the light treatment causes no ablation of the film surfaces (to
interferometric accuracy). AT(hv) is broadly flat and close to zero except
for small variations in narrow regions of a few hundredths of eV, spread
across the whole spectrum. Fig. 3 (left hand graphs) shows two enlarged
fragments of the black line in Fig. 2a with, respectively, positive (Fig. 3a)
and negative (Fig. 3b) deviations in AT(hv), alongside (right hand
graphs) the corresponding before/after transmission spectra, showing
the patterns of interference fringes generating the difference spectra.

Since the light intensities for both forms of light treatment have
broadly similar values, it can be reasonably assumed that ablation is

1.04
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Transmittance T, ab.u.
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Fig. 1. Experimental transmission spectra T(hv) for pristine PET (black line)
and after irradiation (red line). Triangles indicate the spectral windows of the
two forms of light treatment used: (3.97 = 3.65) eV using the spectropho-
tometer lamp (green) and (3.97 <+ 3.25) eV using the LE-30 lamp plus filter
(blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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absent in all light treated samples and fringe patterns in the difference
spectra show changes in the optical properties of the samples due to the
light treatments.

In contrast to the results for pristine film after monochromatic light
treatment (Fig. 2a), polychromatic light treatment with the LE-30 lamp
(Fig. 2b) results in a regular pattern of interference fringes in AT(hv)
below photon energies of about 3.5 eV, as a result of the fringe pattern in
the transmission spectrum shifting in the direction of shorter wave-
lengths after this light treatment. These fringes also show a positive shift
along the intensity axis and exhibit amplitude modulation inherited
from the primary transmission spectra and associated with optical ac-
tivity in the PET films [26]. Another notable difference is the appearance
after polychromatic light treatment of a negative minimum in AT(hv) of
amplitude about 1.7 % at about 3.9eV, reflecting a decrease in the in-
tensity of the recorded light.

To investigate this decrease in intensity further, transmission spectra
were recorded for two pristine film samples taken from two other rolls
(indicated below as 1 and 2), and in addition a sample from roll 1 after
irradiation with Kr*'® jons of energy of 1.75 MeV u™! and fluence 4 x
10”7 em~2. Spectra were measured after polychromatic lamp light
treatment as described above. In order to minimize the additional light
exposure to the studied samples from the spectrophotometer, spectra
were taken in 1 nm steps at a scan rate of 20 nm s~ .

We have previously found it useful to analyze changes in the spectra
T(hv) of such PET films through the difference function Alna*(hv) [10],
where the non-transmittance coefficient a*(hv) characterizes the overall
attenuation of the incident light due to both reflection and absorption,
and Alna*(hv) is the logarithm of the ratio of a*(hv) values after/before
the light treatment. Fig. 4 shows Alna*(hv) for our three samples. Alna*
(hv) = 0 obviously means no change, so corresponds to the value before
light treatment. Note that here positive values of Alna*(hv) correspond
to decreases in the intensity of the light recorded by the photodiode of
the spectrometer after light treatment.

Although these spectra were taken twenty times faster and with a
resolution of only one tenth of those in Figs. 2 and 3, the difference
functions of the two pristine PET film samples (Fig. 4, sample 1- red line,
and 2 - black line) both show a clear decrease in the intensity of the light
recorded by the spectrophotometer in the photon energy range of (3.4 +
4) eV (in both cases the value of the non-transmittance coefficient in-
creases by about 0.08). At lower photon energies (below ~3.5eV) Alna*
(hv) depends only weakly on photon energy and the difference between
the two samples can be attributed to the industrial tolerances of tech-
nological parameters in film production noted in Ref. [65]. The small
oscillations of Alna*(hv) along the spectra are due partly to real changes
in the properties of the films after light treatment but are also an artefact
of the 1 nm steps resolution. This coarse resolution makes it impossible
to determine interference fringe maxima and minima accurately and
consequently introduces errors when cleaning the transmission spectra
of interference fringes.

Fig. 4 also shows that irradiation of PET sample 1 with a SHI fluence
of 4 x 107 cm ™2 has no significant effect on the peak in Alna*(hy) in the
region 3.84 eV-3.9 eV, which remains within the envelope of the two
pristine film responses. At this fluence, the mean distance between the
latent tracks exceeds 1 pm, and the total surface area occupied by them
is no more than 0.1 % of the surface of the irradiated film. The similarity
of the peaks in Alna*(hv) for pristine and SHI-irradiated film samples
indicates that the decrease in intensity observed after light treatment
with LE-30 lamp is connected to a photoactivated process in the mo-
lecular structure of the pristine film.

Returning to Fig. 2, the different behaviour of samples exposed to the
two different light treatments suggests the presence of interactions be-
tween molecules in the PET film and photons in the lower energy tail of
the LE-30 lamp spectrum that extends below the PET absorption edge
region. Since photons of these energies interact only weakly with repeat
units of PET chain molecules, the observed interaction must be with
molecules of impurities.
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Fig. 2. Difference spectra AT(hv) of transmittance of the pristine (black line) and irradiated PET film samples (red line) after illumination with (a) monochromatic
light from the spectrophotometer lamp; (b) polychromatic light from the LE-30 lamp. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 3. Examples of a) negative and b) positive deviations of the AT(hv) function (left column) as a result of a change in the shape of the interference fringes (right
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This photoinduced interaction leads to a decrease in intensity of
recorded light which, as set out in the introduction, is most plausibly due
to the suppression of luminescence present originally, such as would be

the case if the polychromatic light treatment resulted in photo-
isomerization of a molecule from an isomer that luminesces strongly to
one that luminesces more weakly. The impurity dicarboxydiphenyl
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Fig. 4. Difference function Alna*(hv) of two pristine PET film samples (1 - red
and 2 - black) before and after polychromatic light illumination with a scan rate
of 1 nm. The blue line indicates the similar function for the film sample 1
irradiated with Kr*'® jons of 1.75 MeV u ™! energy to a fluence of 4 x 10” cm 2,
(For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

noted in Refs. [39,40] luminesces [66], but due to the symmetry of the
molecule does not exhibit photoisomerization. As hypothesized in the
introduction, we therefore believe our experimental results are due to
trans—cis photoisomerization of stilbene-like impurities in the PET film.
The isomeric state of stilbene-like molecules is strongly influenced by
the surrounding matrix [51]. The planar shape of the repeat units of the
PET chain molecule [67] and the texture that develops during the pro-
duction of commercial films [7] both contribute to the initial configu-
ration of dicarboxystilbene impurities in our samples being
predominantly trans.

The spectral properties of luminescent impurities in PET films can be
assessed using the fluorescence characterization presented in the 3D
diagram in Ref. [34], according to which luminescence occurs when a
PET film sample absorbs light in the range (300 < 380) nm (4.1 = 3.2)
eV. The integral value increases rapidly in the region coinciding with the
PET absorption edge, from 300 nm to 320 nm (4.1 + 3.87) eV, then
remains broadly constant to 360 nm (3.44 eV) before falling away
rapidly. This luminescence excitation window corresponds to the spec-
tral range over which we observe a drop in the intensity in the light
recorded by the spectrophotometer after polychromatic light treatment
with the lamp LE-30. Both light treatments overlap with this spectral
range at higher energies (3.97 + 3.65) eV, much of which falls into the
region of strong absorption of the PET polymer matrix [65]. Strong
photon absorption by PET molecules leaves few photons available for
absorption by molecules of impurities, resulting in a low probability of
stilbene photoisomerization. The spectrum of the spectrophotometer as
a light source does extend for a short way below the absorption edge, but
the lower intensity of this treatment compared to the LE-30 lamp and the
integral nature of the recorded spectral intensities result in no detectable
sign of photoisomerization for this light treatment.

In contrast, the spectrum of the LE-30 lamp overlaps fully with the
lower energy tail (3.65 + 3.25) eV where the intrinsic absorption of PET
molecules is small, so a larger number of photons are available to open
up a photoisomerization channel. This provides an explanation for the
difference in the experimentally observed reactions of identical PET film
samples to the two different UV light treatments. In one case, a photo-
isomerization channel is open but not in the other. Since this channel is
only one of the possible competing channels for the transformation of
the energy of absorbed photons in stilbenes [51,53-55], the presence of
an excitation threshold for the photoisomerization reaction in a PET film
does not seem impossible to us.

Fig. 5a shows the difference function Alna*(hv) for pristine PET film
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Fig. 5. (a) Difference function Alna*(hv) for pristine PET film samples from roll
2 before and after monochromatic (red) and polychromatic (green) light illu-
mination, taken with a 0.1 nm recording step. The blue line shows the arith-
metic mean —0.00015 of the Alna*(hv) function of the sample after
monochromatic light illumination at (1.2 + 3.9) eV. The purple line indicates
the arithmetic mean —0.0083 of the Alna*(hy) function of the sample after
polychromatic light illumination at the interval (1.2 + 2.7) eV. The brown line
is an approximation of the difference function of the sample after poly-
chromatic light illumination Alna*(hv) = 0.015hv — 0.0531 with R? = 0.95 on
the interval (2.7 + 3.3) eV. The black line indicates the transmission spectrum T
(hv) of the pristine film sample.

b) The behavior of the Ina*(hv) functions for the pristine film sample before and
after light illumination with monochromatic light in the region above 4 eV. The
superexponential behavior of this function for the sample before light treatment
becomes linear after illumination. The approximation equation is lna*(hy) =
112.28hv — 447.43 with R? = 0.99. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

samples after both forms light treatments, extending to higher photon
energies than in Fig. 4 (above 4 eV). For ease of comparison, the
transmission spectrum T(hv) for the pristine film before light treatment
is plotted against the right-hand axis (black line). For both forms of light
treatment, Alna*(hv) (green and red lines) drops sharply negative above
4 eV, representing a sharp increase in the current recorded by the
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photodiode. We observed very similar behaviour in pristine PET films
after electrification [10], which we interpreted using as a ground [68,
69] as a manifestation of the dependence of exciton absorption lines on
the value of the local electric field. In Ref. [10], the decrease in the
electric field resulted from neutralizing positively charged shallow traps
distributed throughout the PET film with electrons injected from nega-
tive electrodes. In the experiments here, the decrease is caused by
photoexcited electrons moving out of negatively charged deep traps
associated with terephthalate moieties. The behavior of lna*(hv) for the
pristine film sample before and after treatment with monochromatic
light in the region above 4 eV is shown in Fig. 5b (and is the same for
polychromatic light).

After monochromatic light treatment, the difference function is
almost independent of photon energy over the range (1.2 = 3.9) eV with
an average value of —0.00015 (Fig. 5a, blue line). This constant differ-
ence function reflects a small overall shift of the transmission spectrum
towards higher energies. By analogy with [10], this reflects a small
decrease in the random internal electric field after light treatment, due
to photoexcited electrons from deep traps being redistributed in the
surrounding molecular structures.

After polychromatic light treatment, the lower-energy region of the
difference function below 2.7 eV is also almost independent of photon
energy with a mean value of —0.0083 (Fig. 5a, purple line). The larger
magnitude of the shift indicates a stronger internal photoelectric effect
and bigger decrease in the internal electric field for this light treatment.
The most likely reason for this is the higher intensity of light in this form
of treatment. The difference function is linear with a gradient of 0.015
(Fig. 5a brown line) over the energy range (2.7 = 3.3) eV, showing the
presence of an exponential distribution of the probability density of
photon absorption, which is typical for the tails of states in amorphous
and semi-amorphous materials [70]. This energy range is associated
with the PET triplet level zone, hinting at their participation in the
reduction of the internal electric field. According to Ref. [38], individual
terephthalate moieties have a triplet of levels at 3.0 eV, 3.3 eV, and 3.7
eV, which spread out into a band of states in a solid polymer. In
Ref. [37], we observed enhanced light emission appearing in the region
from about 2.7 eV to 3.8 eV after SHI irradiation of PET films. We
associated this with Dexter annihilation of triplet excitons [45].

Finally, we note that the peak in the difference function Alna*(hv) in
the energy region (3.3 + 4) eV corresponds to the maximum of the ab-
sorption/excitation spectrum of trans-stilbene [71], and the shape of the
short-wave side of the peak coincides exactly with the shape of the ab-
sorption edge of the PET film, showing that strong photon absorption by
PET molecules cuts off the higher energy side of the absorption spectrum
of trans-stilbene.

Fig. 6 shows the difference function Alna*(hv) for irradiated PET film
samples after treatment with monochromatic and polychromatic light,
alongside the transmission spectrum T(hv) for the irradiated film before
light treatment for comparison purposes. We first note that above 4 eV
the behaviour of Alna*(hv) is the same for both light treatments, and is
the same as the behaviour of pristine PET samples (Fig. 5a), with this
behaviour resulting from a decrease in exciton light absorption due to a
decrease in the internal electric field in the PET film.

In general, for both of the light treatments, the SHI irradiated PET
samples exhibit a stronger photoreaction than the pristine ones, with
negative values of Alna*(hv) indicating that the internal electric field is
lower after light treatment.

After monochromatic light treatment, the difference function for SHI
irradiated PET is almost independent of photon energy at low energies
(1.2 = 2.2) eV, where Alna*(hv) ~ —0.0155. This reflects a shift in the
transmission spectrum towards higher energies due to a decrease in the
internal electric field in the sample relative to it before light treatment.
Similar behaviour was seen in pristine film, but there the shift was two
orders of magnitude smaller (Fig. 5a, blue line). This difference can be
explained as follows. In passing through the film, the SHI attracts elec-
trons into the core, leaving the radial periphery zone of the latent track
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Fig. 6. Difference function Alna*(hv) for PET film samples from roll 2 irradi-
ated with Kr*'® ions and fluence xxx, before and after monochromatic (red) and
polychromatic (blue) light illumination, taken with 0.1 nm spectral recording
step. Approximations of the difference function Alna*(hv) after treatment with
monochromatic light are as follows: the light blue line shows the arithmetic
mean of —0.0155 over the interval (1.2 + 2.2)eV; the brown line shows the
quadratic approximation Alna*(hv) = 0.0088(hv)? — 0.0601hv + 0.0768 with
R2 = 0.96, a minimum of —0.025 at 3.4 eV and 6%l = 56.8,over the interval
(2.35 + 3.83) eV,; the dark brown line shows the linear approximation Alna*
(hv) = 0.1002hv — 0.4119 with R% = 0.98 over the interval (3.883 = 4.003) eV.
Approximations of the difference function Alna*(hv) after treatment with
polychromatic light are as follows: the purple line shows the linear approxi-
mation Alna*(hy) = —0.0058hy + 0.0071 with R?> = 0.94 over the interval
(1.26 + 2.2) eV; the light green line shows the linear approximation Alna*(hv)
= —0.0058hv +0.0031 with R? = 0.94 over the interval (2.23 =+ 3.4) eV; the
orange line shows the quadratic approximation Alna*(hy) = —0.2599(hv)? +
1.8814hv — 3.4098 with R? = 0.96, a maximum of —0.005 at 3.62 eV and ¢° =
1.92 over the interval (3.4 + 3.75) eV; the dark green line shows the linear
approximation y = 0.0377x — 0.1558 with R? = 0.94 over the interval (3.88 =+
4.01) eV. For ease of comparison the transmission function T(hv) for the irra-
diated sample before light treatment is plotted against the right-hand axis
(black line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

electron-depleted. The further away from the core, the weaker the radial
field of the SHI is, and the lower the energy of the electrons that it can
remove from traps. In the periphery, electrons are removed only from
shallow traps not deep ones, resulting in a more positive bulk environ-
ment for the deep traps and thus an increase in their internal local
electric fields after SHI irradiation [72]. The subsequent light treatment
affects all parts of the sample and the high energy UV photons pre-
dominately interact with the deepest traps, freeing electrons from them
into the bulk local material. The Franz-Keldysh effect reduces deep trap
barriers in the presence of an internal local electric field, which pref-
erentially increases the yield of electrons freed from traps in the pe-
ripheral zones, reducing the local electric field in the periphery of the
latent tracks.

In the mid-energy part of the spectrum (2.35 + 3.83) eV, the dif-
ference function Alna*(hv) after monochromatic light treatment is
approximated by a concave quadratic with a minimum near the point
(3.4 eV; —0.025). This corresponds to a modulation of a*(hv) by a
Gaussian function of the form ~ exp(—v?). We have previously associ-
ated this with density fluctuations arising from a decrease in the level of
ordering of terephthalate moieties (from the partial decay of spiral
structures formed by SHI irradiation) following a reduction in the in-
ternal electric field, leading to deformational fluctuations of the band
gap [10]. This Gaussian has a modulus of ¢ ~ 7.5 meaning that its
dispersion is due to several independent parameters. In our case, this
dispersion emerges from the independent contributions of
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non-overlapping latent tracks [10].

At high energies (3.883 =+ 4.003) eV, in the region corresponding to
the PET absorption edge, the difference function Alna*(hv) is approxi-
mated by a straight line with positive gradient (Fig. 6, dark brown line).
This reflects changes in the exponential distribution of tail states in the
bandgap below the conduction band after light treatment [68,70]. As
noted above, Alna*(hv) = 0 means no change in transmission after light
treatment, so the observed difference function over this energy range is a
counterclockwise rotation of the line Alna*(hv) = 0 around a focal point
of about 4.1 eV. In Ref. [72] we concluded that this focal point is the
value of the bandgap for the electron-enriched core of the latent tracks
and that the rotation of Alna*(hv) reflects electrostatic, rather than
deformational, changes in the band gap.

After polychromatic light treatment, electrostatic fluctuations in the
fields of charged centers are observed in the difference function Alna*
(hv) in both the low and high energy regions of the spectrum. At high
energies (3.88 = 4.01) eV the linear approximation to Alna*(hv) (Fig. 6,
dark green line) is again a counterclockwise rotation of the zero line
around a focal point at about 4.1eV, but the angle of rotation is only a
third of that for monochromatic light, indicating a smaller reduction in
the electric field in the latent track cores. At low (1.26 + 2.2) eV and mid
(2.3 + 3.4) eV energies the difference function is well approximated by
two parallel straight lines with negative gradient and separated by a
vertical shift of 0.04 (Fig. 6, purple and light green lines respectively).
The purple upwardly-shifted approximation to Alna*(hv) is a clockwise
rotation of the zero line around a focal point at about 1.3 eV, which,
drawing on our conclusions in Ref. [10], we associate with the value of
the bandgap in the peripheral regions of the latent tracks.

In the narrow energy range (3.4 + 3.75) eV between these linear
sections, the difference function is well approximated by a convex
quadratic with a maximum near the point (3.62 eV; —0.005) (Fig. 6,
orange line). This shows that a*(hv) has been modulated by the
Gaussian function exp( —VZ). We have previously interpreted a concave
parabolic dependence of Alna*(hv) as a manifestation of the partial
decay of spiral structures formed by SHI irradiation following a reduc-
tion in the internal electric field [10]. This suggests that a convex
parabolic dependence reflects the formation of additional spiral struc-
tures in latent tracks after treatment with polychromatic UV light. This
Gaussian has a value of ¢ ~ 1.4 which indicates that dispersion is due to
a single parameter, and that the polychromatic light treatment has
increased the homogeneity of the spiral structures in the latent tracks.
This is consistent with the results in Ref. [73] showing that an increase in
the length of UV light treatment gives a great improvement in pore size
distribution.

The only explanation we can find for these observations is that they
are due to trans-cis photoisomerization of dicarboxystilbene, the ab-
sorption peak of which we observed in Alna*(hv) for pristine film sam-
ples after treatment with polychromatic UV light (Figs. 4 and 5). In the
process of trans-cis isomerization, the molecules of stilbenes have excess
energy compared to the rest of the molecular environment (assuming a
Boltzmann distribution, their energy corresponds to a temperature of
~600 = 800 K) which leads to heating of the surroundings and
enhancing of geometrical changes in the surrounding molecules [37,74].
In the cyclic trans-cis-trans process the phenyl rings make a complete
revolution around the ethylene bond in four turns. The red shift of about
0.3 eV of the observed peak in Alna*(hv) after polychromatic light
treatment for the SHI irradiated sample (at about 3.62eV compared to
3.9 eV in the pristine sample) indicates the growth of non-covalent
extended conjugated systems during the formation of additional spiral
structures after polychromatic light treatment.

We conclude that the rotation of stilbene molecules during isomer-
ization is responsible for the formation of more homogeneous spiral
structures in SHI irradiated PET film samples after polychromatic UV
light treatment. Since PET is a condensed medium, these spiral struc-
tures should also be subject to rotation. As noted in the introduction,
photoisomerization of stilbenes is most likely to occur in latent track
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cores so this rotational molecular motion will be greatest close to the
axes of latent tracks.

Since both left and right rotations are equally probable during
isomerization of stilbene molecules, the resulting macroscopic motion of
two oppositely rotating Archimedes’ screws would be zero. Applying an
electric field along the axis of the latent tracks in a SHI irradiated PET
film in a liquid introduces an asymmetry which we believe disrupts the
balance between left and right rotations. This would lead to a molecular
machine unidirectionally moving liquid through the film, providing a
new explanation of the high transport rates achieved in Refs. [1,2] for
thin SHI irradiated PET films.

4. Discussion

1. Molecular motors based on stilbene-like molecules and powered by
light have been actively studied for several decades. Several different
types of light-driven motor have been designed and photo-
isomerization methods used to form supramolecular structures from
ensembles of molecules, in which macroscopic effects of unidirec-
tional mechanical motion have been observed. Perhaps the most
critical step is the creation, within an ensemble of molecules with the
ability to photoisomerize, of conditions where individual molecular
motors can operate in a co-operative manner. Homogeneity and a
high level of ordering of the molecules, along with the presence of
helical structures, are among the most important conditions for
synchronizing individual molecular movements. Liquids or gels have
been used in most attempts to create light-driven molecular motors,
where achieving homogeneity of the molecular ensemble is
straightforward, but the creation of ordered structures remains
challenging. The steric bulk technique is widely used to create helical
molecular configurations via a twisting of the stilbene-like molecule
around the double bond. Another technique for creating a helix is
anchoring one end of the molecule, allowing the part of the molecule
on the other side of the double bond to rotate. Methods of linking
molecular motors to macromolecules are being actively studied, with
the aim of controlling cooperative movement of large-scale molec-
ular structures through a small number of active molecules that
photoisomerize. Since joining molecules using covalent bonds re-
quires chemical synthesis, the use of non-covalent structure-specific
interactions is a promising alternative for linking light-driven mo-
lecular motors to surrounding macromolecules [75-77] and Refs.
therein.

2. We note that the light-treated SHI irradiated PET films studied here
possess properties widely recognized as critical for the development
of molecular motors. The terephthalate moieties of PET chain mol-
ecules in SHI latent tracks are ordered by a radial electric field
generated by the passage of the SHI. Coulomb forces attract slow
electrons with energies below the ionization potential of PET to-
wards the trajectory of the positively charged ion. Due to the electret
properties of PET, this redistribution of electrons from the periphery
of the latent track into the core persists for a long time after SHI
irradiation. Secondary self-organization into spirals occurs in this
ordered ensemble as a result of the dipole-dipole interaction of
terephthalate moieties [7,10]. The red shift of the peak in Alna*(hv)
for SHI irradiated and polychromatic light treated film compared to
its position in pristine polychromatic light treated film indicates that
dicarboxystilbene molecules are also involved in the creation of
these non-covalent bonds via the two dipole groups on one side of the
ethylene double bond. This anchors the dipole groups of dicarbox-
ystilbene within the spiral structures of terephthalate moieties,
leaving the second phenyl ring free to rotate. As noted above, rota-
tion is highly dependent on the presence of free molecular volume. It
is well-known that the density in the core of the latent tracks is
strongly reduced, so free volume sufficient for rotation is much more
likely in the core. This suggests that a rotating stilbene molecular
motor embedded in a spiral thread-like configuration of PET
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molecules could create a torque for the whole spiral, so that it works
as an Archimedes screw.

3. The presence of rotational motion of molecular segments in latent
tracks in SHI-irradiated PET was confirmed by the X-Ray studies
reported in Ref. [7]. These showed that the rotation of mobile tere-
phthalate moieties in the residual electric field of SHI latent tracks
forms supramolecular spiral ensembles with non-covalent bonds in
the amorphous part of the tracks. The stress along the PET molecular
backbone changes and distorts the lattices in crystalline parts
through which the chain molecule passes, leading to modulation of
the amplitude of the main peak of the crystalline phase in circular
X-Ray diffractograms. The presence of modulation for some combi-
nations of SHI charge and irradiation fluence but not for others in-
dicates a variable degree of stability of the spiral conformations:
molecular conformations need to be stable for at least the duration of
the X-Ray recording time to manifest their presence by modulation of
the main peak. Conformations in which the orientations of molecular
segments change rapidly compared to the recording time result in
X-ray diffractograms of the average intensity of this peak, which is
constant at all azimuthal angles of recording. The only available type
of motion on these timescales is rotation on o-hinges. The disap-
pearance at a higher fluence of the modulation of the main peak seen
at a lower SHI fluence can be interpreted as confirmation of rotation
of spiral conformations inside latent tracks while taking the X-Ray
spectra for certain combinations of SHI fluence and ion charge. Since
the X-ray diffractograms were taken in light, they provide no insight
into whether thermal fluctuations or photoisomerization of
stilbene-like molecules causes this rotation. In the experiments in
Refs. [1,2], the axial electric field may be driving the rotation of
molecular segments by introducing an asymmetry with fixed direc-
tion to the previously radially symmetric residual latent track elec-
tric field. It could be interesting to take X-ray diffractograms of SHI
irradiated film samples, as in Ref. [7], but with an electric field
applied across the sample to see whether the field affects the mod-
ulation of the peak and could be used to control the rotation of su-
pramolecular ensembles in the latent tracks.

4. Our explanation of the decrease in intensity of the recorded light
spectra for both pristine and SHI irradiated PET samples after poly-
chromatic light treatment as due to the suppression of dicarbox-
ystilbene luminescence by photoisomerization can also account for
the fact noted in Ref. [21] that UV treatment has a noticeable effect
on the etching rate of both latent SHI tracks in PET film and the bulk
material. As noted in the introduction, alongside photo-
isomerization, in the presence of oxygen there is a second channel in
the photoreaction of stilbene in which the excited cis-isomer trans-
forms to phenanthrene, with a yield that depends on both the spec-
trum and the intensity of the light treatment. Phenanthrene, which is
chemically more active than repeat units of chain PET molecules,
will be produced preferentially in the lower-density latent track
cores. As PET is an electret, it contains an excess of electrons which
accumulate in the extended conjugated systems of phenanthrene
[78]. In the presence of an alkaline etchant the middle benzene ring
in phenanthrene reacts, freeing electrons which in an aqueous me-
dium act as strong anions and catalyze the decomposition of PET
chain molecules, in accordance with results in Ref. [21].

5. Finally, we consider another interesting and unexpected aspect of
Fig. 6: the rapid drop in Alna*(hv) over the energy range (2.2 + 2.3)
eV for the SHI irradiated sample after polychromatic light treatment
(blue line) and the clear depression in Alna*(hv) in the same energy
range for the sample after treatment with monochromatic light (red
line), indicating a sudden weakening of the internal electric field in
this region due to the internal photoelectric effect freeing electrons
from deep traps. There is a well-known deep trap in PET at 2.3eV
[61,62 and Refs. therein]. In our opinion, the most plausible expla-
nation is that these features are due to the presence of both crystal-
line and amorphous phases in the PET film, with different refractive
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indices and, consequently, different dielectric permittivities. Abrupt
changes in the value of the internal electric field can only occur at the
boundaries between these two phases. The abrupt changes in Alna*
(hv) reflect changes in the charge densities at these boundaries after
light treatment and are related to the Maxwell-Wagner interphase
polarization [33].

5. Conclusion

The peak in the difference function Alna*(hy) for pristine PET after
polychromatic UV/vis light treatment at about 3.9 eV confirms the
presence of the trans-cis photoisomerization reaction of dicarbox-
ystilbene impurities in the PET film. The red shift of the peak by about
0.3 eV and its convex Gaussian shape for SHI irradiated film after the
same light treatment reflects the contribution of dicarboxystilbene
molecules to the formation of more homogeneous helical structures
during the treatment. The strong dependence of geometrical photo-
isomerization of stilbenes on the presence of free molecular volume
results in the preferential formation of new molecular helices in the
centers of latent tracks. The ultrafast sieving reported in Refs. [1,2]
could be explained by the rotation of stilbene-containing molecular
helices. It remains unclear whether such a molecular motor is driven by
the applied voltage or by laboratory light, or both. The presence of a
cyclization channel in the reaction of photoexcited cis dicarboxystilbene
leads to the production and accumulation of phenanthrenes around the
latent track axis during UV treatment. The acceleration of etching
observed in SHI-irradiated PET films after polychromatic UV treatment
can be explained as due to the electrons freed by the alkaline destruction
of phenanthrene in alkaline solution, which act as strong anions and
catalyze the etching reaction along the track axis.

We intend to continue our studies of the rotating molecular struc-
tures in the central part of SHI latent tracks in PET films by conducting
an experiment similar to that described here, but without using the
protective PET film to screen out higher energy UV photons, in line with
the experiments described in Refs. [1,2]. This will allow us to investigate
the influence of the UVB part of the spectrum of the polychromatic light
source on the experiments therein.
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